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Introduction: Why the pinch technique?

Non-Abelian gauge theories (NAGTs) have dominated the world of experimen-
tally accessible particle physics for more than three decades in the form of the
standard model with its SU(2) x U(1) (electroweak theory) and SU(3) (quantum
chromodynamics: QCD) components. NAGTs are also the ingredients of grand
unified theories and technicolor theories and play critical roles in supersymmetry
and string theory. It is no wonder that thousands of papers have been written on
them. But many of these papers violate the principle of gauge invariance, result-
ing in calculations of propagators, vertices, and other off-shell form factors that
are valid only in the particular gauge chosen. Until these are combined into a
gauge-invariant expression, they have very limited, if any, physical meaning. The
reason for such violation of gauge invariance is that standard and widely used
Feynman graph techniques generate gauge-dependent Green’s functions (proper
self-energies, three-point vertices, etc.) for the gauge bosons.

Of course, there is one combination of off-shell Green’s functions — the on-shell
S-matrix — that is gauge invariant no matter which gauge is used for the propaga-
tors and vertices that go into it. Thus, authors who (correctly) insist on calculating
only gauge-invariant quantities often restrict themselves to dealing only with the
S-matrix. This is fine as long as the question at hand can be answered with per-
turbation theory, but to calculate gauge invariantly a nonperturbative feature using
only S-matrix elements is not easy. Some of the processes involving off-shell
Green’s functions include confinement and chiral symmetry breakdown in QCD;
higher-order radiative corrections to gauge-boson decay widths in electroweak the-
ory; nonperturbative effects in the magnetic sector of high-temperature QCD and
electroweak theory; and physical quantities embedded in the electroweak S-matrix
such as the magnetic dipole and electric quadrupole moments of the W-boson,
the top-quark magnetic moment, and the neutrino electric charge radius. These are

X1



xii Introduction: Why the pinch technique?

physical, measurable phenomena, and to approximate them with gauge-dependent
calculations really makes no sense.

The Abelian predecessor of NAGTSs, quantum electrodynamics (QED), is also a
theory with local gauge invariance. But in QED, it is much easier than in an NAGT
to enforce this crucial property. For example, the gauge-boson (photon) propagator
in QED is gauge invariant for any momentum and any choice of gauge for internal
lines, whereas the gauge-boson propagator in an NAGT, if calculated with standard
Feynman graph techniques, is not. Enforcing gauge invariance on off-shell Green’s
functions for an NAGT is difficult even in perturbation theory, let alone in attempts
to understand nonperturbative effects such as confinement in QCD. For NAGTs
in covariant gauges, one also has to deal with Faddeev—Popov ghosts, which are
absent from QED.

Long ago, a new method for enforcing gauge invariance in off-shell Green’s func-
tions, and the Schwinger—Dyson equations that couple them, emerged; this was
later termed the pinch technique. This is a technique to disassemble and reassem-
ble the Feynman graphs of a gauge-invariant object, such as the S-matrix, into
new off-shell Green’s functions such as gauge-boson proper self-energies that are
strictly gauge invariant, just as in QED. It works by systematically identifying
parts of n-point Feynman graphs in that S-matrix element that actually belong
to Green’s functions with fewer legs through the use of elementary Ward iden-
tities. Moreover, requiring that the new pinch technique proper self-energy have
the right analytic properties in momentum as well as other physically reasonable
properties uniquely specified this new self-energy. Although the actual calcula-
tion was not carried out until considerably later, it was clear that any kind of
proper gauge-boson vertex, such as the three- or four-point vertex, could also be
made completely gauge invariant through application of the same ideas. Unique-
ness of the new self-energy and vertices was assured by requiring them to obey
Ward identities having an essentially Abelian structure, with no explicit ghost
contributions, rather than the much more complex Slavnov—Taylor identities of
conventional NAGTs. Another technique, called the gauge technique (described
later), allows for the construction of nonperturbative proper three-point vertices
for the gauge bosons that are approximately valid for small gauge-boson momen-
tum but exactly gauge invariant and that satisfy the correct pinch technique Ward
identities.

This is simple enough to do at the one-loop level, but at higher orders, a more
systematic approach is needed. The surprising and far from obvious outcome is
that the simple prescription for calculating gauge-invariant pinch technique Green’s
functions to any order is to use the conventional Feynman graphs in the background-
field Feynman gauge.
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The pinch technique — or its algorithmic equivalent, graphs in the background-
field Feynman gauge — even shows up in string theory. Usually we think of string
theory as yielding only on-shell amplitudes, but a consistent extrapolation of string
amplitudes off shell in the field-theory (or zero Regge slope) limit shows that
the resulting off-shell gauge-boson amplitudes are automatically presented in the
background-field Feynman gauge.

The purpose of this book is to describe the pinch technique and its evolution from
simple one-loop beginnings to a systematic method at all orders of perturbation
theory and then to fully gauge-invariant Schwinger-Dyson equations, leading to
the many applications of the pinch technique that have been developed over the
years. The pinch technique has led to the clarification of a number of problems in
NAGTs that were essentially unsolvable by techniques depending on conventional
(Feynman—graph—derived) off-shell Green’s functions because these are gauge
dependent.

A quick outline of the book

This book begins with two introductory chapters (Chapters 1 and 2) that derive two-
and three-gluon pinch technique Green’s functions at the one-loop level, showing
how a dynamical mass is demanded by infrared slavery for QCD-like gauge theo-
ries and outlining the full scope of the pinch technique program. Then Chapters 3
through 6 go into considerable detail to derive the pinch technique Green’s func-
tions to all orders; show that they are the same as the background-field Feynman-
gauge Green’s functions; derive the Schwinger—Dyson equations for the pinch
technique in QCD-like theories; apply a special gauge-invariant method called the
gauge technique to truncate these equations; and show how the pinch technique
Schwinger—-Dyson equations give rise to a dynamical gluon mass in these QCD-
like theories. Chapters 7, 8, and 9 then cover applications of these results to QCD-
like theories. Chapter 10 develops the pinch technique for electroweak theory to
all orders, and Chapter 11 describes several applications of the pinch technique to
electroweak physics, thermal gauge theories, and supersymmetric gauge theories.

Once we get past one loop, it is hard slogging through all the details, so the reader
who wants a tour d’horizon of the pinch technique can find it in Chapters 1 and
2. There we hint at the nonperturbative ideas used in later chapters, making some
remarks on the Schwinger—Dyson equation for the pinch technique propagator
at the one-dressed-loop level. The reader interested in the inner workings of the
pinch technique should read the next four chapters. The remaining chapters are
on applications, so readers who are more interested in applications of the pinch
technique than in its derivation can spend their time on Chapter 7 and onward
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after reading introductory Chapters 1 and 2. Although the book is not intended
to be a textbook, it should be accessible, with perhaps a little extra work on such
techniques as the background-field method and the Batalin—Vilkovisky formalism,
to advanced graduate students as well as to researchers in gauge theories.

Some uses of the pinch technique

In QCD-like theories, the most important uses of the pinch technique come from
the not-unexpected discovery in solving the Schwinger—Dyson equations that
asymptotic freedom, or more accurately,! infrared slavery, requires a dynamically
generated gluon mass to resolve the otherwise intractable infrared singularities
of infrared slavery. From this simple result — repeatedly confirmed by lattice
simulations — follows a cascade of topological quantum solitons that plausibly
explain confinement and other nonperturbative phenomena of QCD-like theories
and that are also seen in lattice simulations, as we briefly discuss at the end of this
section and in detail in Chapters 7 and 8.

The pinch technique for NAGTSs has considerable physical interest in three dimen-
sions as well as four. One reason is that d = 3 NAGTs carry all of the critical
nonperturbative phenomena, stemming from infrared slavery, associated with the
sector of finite-temperature NAGTSs having zero Matsubara frequency and there-
fore (perturbatively) massless magnetic gluons. There is such a sector for QCD-like
theories and also for electroweak theory above the crossover temperature at which
the standard-model Higgs field has zero vacuum expectation value. Another reason
is the instructive differences in the conditions and techniques used in d = 3; for
example, there is no asymptotic freedom, but there is infrared slavery that gives
worse infrared divergences in d = 3 than in d = 4. We cover d = 3 NAGTSs in
Chapter 9 and a few other applications of the pinch technique to finite-temperature
gauge theories in Chapter 11.

The pinch technique has also been developed to all orders in electroweak theory as
the prime example of symmetry breaking in NAGTSs, as we recount in Chapter 10.
Here the pinch technique makes possible many applications given in Chapter 11,
including gauge-invariant, non-Abelian, off-shell charges and form factors; the
neutrino charge radius; and gauge-invariant constructions of resonance widths that
are gauge dependent in the usual Feynman-graph formalism.

Finally, applications to NAGTs are even embedded in supersymmetric theories in
which the contributions of scalars and fermions to the off-shell gluonic Green’s

I An NAGT in d = 3 cannot be asymptotically free, but it can show infrared slavery, that is, severe infrared
singularities coming from wrong-sign phenomena; in general, this book applies both to d =3 and d =4
NAGTS.
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functions of the pinch technique confirm, by explicit calculation, well-known super-
symmetry relations that would not hold for conventional Feynman-graph definitions
of the Green’s functions. These, too, are discussed in Chapter 11.

Constructing pinch technique Green’s functions and equations

Because it is far from obvious, we will spend considerable time on the demon-
stration that the systematic all-orders construction of pinch technique Green’s
functions gives the same Green’s functions as would be calculated in the back-
ground field method exhibited in the Feynman gauge. The first suggestions that the
pinch technique and the background-field Feynman gauge are related came from
a one-loop calculation showing that the pinch technique gives the same results as
the background-field method in the Feynman gauge; we give our version of these
one-loop results in Chapters 1 and 2.

This gauge, then, transcends its usual meaning as just another gauge because it
incorporates — for kinematic reasons that we will explain — quite a different algo-
rithm: that of the gauge-invariant pinch technique. In the pinch technique (as well
as in the background-field method), the Ward identities relating a Green’s function
of n gauge potentials and no ghosts to those of fewer than n legs are not the standard
Slavnov—Taylor identities, which involve ghosts, but rather elementary Ward iden-
tities of QED type, making no reference to ghosts. There are, as is surely necessary
in any covariant gauge-invariant description of an NAGT, ghost contributions and
Green’s functions with ghost legs, but in a pinch technique Green’s function involv-
ing only gauge potentials, the internal ghost loops are not explicitly distinguishable
from gluons in the final product. We describe these developments in detail in
Chapters 3 and 4.

The next step is to consider the infinite tower of equations, the Schwinger—Dyson
equations, that couple all the pinch technique Green’s functions. For example, the
pinch technique propagator depends on the three- and four-point gluon vertex func-
tions, which in turn depend on higher-point functions — and so on. We introduce
closure to this infinite tower of equations by using the gauge technique, in which
we construct approximate n-point pinch technique Green’s functions that depend
only on fewer-point pinch technique Green’s functions and that exactly satisfy the
correct Ward identities. Gauge technique Green’s functions, which differ from their
exact counterparts by completely conserved quantities, more and more accurately
represent the exact Green’s functions as momenta on the legs become smaller
(because in the presence of a mass gap, completely conserved quantities have
kinematic zeroes at vanishing momenta of higher order than any in the gauge tech-
nique Green’s functions). In consequence, the gauge technique Green’s functions
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describe rather well the nonperturbative properties of gauge theories with infrared
slavery but require correction in the ultraviolet; fortunately, such corrections are
straightforward because of asymptotic freedom. We cover the gauge technique
in Chapter 5, from its simple beginnings long ago in QED to considerably more
complex forms for NAGTs.

The final step in moving toward applications is to derive the Schwinger—
Dyson equations by considering the all-order perturbative results; this is done in
Chapter 6. These Schwinger—Dyson equations include those for ghosts, although
strictly speaking, these are not necessary (e.g., in the pinch technique Schwinger—
Dyson equations as derived from light-cone gauge graphology). We should and do
derive the Schwinger-Dyson equations without reference to any particular closure
scheme, although the only practical way to use these Schwinger—Dyson equations
is with the gauge technique, with ultraviolet corrections added perturbatively. Of
course, the solutions to the Schwinger—Dyson equations closed with the gauge
technique are only approximate, as will always be the case however NAGTSs are
approached, but they have the great virtue of local gauge invariance, quite unlike the
usual Schwinger—Dyson equations based on conventional Feynman graphology.

By far the most interesting feature of the solutions of these equations is that the
infrared slavery singularities are tamed by gluons’ becoming massive, yet without
any violation of local gauge invariance (cf. the d = 2 Schwinger model). It is
critical that this be a running mass that vanishes (up to logarithms) like (G*)g 2 at
large momenta, where (G?) is the usual vacuum expectation value of the squared
field strengths.? This is precisely analogous to the dynamical (constituent) quark
mass, vanishing like (/y)g 2. If the mass did not run, it would not be a dynamical
mass but a bare mass (like the current mass of quarks), and the renormalizability of
an NAGT with a bare gluon mass is problematical. This vanishing of the running
mass is very roughly analogous to the vanishing of a Higgs field along the axis of
a soliton in symmetry-breaking theories.

The mere technical solution of the infrared-singularity problem by generation of
a dynamical gluon mass is perhaps interesting but, taken alone, seems not to bear
on the great issues of QCD such as confinement and chiral symmetry breaking.
This is far from true because gauge-invariant mass generation in an NAGT has two
important implications. First, there must be massless pure-gauge, longitudinally
coupled excitations, much like Goldstone fields, and explicit in the gauge tech-
nique Green’s functions. Second, these pure-gauge parts, which are indispens-
able parts of solitons of the massive gluon effective action, carry the long-range

2 In conventional Feynman graphs for the propagator, there are condensate contributions to something that
might have been identified with a running mass, except that there are contributions from non-gauge-invariant
condensates. Only in the pinch technique propagator is there only a gauge-invariant condensate contribution.
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topological properties essential for confinement and chiral symmetry breakdown.
In themselves, the massless parts would have Dirac singularities (lying on closed
sheets in d = 4 and on closed strings in d = 3), but every topological soliton has
another contribution to the gauge potential that is massive and not pure gauge,
giving rise only to short-range gauge field strengths. This massive part also has a
Dirac singularity that exactly cancels that of the massless pure-gauge part, yield-
ing a soliton that is essentially nonsingular and of finite action. There are many
solitons, but the three most interesting classes are the center vortex, essentially
a closed two-surface (responsible for confinement via a Bohm—Aharonov effect
coming from linkage of a Wilson loop to the closed surface of the massless long-
range, pure-gauge part of the center vortex); its closely related descendant, the
nexus (a monopole whose world line must lie on the center-vortex surface, thereby
dividing it into regions of different orientation and providing for the generation
of nonintegral topological charge); and the sphaleron (rather like the electroweak
sphaleron, interpretable not only as a cross section of a topology-changing con-
figuration but also as an unstable glueball). These solitons and their consequences
will be discussed in much more detail in Chapters 7 and 8, with Chapter 9 devoted
to the special case of three dimensions, which has a number of interesting features
not found in d = 4.






1

The pinch technique at one loop

In this chapter, we present in detail the pinch technique (PT) construction at one
loop for a QCD-like theory, where there is no tree-level symmetry breaking (no
Higgs mechanism). The analysis applies to any gauge group (SU(N), exceptional
groups, etc.); however, for concreteness, we will adopt the QCD terminology of
quarks and gluons.

This introductory chapter and Chapter 2 go into both conventional technology
and the pinch technique only at the one-loop level. Here, the reader will find an
almost self-contained guide to the one-loop pinch technique with many calcula-
tional details plus some hints at the nonperturbative ideas used in later chapters
(where nonperturbative effects will be studied by dressing the loops, i.e., using a
skeleton expansion).

1.1 A brief history

Non-Abelian gauge theories (NAGTSs) had been around for a long time when the
pinch technique came into play [1, 2, 3, 4]. Their first use was in defining the one-
loop PT gauge-boson propagator as a construct taken from some gauge-invariant
object by combining parts of conventional Feynman graphs while preserving gauge
invariance and other physical properties. The term pinch technique was introduced
later [4], in a paper that extended the one-loop pinch technique to the three-gluon
vertex. The name comes from a characteristic feature of the pinch technique, in
which the needed parts of some Feynman graphs look as though a particular propa-
gator line had been pinched out of existence. In all these early papers, only one-loop
phenomena were studied, including a one-dressed-loop Schwinger—-Dyson equation
for the PT propagator. This equation showed how the infrared singularities arising
because of asymptotic freedom (= infrared slavery) require dynamical gluon mass
generation. Of course, the pinch technique should lead to unique results. These
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considerations followed from five requirements for all PT Green’s functions not
involving ghosts:

1. All Green’s functions are independent of any gauge-fixing parameters.

2. All Green’s functions are independent of the particular S-matrix process
used to define them.

3. All Green’s functions obey Ward identities of QED type, not involving
ghosts.

4. All Green’s functions obey dispersion relations in which there are no iden-
tifiable ghost contributions or threshholds.

5. The discontinuities (imaginary parts) of Green’s functions can be calculated
with the usual Cutkosky rules, consistent with unitarity for the S-matrix.

All these are properties of Green’s functions in the background-field Feynman
gauge, later shown to be equivalent to the pinch technique.

One remark concerning the imaginary parts and unitarity is in order. The pho-
ton propagator of QED satisfies a Kéllen—-Lehmann representation with a positive
spectral function, a property intimately related to the positivity of the beta func-
tion of QED. Because this beta function is negative for an asymptotically free
theory, it is impossible to find a NAGT gauge-boson propagator with a positive
spectral function, so unitarity holds in a generalized form, with some negative
contributions to spectral functions. However, as pointed out in Section 1.7, special
properties of the PT propagator allow its factorization into two terms, each obeying
the Killen—Lehmann representation.! This factorization allows the rearrangement
of PT Schwinger—Dyson equations into a form in which all necessary positivity
constraints are realized.

At the beginning, how to extend the pinch technique to higher orders of pertur-
bation theory was far from clear; the pioneering technology defined in the first
papers would have been forbiddingly difficult for graphs with two or more loops.
Fortunately, the problem of the all-order pinch technique has a solution that can
be stated with remarkable simplicity: all that has to be done, as was shown [5, 6],
is to calculate conventional Feynman graphs using the background-field method-
ology [7] in the Feynman gauge. The original proof was for NAGTs such as
QCD, but it was extended [8] to all orders of electroweak theory. This work was
inspired by remarks [9, 10, 11] to the effect that the original pinch technique and
the background-field Feynman gauge gave exactly the same results at one loop in
perturbation theory. This, of course, could have been a coincidence without much

! The product of two functions obeying the Killen—-Lehmann representation need not obey it.



1.2 Notation and conventions 3

meaning, but the all-order proof showed constructively how the PT requirements
were satisfied at all orders in the background-field Feynman gauge.”

In roughly the same time period, string-theory workers [12] studied the off-shell
extrapolation of string-theory amplitudes in the field theory, or zero Regge slope,
limit. By imposing a consistent implementation of modular invariance, these work-
ers showed that the off-shell gauge-theory amplitudes derived from string theory
were automatically given in the background-field Feynman gauge—equivalent to
the pinch technique.

The results showing the equivalence of the pinch technique and the background-
field Feynman gauge set the stage for nonperturbative applications of the pinch
technique, including the Schwinger-Dyson equations of the pinch technique and
their consequences. The output of any PT calculation is not only independence of
any gauge-fixing parameter but also freedom from contamination by unphysical
objects. For example, if one tries to find the contributions of gauge-invariant con-
densates such as (Tr G, G*") to the usual gauge-boson propagator, one discovers
that they are inextricably bound with nonphysical and gauge-dependent conden-
sates involving the ghost fields. But for the PT propagator, only the gauge-invariant
condensate, field-strength condensate emerges; there are no ghost contributions
[13].

1.2 Notation and conventions

Unless explicitly stated otherwise, we adopt the conventions of Peskin and
Schréeder [14]. Sometimes, such as in Chapters 7-9 and parts of Chapter 11,
it is convenient to work in Euclidean space. The canonical gauge potential A7 (x)
is often combined in the Hermitian matrix form

Au(x) = Aj ()¢, (1.1)
where ¢ are the SU(N) generators satisfying the commutation relations
[, t"] = i f*¢, (1.2)

with £%¢ being the group’s totally antisymmetric structure constants. The genera-
tors are normalized according to

1
Tr(t4%) = 55‘”’. (1.3)

In the case of QCD, the fundamental representation is given by ¢ = A% /2, where
A“ are the Gell-Mann matrices.

2 And in no other background-field gauge; for other than the Feynman gauge, the original PT pinching rules
would have to be applied to the background-field Green’s functions to get those of the PT.
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In Chapters 7, 8, and 9, dealing with nonperturbative phenomena, we combine the
gauge potentials in the anti-Hermitean matrix form

Au(x) = —ig Ay (),

in which case the matrix potential has a unit mass dimension in all space-time
dimensions. The changes in all other definitions are trivial. This definition has
many advantages when we go beyond perturbation theory.

The Lagrangian density for a general SU(N) non-Abelian gauge theory is given
by

L= »CI + LGF + £FPG' (1-4)

L represents the gauge invariant Lagrangian, namely,

1 o .
Ly = —ZGﬁj"Gj’w + 9 (iy" Dy —m),; ¥, (1.5)
wherea =1,..., N> —1 (respectively, i, j = 1, ..., N) is the color index for the

adjoint (respectively, fundamental) representation, and f is the flavor index. The
matrix-covariant derivative and field strength are defined according to

D, =0, —igA, (1.6)
[D,.. D] = —igG§ 1, (1.7)
or, more explicitly,
(Dpij = 0u(I)ij —ig AL (1) (1.8)
GY, = 0, A% — 0,A% + gf A} AT, (1.9)

with g being the (strong) coupling constant. Under a local (finite) gauge transfor-
mation V = exp[—if],

Ay = Vo3 VI + VAV Gu— V6LV oy vy, (1.10)
g

from which the invariance of £, follows. In terms of infinitesimal local gauge
transformations,

1 i sna/.a j
SAY = —Eaﬂea + fOPAS Seuf = —i0° (1) v
oWt = 1099 (1Y) i, (1.11)

where 09(x) are the local infinitesimal parameters corresponding to the SU(N)
generators t“.



1.2 Notation and conventions 5

To quantize the theory, the gauge invariance needs to be broken; this breakup is
achieved through a (covariant) gauge-fixing function F¢, giving rise to the (covari-
ant) gauge-fixing Lagrangian L and its associated Faddeev—Popov ghost term
L. The most general way of writing these terms is through the Becchi—Rouet—
Stora—Tyutin (BRST) operator s [15, 16] and the Nakanishi—-Lautrup multipliers
B?[17, 18], which represent auxiliary, nondynamical fields that can be eliminated
through their (trivial) equations of motion. Then, one gets

Lo = —%:(B“)2 + BF® (1.12)
Lopg = —CsF°, (1.13)

where
Sorsr® = €sD, (1.14)

with € being a Grassmann constant parameter and s being the BRST operator acting
on the QCD fields according to

SAZ. — aﬂcu + gfabcAlchc; - _%gfabccbcc
sy = ige (1) s¢* = B
Pt = —ige Pl (19) 11 sB* =0, (1.15)

From the preceding transformations, it is easy to show that the BRST operator is
nilpotent: s? = 0. In addition, as a result, the sum of the gauge-fixing and Faddev—
Popov terms can be written as a total BRST variation:

£GF + EFpG =39S (Eafa - %EaBa> . (116)

This, of course, is expected because of the well-known property that total BRST
variations cannot appear in the physical spectrum of the theory, which in turn
implies the & independence of the S-matrix elements and physical observables.

As far as the gauge-fixing function is concerned, there are several possible choices.
The ubiquitous Rg gauges correspond to the covariant choice

.7-“1%5 = BMAZ. (1.17)
In this case, one has

Lo = %(B“A;i)z (1.18)

Lipg = 0480, + gf (048 Al (1.19)
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the Feynman rules corresponding to such a gauge are reported in the appendix.
One can also consider noncovariant gauge-fixing functions such as
a nunu a

f” == 78%4141)’ (120)
where n* is an arbitrary but constant four vector. In general, we can classify these
gauges by the different values of n?, i.e., n> < 0 (axial gauges), n> = 0 (light-cone
gauge), and finally, n2 > 0 (Hamilton or time-like gauge). Clearly, the gauge-fixing
form of Eq. (1.20) does not work for the light-cone gauge, which needs a separate
treatment, given in Section 1.6. In the other cases,

1 A¢ 2
Lo = E 2)2(11 n"o,As) (1.21)
n*n’ abc b
Liv = — —— [0u8%0,c” + gf (3" ) AV (1.22)

Notice that these noncovariant gauges, as well as the light-cone gauge, are ghost
free because the ghosts decouple completely from the S-matrix in dimensional
regularization.

Finally, because of the correspondence [9, 10, 11] between the PT and the particular
class of gauges known as background field gauges [7], the latter will be described
in depth in Chapter 2.

We end this section observing that when dealing with loop integrals, we will use
dimensional regularization and employ the shorthand notation

/ = puQn)™ / dk, (1.23)
k

where d = 4 — € is the dimension of space-time and u is the ’t Hooft mass scale,
introduced to guarantee that the coupling constant is dimensionless in d dimensions.
In addition, the standard result,

1

— =0, (1.24)
x K?

will be used often to set various terms appearing in the PT procedure to zero.

1.3 The basic one-loop pinch technique

We begin with some notation for propagators and a special decomposition for the
free three-gluon vertex, a decomposition that also occurs in the background-field
method.
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1.3.1 Origin of the longitudinal momenta

Consider the S-matrix element for the quark-quark elastic scattering process
q(p1)q (1) = q(p2)q(rz) in QCD. We have that p; +r, = p» +r, and set g =
rp —ry = p| — pa, With s = q2 being the square of the momentum transfer. The
longitudinal momenta responsible for triggering the kinematical re-arrangements
characteristic of the pinch technique stem either from the bare gluon propagator
Agg (k) or from the external bare (tree-level) three-gluon vertices, i.e., the vertices
where the physical momentum transfer g is entering.

To study the origin of the longitudinal momenta in detail, first consider the gluon

propagator Ayg(k); after factoring out the trivial color factor 8%, in the R gauges,
it takes the form

. q9aq
iAap(q. &) = Pap(@)A(G, §) + L, (1.25)
q
with P,g(g) being the dimensionless transverse projector, defined as
949
Pap(@) = 8o = = z. (1.26)
The scalar function A(g?, £) is related to the all-order gluon, self-energy
Map(g, €) = Pup(@)T(g", £), (1.27)
through
) 1
Ag~.§) = (1.28)

g +ill(g% &)
Because I1,4 has been defined in Eq. (1.28) with the imaginary factor i factored out

in front, it is simply given by the corresponding Feynman diagrams in Minkowski
space. The inverse of A,g can be found by requiring that

AL (g, EXATE (g, 8) = 8gE, (1.29)
and it is given by
1
—iA(q,8) = Pyp(@A (% &) + £9u0s- (1.30)
At tree level,
iAf,fE(q,é)=d(q2)[ga,s - —S)Q”Zﬁ} (1.31)
q
,oo 1
dq’) = —. (1.32)

q
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Evidently, the longitudinal (pinching) momenta are proportional to the combination
A =1 — & and vanish for the particular choice £ = 1 (Feynman gauge) so that the
free propagator is simply proportional to g,sd (¢?). This is a particularly important
feature of the Feynman gauge, which, as we will see, makes PT computations much
easier. In this gauge, only longitudinal momenta from vertices can contribute to
pinching at the one-loop level. The popular case § = 0 (Landau gauge) gives rise
to a transverse Afx(z(k), which may have its advantages but really complicates the
PT procedure at this level.

Next, we consider the conventional three-gluon vertex, to be denoted by

I'5iv (@, ki, k2), given by the following manifestly Bose-symmetric expression (all

momenta are incoming, i.e., g + k; + k, = 0):
iy (g, ki ko) = gf " Toun(q, ki, k2) (1.33)
Fauv(q, kl, k2) = g,uv(kl - k2)ot + gozv(k2 - Q)M + gau(q - kl)v-

This vertex satisfies the standard Ward identities:

4°Tun(q, ki, ko) = k3 Py (k) — k3 P,y (ky) (1.34)
K Toun(q, k1, k2) = g% Pau(q) — k3 Py (k) (1.35)
KT 00(qs ks ko) = k3 Pay(ky) — % Pay(q). (1.36)

Unfortunately, the right-hand side is not the difference of inverse propagators, a
defect that shows up in higher orders as the appearance of ghost terms in the
identities, now called the Slavnov—Taylor identities.

But it is possible to decompose the vertex in a special way into two pieces, one
of which satisfies a Ward identity of an elementary (ghost-free) type and the other
contains the only longitudinal momenta capable of generating pinches [1, 19]. In
the general £ gauge, this decomposition, as applied to the vertex of Figure 1.1(b),
is

Tyva(q. ki k) =T%,, +T7% . (1.37)
where
(@ ki ko) = (ki — k2o 8uv — 24 8va + 201 8ua
T (1 - é) [y s — K1y (1.38)
and

1
Th (g, ki, ko) = g[kZUgom — k1, 8av]- (1.39)



1.3 The basic one-loop pinch technique 9

b
o o

Figure 1.1. The diagrams contributing to the one-loop quark elastic scattering
S-matrix element. (a) box contributions, () non-Abelian and (c) Abelian vertex
contributions (two similar diagrams omitted), (d) quark self-energy corrections
(three similar diagrams omitted), and (e) gluon self-energy contributions.

It is easy to check that I'* obeys the elementary Ward identity:

4T (g ki ko) = A (ko &) — AL (kL ), (1.40)

and that T'F¢ is the only part of the vertex that triggers pinches. In the pinch
technique, (a trivial modification of) this ghost-free Ward identity holds to all
orders and has, as a consequence, as in QED, the equality of the gluon wave
function and vertex renormalization constants — a relation of great importance for
further developments. Note that the vertex IS w(qs ki, k) is Bose symmetric only
with respect to the i and v legs. Evidently, the preceding decomposition assigns a
special role to the g-leg, which is attached to two on-shell lines. In fact, this vertex
I'¢ also occurs in the background-field method (see the appendix).?

It would be possible to carry out the (one-loop) PT manipulations with this vertex
decomposition for any &, but, just as for the propagator, things simplify in the
Feynman gauge, where a substantial part of I' vanishes. Because we will use this
gauge extensively, we record its vertex decomposition using the notation I'f =
ré=1, 1P=! = I'P. Then,

Con(q, ki, ko) = a,w(q ki, k2) + Faw(q, ki, k>), (L41)

3 Actually, in both the pinch technique and the background-field method, there are two kinds of vertices; at the
one-loop level, only the one used here matters.
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with
Tu(@. ki ko) = (ki — k2aguv + 2Gv8ap — 2G4 8av (1.42)
oz;w(q ki, ko) = kav8ap — k1,8av, (1.43)
and this allows I'" (4, ki, k2) to satisfy the Ward identity
9 T(@ k1 ko) = (k5 = KD g, (1.44)

where the right-hand side is the difference of two inverse propagators in the
Feynman gauge.

1.3.2 The basic pinch operation

The term pinch arises from the operation of longitudinal momenta, such as in I', on
vertices, which triggers Ward identities that lead to the cancellation of a preexisting
propagator by an inverse propagator coming from the Ward identity. The resulting
graph looks like a Feynman graph from which one line has been removed, as if it
had been pinched out.

Whether acting on a vertex or a box diagram, as in Figure 1.1, the effect of the
pinching momenta, regardless of their origin (gluon propagator or three-gluon
vertex), is to trigger the elementary Ward identity

"=+ p—m)—(p—m), (1.45)

where the right-hand side (rhs) is the difference of two inverse tree-level quark
propagators. The first of these terms cancels (pinches out) the internal tree-level
fermion propagator S’(k + p), and the second term on the rhs vanishes when
hitting the on-shell external leg. Diagrammatically speaking, an unphysical effec-
tive vertex appears in the place where S (k + p) was, i.e., a vertex that does not
appear in the original Lagrangian; as we will see, all such vertices cancel in the
full, gauge-invariant amplitude.

First of all, it is immediate to verify the cancellation of the £-dependent terms at
tree level. After extracting a kinematic factor of the form

WV*(p1, p2) = i(p1)igt®y“u(p2), (1.46)
the tree-level amplitude reads
TO =iV, r)i AR @iV (p1. p2). (1.47)
Then, because the on-shell spinors satisfy the equations of motion

u(p)(p —m)=0=(p —mu(p), (1.48)
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the longitudinal part coming from Afxoﬂ) vanishes, and we obtain
TO =V, r)d(@HV(p1, pa)- (1.49)

Next, let us concentrate on the two box diagrams, direct and crossed, shown in
Figure 1.1(a). The sum of the two graphs gives

(a) = g2 /‘L—t(’,l)yataS(O)(,,2 _ k))/p[ru(rz)AgIg)(k — q)Ai)Og(k)
k

x g2 a(p) {y 1°SOpr + kyyt" + vyt SO(py — )y 1} u(py).
(1.50)

To see how the pinch technique works, we now study the action of the longitudinal
momenta appearing in the product Afx(g(k — q)AY) (k). Look, for example, at the
term k,k, coming from A®)(k). Using Eqgs. (1.45) and (1.48), we find that the
contraction of k, with the term contained in the brackets in the second line on
the rhs of Eq. (1.50) gives rise to the expression

g2i(p1kg {77 u(py) = g*ia(p)y” {1t — "1} u(po)
=ig” f*"u(p)y 1" u(p>)
= gf*"" Pl(ga(py)igy t"u(py)
= [ef“"PE@)]iV"™ (p1. p2). (1.51)

Notice that in the second step, we have used the commutation relation of Eq. (1.2),
and in the third step, we have used the fact that for the on-shell process, longitudinal
pieces proportional to ggq, may be added without consequence since they vanish
because of current conservation, thus converting g# to Pf(q). The term in the
last line of Eq. (1.51) couples to the external on-shell quarks as a propagator;
evidently all reference to the internal (off-shell) quarks inside the brackets has
disappeared. To continue the calculation, (1) multiply the result by k,, (2) contract
k, with y” in the first line of Eq. (1.50), (3) employ again the Ward identity of
Eq. (1.45), and (4) use the relation i f*19¢? = —1/2C 4t¢, where C 4 is the Casimir
eigenvalues of the adjoint fundamental representation.* The final result is a purely
propagator-like term, i.e., a term that only depends on g (even though it originates
from a box diagram) and couples to the external on-shell quarks as a propagator

4 We denote with C4 (C ) the Casimir eigenvalue of the adjoint (fundamental) representations. For SU(N),
Cs = Nand Cy = (N?—1)/2N.
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Figure 1.2. The pinching contributions coming from the different one-loop
S-matrix diagrams.

<
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(see Figure 1.2). Armed with these observations, it is relatively easy to track down
the action of all terms proportional to (1 — &); in fact, we can write the two boxes
as follows:

(@) = (a)e=1 + iVi(r1, r2)id(g)TTeh, (q. Mid(@)iVi(pr, p2).  (152)
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Table 1.1. Contributions of the box, vertex, and self-energy diagrams to the
different &-dependent structures appearing in the various HZ’? (g, L) terms
generated during the PT process

2 1 1

A fk k4(k+q>4 A fk k4(k+q)2 A fk K(k+q)* A fk i
M 1c, 0 —Ca 0
2I 0 0 0 Cy—2Cy
20y —Cy 2Cy 2Cy —2C4
41y 1 0 0 0 2Cy
H(e) fCA —2CA —CA CA
Total 0 0 0 0

where the £-dependent propagator-like term l'IbOX is given by
A k,k
2) = Arg’C P (q) PP / —
My’ (q.2) = 2g*Caq [2 (@)P""(q) Akt )
— p /—] 1.53
@ | waar (1.53)

It turns out that all the £-dependent parts isolated using the PT procedure are
effectively propagator-like, whether they come from box-, vertex-, or propagator-
like diagrams. So the general result is

(i) = (emt + VA1, rid(@DTIY (g, Did(g)iVa(p1, p2).  (1.54)

where i runs over all possible different topologies appearing in Figure 1.1
(i =a,b,c,d,e). The value of the corresponding self-energy-like piece is shown
in Table 1.1. The sum of each of its columns is zero, which explicitly shows at one
loop the &-independence property of S-matrix elements.

In the PT framework, the £-dependent terms are eliminated in a very particular
way. All £-dependent pieces turn out to be propagator-like so that all £-dependence
has canceled, giving rise to subamplitudes that maintain their original kinematic
identity (boxes, vertices, and self-energies) and are, in addition, individually &-
independent. It is important to appreciate that the explicit cancellation carried out
amounts effectively to choosing the Feynman gauge, & = 1, from the beginning.
Of course, there is no doubt that this can be done for the entire physical amplitude
considered; the point is that, thanks to the pinch technique, one may move from
general £ to £ = 1 without compromising the notion of individual topologies.
Such a notion would have been lost if, for instance, the demonstration of the
&-independence involved integration over virtual momenta; had the integrations
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— > ) )
Hap(g) = + AW M + 28 $ ¢*Poslq)

A(\ *43 A(\ { Ar'? . L

Figure 1.3. Diagrammatic representation of the one-loop pinch technique gluon
self-energy I1yg as the sum of the conventional gluon self-energy terms and the
pinch contributions coming from the vertex.

been done first, one would have eventually succeeded in demonstrating the &-
independence of the entire S-matrix element but would have missed out on the
ability to identify £-independent subamplitudes, as we did. In addition, this result
suggests that there is no loss of generality in choosing & = 1 from the beginning,
thereby eliminating a major source of longitudinal pieces that are bound to cancel
anyway through the special pinching procedure outlined earlier.

1.3.3 The pinch technique gluon self-energy at one loop

Next, we construct the PT gluon self-energy, to be denoted by ﬁaﬂ (g). It is given
by the sum of the conventional and self-energy-like parts extracted from the two
vertices, as shown in Figure 1.3, i.e.,

Map(q) = Map(q) + 2T154(q). (1.55)

Specifically, in a closed form,

_ 1 | S e ko(k 4+ @) + kg(k + @)
Mus(q) = =g*Ca |:/ AP / Pr T2 1
k k

2 KRk +q)? Kk + q)?
2
q-Pup(q)
+2g%C / A 1.56
S AT (120

where we have symmetrized the ghost contribution for later convenience and
neglected the fermion contribution.

It would be elementary to compute ﬁaﬁ directly from the rhs of Eq. (1.56). It is
very instructive, however, to identify exactly the parts of the conventional IT,g
that combine with (and eventually cancel) the term Hgﬁ. To make this cancellation
manifest, one may carry out the following rearrangement of the two elementary
three-gluon vertices appearing in Eq. (1.56):

I'T=rfrf+rfr+rrf - rre, (1.57)
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a e
Iap(q) = + AW AN
A(r Af Arx * ! A7'
pT e {TN\’VL% ‘
= + 0w MAO -2 8 | *P.s(q)
‘Za A3 Za { Ad >

Figure 1.4. The conventional one-loop gluon self-energy before (first line) and
after (second line) the pinch technique rearrangement. A shaded circle at the end
of an external gluon line denotes that the corresponding gluon behaves as if it were
a background gluon.

where, in this symbolic equation, all Lorentz indices have been suppressed, and
the product of any two I's means

T — Caul}. (1.58)

Dropping terms leading to tadpolelike diagrams (which vanish by dimensional
regularization), one then finds

IPT + TP = —4P,5(q)q* — 2kekg — 2(k + @)k + q)p (1.59)
TPTP = 2kokg + (kaqp + gukp). (1.60)

We see that the conventional gluon self-energy can be cast in the following form
(see also Figure 1.4):

1 rf ot 2k + q)o(2k
H((xlﬂ)(Q) = _gch / P w P 5 2/( +2Q) ( _Z{—Q)ﬁ
2 x k=(k +q) k k*(k + q)
2 Pup(q)
_202C /l 1.61
A ekt g7 (b

It is easy to prove, using the vanishing of one-loop tadpoles, that each term appear-
ing in the preceding equation is individually conserved so that we have the first
ghost-free Ward identity:

q°Tl,p = 0. (1.62)

The PT re-arrangement has created three manifestly transverse structures, all admit-
ting a unique diagrammatic representation and field theoretical interpretation: the
first two terms have in fact precisely the structure of the background-field Feynman
gauge at one loop (studied in Chapter 2), whereas the last term represents the one-
loop version of a very special auxiliary function that will be thoroughly studied
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when extending the algorithm to the Schwinger-Dyson equations of non-Abelian
gauge theories (Chapter 6). It exactly cancels the pinching contribution coming
from the vertex (see Eq. (1.56)) so that one is left with the result

_ 1 I e 22k + q)o(2k
Mys(q) = EgZCA |:/ a —/k 2k + 9)al +q)ﬂ:|. (1.63)

k*(k + q)? k2(k + g)?
Using
IE,, 5" = dQk + )2k + ) + 84> Pas(q). (1.64)
and
2k + a2k +q)5 _ ( 1 )f 4> Pup(q) ’ (L65)
v k(k+g)? d—1) Jy Kk +q)*
the one-loop PT propagator can be written in the simple form
Map(q) = %gch (75__16) fk kZi,ffﬁ(Z))z, (1.66)
valid at d = 3, 4. Writing
Mup(@) = Pap(@)TI(q"), (1.67)

and following the standard integration rules for the Feynman integral, we obtain
the following for the unrenormalized IT in d = 4:

~ 2 267
1(¢?) = ibg?q® [ +1Indmr —yg —1In q— + 33] (1.68)
where yg is the Euler—Mascheroni constant (yg &~ 0.57721) and
11C4
= 1.69
4872 (1.69)

is the gauge-invariant one-loop coefficient of the 8 function of QCD (8 = —bg?)
in the absence of quark loops> (for the d = 3 case, see Chapter 9).

The gauge-invariant constant b in front of the logarithm corresponds to an analogous
gauge-invariant number in the vacuum polarization of QED, where the correspond-
ing coefficient is —ao /37 ; of course, the difference in the sign occurs because QCD
is asymptotically free whereas QED is not. That the PT gluon propagator captures
the leading renormalization group (RG) logarithms is a direct consequence of the
Ward identity Eq. (1.92) and the consequent relation /Z\l = 22. (This means [3] that

5 For comparison, the standard one-loop Feynman self-energy replaces b by (C4/3272)(13/3 — &), which is
obviously gauge dependent and not yielding the correct coefficient b even in the Feynman gauge.
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the product of the unrenormalized charge g3 and the unrenormalized PT propagator
is the same as this product of renormalized quantities — again, just as in QED —
and so this product defines a coupling constant-propagator combination that is not
only gauge invariant but renormalization group invariant.) Indeed, if Z = 22, then
the charge renormalization constant, Z,, and the wave function renormalization of
the PT gluon self-energy, Z.4, are related by Z, = /Z\Xl/ 2 exactly as in QED.

Finally, notice that since both the I''T"F term and the ghostlike term are separately
conserved, the ghostlike term is no longer needed to satisfy the Ward identity for
the proper self-energy (Eq. (1.62)). One might ask what quantitative difference it
makes to drop the ghostlike term, which, in a Schwinger-Dyson context, would
amount to a truncation of the series. The answer it that without the ghostlike
term, the proper self-energy has exactly the same transverse form but is 10/11
times the self-energy with the ghostlike term. Interestingly, the pinch technique
already offers at one loop the ability to truncate gauge invariantly, i.e., preserving
the transversality of the truncated answer. This will have profound consequences
when addressing the issue of devising a gauge-invariant truncation scheme for the
Schwinger—-Dyson equations of QCD (Chapter 6).

1.4 Another way to the pinch technique

So far, to develop the pinch technique, we have used a specific S-matrix element
for quark-quark scattering. The question naturally arises: is the PT result found
this way independent of the process used to define it? This is surely what we must
expect from any sensible definition of Green’s functions. The answer is yes, as
we indicate in the next subsection. Another natural question, given the answer to
the first question, is whether one can define the pinch technique in an intrinsically
process-independent way. Again, the answer is yes. We do not make any reference
to background-field techniques, where the answer to both questions is clearly yes.

1.4.1 Process independence

It is important to stress at this point that the only completely off-shell Green’s
function involved in the previous construction was the gluon self-energy; instead,
the quark-gluon vertex has the incoming gluon off shell and the two quarks on
shell, whereas the box has all four incoming quarks on shell. These latter quantities
were also made £ independent in the process of constructing the fully off-shell,
&-independent gluonic two-point function. Similarly, the construction of a fully
oft-shell PT quark self-energy requires its embedding in a process such as quark-
gluon elastic scattering. The generalization of the methodology is now clear; for
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Figure 1.5. S-matrix embedding necessary for constructing a & -independent, fully
off-shell gluonic n-point function.

pinch
> +

Figure 1.6. The pinching procedure when the embedding particles are on-shell
gluons. Despite appearances, the vertex by which the pinching contribution is
connected to the external gluons is a three-gluon vertex.

example, for constructing a £-independent, fully off-shell gluonic n-point function
(i.e., with n off-shell gluons), one must consider the entire £-independent process
consisting of n pairs of quarks, g(p1)g(k1), g(p2)q(kz), ..., q(p.)q(k,) and hook
each gluon A; to one pair of test quarks; the off-shell momentum transfer ¢; of
the ith gluonic leg will be ¢; = p; — k; (see Figure 1.5). Note, however, that one
may equally well use gluons as external test particles or as even fictitious scalars
carrying color. Provided that the embedding process is £-independent, the answer
that the pinch technique furnishes for a given fully off-shell n-point function
is unique; that is, it is independent of the embedding process. The PT Green’s
functions are process independent or universal — a property of Green’s functions
that can hardly be violated. The universality of the one-loop gluon self-energy has
been demonstrated through explicit computations using a variety of external test
particles. For example, when gluons are used as external test particles, the pinching
isolates propagator-like pieces that are attached to the external gluons through a
tree-level three-gluon vertex (see Figure 1.6). In this case, the analog of the quark-
gluon vertex fg is the one-loop vertex with one off-shell and two on-shell gluons,
which, as we will see in Section 1.5.2, is the one-loop generalization of I'F. This
latter vertex should not be confused with the PT three-gluon vertex with all three
gluons off shell, which can be constructed by embedding it into a six-quark process
(one pair for each leg), to be discussed in Section 1.4.2. The distinction between
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these two three-gluon vertices is crucial and will be made more explicit later on;
in addition, a more precise field-theoretic notation will be adopted that will allow
us to distinguish the three-gluon vertices unambiguously.

We emphasize that the PT construction is not restricted to the use of on-shell
S-matrix amplitudes and works equally well inside, for example, a gauge-invariant
current correlation function or a Wilson loop. This fact is particularly relevant for
the correct interpretation of the correspondence between the pinch technique and
the background-field method to be discussed in Chapter 2. Actually, in the first PT
calculation ever [3], the set of one-loop Feynman diagrams studied were the ones
contributing to the gauge-invariant Green’s function:

G(x,y) = (0 (T {Tr [Cb(x)(l)T(x)] Tr [cb(y)cp*(y)] } ) 0>, (1.70)

where ®(x) is a matrix describing a set of scalar test particles in an appropriate
representation of the gauge group. In this case, the special momentum with respect
to which the vertex decomposition of Eq. (1.41) should be carried out (i.e., the
equivalent of ¢ in that same equation) is the momentum transfer between the two
sides of the scalar loop (i.e., one should count loops as if the ® loop had been opened
at x and y). The advantage of using an S-matrix amplitude is purely operational:
the PT construction becomes more expeditious because several terms can be set to
zero directly owing to the equation of motion of the on-shell test particles. Instead,
in the case of a Wilson loop, one would have to carry out the additional step of
demonstrating explicitly their cancellation against other similar terms.

1.4.2 Intrinsic pinch technique

The central achievement of the previous sections has been the construction of
the £-independent, off-shell gluon self-energy, ﬁaﬁ, through its embedment into a
physical S-matrix element, corresponding to quark-quark elastic scattering. This
was accomplished by identifying propagator-like pieces from the vertices and boxes
contributing to the embedding process and reassigning them to the conventional
gluon self-energy, I1,g. This procedure has been carried out for a general value of
the gauge-fixing parameter &, leading to a unique answer that is most economically
reached by choosing the Feynman gauge from the beginning. Thus ﬁaﬂ is obtained
by adding to I, the propagator-like pieces 2Hgﬁ extracted from the vertices, as
shown in Eq. (1.56). In the analysis following Eq. (1.56), it became clear that
these latter terms cancel very precise terms of the conventional self-energy Iyg,
furnishing, finally, ﬁaﬁ. Specifically, after the vertex decomposition of Eq. (1.57),
the terms I'? acted on the corresponding T', triggering the Ward identities (1.34),
(1.35), and (1.36): the term 21'[5}6 cancels against the terms of the Ward identities
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that are proportional to g2 P,s. This observation motivates the following, more
expeditious, course of action: instead of identifying the propagator-like pieces
from the various graphs, focus on Iyg, carry out the decomposition of Eq. (1.57),
and discard the terms coming from the Ward identities that are proportional to
qua,g; what is left is then the PT answer.

This alternative, and completely equivalent, approach to pinching was first intro-
duced in [4] and is known as the intrinsic pinch technique. Its main virtue is that
it avoids as much as possible the embedment of the Green’s function under con-
struction into a physical amplitude. As we shall see later, the intrinsic approach
is particularly suited for extending the PT construction in the context of the
Schwinger—Dyson equation.

1.5 Pinch technique vertices

After the propagator, the next step is, of course, three-leg vertices. We can extract
one of the vertices, the quark-gluon vertex, from the graphs of Figure 1.1 in much
the same way that we found the pinch technique gluon propagator. The other vertex
under consideration here, the three-gluon vertex, is much more complicated and
needs a nontrivial extension of the work we have already done. We begin with the
quark-gluon vertex.

1.5.1 The one-loop pinch technique quark-gluon vertex and its Ward identity

Let us now turn to the longitudinal terms contained in the pinching part I'? v Of the
three-gluon vertex (see Eq. (1.43)) appearing in the non-Abelian vertex graph and
two such vertices inside the gluon self-energy graph. One may ask at this point,
what is the purpose of carrying the PT decomposition of the vertex given that
one has already achieved £-independent structures? The answer is that the effect
of the pinching momenta of Fguv
functions satisfy ghost-free Ward identities instead of the usual Slavnov—Taylor

identities.

is to make the effective £-independent Green’s

This is best seen in the case of the one-loop quark-gluon vertex I'§(p;, p2), com-
posed by the graphs of Figures 1.1(b) and 1.1(c), now written (after the gauge-
fixing parameter cancellations described earlier) in the Feynman gauge. It is well
known that the QED counterpart of I'{ (p1, p2), namely, the photon-electron vertex
I'w(p1, p2), satisfies to all orders (and for every &) the Ward identity

q“To(p1, p2) =ie[S, ' (p1) — S, (p2)]. (1.71)
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iH*(p,q) = —gt* -+

P

Figure 1.7. The auxiliary function H appearing in the quark-gluon vertex
Slavnov-Taylor identity. The shaded blob represents the (connected) ghost-
fermion kernel appearing in the usual QCD skeleton expansion.

where S, is the (all-order) electron propagator; Eq. (1.71) is the naive, all-order
generalization of the tree-level identity (1.45).

The quark-gluon vertex I'g(p1, p2) also obeys the Ward identity of Eq. (1.45) at
tree level (multiplied by #¢):

q*Ta(p1, p2) = igt* [S™'(p1) — S\ (p2)].- (1.72)

However, at higher orders, it obeys a Slavnov—Taylor identity that is not the naive
generalization of this tree-level Ward identity. Instead, I'J(pi, p2) satisfies the
Slavnov-Taylor identity [20]

g Tapr, p2) = [ D @[S (p)H @, p0) + A (pr. )7 (p)]. (173)

where D% (g) and S(p) represent the full ghost and quark propagator, respectively,
and H*“ is a composite operator defined as (see also Figure 1.7)

iS(PID™ (9)iH(p, q) = —g1* f d*x f d*y e ety
x (0| {ze » [og]} o). (174

where T denotes the time-ordered product of fields and H is the Hermitean conju-
gate of H. At tree level, H; reduces to Hl.(;))a = 1.

After these general considerations, let us carry out the decomposition of Eq. (1.41)
to the non-Abelian vertex of Figure 1.1(b). Then let us write, suppressing again the
color indices,

(b)e=t = iV5id(gMa(p)iTa(p1, p)u(pa), (1.75)

and concentrate on the (one-loop) non-Abelian contribution to the quark-gluon
vertex I'j. We have

rr ., +T8 v SOpy — ky*

~ 1 oY
iL%(p1, p2) = —g3CAt“/[ a . (1.76)
2 k k2(k + q)?
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Figure 1.8. Diagrammatic representation of the pinch technique quark-gluon ver-
tex at one loop.

where, in this case,

lex:/w = glw(zk + Q)a + 2QUgaM - 2qﬂgau (L.77)
Fguv =—(k+ ‘I)vgotu - kugav- (1.78)

Despite appearances, if we use the Dirac equations of motion, the part of the vertex
graph containing I'? is in fact purely propagator-like:

/Fng SO(py — k)y* Direkq, (1.79)
k

% o e——
Kk + q)? " /kk%k +q)

So also, in this case, one obtains from the one-loop, quark-gluon vertex a
propagator-like contribution given by

4> Pap(q)

R ot
ap(@) =8 Ca Pkt )

(1.80)
As before, this term plus the equal one coming from the mirror vertex ought to be
re-assigned to the PT self-energy. Let us then concentrate on the remaining terms
in the vertex. In fact, the part of the vertex graph containing I'F remains unchanged
because it has no longitudinal momenta. Adding it to the usual Abelian-like graph,

we obtain the one-loop PT quark-gluon vertex, to be denoted by Fg, given by (see
Figure 1.8)

re v SO(p, — ky*
k2(k + g)?

c Ca y“SO(p1 + k)yvaSO(py + by,
+ - 7 k k2 ’

‘Na a 1
iT4(p1, p2) = gt |:§CA/
k

(1.81)
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Now itis easy to derive the Ward identity that Fg (p1, p2) satisfies. Using Eq. (1.44),
we get

v SO pa + by, / v SO (p1 + k),
2 f k2

=igr {T(p) — T(p)}- (1.82)

q“Tep1, pr) = —ig>Cs1° U
k

Clearly, Eq. (1.82) is the naive generalization of Eq. (1.72) at one loop, i.e., the
Ward identity satisfied by I'§, at tree level; this makes the analogy with Eq. (1.71)
fully explicit An immediate consequence of Eq. (1 82) is that the renormalization
constants ¢ of F“ and T, to be denoted by Z, and Z, respectively, are related by the
relation Zl Zg, which is none other than the textbook relation Z; = Z, of QED
realized in a non-Abelian context.

A direct comparison of the Slavnov—Taylor identity (1.73), satisfied by the con-
ventional vertex I'y, with the Ward identity (1.82), satisfied by the PT vertex F;,
suggests a connection between the terms removed from I'j; during the process of
pinching and the ghost-related quantities D** and Hf;. As we will see in detail in
Chapter 4, such a connection indeed exists and is, in fact, of central importance for
the generalization of the pinch technique to all orders.

1.5.2 The one-loop, three-gluon vertex and its Ward identity

The S-matrix construction The same general principles used for the propagator
also apply to the proper three-gluon (or four-gluon) vertex: choose a convenient
S-matrix element in which the vertex is embedded, in our case, at one loop. This
S-matrix element has not only the one-loop vertex that we want but many other
graphs. Extract the pinch graphs from these and add them to the conventional vertex.
The resulting proper vertex T, wv 18 completely gauge invariant (independent of &
in an R; gauge) and satisfies ghost-free Ward identities involving the gluon PT
inverse propagator. It also satisfies all other properties that we could demand of a
three-point vertex: complete Bose symmetry, conventional analytic properties with
physical threshholds only, and independence of the S-matrix process used to create
the vertex.

Figure 1.9 shows a three-quark S-matrix element, with all quark momenta p;, (p —
q); on shell, from which we will find the PT proper three-gluon vertex. We denote
the one-loop corrections by A wve and find the full one-loop PT vertex by adding
the bare vertex. There are two ways to do this: one is to add the conventional
fully symmetric bare vertex F(O) and the other is to add the free vertex with one
line singled out, as in Eq. (1. 42) Th1s is immaterial because the only difference is
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(0) (c) (d)

three graphs three graphs two graphs
v
=
LY
(e) () (9) (h)
two graphs three graphs three graphs three graphs

Figure 1.9. S-matrix graphs from which the one-loop pinch technique vertex is

derived.

(a) (b)

three graphs three graphs

Figure 1.10. Pinched graphs for the vertex.

in gauge-dependent terms, receiving no radiative corrections. The unique gauge-
invariant, ghost-free Ward identities relate the radiative correction term Ay, to
the PT proper self-energy; we give these subsequently.

The pinch parts from these graphs are shown in Figure 1.10. Actually, what
we construct by pinching is an improper vertex that has PT propagators hooked
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on-:
Foun(q1. 42, 43) = Ny(q)AL(q) A (q3) 300 (41, G2, 43). (1.83)

As with the PT propagator, we will work in the R Feynman gauge (§ = 1). For any
&, the longitudinal terms in the propagators of Eq (1. 83) strike the external quark
lines and give no contribution, so we recover T from F by truncatmg, for example,
all propagators to the form g ud !(g1). Itis not necessary to calculate F, wve and then
truncate it; instead, the truncation is done by omitting the normal propagator graphs
of Figure 1.4(b) and subtracting the pinch parts shown in Figure 1.10(a) rather
than adding them. Subtraction rather than omission follows from a straightforward
evaluation of combinatoric factors.

After a very lengthy computation, using the decomposition of the bare vertex into
I'F and pinch parts and a recombination of three vertex terms analogous to the term
used for the proper self-energy in Eq. (1.57) (see Eq. (1.95)), we find (with the
momenta assignment shown in Figure 1.12)

~ i 1
Fot,uv(‘]h q2, 613) = _Egch '/k\l k2k2k2 Na;u} + SB()(,AUM (184)

where

Naww = T8, (q1. k3, —k)Th, (g2, ko, —k3)Th (g3, ki, —k2)

— 2(ky + k3)o (ko + k3), (ki + k2), (1.85)
Buyw = (8av@ipe — 8apdtv) 1(@1) + (8020 — 8und2y) 1(q2)
+ (831 — 8uvdza) 1(g5), (1.86)
and the integrals /(g;) are given by
1a) = 58°Ca [ g (1.87)
2 K k2 (k + g;)?

The first term in Eq. (1.85) is the vertex analog of the I'FT'F term in the numerator of
the proper self-energy (Eq. (1.63)); the other term comes from ghosts and pinches.

It is now interesting to compare the Slavnov—Taylor identity satisfied by the con-
ventional and PT vertex when contracted with one of its momenta (say, gi; the
other identities are obtained by cyclic permutation of the indices and momenta). At
tree level, the identity satisfied by the conventional R vertex has been derived in

6 Oof greater physical significance is a half-proper vertex function 5((]1 , q2, q3), defined [4] by G 2o (1,92, q3) =
2728(q )8(q2)8(q2)T 50 (q1, 2, q3), Where g(g) is the pinch technique running charge. This half-proper vertex
is not only gauge invariant but also renormalization group invariant.
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Figure 1.11. The auxiliary function H appearing in the three-gluon vertex
Slavnov—Taylor identity. Shaded blobs represent the (connected) Schwinger—
Dyson kernel corresponding to the ghost-gluon kernel appearing in the usual
QCD skeleton expansion.

Eq. (1.34). At higher orders, the derivation of this identity is a textbook exercise:
one starts from the trivial identity

(T [¢"()A;(NATR)]) =0 (1.88)

and re-expresses it in terms of the BRST-transformed fields, making use of the
equal-time commutation relations. The result is [21]

aiTem (g1, 42, g3) = igf ™" [a1 D] { A" (43) P) (q3)Hpuy (2. 43)
— AN g3 P (q2)Hyy (g3, 02)]) - (1.89)

The function H, shown in Figure 1.11, is the (amputated) one-particle irreducible
(1PI) part” of the function (g1 + g> + g3 = 0):

LY (g2, g3) = gf™"* / d'y / d*ze e (T [2(0) AL ()AL () (2)]),
(1.90)

which naturally appears when following the described procedure. The kernel
appearing in this function is the conventional connected ghost-gluon kernel appear-
ing in the usual QCD skeleton expansion; in addition, the function H,,(k, g) is
related to the full gluon-ghost vertex I' ,(k, g) (with k being the gluon and g being
the antighost momentum) by the identity

q"Hyy(k, g) = —iT (k. q), (1.91)

where, at tree level, H()) = ig,, and T(k, ) = T (k. q) = —

For the PT vertex, by contracting Eq. (1.84) with ¢;, we instead immediately get
the result

AT (1, q2. 43) = 8f ™ { A~ (q2) Pun(q2) — A~ (g3)Pun(gs)} . (1.92)

7 Let us recall that a diagram is called 1PT if it cannot be split into two disjoined pieces by cutting a single internal
line; when this is not the case, it is called one-particle reducible (1PR).
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n,v m, i

(a) (b) (¢)

two graphs three graphs

Figure 1.12. R diagrams contributing to the one-loop three-gluon vertex. Dia-
grams (c) carry a 1/2 symmetry factor. Fermion diagrams are not shown.

with A~!(q) = ¢? + i[l(¢); thus we find the naive one-loop generalization of the
tree-level identity of Eq. (1.44). Notice that (except in ghost-free gauges) the rhs
of the preceding equation is not the difference of two inverse gluon propagators
because the projection operator P has no inverse; also notice that there is no longer
reference to auxiliary ghost Green’s functions so that Eq. (1.92) is completely
gauge invariant.

The intrinsic construction As an application of the intrinsic PT algorithm
described in the previous section, let us see in detail how one can construct the one-
loop PT three-gluon vertex. The conventional R; diagrams are shown in Figure 1.12
and read

9

i 1 -
AO[ v ) ) = —= 2C / —Na v + _Ba Vs 193
w(q1, 92, q3) 78 Ca i e+ g B (1.93)

with

Nowv = Larp(qi, k3, =k uon(q2, ko, —k3)T06 (g3, k1, —k2)
- klak2uk3/4 - klak2vk3u- (194)

Let us then introduce the shorthand notation I";I">I"5 for the combination of three-
level three-gluon vertices appearing in Eq. (1.94). In this notation, all Lorentz
indices are suppressed, and the number appearing in each vertex is the number
corresponding to the vertex’s external momentum ¢;. Then, decomposing each of
the T; into I'F + I'F, we obtain

[0 = D051 4+ D0 + Ty T + Ty 0Ty — [0S T3 — T LTy
—I 575 + T T5TS. (1.95)
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The first term contains no pinching momenta and therefore will be kept in the PT
answer, giving rise to the term

~ i 1
@ =—=g°Ca / ———= T8, @1 ks, =k, (@2, ko, —k3)T} (g3, ki, —ko).
2 K kikaks
(1.96)
Each of the other six terms has pinching terms generated when FZ.P acts on the full
['s that trigger the corresponding Ward identities; according to the rules of intrinsic
pinching, we will then discard all the terms that are proportional to d~'(g?).
However, these d~! terms can also refer to a virtual momentum k;, in which case,
they give rise to an integral with only two propagators. The last term on the rhs of
Eq. (1.95) yields terms of this sort as well as a contribution that adds to the ghost
graph
Ffrgrs = _dil(k%) (g;wk&x + gaukla) - dﬁl(kg) (ga,uklv + gavk3u)

—d ™' (K3) (gavkau + guvkia) — krakauksy — kivkoukse.  (1.97)
The rest of the terms instead have external pinches, which we drop, keeping only

the relevant terms:

PITols = d 7 (k) [Toantkr, —k2) + Tvalka, —k3)]
ko [d7 kD gay — kiakin] + ko [d7 (KD gan — kaaksu]  (1.98)
PT5Ts = d™ (k) vapu(ki, —k2) — kao [d7' (kD)guv — koo, ]

— k3, [d7 (kD)gva — Kivkia] (1.99)
Similar expressions can be found for all the other terms appearing on the rhs of
Eq. (1.95). Isolating all the pinching terms that do not pinch out any (internal)

propagator and adding them to the conventional ghost graph of Figure 1.12(b), we
get the result

—~ i 1
B)=2-g°Cs / 5 20k1 + kpalks + k2)u(ki + ko), (1.100)
2 PETET

with the remaining pinching contribution giving

i 1
(©)f =—28°Ca f —— [8anki = q3)v + 28av(q3 — g1 + &uv(ki + 1)
2 k2 k2k3

i 1
- _gch / 7212 [ga,u(k2 + 6]3)1) + gow(kZ - q2)u + 2g;w(q2 - q3)a]
2 ki klk3

i 1
- _gch / 7212 [2801“((]1 - q2)v + gav(k3 + q2)u. + guv(k3 - Q])a] .
2 ki klkZ

(1.101)
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Figure 1.13. 1PR diagram giving rise to effectively 1PI pinching contributions
(diagram (d;)?). Two more diagrams (corresponding to having the gluon self-
energy correction on the remaining legs) that give rise to similar terms are not
shown.

As we have seen, in the presence of longitudinal momenta, the topology of a
Feynman diagram is not a well-defined property because longitudinal momenta
will pinch out internal propagators, turning ¢-channel diagrams into s-channel dia-
grams. This same caveat applies also to the notion of one-particle reducibility. It
turns out that by pinching out internal propagators, one can effectively convert 1PR
diagrams into 1PI diagrams (see Figure 1.13); of course, the opposite cannot hap-
pen. Evidently, one-particle reducibility is a gauge-dependent concept. Thus, when
constructing the purely (1PI) gauge-invariant three-gluon vertex at one loop, one
has to take into account possible 1PI pinching contributions coming from apparently
1PR diagrams, like those coming from the graphs shown in Figure 1.13. Notice
also that not all the pinching terms coming from the diagrams of Figure 1.13 will be
producing 1PI terms but only those that will remove the internal gluon propagator
(diagram (d;)?). Those removing the external gluon propagator (diagram (d})?)
ought to be discarded, in full accordance with the rules of the intrinsic pinch tech-
nique, because they will inevitably cancel against analogous contributions coming
(in the S-matrix PT implementation) from non-Abelian vertices attached to the
external test-quark.

We show in detail what happens in the case shown in Figure 1.13. One has
i 2 2 M/v/
(d) = 58 Calaunv(q1, 42, 93)d(g3)8

x /k kz(k—j%)zrv/pa—qz,k g —RTP (g, K+ 2. —k). (1102)
As explained, of all the possible pinching contributions appearing after the splitting
of the two self-energy three-gluon vertices, shown in Egs (1.59) and (1.60), one
needs to retain only half of the first term appearing on the rhs of Eq. (1.59); the
other half removes instead the external propagator, thus generating diagram (d})”
of Figure 1.13. Therefore one has

(d)? =1g*CaTun(q1, 42, 3)1(q2), (1.103)
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where we kept only the g#“ part of the P*“ appearing in the pinching term because
the g5 ¢ term will remove the external propagator and thus ought to be discarded.
All that is left to do is to add this term to the first term appearing in Eq. (1.101),
denoted by (c;)¥; a straightforward (setting k, = k) calculation shows then
that

7
()P + @) = ligch(gqud — Zonq2)(q2). (1.104)

The same procedure can be repeated for the diagrams (d;) and (d3), which would
show the gluon self-energy on the v and « leg, respectively; after adding them to
the corresponding contributions (c,)” and (c3)?, we get

7
(c2)’ + (d)f = lngCA(gaVQ3/L — &uwq3a)1(q3) (1.105)
P P 7 2
(c3)" +(d3) = 78 Ca(8avqip — 8avq 1)1 (q1). (1.106)

Because these terms have exactly the same structure as the conventional (c) dia-
grams of Figure 1.12, they can be combined with them (viz. with the last term in
Eq. (1.93)). Then, putting everything together, we recover exactly the same result
found in Eq. (1.84).

1.5.3 The four-gluon vertex

Clearly, there should be a generalization of the three-gluon pinch technique to
the four-gluon proper vertex; it has been given at one-loop order in [22] with the
by-now standard technique of forming an S-matrix element with, in this case, eight
on-shell quark legs and then finding the pinch graphs in the Feynman gauge. We
will state here only the Ward identity that this vertex satisfies, which is the naive
ghost-free generalization that we have learned to expect. This one-loop ghost-free
Ward identity has exactly the structure of the tree-level Ward identity. One of four
Ward identities, one for each momentum g;, reads

ai e (qy, 42, g3, q4) = & ““" Tl (q1 + 42 G3. qa)

+ 8fudrﬁf$(6]1 + 43, 94, 92)
+f T (g ¢ qa qa, g3, (1.107)

where the T with three indices are the PT three-gluon vertices we found earlier.
Note that a possible new renormalization constant Z, for the four vertex is, by virtue
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of the Ward identity, equal to Z3. We now have four ghost-free Ward identities (at
least at the one-loop level), as given by Eqgs. (1.62), (1.82), (1.92), and (1.107).

1.6 The pinch technique in the light-cone gauge

The light-cone gauge is one of a class of gauges that is ghost free, which simplifies
our conceptual tasks in understanding the pinch technique (in fact, it was the first
gauge used [1, 2, 3] in the development of the pinch technique). We recount here
the pinch technique as explained in [3]. It is not necessarily any easier to compute
in this gauge — in fact, in some respects, it is harder. But it is easier, as we will see,
than the axial gauge, which is similar but also definable in Euclidean space.

The light-cone gauge can only be defined in Minkowski space, but that will not
prevent us from using it in Euclidean space after cancellation of all gauge-dependent
terms has taken place. In fact, this cancellation takes place before any momentum-
space integrations are done, so we can convert easily to Euclidean integrals in
stating PT results derived from the light cone; this is useful for applications to
finite-temperature gauge theory [23].

The light-cone gauge introduces a lightlike vector n,,, with n> = 0, for the gauge-
fixing:

n*A, = 0. (1.108)

To fix the gauge completely, some other lower-dimensional constraints are needed
that give a precise meaning to operators like (n - 9)~!. But we do not even need to
know the constraints because all such inverse operators will disappear from the PT
propagator before it is necessary to define them.

Although it is not required to implement light-cone gauge fixing as we do here, it
is convenient; the alternative is canonical quantization in a gauge such as Ag = As.
We replace the gauge-fixing term of the R: gauges by

1 2
5T A)’ (1.109)
later, we will take the limit n = 0 to enforce the light-cone gauge. This limit
can only be taken after all calculations are done. The free propagator and inverse
propagator are as follows:

qdugv
(n-q)*

nyn,

—i[AY1 (@) = ¢ Pun(q) + -

iIAO(q) = L 0,0(@) +n (1.110)
j23% qz wv
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where®
n,qv, +nyq,
n-gq '

Qu(q) = guv — (1.111)
The propagator should be annihilated by n, and indeed n*Q,, = 0. The term
multiplying 1 does not vanish on multiplication by n**, but this is no surprise because
it comes from the gauge-dependent gauge-fixing term. Of course, it vanishes in the
physical limit n — 0.

The virtue of the light-cone gauge is that (except for the unphysical n-dependent
term) the propagator is homogeneous of degree zero in the vector n,,, as a moment’s
thought shows it must be. Any scalar function of a single momentum constructed
from the light-cone gauge propagator can only depend on g2 and not in any way on
n,, itself because of this homogeneity requirement. It would seem to follow that the
only way in which the gauge choice can be manifested in the propagator is through
kinematic factors such as n,n,/(n - g)*. This is to be contrasted with the explicit
dependence of the R-gauge propagators on &.° So results for the propagator in the
light-cone gauge must be very close to those of the pinch technique, even without
taking pinching into account.

The conventional one-loop Feynman propagator calculated in the light-cone gauge
is [3]

. . (0) 22 , n,n, ,
1A,0(q) = 1A,5(q) + Quv(q) ?I(Q) +8I'(q) | + [81(q) + 81'(q)].

(n-q)*
(1.112)
where I(g) has already been defined in Eq. (1.87), while
1/()—12c (n )/ ! (1.113)
D=8 2 L —are b '

The radiative corrections have the most general form allowed in the light-cone
gauge, where the propagator must be annihilated (except for the gauge-fixing term)
byn, orn,. Theintegral I(q) = 1/(1672)In(—gq?/A?) + - - - is the one appearing in
the R; pinch technique, and if the first term on the rhs were the only contribution, we
would again recover exactly the same PT propagator involving the gauge-invariant
running charge, except for the kinematics such as the factor Q,,(q). As for the
integral I'(q), it is, as advertised, homogeneously degree zero in 7, but it is not
clear how to evaluate it. In fact, many learned papers have been written on how to
regulate the 1/(n - k) singularity and to evaluate integrals such as I'(g), but we do

8 The notation used here differs slightly from that of [3]; in particular Q wv is defined with the opposite sign.
9 Certain integrals arise, such as I’, that have n,, in their definition, and their value is not clear. Fortunately, the
pinch technique cancels all such terms before the integrations need to be done.
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not need them. The reason is that when we add the pinch terms to the conventional
light-cone propagator, now stemming from the longitudinal terms in Q,,(g), the
terms in /'(¢) and the terms multiplying n,n, are all canceled before one needs to
face up to the task of doing the strange integral in I'(¢). The only term remaining
is the one giving the gauge-invariant running charge. We can therefore write the
PT propagator in the light-cone gauge as

iR,(q) = Q,w(q,)i2 [1 ~ bg’In <_—q2) +. } g2t (1114
q AZ (n-q)*
where b is the by-now familiar one-loop coefficient in the running charge (see
Eq. (1.69)).
The absence of the n,n, term in the PT propagator persists to all orders. Such a
term is kinematically allowed because it is annihilated by n,, or n,, and its absence
to all orders is not a trivial matter.

The light-cone version of the PT propagator differs from the earlier PT propagator
not only through the gauge-dependent term multiplying n but also in the kinematical
factor Q,,, which depends on the gauge. The first gauge dependence is expected,
but perhaps not the second. We can exhibit a more exact correspondence between
PT propagators in various gauges by looking not at the propagator but at its inverse
(or more to the point, at the PT proper self-energy).

It is straightforward to calculate the inverse of the pinch propagator given in
Eq. (1.114); the renormalized version follows:

2
—iR:Ng) = Pu(@) {q2 [1 +bg’ln (M—Zﬂ} n % (1.115)

We see that the inverse of the light-cone PT propagator is exactly what we found
earlier, except for the n-dependent terms. These gauge-dependent terms never
receive radiative corrections, except for a multiplicative renormalization of 5. In
effect, they are only associated with free Green’s functions.

The importance of the inverse PT propagator, or equivalently, the proper self-energy
as well as proper vertices, is that they are the natural ingredients of Ward identities.
No matter what gauge is used, the proper self-energy has the simple transverse
form (cf. Eq. (1.55))

0,,(9) = Pu(@T(@), (1.116)

where ﬁ(q) is independent of any gauge choice. There are, as we have seen, PT
three-point vertices I, that obey, in any gauge, certain ghost-free Ward identities
(cf. Eq. (1.92)). In the light-cone gauge, this Ward identity actually has true inverse
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propagators on the rhs:
q°“Tyvalk.q —k, —q) = A (k) — A (g — k). (1.117)

Note that although the inverse of the PT propagator (Eq. (1.115)) depends on the
gauge parameter 7, the difference of two inverse propagators is independent of 7 so
that all terms in the Ward identity are strictly gauge invariant. This is just the naive
Ward identity that one would expect if NAGTs behaved like QED, with no ghosts
to worry about. Of course, this Ward identity is not the Slavnov—Taylor identity
satisfied by the conventional full vertex I', which has ghost contributions and is
gauge dependent.

Just as in QED, this Ward identity ensures that /Z\l = 23g, as we found earlier in
the covariant gauge.

1.7 The absorptive pinch technique construction

Here we show how unitarity is defined for the pinch technique, with one-loop
examples. In one respect, unitarity for PT Green’s functions is the same as for the
S-matrix; in another respect, it differs — and it must differ, or it is impossible to
reconcile with asymptotic freedom.

The two aspects of PT unitarity are as follows:

1. Off-shell PT Green’s functions obey dispersion relations of conventional type,
having only physical threshholds (i.e., Goldstone and ghost masses, which are
generically gauge dependent, cannot occur in the set of allowed threshholds).
The Feynman (background-field) gauge is singled out here because the ghost
and Goldstone masses are the same as the gauge-boson mass in this gauge,
and so a threshhold criterion cannot rule out that a propagator ultimately
stemmed from a ghost or Goldstone particle.

2. The absorptive parts of PT Green’s functions are calculated from the PT
Green’s functions with the standard (Cutkosky rules) construction. However,
because the PT Green’s functions differ from the conventional ones by terms
that subtract out gauge dependence and ghost lines, it happens for a NAGT —
but not for QED — that there can be absorptive parts with a negative sign.
This is in no way inconsistent with physical unitarity for the S-matrix, which
contains not only PT parts but other parts that restore positivity for the
absorptive parts of the S-matrix.

The difference between QED and NAGTs is the following: the PT is empty for
QED, which is a situation realized by an exact cancellation of terms that would
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contribute to the pinch parts. But for QCD, the cancellation is not exact, as we have
seen. The study of unitarity properties for the pinch technique reveals a similar
situation: unitarity has its familiar form for QED, which means, among other
things, that the imaginary part of the photon propagator is positive definite (i.e.,
essential for the propagator to obey the Killen—Lehmann representation) and the
beta function of QED is also positive definite. But as we show here, the construction
of the absorptive part of a PT Green’s function, such as the propagator, usually
involves an incomplete cancellation between positive and negative terms that can
leave negative terms in absorptive parts where a positive term would normally be
expected. This is essential for a negative beta function in an asymptotically free
theory. The appearance of negative absorptive terms in a PT propagator is certainly
not an indication that the PT fails to respect normal unitarity for the S-matrix, any
more than the need for ghosts means a violation of unitarity.

Such cancellations have appeared in a related context, even before there was a
pinch technique. Long ago, people asked whether it was possible to derive the fun-
damental structure of a renormalizable theory of multiple massive vector mesons
from some straightforward assumption such as high-energy unitarity, or whether
one simply had to adopt by fiat theories of the NAGT-Higgs type. Several authors
[24, 25, 26] gave the answer: starting from the most general Lagrangian of spin
0, 1/2, and 1 particles that is renormalizable by power counting for massless
vector bosons, one can, by imposing the requirements of high-energy unitarity,
derive uniquely the structure of a NAGT-Higgs theory coupled minimally to spin
0 and 1/2 matter fields. The issue is that the massive vector mesons of a general
Lagrangian have longitudinal modes that, if their effects were uncanceled because
of some relations among couplings that give the Lagrangian a very specific struc-
ture, would lead through the usual optical theorem to unbridled growth in energy E
of perturbative amplitudes through a power of E/M for every longitudinal mode.
Another way to say this is that, in the unitary gauge, a massive vector propagator
has a longitudinal numerator part ~k,k,/M? that is unrenormalizable unless the
theory has a special form — that of an NAGT. These authors showed that requiring
the longitudinal modes to be canceled led uniquely to an NAGT-Higgs theory
(at least in perturbation theory). But they did not cancel completely; they simply
were tamed to the point where total amplitudes behaved like positive powers of
M rather than negative powers. Studies of PT unitarity show similar incomplete
cancellations for NAGTs [27, 28], as we review here.

Because positivity is often an important physical constraint on absorptive parts, one
might question whether PT unitarity, with some negative terms, can be physically
useful. In [29], it was conjectured that the product of the PT propagator and
the coupling g2 factors into two terms, both with positive absorptive parts, and
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the product fails to have a positive absorptive part only because of asymptotic
freedom. This factorization allows a re-organization of terms in the Schwinger—
Dyson equations for higher-point PT Green’s functions such that ordinary positivity
requirements still hold.

1.7.1 The strong version of the optical theorem

The T-matrix element of a reaction i — f is defined via the relation
(fISli) = 8 +1Qm)* 8D (Pr — PY(fITIi), (1.118)

where P; (Py) is the sum of all initial (final) momenta of the |i) (| f)) state.
Furthermore, imposing the unitarity relation STS = 1 leads to the generalized
optical theorem

(FITI) = GIT1* =1 Qm)*s@P; — PYGITIA*(ITIi). (1.119)

J

In Eq. (1.119), the sum ) ; 1s over the entire phase space and spins of all possible
on-shell intermediate particles j.

An important corollary of this theorem is obtained if f = i, corresponding to the
case of so-called forward scattering. Then, Eq. (1.119) reduces to

Sm(i|Ti) = %Z(zn)‘*a“)(ﬂ- — P)I(jITIi)* (1.120)
J

In what follows, we will refer to the relation given in Eq. (1.120) as the optical
theorem.

The rhs of the optical theorem consists of the sum of the (squared) amplitudes, M/,
of all kinematically allowed elementary processes connecting the initial and final
states. Note in particular that only physical particles may appear as intermediate
|j) states. If the particles involved are fermions, gauge bosons, or both when
calculating M/, one averages over the initial-state polarizations and sums over the
final-state polarizations. In addition, the integration over all available phase space,
implicit in the sum ) j» must be carried out. The left-hand side (lhs) of the optical
theorem is given by the imaginary part of the entire amplitude, i.e., including all
Feynman diagrams contributing to it. For example, in the case of NAGTs, to obtain
the 1hs of the optical theorem, one must calculate the imaginary part of all diagrams,
regardless of whether they contain physical (gluons, quarks) or unphysical (ghosts
or would-be Goldstone bosons) fields inside their loops. To do that, one usually
uses the Cutkosky rules or cutting rules, whereby in all diagrams, the propagators
of physical and unphysical particles are put simultaneously on shell.
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Figure 1.14. The strong version of the optical theorem in QED.

An issue of central importance for what follows is the way the optical theorem is
realized at the level of the conventional diagrammatic expansion, or equivalently,
at the level of the individual propagator-, vertex-, and boxlike amplitudes. Specifi-
cally, in its general formulation of Eq. (1.120), the optical theorem is a statement at
the level of entire amplitudes and not individual Feynman graphs or Green’s func-
tions. Thus, the imaginary part of a given diagram appearing on the rhs does not
necessarily correspond to an easily identifiable diagrammatic (or kinematic) piece
on the rhs. Of course, there are theories in which the optical theorem holds also
at the level of individual graphs and kinematic subamplitudes. This strong version
of the optical theorem is realized in scalar theories and QED (see Figure 1.14)
but fails in NAGTSs (see Figure 1.15). This is so because, with the exception of
certain gauges, in the NAGTs, the propagator-, vertex-, and box-like subamplitudes
of each side of the optical theorem are totally different. For example, in the case
of the forward QCD process g(p1)g(p2) — q(p1)g(p2), the propagator-like part of
the lhs, computed in the renormalizable gauges, is determined by cutting through
one-loop graphs containing £ -dependent gluon propagators and unphysical ghosts
(omit quark loops), whereas the propagator-like part of the rhs contains the polar-
ization tensors corresponding to physical massless particles of spin 1 (two physical
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Figure 1.15. The strong version of the optical theorem in QCD, which holds for
the quark loop but fails for the gluon loop.

polarizations). This profound difference complicates the diagrammatic verification
of the optical theorem and invalidates, at the same time, its strong version. A crucial
advantage of the PT is that it permits the realization of the optical theorem at the
level of kinematically distinct, well-defined subamplitudes, even in the context of
non-Abelian gauge theories; these privileged subamplitudes are, of course, none
other than the PT Green’s functions. In other words, the strong version of the optical
theorem holds if and only if the identification of the subamplitudes on each side
occurs after the application of the PT.

1.7.2 The fundamental s-t cancellation

As we demonstrate in this section, the application of the PT on the rhs (the physical
side) of the optical theorem is tantamount to the explicit use of an underlying
fundamental cancellation between s-channel and 7-channel graphs [27, 28]. This
cancellation results in a nontrivial reshuffling of terms, which, in turn, allows for
the definition of kinematically distinct contributions; interestingly enough, they
correspond to the imaginary parts of the one-loop PT subamplitudes constructed
in the previous section.

To see all this in detail, we consider the forward-scattering process g(p1)g(p2) —
q(p1)g(p2) and concentrate on the optical theorem to lowest order. Obviously,
the intermediate states appearing on the rhs may involve quarks or gluons. The
quarks can be treated essentially as in QED and are, in that sense, completely
straightforward. We will therefore focus on the part of the optical theorem where
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Figure 1.16. Diagrams defining (a and b) the amplitudes 7; and (c) 7;. Diagram
(d) is related to the amplitude S defined in Eq. (1.126).

the intermediate states are two gluons; we have that

11
X—/ (qq|Tgg)(ggIT|qq)", (1.121)

ImqqITIgq) = 5 x 3
PS,,

where fPsgg is the two gluon phase space measure integral.'® The extra % factor is
statistical and arises from the fact that the final on-shell gluons should be considered
identical particles in the total rate. Let us now focus on the rhs of Eq. (1.121) and set
T = (qq|T|gg). Diagrammatically, the tree-level amplitude 7 is the sum of two
distinct parts: ¢- and u-channel graphs that contain an internal quark propagator,

as shown in of Figure 1.16(a) and 1.16(b), and an s-channel amplitude, ’Z}:’zﬁ,

mn
tuv»

given in Figure 1.16(c). Defining V§ = v(p2)t“y,u(p1) , we have that
T = & [ Ved(@)T,(q. ki k) (1.122)

Sy
o =12 0(p)[" SV (pr + k)" vy + 1"y SV (1 + kvt Ju(p).

The subscripts s and ¢ refer, as usual, to the corresponding Mandelstam variables,
ie,s=q>=(pi+p)* =k +k) and 7= (p1 — ki)’ = (p2 — k2)*. We then
have

mn
M/U/ ’

M = [T; + T L (kLY (ko) [T + T77]

[

(1.123)
where the polarization tensor L*”(k) corresponding to a massless spin one particle
is given by

n.k, +n,k, , kuk,

Lyn(K) = —gps S
wll) = =g T Ty

(1.124)

For on-shell gluons, i.e., for k> = 0, k*L,,, (k) = 0. By virtue of this last property,
we see immediately that if we carry out the PT decomposition of Eq. (1.41) to

10 In general the (4-dimensional) two body phase space integral fPS is defined as

1
/ - o / &y /d4k25+(k12 — D8k —m2)sD(q — ki — k),
PS

where m; and m are the masses of the intermediate particles produced.
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Figure 1.17. The s-t cancellation at tree level.

the three-gluon vertex I', the term I'? vanishes after being contracted with the
polarization vectors, and only the I'F piece of the vertex survives. Thus Eq. (1.123)
becomes

M = [TF + T L (k) LY (I TS + T (1.125)

M/U/ s
where 7F is given by Figure 1.16(c) after substituting I" by T'F.
Let us now define the quantities S™" and RZ’” (see Figure 1.16(d)):

1
S™ =g F gk — k) Ve R =g f"VE, (1.126)

where Vi(pa, p1) = 0(p2)gt®y,u(p1); they are related by k'R = —ky R =
g*>S™". Then, using the conditions k7 = k3 = 0, together with current conservation
q”V; = 0, we obtain the WI

K Te,(q, —k1, —k2) = —q gay + (ki — k)ukay. (1.127)

[ 773
Now the crucial point is that the g2 term on the rhs of the preceding Ward identity
will cancel against the d(g?) inside 7;F, allowing the communication of this part
with the (contracted) #-channel graph. Specifically,
ki‘[’Z;F]Z’l’} = 2ky, 8™ — R} k{‘[’]}]’;’f =R} (1.128)
so that
KL + T = 2k, 8™ (1.129)

This is the s-f cancellation: the term R comes with opposite sign and drops out
in the sum (see Figure 1.17). An exactly analogous cancellation takes place if we
contract by k.

It is now easy to check that, indeed, all dependence on both n,, and n? cancels in
Eq. (1.125), as it should, and we are finally left with (omitting the fully contracted
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color and Lorentz indices)
M= (TP = 888" ) + (TP + TV T) + T (1130)

The reader may wonder what happens if, in Eq. (1.125), we do not eliminate I'"
using the transversality of the polarization tensors and keep the full I' instead of
just I'F. In that case, the tree-level WI to use would be that of Eq. (1.35) instead of
Eq. (1.127). This modification leaves the s-t cancellation unaffected but changes
the terms proportional to S™". However, the presence of the longitudinal parts
in T'P triggers further s-¢ cancellations, exposed by using the decomposition of
Eq. (1.57). As was shown in [27] and [28], the end result of this equivalent but
slightly lengthier procedure is exactly that given in Eq. (1.130).

At this point, i.e., after the implementation of the s- cancellation, we can define the
genuine propagator-like, vertexlike, and boxlike subamplitudes, corresponding to
the first, second, and third terms on the rhs of Eq. (1.130). Thus the propagator-like
part of the rhs of the optical theorem, to be denoted by (rhs), is given by

1

_ 1 F~F* %
(ths), = 5 x E/I)S“(TS TF —8SS ) (1.131)

It is elementary to verify that

TITT — 888" = g*CaVid(q®) [8q7 P (q) + 2(k1 — ko) (k1 — k2)"] d(g*)V5.
(1.132)

For the case of two massless gluons in the final state, the phase-space integrals give

1 1
-, ki — k»), (ki — k»), = ———q* P,u(q), (1.133
/Psgg o ./Psgg( 1 2)u (ki 2y 24nf] w(q),  ( )

and thus Eq. (1.131) becomes
(ths); = Vid(g*)nbg*q” Pun(q)d(g™)]Vs. (1.134)

On the other hand, for the propagator-like part of the lhs of the optical theorem, we
have

(hs); = Vid(g*)ImI" (g)d(g*)V}, (1.135)

where the Im ﬁ’”(q) should be obtained from the one-loop expression for ﬁ’“(q)
in Eqgs (1.67) and (1.68); it is then obvious that, indeed, (lhs); = (rhs);, namely,
that the PT gluon self-energy satisfies the strong version of the optical theorem, as
announced.
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1.8 Positivity and the pinch technique gluon propagator

The Ward identity of Eq. (1.92) (or Eq. (1.119), in the light-cone gauge) tells us
that the renormalization constant Zy for the PT proper vertex is the same as the
wave function renormalization constant Z for the PT propagator; just as in QED,
the charged vertex renormalization constant Z; equals the charged propagator
renormalization constant Z,. In view of this equality, the relations between the
radiatively corrected but unrenormalized PT propagator qu and the bare coupling
gu, and their renormalized counterparts, both renormalized at momentum u, are
as follows:

A =Z5'd(g®) 8w =guZ’, (1.136)

from which it follows that the renormalized product gzgl\ is not only gauge invariant
but renormalization group invariant (i.e., independent of w). The same is true of
the running charge g%(¢?), so it is natural to make the factorization

g’d(g) = 2 (gHH (), (1.137)
where H is a propagator of conventional type; for example,
~ 5 1
—H(g") = (1.138)

m2(q?) — q* — i€’
which is also gauge and renormalization group invariant. Both the running charge

2%(¢?) and the other factor —H (g*) should obey the Killen—Lehmann (K-L) rep-
resentation, for example,

fur=1 [ a0 LD (1.139)
T J4

m2 0O — (g~ — 1€
with a positive spectral function p and threshholds determined by the gluon mass

m. This ensures that g> is always positive for spacelike (negative) g and has no
real zeroes.

Now consider the product gzﬁ . Asymptotic freedom tells us that as |g?| grows,
32(g» — 1/[bIn(—¢?/A%)], and we certainly expect that in the same limit, H
behaves like a free propagator so that —H~1 /q*. But their product decreases
faster than 1/g? and therefore cannot obey a K-L representation with a positive
spectral function.!!

It turns out [29] that the Schwinger—Dyson equations for both the PT propagator
and gluonic PT proper vertices can be expressed solely in terms of the well-behaved

1 In QED, where ¢? times the photon propagator is gauge and renormalization group invariant, it is possible to
write a K-L representation for the photon propagator. But this only holds because QED is asymptotically unsta-
ble and has a positive beta function, consistent with positivity of the spectral function, as the renormalization
group equation for the propagator shows.
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factor H and other pieces that are both gauge and renormalization group invariant,
such as given in Eq. (1.84) for the three-gluon PT vertex and Eq. (1.137) for the PT
propagator. Thus, as a matter of practice, the nonpositivity of the PT propagator
spectral function is not apparent or harmful.

As one might expect, the ansatz of factorization of the PT propagator into parts
obeying the K-L represesntation is feasible only if the (zero-momentum) dynamical
gluon mass m is large enough; in a simple model of the PT gluon gap equation [29], it
was estimated that m / A should exceed about 1.2. This corresponds to an upper limit
on the strong coupling at zero momentum of roughly «;(0) = 2%(0)/(4m) < 0.7.
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2

Advanced pinch technique: Still one loop

In this chapter, we study several more advanced aspects of the pinch technique
(PT), still sticking to one-loop processes, mostly in perturbation theory but with
some discussion of one-dressed-loop effects related to gluon mass generation. One
of these applications of the pinch technique also has nonperturbative consequences,
coming from the invocation of a gauge-field condensate; it allows us to conclude,
as we show in this chapter, that the dynamical gauge-boson mass in QCD vanishes
like ¢ =2, modulo logarithms, at large momentum. Finally, we introduce one of the
main themes of the rest of the book: the pinch technique is realized to all orders by
calculating conventional Feynman graphs in the background-field Feynman gauge.
The subjects covered include the following:

1. The pinch technique and the operator product expansion (OPE) at one loop,
where we see how only gauge-invariant condensates such as (Tr G, G*")
arise in PT Green’s functions and how this condensate governs the vanishing
at large momentum of dynamically generated gauge-boson mass in QCD.

2. Uses of the pinch technique in studying gauge-boson mass generation, both
dynamic in QCD (no symmetry breaking, whether by Higgs—Kibble fields
or other mechanisms) and with spontaneous symmetry breaking.

3. The background field method and the effective action.

4. The one-loop equivalence between the pinch technique and the background
field method in the Feynman gauge.

2.1 The pinch technique and the operator product expansion:
Running mass and condensates

As mentioned more than once, the pinch technique is essential to unveiling the
nonperturbative effects that are vital in understanding confinement in QCD. One of
the oldest and most familiar nonperturbative phenomena of QCD is the gauge-field
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46 Advanced pinch technique: Still one loop

condensate (Tr G,,G"") appearing in the OPE of hadronic or leptonic currents.
This condensate is explicitly gauge invariant, so it has physical significance.

If there is to be dynamical mass generation (by which we mean generation of
mass where gauge invariance of the usual classical action forbids such a mass),
the dynamical mass must be a function of the momentum and must decrease
at large momentum. If it did not vanish at infinite momentum, there would be a
corresponding bare mass, not allowable in cases of interest to us. From the viewpoint
of Schwinger—Dyson equations, there simply would be no massive solution for the
gauge propagator unless the mass vanished at infinite momentum. This situation is
already familiar for the constituent mass of the light quarks in QCD, which for all
practical purposes have zero bare mass protected by a chiral symmetry forbidding
a quark mass at any finite order of perturbation theory. Nevertheless, there is a
large constituent mass that must also decrease with momentum. The mass is a sign
of spontaneous chiral symmetry breaking, and there is another characteristic sign
of chiral symmetry breaking: a nonzero value of the quark condensate (G (x)g(x)).
One cannot exist without the other. The OPE tells us how these are related: the
running quark mass M(q) decreases at large momentum as
—{qq)

M(q) — const. I
q

@2.1)

What is the corresponding relation between gluon mass and gauge-field conden-
sate? As in every use of the OPE, the first step is to pick a matrix element with
the right quantum numbers and bring together the space-time arguments of the
condensate fields, thereby picking up the appropriate c-number multiplier of the
condensate for that particular matrix element.

The OPE was used to find the contribution of the (Tr G, G"") condensate to the
conventional gluon propagator, with disappointing but not unexpected results at
one-loop order. Not only did this condensate appear, but gauge-dependent conden-
sates involving the ghost fields ¢ and ¢ also appeared. It seemed that no physical
results could be obtained from the OPE for a gauge-dependent quantity such as
the usual gluon propagator. Then Lavelle [1] did the same calculation for the
PT propagator in d = 3, 4, with very different results. Only the gauge-invariant
condensate appeared and in just such a way that it could be interpreted as con-
tributing to a running mass. Lavelle’s results are equivalent to saying that the scalar

! The condensate (Tr A A,), which is explicitly not gauge invariant, can be made gauge invariant by turning it
into the gauged nonlinear sigma model, as we indicate in Section 2.2.4. This is equivalent to minimizing the
space-time integral of Tr A, A* over all local gauge transformations.
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inverse of the PT propagator, in Euclidean space, behaves in d = 3, 4, and at large
momentum as

~ 2(Tr G ,,G*
T(q) > ¢ + ¢ OO )
q
where
29N 17N 03
3= —"-— Cp = ———————. .
PT30NI - 1) *TI8NI - 1)

(Actually, powers of logarithms of ¢ can also occur, but we ignore them here.) The
constants are positive, so this OPE correction has the right sign to represent a run-
ning mass because the condensate is also positive. In both cases, quark constituent
mass and dynamical gluon mass, the running mass decreases like ¢~2 times a
vacuum expectation value (VEV) of a gauge-invariant condensate. The difference
is, of course, that there is no symmetry breaking for gluon mass generation, and
indeed the gauge-field condensate is in no sense an order parameter for any kind
of symmetry breaking. The simple physical reasoning for the connection of the
condensate and the gluon mass is that a gluon mass allows for the construction of
many different quantum solitons that cannot exist at the classical (zero-mass) level,
including center vortices and nexuses. Condensates of these solitons are favored
because of their large entropy (large number of possible space-time configurations)
relative to their (finite) action and so lead to a gauge-field condensate. Lavelle’s find-
ing is the converse: a condensate allows for gluonic mass generation. Ultimately,
this connection exists only because the gauge theories of interest show infrared
slavery — the infrared manifestation of the ultraviolet phenomenon of asymptotic
freedom in d = 4. Infrared slavery means that the perturbative PT propagator has
a one-loop proper self-energy of the wrong sign (opposite to that of QED), with
consequent intolerable infrared diseases such as tachyons. These theories must
find a cure for infrared slavery, and that cure is dynamical gluon mass generation.

2.2 The pinch technique and gauge-boson mass generation
2.2.1 General remarks

As in Chapter 1, we consider only the one-loop case, postponing the all-orders
generalization to later chapters.

There are several closely related ways of endowing a gauge boson with mass.
The most straightforward way to generate gauge-boson masses is through



48 Advanced pinch technique: Still one loop

Higgs—Kibble-Goldstone symmetry breaking® with elementary scalar fields, as
in the Georgi—Glashow model [2] or the electroweak (EW) sector of the standard
model. A second way [3, 4] of generating gauge-boson mass is through dynamical
effects associated with taming the infrared singularities of strongly coupled gauge
theories such as QCD, which has no elementary scalars. Some gauge theories with
no scalar fields can show dynamical symmetry breaking, in which the elementary
scalar fields are replaced by composites arising from homogeneous solutions of
the Schwinger-Dyson equations. A variant of these cases has elementary Higgs—
Kibble—Goldstone fields and possibly symmetry breaking, but the VEVs in the
scalar sector are too small (perhaps even zero, as in the EW sector at high tempera-
ture) to remove the infrared singularities of the underlying NAGT [5]. A third, rather
specialized way, is through a Chern—Simons term in three dimensions. It can hap-
pen that the perturbative gauge-boson mass coming from the Chern—Simons term
is too small to overcome infrared slavery, and dynamical mass generation comes
into play. The pinch technique is important in estimating the critical Chern—Simons
coupling (which is quantized) separating perturbative behavior of the theory from
the need for nonperturbative dynamical mass generation [6].

All these cases have two vital ingredients in common. First, they require massless
longitudinally coupled scalars, one for each gauge boson that gets mass. This is
a subtle matter because the massless scalars do not appear (at least directly) in
the S-matrix, yet they can appear in the pinch technique proper Green’s functions.
Every Goldstone-like scalar, whether elementary or composite, that is eaten by a
gauge boson to give it mass is canceled out of the S-matrix by other massless poles
or current conservation.

If the massless scalars are not elementary Goldstone fields, then they arise as com-
posite excitations in a strongly coupled gauge theory.® By a composite excitation,
we mean a pole in an off-shell Green’s function representing a field that does not
exist in the classical action but that occurs in the solution of the Schwinger—Dyson
equation for that Green’s function, as a sort of bound state. Therefore, the second
vital ingredient is strong coupling, which, as far as we know, can only come from
the infrared instabilities of a NAGT.

The residue, at zero momentum, of these Goldstone-like poles is essentially
the square m” of a gauge-boson mass. The classical action does not have the

[N}

If the gauge theory has local gauge symmetry at the classical level, so-called spontaneous symmetry breaking
is not actually breaking this local gauge symmetry but simply realizing it in a different way. Without explicit
symmetry breaking, such as fermion masses for local axial symmetries, no gauge-dependent object can have
a nonzero VEV, as Elitzur’s theorem tells us. Gauge-fixing terms break a gauge symmetry explicitly, but the
pinch technique effectively removes such breaking.

Other massive composite excitations may have to arise as well to save unitarity at high energies; see Lee
etal. [7].

w
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corresponding elementary field because if it did, there would be a symmetry viola-
tion, or a violation of perturbative renormalizability, or both. If renormalizability
is at issue, the squared mass runs with momentum ¢ and vanishes at large ¢g;
when mass generation is an infrared effect, as it will always be for us, a typi-
cal decrease is mz(q) ~ ¢~? (modulo logarithms), as Lavelle [1] found. Without
some such large-momentum falloff, the Schwinger—Dyson equation would have no
solutions without extra infinities not corresponding to perturbative renormalization
principles.

Here we will introduce two cases of the dynamical gauge-boson mass generation,
saving other examples for later chapters. The first case is dynamical mass generation
in QCD; the second is the well-known case of elementary Higgs—Kibble—Goldstone
scalars. In both cases, the pinch technique is an essential tool for ensuring gauge
invariance of the results.

2.2.2 Dynamical gauge-boson mass generation in QCD

In d =4, the necessary strong coupling comes from asymptotic freedom as
expressed in the wrong sign of the beta function (see Eq. (1.69)). Unfortunately, it is
not helpful to associate the infrared phenomenon of mass generation with the ultra-
violet phenomenon of asymptotic freedom. This is only a question of terminology
because (perturbative) asymptotic freedom necessarily implies infrared singulari-
ties that are more virulent than in QED. The situation is actually more clearly seen in
d = 3, where NAGTSs are superrenormalizable, there is no renormalization group,
and the ideas of asymptotic freedom are not relevant. Yet d = 3 NAGTs have — in
even worse form than in d = 4 — serious infrared singularities.* We prefer, then, to
suggest these low-momentum singularities with the term infrared slavery because,
ultimately, they lead to confinement. The one-loop PT propagator in d = 3 clearly
shows infrared slavery through the negative (and, as with asymptotic freedom,
wrong) sign of a certain gauge-invariant constant [3, 4]. This sign is absolutely
critical because if it were positive, the infrared behavior of radiatively corrected
gluon propagators would be less singular than at tree level. But in the physical
case of a negative sign, the infrared singularities show up as potential tachyons
or ghost particles, that is, unphysical objects with imaginary mass or couplings.
No other solution for the wrong sign is known aside from dynamical gauge-boson
mass generation, which generates positive terms in the PT proper self-energy that
overcomes the negative and singular behavior.

4 This was not fully appreciated until the pinch technique came along because, before that, people had only
investigated the standard Feynman propagator, which is gauge dependent. For the PT results, see [3, 4, 8].
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We will briefly explore here, at the one-loop level, the nonperturbative dynamics
leading to gauge-boson mass generation, deferring a detailed treatment of the PT
Schwinger—Dyson equations to Chapter 6. Dressed propagators and vertices come,
at least formally, from resumming Feynman graphs and have the power to inform
us about phenomena that do not occur even when perturbation theory is summed
to all orders in the coupling g. This kind of resummation is familiar from the
skeleton graph expansion of Schwinger—-Dyson equations and the resummation of
the effective potential [9]. To truncate the otherwise infinite series of Schwinger—
Dyson equations requires us to understand how to construct approximate forms
for three- and higher-point Green’s functions that, in spite of their approximate
nature, exactly satisfy the PT Ward identities and that are expressed in terms of
lower-point functions such as the PT propagator itself. If the vertex functions used
do not obey exactly the Ward identities, gauge invariance is lost. The method of
vertex constructions that satisfies these Ward identities is called the gauge technique
and is discussed in Chapter 5. Because the d = 3 case is so instructive, we begin
with it.

2.2.3 The need for dynamical massind =2 + 1 QCD

We will easily see the problems of infrared slavery in d = 2 + 1 by calculating the
one-loop perturbative PT proper self-energy. This goes exactly asinthed = 3 + 1
case of Section 1.3.3 except for the values of the integrals. The result [3, 4] for the
scalar part of the one-loop PT inverse propagator is

d Y (q) = q* + 1hg2(—g*)"* + O(gd), (2.4)
where
15N
= 2.5
3= 35 (2.5)

and g3 is the d = 3 coupling with dimensions of (mass)!/2. Infrared slavery is
simply the fact that b3 is positive, which has the implication that there is a pole
in the propagator for a spacelike momentum (g < 0). This indicates a tachyonic
pole — a pole corresponding to an imaginary mass.
There is also a tachyonic pole in d = 4, as one can see from the renormalized
version of Eq. (1.68): the propagator has a pole at

—g? = const. X ;Lze_l/bg(“)z, (2.6)

again satisfied with tachyonic ¢>.

What could be the cure for this unphysical behavior? At first glance, it could be
easy: Because the coupling g% has dimensions of mass, the omitted g§ term might
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well provide a sufficiently positive term to overcome the negative one-loop term.
This is indeed what happens nonperturbatively but not to any order of perturbation
theory, where the coefficient of gg‘ is identically zero to all orders. (If it were not
zero, we could add a bare mass term to the action, which is not perturbatively
renormalizable.)

This is only the beginning of the bad perturbative behavior. At C’)(g%N ), each
perturbative integral, by simple dimensional reasoning, has the infrared behavior
g;‘ (g§ /q)" =2, with poles of infinitely high order in the inverse propagator. But with
nonperturbative generation of a (nontachyonic) mass m, the infrared behavior of
every propagator in a loop is ~ 1/m?, and an easy power counting shows that |g|
in the perturbative ordering expression is replaced by the dynamical mass m ~ g%
so that all terms are of O(m?) for order N > 2.

Of course, a one-loop pinch technique calculation only clearly shows us (i.e., gauge
invariantly) the disease, not the cure. We take up the cure in Chapter 9, but for now,
it is important to know something about what this cure looks like.

2.2.4 What do vertices and propagators look like
when dynamical mass is generated?

The question is how to write PT Schwinger—Dyson equations with the right structure
to represent composite massless scalars in both d = 3 and d = 4. There is a quite
simple answer [10]: abstract this structure from an infrared-effective action in
which we add to the usual NAGT action a mass term that is a gauged nonlinear
sigma model. We add to the classical action, the integral of Eq. (1.5), the term

Sp = /ddx m?*Tr (U™'D,UU~'D"U) 2.7)
to arrive at a total infrared-effective action (without fermions):
1
S{A, m} = /ddx |:—§Tr G, G" + m*Tr (UIDMUUID“U)] . (2.8

Here U depends on R, the N x N unitary matrix representative of the group
element R. We also add the prescription that the exponential of this effective
action is to be integrated over the Haar measure of the local gauge group.

We emphasize that we are not proposing to take S,, seriously as an addition to the
true NAGT action, which always consists only of the usual Yang-Mills term. It is
only part of an effective action, whose consequences should be studied only at the

> This action is to be used in d = 3, 4; for simplicity, we do not explicitly indicate the dimension as we did in the
previous section.
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classical level. However, it is legitimate for us to guess, from this classical study,
what kind of structure the ingredients of the (PT) Schwinger-Dyson equation must
have and then show that the Schwinger-Dyson equation with the assumed structure
is actually self-consistent and physical. What we will find is what we spoke of
earlier: massless longitudinally coupled Goldstone-like scalars, with couplings
proportional to squared gauge-boson masses.

Because S, is an effective action, we interpret integration over the group as finding
the extrema over R of S,,. The matrix U undergoes gauge transformations along
with the potential

U— VU, A,— VAV +VZg,v. 2.9)
g

It is then elementary that the modified potential
c,=U"'D,U, (2.10)

is formally gauge invariant. (Furthermore, it is a gauge transformation by U ~! of the
gauge potential A,,.) We define a potential that is gauge covariant by multiplication
from the left by U and from the right by U~

~ i ~ ~
A, =UCU'=A,+ g(auU)U*I A, — VA,V (2.11)

It appears that we have added new degrees of freedom to the NAGT action by
introducing U, but we have not, at least perturbatively. The reason is that the
classical equations of motion for U are not independent of those for A,, but follow
from them, and U can be solved as a (nonlocal) functional of A, . The equations
of motion for A, are as follows:

[D", Guw] +m*A, =0. (2.12)
Because of the identity
[P, [D", Gw]] =0, (2.13)
it must be that
[D', A,] =0. (2.14)

But this equation is precisely the equation of motion found by varying U. After
a certain amount of algebra, one can show that this U equation of motion is
equivalent to

9"C, = 0. (2.15)
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In other chapters, we will find nonperturbative features of these equations and
connect them to confinement via center vortices and to the Gribov ambiguity.® In
particular, there are massless scalar excitations longitudinally coupled to the gauge
potential. These massless scalars must be present if a gauge boson is to have mass
in a way that preserves local gauge symmetry. We will see that such scalar fields
actually represent long-range pure-gauge parts of the gauge potential that carry
critical topological information about confinement and topological charge.

For now, we pursue the perturbative solution of the equation of motion for U and
find massless scalars there. Write U = expliw] and find [10]:

iw——la.A—l[la.A B-A}—i—l[A a“la-A]+(9<A3) (2.16)
O 2|0 ’ o™ o T
Substitution of Eq. (2.16) in the gauged nonlinear sigma model action reveals an
infinite set of vertices for the potential A, longitudinally coupled to the massless
scalars. This massless scalar is completely analogous to the Goldstone scalar of
spontaneous symmetry breaking even though, in the present case, there is no
symmetry breaking (and no elementary Higgs field). The lowest-order vertex is
quadratic and yields a transverse mass term of the form

1 1
/ddxszr[(AM—auaa-A) (A“ —8“EB~A)] (2.17)

and a free gauge-boson propagator that has the structure expected from a pinch

technique propagator:

daqp
q*

iA0(q) = Pus(@)d(q) + € (2.18)

where
1

The next vertex is a three-gluon vertex, to be added to the conventional free vertex.
We convert the result to PT form by choosing the free vertex to be I'¢ of Eq. (1.37)
and find [4, 11] that

m? qka(qg = k)
2 q%k?

where c.p. stands for cyclic permutations. This vertex obeys the PT Ward identity of

Eq. (1.40) with the propagator of Egs. (2.18) and (2.19). The new vertex I'"™¢ has,

f,'ft;x(q, k,—q —k)= F,iax(q, k,—q — k) — [ + C.p.] , (2.20)

6 The Gribov ambiguity is that setting up a covariant gauge fixing in the usual way does not completely fix the
gauge, so the gauge potential is ambiguous for a given field strength. For example, suppose that A, is in the

Landau gauge; then, by Egs. (2.10) and (2.15), so is C,,, which is a gauge transformation by U “lofA “w
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as we mentioned earlier, terms with longitudinally coupled massless poles whose
residue is m?. This is the only way that the Ward identity can be satisfied if the
propagator is transverse and has mass, just as the only way a massive gauge-boson
propagator can be transverse is if it has similar poles in the transverse projector
P,,. There are infinitely many other vertices coming from the gauged nonlinear
sigma model term, all with these poles, but we will go no further in exhibiting any
of them explicitly.

Now apply the usual pinch technique to the mass-modified action of Eq. (2.8), in
which we substitute the solution for U, as in Eq. (2.16). After much calculation
[11] (originally done in the light-cone gauge), we find the one-loop pinch technique
proper self-energy. In d = 4, it is as follows:

~ 5 bg? 4 ) 4 m?

Il(g*) = g /d k |:—q dk)d(k +q) + ﬁd(k) + ﬁd(k)d(k +q)} . (2.21)
(We will take up the d = 3 analog later.) This reduces, as it must, to the formerly
calculated one-loop proper self-energy of Eq. (1.68) in the limit of zero mass. Note
that there are no massless poles in TI. In fact, the only trace of the massless poles
comes from the second and third terms on the right-hand side (rhs), which do not
vanish at ¢ = 0. There are then massless poles in the tensorial proper self-energy
coming from the longitudinal term in the transverse projector P, that multiplies
1. Ultimately, these terms cannot appear in the S-matrix because of gauge current
conservation.

With Eq. (2.21), we are actually only a few steps away from being able to study
nonperturbative dressed-loop effects and analyze gauge-boson mass generation.
The next steps are to integrate the rhs of this equation over m?, with a spectral
weight that is used in the Killen-Lehmann’ representation of the pinch technique
propagator; by this means, we construct a simple example of a gauge technique
vertex and a PT Schwinger—Dyson equation for the proper self-energy. But we will
postpone this study until later and use our work here to draw a few lessons that
apply to such a nonperturbative study:

1. However gauge-boson mass is generated, it is accompanied by Goldstone-
like longitudinally coupled scalars.

2. These scalar poles appear in vertices of all order, as, for example, in the
transverse mass term of Eq. (2.17) and the three-vertex of Eq. (2.20), with
couplings proportional to squared gauge-boson masses.

7 The spectral weight is not positive definite, but this is not required for the existence of a spectral representation.
See the discussion of Section 1.7.
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3. These scalars do not appear in the S-matrix and (in our gauged nonlinear
sigma model approach) even cancel out in the final expression for the pinch
technique proper self-energy, as in Eq. (2.21).

4. (This lesson will be learned in part through a one-loop calculation in the next
chapter.) A gauge-boson mass violating a symmetry or perturbative renor-
malizability must be a running mass, vanishing at large g, or the Schwinger—
Dyson equation has no finite solution. Furthermore, a nonrunning mass by
itself leads to violations of unitarity at high energy.

5. Dynamical generation of mass does not interfere with satisfaction of ghost-
free Ward identities.

Next, we see if these lessons apply to Higgs—Kibble symmetry breaking.

2.2.5 Mass generation through Higgs—Kibble—Goldstone fields

There are two ways of describing mass generation in this case, depending on the
description of gauge fixing in the theory (which, of course, is ultimately irrelevant).
The method we mostly use in this book for the pinch technique was first developed
in [12] for the Georgi—Glashow model and was later generalized to all orders of
electroweak (EW) theory in [13]. Numerous other authors have used a similar form
of the pinch technique for EW processes; Degrassi and Sirlin [14] have pointed out
the relation of the pinch process to equal-time commutators of symmetry currents
and given explicit expressions for the one-loop PT proper self-energies. All these
authors use a modified R: gauge analyzed by Fujikawa et al. [15] and originally
from ’t Hooft [16], which we will term the FLS gauge. In the FLS gauge, the
Goldstone bosons decouple from the gauge bosons that eat them, at least at tree
level (but not beyond). The value of this gauge, as we will see shortly, is that the
tree-level gauge propagators have no longitudinal parts in the Feynman version of
the FLS gauge (or 't Hooft-Feynman gauge), just as there are none for the free
gauge propagator in the Feynman R; gauge with & = 1 (see Eq. (1.31)). But this
is not an unalloyed virtue because the PT calculations in the FLS gauge seem
to differ from what we have said so far: the Goldstone bosons in general have a
gauge-dependent mass that is the same as that of the ghosts.® This is a sign that the
Goldstone bosons as well as the ghosts do not appear in the S-matrix. Moreover, the
proper self-energies and vertices are independent of & but satisfy Ward identities
ostensibly different from those we have already used, such as transversality of the
gauge boson proper self-energy. However, these pieces can be reshuffled [12] to

8 In the FLS—Feynman gauge, & = 1, the ghosts and Goldstone bosons, and the gauge bosons that eat them, all
have the same mass.
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yield transverse proper self-energies and vertices that do have the properties listed
in our lessons from dynamical mass generation in QCD.

There is another approach that is more similar in spirit to what we have done
so far for QCD-like theories; it uses the standard sort of R gauge that we have
used for QCD. In this gauge, the Goldstone bosons and ghosts are massless scalar
fields longitudinally coupled to gauge bosons. The massless poles do not appear in
the S-matrix but are important in enforcing current conservation (Ward identities).
Demanding that these Ward identities be satisfied leads uniquely to a set of PT
Green’s functions that are independent of & and obey other physical requirements.
It is worthwhile to understand this approach because similar massless scalar exci-
tations must and do occur in the vertices of QCD-like gauge theories if there is
to be dynamical gluon mass generation. Although these Goldstone-like excitations
do not contribute to the perturbative S-matrix, they are the carriers of long-range
topological information that is responsible for nonperturbative phenomena, includ-
ing confinement and chiral symmetry breakdown. We will begin with a brief sketch
of what happens in this QCD-like description. Needless to say, either description
results in the same physics, as described by the pinch technique.

Symmetry breaking in a standard R; gauge The main new feature with symme-
try breaking is that Ward identities used for pinching, though unchanged in basic
structure (see Eq. (1.62)), have new vertex terms involving the massless Goldstone
bosons even at tree level, similar in structure to those found for dynamical mass
generation in QCD. These new terms are essential for current conservation or, more
generally, for satisfaction of the Ward identities.

To be explicit, consider the Georgi—Glashow model [2] in d = 4, containing an
SU(2) gauge field, a Fermion doublet ¥, and a triplet ¢, of scalar bosons. With
these scalars and fermions, the Georgi—Glashow model is asymptotically free, with
the beta function coefficient b of the pure gauge-boson theory (see Eq. (1.69))
changed to 19/(487%). The action is as follows:

1 - 1
SGG = /d4x { - ETr Gquﬂv + IW [ZD— My] W + 5 [(Du¢a) (Du(pa)
—V(g}) — h&ram}, (2.22)

to which we will add a gauge-fixing term. We will also use the convenient matrix
notation

¢ = %Tad)a, (2.23)
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where the 7, are the Pauli matrices. The potential V has the form

V@D = 5@~ v, (2.24)

with the symmetry-breaking minimum taken by convention to be in the 3 direction
so that ¢, = vd,3 at the classical level. This gives a Higgs mass to the gauge bosons
with group indices 1,2, with value M, = vg, and the third gauge boson remains
massless. There is also a symmetry-breaking term in the fermion mass matrix M,
which becomes

M = My + hvts = My + m3. (2.25)

In the presence of symmetry breaking, we write the scalar fields in matrix form:

1
¢ = 5[”73 + XaTals (2.26)

where, by definition, the VEV of x, vanishes.

In a conventional R¢ gauge, there is a quadratic coupling term between the original
gauge potential and the y, for @ = 1, 2. This is just what tells us that the gauge
bosons with a = 1, 2 swallow the corresponding Goldstone bosons and become
massive (the gauge potential Az, remains massless, and x3 describes a massive
Higgs—Kibble field). From now on, we use the notation W, for the massive gauge
bosons.

This quadratic coupling is no particular problem. Because the Goldstone fields are
eaten by the W-bosons, they become — at least in perturbation theory — dependent
fields, expressible entirely in terms of the gauge potential and possibly other fields.
Save only the W-bosons and the ¢ fields with indices a = 1,2 and write the
quadratic part of the Lagrangian, including the gauge-fixing term:

1~
S, = / d*x {—ETr(auWV —9,W,) (0" W" — 3" W") (2.27)

~ 1 S 2
+Tr{ B +v | Wy, 573 —gTr(a,LW,L) ,

where Tr means taking the trace only over terms involving 7;,. We define an
anti-Hermitean Goldstone matrix G = %ra G,, with a = 1, 2, by a re-ordering of

X1,2:

1
X = [G, §T3] or x1=—Gz, x2=0Gy. (2.28)

Now couple the fields W, and G to currents V,, and T, respectively. A short
calculation using the action S5, in terms of G rather than yx, yields (in momentum
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space) the two equations
m G

8

2 v 1 v 2
(q 8uv — qMQV) wW" + EQMC]\)W - Mg W, — =V, (2.29)

q4’G — M,q, W' =T.
The solution for the G equation is
Myq, W"+T
q* ’
and this, substituted in the equation for W, yields an equation for this potential
with a modified source term:

G = (2.30)

q.9 , 1 ; quM,T

(¢> - Mg) (g’“’ N M2v> WY+ —q.q W' =V, — £ zg . (23D
q § q

Note that the inverse propagator (coefficient of W” on the left-hand side) has just

the form of Eq. (1.30) that we expect of a PT propagator, with the proper self-energy

given by M;.

We are concerned, as usual, with the gauge dependence of amplitudes, so we note
that the £-dependent term in the solution of Eq. (2.31) is

v
WY = M% <VM - "“M;T> T (2.32)
q q

Without gluon mass generation by symmetry breaking (i.e., if M, and m were
zero), the current V,, would have to be conserved on shell,? or otherwise there
would be & dependence even in the tree-level S-matrix. The situation would then
be just the same as for QCD-like theories. But with symmetry breaking, a different
current is conserved on shell; the massless Goldstone pole has modified the massive
gauge-boson source and is essential for current conservation and Ward identities,
as we now show. This modification of the source term is essential because it must
happen that the combined source in Eq. (2.31) must be conserved on shell:

qu V" — M,T =0 on-shell. (2.33)
It is this quantity multiplied by & that would appear in the tree-level S-matrix and
so must vanish.

The Goldstone contribution is necessary because with symmetry breaking, the
divergence g, V" is generally not zero, even at tree level. Consider our earlier
example V,, =it 1(p + q)y,u2(p), where the fermion momenta p, p + g are on

9 For example, V,, ~ it (p + q)yu2(p), where the labels 1,2 distinguish different SU(2) fermion eigenstates.
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T Y
b1 D2

Figure 2.1. Part of a one-loop Feynman graph for on-shell quark-quark scattering.
Gauge propagators end at space-time points x, y on the quark line.

shell and the mass of the fermion labeled 1 is My + m and of the fermion labeled
2is My — m. Then g, V* is

quiti(p + @y ur(p) =i (p + ) [S™'(p + @) — ST (p) — 2m] ua(p)
= —2miius. (2.34)

The last equation follows because the inverse propagators annihilate the on-shell
spinors. The Goldstone source term of Eq. (2.31), proportional to M,T, turns
out to be 2mit (p + q)ug(p)q,A/q2 when one recognizes that m = (h/g)M,. Now
we see that the vertex V,, — M,Tq, /q* does obey the expected on-shell Ward
identity. One reads off from Eq. (2.34) the off-shell Ward identity of our tree-level
example:

qu
2

au [V“ — MgTq—i| =S p+q9) - S p). (2.35)

This is the same as the Ward identity used earlier for QCD-like theories, and the
pinch technique proceeds from it as before.

We digress to give the Degrassi—Sirlin explanation of how the symmetry currents
coupled to the gauge bosons are related to the pinching out of various propagators.
Figure 2.1 shows a part of a Feynman graph that occurs in the S-matrix. This could
be a part of several of the complete S-matrix graphs shown in Figure 1.1. This
figure by itself is the tree-level version of the matrix element:

(pUIT [TLC)TLD] 1 p2), (2.36)

aside from the two gauge propagators, which we do not exhibit explicitly. The T
operation is covariant time ordering, and the currents J%’ are symmetry currents
coupled to the gauge bosons. A gauge propagator with a longitudinal momentum
acts to take the divergence of this time-ordered product, say, with respect to x. The
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currents themselves are supposed to be conserved, so the only effect is the matrix
element of the equal-time commutator:

(118 (xa = ya) [J5 (), 2] | p2)- (2.37)

The equal-time commutator here is

1 fabe(x = y){p11J; (W p2), (2.38)

in which the points x and y are made to coincide and a fermion propagator is
missing, just as would happen with our standard PT formalism.

If just the currents V), that we introduced in Eq. (2.29) were used for the symmetry
currents, our pinch arguments would fail because these are not conserved. We must
add the T currents, sources of the Goldstone bosons, to get conserved currents, and
conservation arises through the coupling of the massless Goldstone field. It is not
hard to check, by resumming graphs, that these Goldstone particles and currents
come from the tree-level mixing of Goldstone fields and gauge fields that is no
longer eliminated when we use a standard R;: gauge.

The Goldstone poles cannot appear in the S-matrix because they are not independent
elementary fields; their appearance at one place must be canceled by another
appearance elsewhere. The pinch technique, of course, shows this cancellation.
The essence of it is that in the pinch technique, the inverse propagator has the
form

~ - 1
—iAL4(q) = Pu(q) [¢* +iTl(g)] + £9es- (2.39)

For the charged bosons, ﬁ(q = 0) # 0, so the Goldstone bosons appear as the
longitudinal massless poles of the transverse projector. In the S-matrix, these terms
in the propagator itself strike currents that are conserved and cannot contribute to
the S-matrix. On the other hand, the Goldstone poles that allow these currents to
be conserved annihilate the physical part of the propagator or inverse propagator,
leaving only gauge-dependent kinematic terms. We know that these must cancel
in the pinch technique. Now we go on to the more widely used, and equivalent,
formulation in the FLS gauge.

Symmetry breaking in the FLS gauge In the FLS gauge, the gauge-fixing term
is chosen to cancel the quadratic coupling of W, and 9, S:

1~
Lor = " (3u Wy — Mw&S)”. (2.40)
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The quadratic cross-term between W, and 9,,S now cancels. However, the S? term
in the gauge-fixing Lagrangian now makes these Goldstone fields, and also the
ghosts, massive. A short calculation gives the following:

g;w qMQU(S - 1)
q*—M;  (q* — Mp(g* — EM3)
1

q* —EMZ’

1A, =

(2.41)

iAg =iAg =

where A, is the W propagator, Ag is the Goldstone propagator, and Agy, is
the ghost propagator. Clearly, all the £ dependence in these propagators must
cancel in the S-matrix and therefore in the pinch technique, and they do, after
some very lengthy calculations [12]. At & = 1, the tree-level gauge propaga-
tor has no longitudinal terms that can pinch, which considerably simplifies the
calculations. Moreover, in this Feynman gauge, the gauge bosons, ghosts, and
Goldstone particles all have the same mass My, and no unphysical masses can
appear.

For general &, one often decomposes the W propagator as follows [12, 15]:

A, =14, +iA7,, (2.42)
. ql‘«Qu 1
IA1 = |:g — j| —_—
v nv 2 2 2’
Mg q Mg
A2 qduqv
1AW = o

This is one way of isolating the gauge dependence of the free propagator into
A?. The first term, A!, is the propagator in the so-called unitary gauge £ = oo.
The one-loop pinch technique decomposition has been worked out [12] with this
separation of the W-propagator, followed by a demonstration of how to recover the
usual results with massless Goldstone particles that we discussed earlier. The idea
is simply to recompose the W-propagator by writing the 1/ M; term in A! with the
identity

LM ] (2.43)
M q*M; g% '
This shows not only the massless Goldstone poles but one of the ways in which

they cancel out in the S-matrix.

The pinch technique has been worked out to all orders for the standard electroweak
model [13]. We will discuss it in Chapter 10.
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2.3 The pinch technique today: Background-field Feynman gauge

It would be very awkward to carry on with the pinch technique in the light-cone
gauge (see Section 2.2.4). Even two-loop calculations would be exceptionally
difficult, not only because of the intrinsic difficulties of working in a noncovariant
gauge but also because what we have done so far at the one-loop level does not
really suggest how to generalize the pinch technique. Fortunately, there is a simple
way to generalize the pinch technique to all orders of perturbation theory (and to
nonperturbative applications, with the help of the gauge technique). It consists of
calculating ordinary Feynman graphs in the Feynman gauge of the background-
field method. Just as with ordinary Feynman graphs, the sum of such graphs can
be reorganized into a dressed-loop expansion from which nonperturbative effects
can arise. Much of the rest of this book is devoted to demonstrating these points,
which are not at all evident.

The background-field method [17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27] goes back
decades in the study of general relativity and NAGTs. It gives an effective action as
a functional of specified background fields (gauge potentials) — an effective gauge
action guaranteed to depend on the background fields only through gauge-invariant
constructs such as Tr G,Zw- Unfortunately, just as in any other covariant formulation
of NAGTs, there has to be gauge fixing and ghosts, and the coefficient functions
of the background field constructs depend on the specific gauge chosen (so they
depend on £ in an R; gauge). If these coefficient functions were gauge independent,
there would be no need for an independent pinch technique. It is essential that the
gauge-fixing term can be chosen to have full local non-Abelian gauge invariance
for the background fields in order that this effective potential be gauge invariant
for these fields. In other words, gauge fixing is used only for the quantum fields —
those integrated out in the functional integral defining the effective potential.

As we said earlier, the first connection was made at the one-loop level [28, 29, 30],
where it was shown that the one-loop pinch technique and the one-loop background
Feynman gauge method gave precisely the same results. This raises the question
of why these two seemingly disparate approaches should give the same answer but
by no means answers it. It does not seem plausible that calculations in a specified
gauge should actually give gauge-invariant results for Green’s functions, as the
pinch technique does. In fact, if one were to calculate Green’s functions in some
other version of the background-field method, for example, the Landau gauge, the
results would not be the same as the pinch technique gives. The pinch technique can
be used to combine pieces of Feynman graphs in the background Landau gauge, just
as in any other gauge, and the usual pinch technique results emerge. Ultimately, as
the rest of this book shows, the background Feynman gauge is singled out because
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of the absence, in this particular gauge, of certain longitudinal numerator parts that
give pinches.

We cannot emphasize too strongly that the pinch technique is a way of enforcing
gauge invariance and several other physical properties for off-shell Green’s func-
tions. The background-field method, in a general gauge, is not. It is a remarkable
and extraordinarily useful result that PT Green’s functions can also be calculated
in the background Feynman gauge, but this needs a very extensive demonstration.

Before presenting the background-field method, we first quickly review the well-
known construction of the effective action and the problems encountered with it in
gauge theories.

2.3.1 The effective action

A brief review of the scalar field case Consider first a Euclidean d = 4 ¢* field
theory. The generating functional is written

Z[J] = f [dg]exp {iS[¢] +i / d*x J(x)¢(x)} ="l (2.44)

where S[¢] is the scalar field action. Functional derivatives of W with respect to
the source J yield connected quantum Green’s functions. In particular,

W _ = 2.45)
S0 = 9 = o, @

the expectation value of the quantum field in the presence of the source J.

The Legendre transform of W is more useful because it generates the 1PI graphs:

o] =wlJ] - /d“x J(xX)D(x); o = —J(x). (2.46)
5D(x)
The functional I'[®] is the effective action, and its functional derivatives with
respect to @ yield 1PI Green’s functions. Usually, we are interested in setting the
source J to zero at the end of the calculation, and so the preceding equation shows
that I is stationary in ®. This condition of stationarity is the Schwinger—Dyson
equation for &.

The effective action can be found directly by introducing a background field &
and shifting the argument ¢ of the action S[¢] by this amount. At the outset, this
shift field @ is arbitrary and independent of J. The shift yields a new generating
functional Z:

Z—>7Z= / [d¢]exp {iS[¢ + @] +i / d*x J(x)qb(x)} =2 (247)
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We might as well write this by shifting variables back, through ¢ — ¢ — ®, so
that

WIJ, ®] = W[J] — / d*x J ()P (x). (2.48)

This is precisely the effective action I'[®], provided that J and & are related by
Eq. (2.45). This equation amounts to §W /§J = 0.

Let us calculate the effective action I’ corresponding to Z. Do the Legendre trans-
form:

I+ @) = W[J, P] — /d4x J(x)p(x), (2.49)
where the Legendre-transform variable ¢ is defined by
_ sW
= —. 2.50
) == ) (2.50)

When the equations of motion (2.45) are satisfied, ¢ vanishes.

We have written I as a functional of only one variable. To show this, use

~

sWo
sd(x)

—J(x), (2.51)

to find the total variation of T':
ST = —J8(p + D). (2.52)
The final conclusion is that when the equations of motion in Eq. (2.45) hold,
T'l¢ =0, d] = I'[P]. (2.53)

A possible construction of I' comes from summing all connected 1PI Feynman
graphs, using the field-shifted action of Eq. (2.47) to find the 1PI graphs. Or, one
can simply integrate the Schwinger—Dyson equation for @, written in terms of 1PI
skeleton graphs.

All the scalar-field results have analogs for NAGTSs but with certain complications
from gauge fixing and ghost terms. There is a further generalization [9] of effective-
action methods that allows us to construct an effective action that is 2PI, so that
no connected graph in I' can be separated by cutting only two (distinct) lines. We
discuss this generalization briefly in the following section.

The two-particle-irreducible effective action By introducing a two-point source
K(x,y) and corresponding Legendre transform, we can [9] define a generating



2.3 The pinch technique today: Background-field Feynman gauge 65

functional and its Legendre transform, the effective action I'[®, G] that depends
on a propagator function A as well as on ®:

ZIJ, K] = f [do] exp{iS[¢] +i / d*x J(xX)p(x)
i 4 4
- / d'x / &y (0K (v, y>¢<y>}
— lWI/.K]
[[®, A]l=W[J,K]— /d4x J(x)P(x)

1
) f d*x / d*y [P()K (x, y)P(y) + Alx, V)K(x, y)].  (2.54)

The functional derivatives
SW

T(x) = (p(x)) = P(x) (2.55)
SW . 1 D) A
m—i[ (X)P(y) + Alx, y)I,

where A is the connected two-point function, lead to the functional derivatives for
the effective action:

O - / d'y K (x, y)®(y)

SD(x)
o _ ki y). (2.56)
SA(x, y) 2

As before, physical processes correspond to vanishing sources, so now I” is station-
ary with respect to both the one- and two-point functions. The vanishing variation
of §I"/8 A yields the Schwinger—Dyson equation for A. The graphical construction
for I" now involves the sum of connected 2PI graphs, those that cannot be separated
by cutting only two (distinct) lines. These graphs necessarily have dressed prop-
agators for their lines. There are, in addition, some one-dressed-loop terms. Even
if I is approximated by saving only a few terms in the dressed-loop expansion,
the equations resulting from requiring stationarity may well reveal nonperturbative
effects not visible even in resummed perturbation theory.

One can go further and introduce sources for three- and four-point functions,
along with Legendre transforms analogous to those of Eq. (2.54). The resulting
I" is now stationary (at vanishing sources) with respect to N-point functions with
N =1, 2,3, 4, and the stationarity requirements are the corresponding Schwinger—
Dyson equations. Or [31], one can simply look at the sum of connected graphs (with
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correct combinatoric factors!) for W in the absence of sources and resolve these
into skeleton graphs for these N-point functions. The derivatives of W with respect
to these N-point functions come out to be the Schwinger—Dyson equations.

2.3.2 The background-field method for gauge fields

The goal is to produce an effective action that is gauge invariant in terms of the
classical potentials A that appear in it so that it is a functional of the classical field
strengths such as Tr A WA’“’ We would like to imitate the principle of shifting the
variable of integration (which we also call the quantum potential) by a classical
potential and then shift back to produce the effective action, as we did for scalar
fields. So we want to split the original quantum variable A, in the functional
integrals into a classical part A « and a quantum part Q,,:

Ay=A,+ 0, (2.57)

The original action of Eq. (1.5) is invariant under the inhomogeneous gauge trans-
formation of Eq. (1.10), which is just a change of variable of integration. How do
we apportion this gauge transformation,

A= VoAV vy, v, (2.58)
g

between A, « and O, ? Furthermore, the NAGT generating functional with no back-
ground field given in Eq. (1.5), which we repeat here:

Z[Ju) = /[dQM][dE][dC] exp {iS[Q]

+i / d*x [21§Tr (a,LQ”) +(¢3,D"¢c) + J,L(x)Q“(x)i| }
= Wil (2.59)

is not gauge invariant because of the ghost-antighost and gauge-fixing terms, as
well as the term involving J - A. So how do we get overall gauge invariance of
some sort in W[J] and its Legendre transformation, the effective action?

Gauge invariance of the effective action as a functional of the classical potential A u
means that it is invariant under a standard gauge transformation of this potential
in which the full inhomogeneous term goes with A « (and it would seem that no
inhomogeneous term goes with the quantum potential Q,):

A > ViAviave v 0, vigvl (2.60)
g g
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The combined transformations preserve gauge invariance of the NAGT action
S[A, + Q,]. Following the scalar field construction, we proceed by coupling only
the quantum potential to the current so that the term J - Q remains unchanged.

Next is the gauge-fixing term. If it involves derivatives (and therefore has ghosts),
we can replace the ordinary derivatives with the covariant derivative with respect
to the classical potential. For example, in R¢ gauges,

1 1 -
ETr(aﬂQM)z > 5T ([Pu@. 0.T). 2.61)

where DM(;&\) =0, — igA, « 18 the covariant derivative with respect to the classical
potential.'® The Faddeev—Popov determinant undergoes a corresponding change.

At this point, the new generating functional Z, given by

Zl,, Al = /[dQ,L][dE][dc] exp {iS[C + 0]

1 ~
+ /d4Xi [ETr ([DM(A), Qu])z + ['Ec(x) + JM(X)Q;L(X):| }

= WG], (2.62)

(where Lz is the Lagrangian expressing the Faddeev—Popov determinant), is invari-
ant under the combined transformations of Eq. (2.60) plus a homogeneous rotation
of the current under which

J,— Vv (2.63)
The corresponding Legendre transform
T[ A, Al = W[J,, A,] — /d4x TH(0)Au(x)

SW
8J,,(x)

= (Qu(x) = Au(x), (2.64)

is also invariant.

Just as with the scalar field, the next step is to change the variable of integration
back so that in Eq. (2.62), Q, — Q, — A,. This changes the argument of the
action back to a conventional form. Then the generating functional becomes

WAl — GIWI I [ 7, (0 Aux). (2.65)

Here W is the conventional exponent, except that it is calculated in a special gauge.
Making the shift 0, — Q, — A, in the gauge-fixing term of Eq. (2.61) yields the

10 The unadorned covariant derivative D, is always with respect to the quantum potential.
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gauge-fixing term

1 2

ETrG ;G =[D"0), 0,—Cy,]. (2.66)
This is somewhat unconventional because this term depends on the classical poten-
tial. One must also calculate the Faddeev—Popov determinant,

8G
det —, (2.67)
86
for an infinitesimal gauge transformation V & I — i8, under which the new variable
of integration Q,, transforms as

1
8Q, = —E[Dﬂ, 0]. (2.68)

Note that this corresponds to transforming Q,, inhomogeneously, as in Eq. (2.58),
which is necessary because the action is only invariant under such a gauge
transformation.

For the scalar field case, we were finished at this point because it was trivial to
show that W = TI'. It is only slightly more elaborate [23] to show that

WIA, =0,A,] =T¢c[A,] (2.69)

where I'¢c is the conventional effective action with the gauge-fixing term of
Eq. (2.66). The complication is that the gauge-fixing term in the conventional
effective action also depends on the external potential.

The Feynman rules for the effective action, consisting, as usual, of the sum of
1PI connected graphs in the presence of the external potential C,,, are given by
Abbott [23] and in the appendix. They are different from the usual rules because
this external potential appears in the gauge-fixing term and in the ghost-antighost
action. As far as we are concerned right now, two of the main differences are
that the three-gluon vertex with one external potential leg is precisely the same as
the vertex I'* of Eq. (1.38) and that the ghost-external potential vertex, unlike the
conventional (asymmetric) ghost-gluon vertex, is conserved.

One can, of course, use any value for & in the gauge choice for the background-
field method without affecting the fact that the effective action is a gauge-invariant
functional of C,,. Unfortunately, the coefficient functions found from the functional
integrals over Q,, still lead to £-dependent quantities, and so we are only part way
along the path to true quantum gauge invariance. It is nevertheless true that simply
by setting £ = 1, we do get the gauge-invariant Green’s functions of the pinch
technique. In fact, Chapter 1 and our subsequent remarks already give us what
amounts to a proof of this for one-loop quantities. The integrands in Eq. (1.61)
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Figure 2.2. Feynman diagrams contributing to the one-loop background gluon
self-energy. Shaded circles on external lines represent background fields.

for the PT proper self-energy and Eq. (1.84) for the three-gluon vertex are pre-
cisely those that would be found using the background-field method at & = 1. The
background-field method at £ # 1 does not give the PT results, but these can be
recovered by applying the pinch technique as usual, thereby coming back to the
background-field method results at £ = 1.

2.3.3 Pinch technique and background Feynman gauge correspondence

Let us have a closer look at the announced connection between the pinch technique
and the background Feynman gauge. The key observation [28, 29] is thatat &y = 1,
the tree-level vertex that occurs in the action multiplying Xa (@A (k)A,(k2), tO
be denoted by f‘iﬁu(q, k1, k) (see Feynman rules of the appendix), collapses to the
expression for Fgw(q, ki, k»), given in Eq. (1.42). Because in addition, at §p = 1,
the longitudinal parts of the gluon propagator vanish, one realizes that at this point,
there is nothing there that could pinch. Thus, ultimately, the background Feynman
gauge is singled out because of the total absence, in this particular gauge, of any
pinching momenta.

It is relatively straightforward to verify at the one-loop level the correspondence
between the PT two- and three-point functions and those of the background Feyn-
man gauge [28, 29]. For example, the two Feynman diagrams contributing to the
background Feynman gauge gluon self-energy are shown in Figure 2.2. Using the
background Feynman gauge Feynman rules, we obtain

Dop = =8°Cs | ————Toun(q, =k —q, )TE (g, —k — q, k
(@ap = 58 A/kkz(kJrq)z w(q q, k) (q q,k)

> 5 1
(b)ap = —8°Ca /k—kz(k s (2k + q)a(Zk + q)p- (2.70)

We can simply compare the two terms on the rhs of Eq. (1.63) with the two terms
given in Egs. (2.70). Evidently, the PT and background Feynman gauge gluon
self-energies are identical at one loop.
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Figure 2.3. One-loop diagrams contributing to the three-gluon vertex in the BFM.
Diagrams (¢) carries a 1/2 symmetry factor.

+ 2 graphs
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Similarly, the one-loop diagrams contributing to the background Feynman gauge
three-gluon vertex are shown in Figure 2.3; it is easy to see that the sum (@) + (Z;)
c01n01des with the term Na,w of Eq. (1.85), while diagrams (¢) give exactly the
term Ba;w of Eq. (1.86). Finally, diagrams (d) vanish by virtue of elementary
group-theoretical identities.

Although it is a remarkable and extremely useful fact that the one-loop PT Green’s
functions can be calculated in the background Feynman gauge, particular care
is needed for the correct interpretation of this correspondence. First, the pinch
technique enforces gauge independence (and several other physical properties,
such as unitarity and analyticity) on off-shell Green’s functions, whereas the BFM,
in a general gauge, does not. This is reflected in the gauge invariance of the BFM
n-point functions in the sense that they satisfy (by construction) QED-like Ward
identities, but are not gauge independent, i.e., they depend explicitly on &y. For
example, the BFM gluon self-energy at one loop is given by [30]

(EQ)( )_ (gQ 1)

(@) + 2Ca(1 = §0)(T + £0)g* PP (g).  (2.71)

1
4y

Had the BFM n-point functions been &, independent, in addition to being gauge
invariant, there would be no need to introduce the pinch technique independently.

We emphasize that the objective of the PT construction is not to derive diagrammat-
ically the background Feynman gauge but rather to exploit the underlying BRST
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symmetry to expose a large number of cancellations and eventually define gauge-
independent Green’s functions satisfying Abelian Ward identities. Thus, that the
PT Green’s functions can also be calculated in the background Feynman gauge
always needs a very extensive demonstration. Therefore, the correspondence must
be verified at the end of the PT construction and should not be assumed beforehand.
Moreover, the §p-dependent BFM Green’s functions are not physically equivalent.
This is best seen in theories with spontaneous symmetry breaking: the dependence
of the BFM Green’s functions on &y gives rise to unphysical thresholds inside
these Green’s functions for £y # 1, which limits their usefulness for resummation
purposes (this point will be studied in detail in Chapter 11). Only the case of the
background Feynman gauge is free from unphysical poles because then (and only
then) do the BFM results collapse to the physical PT Green’s functions.

It is also important to realize that the PT construction goes through unaltered
under circumstances in which the BFM Feynman rules cannot even be applied.
Specifically, if instead of an S-matrix element, one were to consider a different
observable, such as a current correlation function or a Wilson loop (as was in fact
done in the original formulation [4]), one could not start out using the background
Feynman rules because all fields appearing inside the first nontrivial loop are
quantum ones. Instead, by following the PT rearrangement inside these physical
amplitudes, the unique PT answer emerges again.

Perhaps the most compelling fact that demonstrates that the PT and BFM are
intrinsically two completely disparate methods is that one can apply the PT within
the BFM. Operationally, this is easy to understand: away from £y = 1, even in
the BFM, there are longitudinal (pinching) momenta that will initiate the pinching
procedure. Thus, one starts out with the S-matrix written with the BFM Feynman
rules using a general £p and applies the PT algorithm as in any other gauge-fixing
scheme; one will recover again the unique PT answer for all Green’s functions
involved (i.e., the Green’s functions will be projected to §p = 1).

2.3.4 The generalized pinch technique

As we have seen in detail, the PT projects us dynamically to the background
Feynman gauge, regardless of the gauge-fixing scheme from which we may start.
A question that arises naturally at this point is the following: could we devise a
PT-like procedure that would project us to some other value of the background
gauge-fixing parameter §p? As was shown by Pilaftsis [32], such a construction is
indeed possible; the systematic algorithm that accomplishes this is known as the
generalized pinch technique.

The starting point of the generalized PT is precisely the decomposition given in
Eqgs. (1.37), (1.38), and (1.39). However, unlike the pinch technique where all
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longitudinal momenta are allowed to pinch, in the generalized pinch technique, the
I'¢ of Eq. (1.38) does not trigger any pinching (even though it contains longitudinal
momenta), playing essentially the role of I'"; the pinching momenta of the general-
ized pinch technique come from the I'** of Eq. (1.39) and, of course, the tree-level
gluon propagators. At the end of this procedure, one recovers diagrammatically the
background Green’s functions calculated at the desired value of § — &p.

To be sure, the generalized pinch technique represents a fundamental departure
from the primary aim of the pinch technique, which is to construct gauge-fixing,
parameter—independent, off-shell Green’s functions. The generalized pinch tech-
nique, instead, deals exclusively with gauge-fixing, parameter—dependent Green’s
functions, with all the pathologies that this dependence entails. Nonetheless, it
is certainly useful to have a method that allows us to move systematically from
one gauge-fixing scheme to another at the level of individual Green’s functions.
In addition to the possible applications mentioned by Pilaftsis [32], we would
like to emphasize the usefulness of the generalized pinch technique in truncating
gauge-invariant (i.e., maintaining transversality) sets of Schwinger—Dyson equa-
tions written in gauges other than the Feynman gauge (see Chapter 6). This pos-
sibility becomes particularly relevant, for example, in attempts to compare SDE
predictions with lattice simulations, which are carried out usually in the Landau
gauge.

The method can be systematically generalized to more complicated situations [32].
For instance, a method may be projected from the R: gauges to one of the gen-
eralized BFM gauges, such as the BFM axial gauge. This, of course, leads to a
proliferation of pinching momenta; the resulting construction is therefore more
cumbersome but remains conceptually rather straightforward.

2.4 What to expect beyond one loop

Everything in Chapters 1 and 2 illustrates the pinch technique at the one-loop level.
The pinch technique would be of little interest unless everything in these chapters
had an all-order generalization. A good part of the rest of the book is devoted to
showing that the PT propagator has the following indispensable properties to all
orders, and even nonperturbatively:

1. It truly is gauge independent.

2. It is independent of what group representation or spin the external particles
used to construct the S-matrix have. (The reader should check this for the
one-loop pinch technique.)

3. Ithas only physical threshholds even if (or especially if) the gluons get a mass
through the strong interactions. There are no unphysical ghost contributions.
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. Its Green’s functions have conventional analytic properties and spectral repre-

sentations, except that in certain cases, conventional positivity requirements
do not hold.

. It, along with similarly defined pinch technique vertices, participates in ghost-

free Ward identities that are analogous to those of QED and with similar
consequences such as generalizations of the familiar QED identity Z; = Z».

. The PT propagator defines a running charge that is gauge invariant and

scheme independent.

. Once the ghost-free Ward identities are imposed, it is unique, which can

be understood because (as we will show) PT propagators and vertices are
simply those of the background Feynman gauge, which is a uniquely defined
graphical prescription with the same Ward identities.

As a result of the preceding requirements — and we emphasize once again not the
other way around — we show that the PT Green’s functions to all orders are identical
to those of the background-field method in the Feynman gauge.

After the technical developments that establish these points come the applications.
They range from perturbative effects, such as a physical and gauge-invariant defi-
nition of the neutrino charge radius, to nonperturbative effects, such as the all-order
resummation needed to define the widths of unstable gauge bosons beyond tree
level, to setting up the tools necessary for calculating the dynamical mass of gauge
bosons in the magnetic sector of QCD or of high-temperature electroweak theory.
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3

Pinch technique to all orders

In this chapter, we present the generalization of the pinch technique (PT) beyond
one loop. The key observation is that the one-loop PT rearrangements described
in Chapter 1 constitute the lowest-order manifestation of a fundamental cancella-
tion taking place between graphs of distinct kinematic nature. This cancellation
is encoded in the Slavnov—Taylor identity satisfied by a special Green’s function,
which serves as a common kernel to all higher-order self-energy and vertex dia-
grams. This allows for the collective treatment of entire sets of diagrams, providing
a compact way of extending the PT construction to higher orders. In addition, we
will show that, quite remarkably, the correspondence between the pinch technique
and the background Feynman gauge established in Chapter 1 is not accidental but
persists to all orders.

3.1 The s-t cancellation to all orders

The generalization of the pinch technique to all orders relies on the following basic
observations. The vast PT cancellations between one-loop Feynman diagrams,
studied in Chapter 1, are in fact encoded in the Slavnov-Taylor identity obeyed
by the kernel A, A,qg (with the gluons off shell and the quarks on shell). In
the Feynman gauge, this Slavnov—Taylor identity is triggered by the longitudinal
momenta k| and k) contained in Fgw(q, ki, k2). The tree-level version of this
Slavnov-Taylor identity gives rise precisely to the s-¢ cancellation discussed in
Section 1.7.2 (but with the gluons on shell) for the tree-level process gg — ¢4,

namely, the lowest-order contribution to the aforementioned amplitude A, A,qq.

Indeed, as explained in Section 1.7.2, at tree-level, the preceding amplitude, denoted
by 7/} is the sum of two distinct parts: an s-channel subamplitude, 7"}, given
in Figure 1.16(c) and ¢- and u-channel subamplitudes containing an internal quark

propagator, ’]Z”/fv, shown in diagrams (a) and () of the same figure.

75
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Figure 3.1. The one-loop pinch technique seen in terms of the fundamental s-¢
cancellation. The self-energy-like contribution coming from the vertex cancels
exactly against the contribution coming from the propagator. Notice that none of
the effective vertices induced after the cancellation is contained in the original
Lagrangian of the theory; their field-theoretic interpretation will be presented in
Chapter 4.

When 7" is contracted by k" or kj, a characteristic cancellation takes place
between 7y} and 7). To see this, use the elementary Ward identity satisfied
by Ffjv(q, k1, k») and note that the term proportional to q2 cancels the d(g), thus
allowing communication with the ¢-channel graphs (in Section 1.7.2, we used I'F
instead, but this makes no difference; see the comment following Eq. (1.130)).
Using, in addition, current conservation, ¢*V; = 0, and keeping the gluons off

shell (i.e., not setting k% = k% =0, as we did in Section 1.7.2), we have

kil«Tmn — ngmnCV;(k%git _ kzukg)d(q2) _ ngmchS

S v
KT = g f"Vy, 3.1)
so that
KT = g* ™ Vo(kyg% — kavk$)d(g”). (3.2)

The important point to realize is that one can recast the entire one-loop PT con-
struction in terms of the s-¢ cancellation. The precise way in which the preceding
cancellation is realized inside the one-loop self-energy and vertex graphs, giving
rise to the PT rearrangements described in Chapter 1, is shown schematically in
Figure 3.1.

It turns out that the pinch technique may be extended to higher orders simply
by pursuing the preceding cancellations beyond tree level [1,2]. Specifically, the
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T2

T1

Figure 3.2. The fundamental amplitude receiving the action of the longitudinal
momenta stemming from I'". The shaded blob represents the (connected) kernel
corresponding to the process AA — ¢4.

all-order version of the Slavnov-Taylor identity satisfied by 7", appropriately

interpreted, allows the generalization of the PT construction to all orders.
The subset of all graphs that receive the action of the longitudinal momenta con-
tained in Fgw(q, k1, k») is shown in Figure 3.2: it comprises precisely the kernel

Al’f(kl)A"j(kz) — q(p1)q(p2),i.e., the all-order version of 7;”5" In terms of Green’s
functions,

" = a(p)[Com(ky, ka, 1, p2) AL (k) A (ko) Ju(pa). (3.3)

Clearly, the two internal gluons are off shell, whereas the two external quarks are

on-shell, satisfying ii(p1)S~'(p1)| pom = S~ (pu(p)| p,—m = 0. where S(p) is
1= 2

the full-quark propagator.

=m

Let us focus on the Slavnov-Taylor identity satisfied by the amplitude 7}". Fol-
lowing standard techniques [3], one exploits ghost charge conservation to write the
trivial position space identity:

(T[e" ()AL (g(@)gw)]) = 0, (3.4

with T denoting the time-ordered product of fields. Rewriting the fields in terms of
their BRST-transformed counterparts, using their equations of motion and equal-
time commutation relations, and Fourier transforming the final result to momentum
space, we find

KO — ko G g f75 QU0 — g XM — g XU = 0, (3.5)

where the various Green’s functions appearing on the right-hand side (rhs) are
defined in Figure 3.3. Note that the terms X;, and X, vanish on shell because
they are missing one fermion propagator; at lowest order, they are simply the
terms proportional to the inverse tree-level propagators (p, —m) and (p, —m)
first encountered in the one-loop PT calculations of Chapter 1. After multiplying
Eq. (3.5) by the two inverse propagators S~!(p;)S~!(p,), we thus arrive at the
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Figure 3.3. Diagrammatic representation of the Green’s functions appearing in the
Slavnov-Taylor identity (Eq. (3.5)). Ghost Green’s functions receive a contribution
from similar terms with the ghost arrows reversed (not shown).

on-shell Slavnov-Taylor identity

kKT = Sy (3.6)

v >
with!
= a(p) [gf" QN (ki ka) — koo G (ki k2) D(ka)] D(kpu(pa),  (3.7)
with G{"" and Qf}® defined in Figure 3.3.

1v
In perturbation theory, both 71" and SY" are given by Feynman diagrams, which
can be separated into distinct classes according to their kinematic dependence and
topological properties (Figure 3.4). Graphs that do not contain information about
the external test quarks are self-energy graphs, whereas those depending on the
quantum numbers of the test quarks are vertex graphs. The former depend only on
the variable s, the latter on both s and the mass m of the test quarks; equivalently,
we will refer to them as s- or #-channel graphs, respectively. In addition to the s-¢
classification, Feynman diagrams can be separated into 1PI and 1PR graphs. The
crucial point is that the action of the momentum k" or k; on 7" does not respect,
in general, the original s-¢ and 1PI-1PR separations furnished by the Feynman
diagrams. In other words, even though Eq. (3.6) holds for the entire amplitude, it
is not true for the individual subamplitudes, i.e.,

k[T, #[S'],, x=s1Y=LR, (3.8)

X,Y

! In what follows, the only momenta we indicate in the Green’s functions are the ones corresponding to the gluons
(ki ); the quark momenta (p;) will instead be omitted.
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7], = 7], =
7], = ) 7], =

Figure 3.4. Decomposition at an arbitrary perturbative level n of the fundamental
amplitude 7" in terms of s and 7 channels and 1PI and 1PR components.

v
where I (R) indicates the one-particle irreducible (reducible) parts of the amplitude
involved. Evidently, whereas the characterization of graphs as propagator- and
vertex-like is unambiguous in the absence of longitudinal momenta (e.g., in a
scalar theory or in QED), their presence in non-Abelian gauge theories tends to
mix propagator- and vertex-like graphs. Similarly, 1PR graphs can be effectively
converted into 1PI graphs (the opposite cannot happen). The inequality between
the two sides of Eq. (3.8) is precisely due to propagator-like terms, such as those
encountered in the one-loop PT calculations; they have the characteristic feature
that, when depicted by means of Feynman diagrams, contains unphysical vertices,
i.e., vertices that do not exist in the original Lagrangian (Figure 3.5). All such
terms cancel exactly against each other. Thus, after the PT cancellations have been
enforced, we have

[k{‘?;";"]f; = [Sh],.- (3.9)

The nontrivial step for generalizing the pinch technique to all orders is then the
following: instead of going through the arduous task of manipulating the left-
hand side of Eq. (3.9) to determine the pinching parts and explicitly enforce their
cancellation, use directly the rhs, which already contains the answer! Indeed, the rhs
involves only conventional (ghost) Green’s functions expressed in terms of standard
Feynman rules with no reference to unphysical vertices. Thus, its separation into
propagator- and vertexlike graphs can be carried out unambiguously because all
possibility for mixing has been eliminated.

3.2 Quark-gluon vertex and gluon propagator to all orders

The considerations just presented can be used to generalize the PT construction to
all orders. In what follows, we will denote with a caret superscript the PT boxes,
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k' x — — ﬂ —
kY x —

Figure 3.5. Some schematic two-loop examples of PT terms containing unphysical
vertices, together with the Feynman diagrams from which they originate. Notice
that the sum of all these terms is zero.

self-energies, and vertices and with a tilde the corresponding background Feynman
gauge objects; the conventional renormalizable Feynman gauge terms will not carry
any superscript.

To begin, it is immediate to recognize that in the renormalizable Feynman gauge,
box diagrams of arbitrary order n, B™, coincide with the PT boxes B™ because all
three-gluon vertices are internal; that is, they do not provide longitudinal momenta
because inside the loops there is no preferred direction. Thus, they coincide with
the background Feynman gauge boxes, B™, i.e.,

B™ = B™W = g™ (3.10)

for every n. The same is true for the PT quark self-energies; for exactly the same
reason, they coincide with their renormalizable Feynman gauge (and background
Feynman gauge) counterparts, i.e.,

S — yij ) _ Fij () (3.11)
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(0)

(0)

Figure 3.6. The Feynman diagrams contributing to the quark-gluon vertex I'j in
the R: gauge. Diagram (b) has a similar contribution (") with the ghost arrow
reversed. Kernels appearing in these diagrams are #-channel and 1PI with respect
to s-channel cuts.

For the construction of the quark-gluon 1PI vertex /ﬁg, start by noting that of all
diagrams contributing to this vertex in the renormalizable Feynman gauge (shown
in Figure 3.6), the only one receiving the action of the pinching momenta is diagram
(a). Thus, we carry out the PT vertex decomposition of Eq. (1.41) in diagram (a)
and concentrate on the I'? part only; specifically,

(Cl)P gfamn ka _ ga ) [Tmn(k] , kz)] (3 12)
k]

Following the discussion presented in the previous subsection, the pinching action
amounts to the replacements

K[z, = T =[S, (3.13)
k[T, ~ T =[5, (3.14)
or equivalently,
(@)l — gfem f {[sma, k], =[St k], | (3.15)
ki

At this point, the construction of the effective PT quark-gluon vertex has been
completed, and we have

T(q, p2. —p1) = (@F + (b) + ) + (¢)

+gf“’"”/k {[Sﬁ"(kl, ko)), | — [Soa (kr, kz)],,l} . (3.10)

We emphasize that in the construction presented thus far, we have never resorted
to the BFM formalism but have only used the BRST identity of Eq. (3.6) and the
replacements (3.13) and (3.14).

The next important question is whether the one-loop correspondence between the
pinch technique and the background Feynman gauge persists to all orders. This is
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its 1PI and 1PR components. Notice that the kernel K is 1PI with respect to
s-channel cuts. (Bottom) Additional topologies present in the BFM quark-gluon
vertex and dynamically generated in the PT procedure. Both diagrams have similar
contributions (d’) and (e") with the ghost arrows reversed.

Figure 3.7. (Top) The decomposition of the auxiliary function in terms of

indeed so, as can be seen by comparing directly the PT vertex Fg just constructed
and the quark-gluon vertex 'f‘g written in the background Feynman gauge. We start
by observing that all inert terms contained in the original renormalizable Feynman
gauge I'{ vertex carry over to the same subgroups of background Feynman gauge
graphs. To facilitate this identification, we recall (see also the Feynman rules
reported in the appendix) that to lowest order, one has the identities I'f = TI'z,,
and I's444 = I'f444, SO that

@"=@  (0)= (), (3.17)

where a tilde means that the (external) gluon A¢ has been effectively converted
into a background gluon Aj4.

As should be familiar by now, the only exception to this rule are the ghost dia-
grams (d) and (d"): they must be combined with the remaining terms from the PT
construction to arrive at the characteristic ghost sector of the background Feyn-
man gauge (see Figure 3.7), namely, the symmetric ghost-gluon vertex I";,.; and the
four-particle ghost vertex I" 7, .z absent in the conventional R; gauge fixing. Indeed,
using Eq. (3.7), we find (omitting the spinors)

g/ | (St k)], ==/ | kea DUDDU[G" K1 K2)],

+&7 | Dk)[Q ki k)], (3.18)
ki
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with a similar relation holding for the S, term. Then we find

(b) = gf ™" | kaa D(k1)D(k2) [G1" (K1, k2)], |

ki
= &/ [t~ kD)D) [G7" k], = B (319

and using the decomposition for the Q'"* shown in Figure 3.2,

grm | D) [Q1 (k)]
ky
=it [ [ DwoDieage [ ks kol
ki J k3

T (o ks, kDO [G7 Kt k)], | =@+ @, (3.20)

with K'"* representing the 1PI five-particle kernel shown in Figure 3.2, whereas
I'5™ is the usual ghost-gluon vertex.

In exactly the same way, the remaining S, will generate in (I;/ ) (when added to the
R;: ghost diagram (")) as well as (d’) and (¢’) so that finally we get the relation

T(q, pa, —p1) = T%q, pa, —p1). (3.21)

The final step is to construct the all-order PT gluon self-energy ﬁgg(q). Notice
that at this point, one would expect that it, too, coincides with the background
Feynman gauge gluon self-energy ﬁgg(q) because the boxes B and the vertices
f‘g do coincide with the corresponding background Feynman gauge quantities, and
the S-matrix is unique.

In what follows, we outline an indirect inductive proof of this result; the gluon
self-energy will not be constructed explicitly here but rather in Chapter 6, in the
more general context of the Schwinger-Dyson equations. We will use the strong
induction principle, which states that a given predicate P(n) on Nis true Vn € N,
if P(k) is true whenever P(j)istrueV j € N with j < k.2

To avoid notational clutter, we suppress all color, Lorentz, and momentum labels.
At one [4] and two loops (i.e., n = 1, 2) [5,6], we know from explicit calculations
that the PT and background Feynman gauge Green’s functions coincide. Let us
then assume that the PT-BFM correspondence

oo = H(Z), o = F(Z), B® — p© (3.22)
2 In simple terms, whereas in the normal induction, one assumes the validity of a property at order n — 1 (only)

and then demonstrates that it is true also at order n, the strong induction requires the property to be valid at all
previous orders 1,2, ...n — 1.
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holds forevery £ = 1, ..., n — 1 (strong induction hypothesis). We will then show
that the PT gluon self-energy is equal to the background Feynman gauge gluon
self-energy at order n, i.e., [1"™ = 1™,

The S-matrix element of order n assumes the form
S = (TAT}® + B™. (3.23)

Moreover, because it is unique, whether written in the renormalizable Feynman
gauge or the background Feynman gauge, as well as before and after the PT
rearrangement, we have that S® = St = S, Using then Eq. (3.10) (which is
valid to all orders, implying that Eq. (3.22) holds also when £ = n), we find that

(TAT}™ = (TAT}™ = (TAT}™. (3.24)

The preceding amplitudes can then be split into 1PR and 1PI parts; in particular,
because of the strong inductive hypothesis (3.22), the 1PR part after the PT re-
arrangement coincides with the 1PR part written in the background Feynman
gauge because

{[CAT}® = P AP {”" . s =0 (3.25)
ny+ny+n3=n.
Then Eq. (3.24) states the equivalence of the 1PI parts, i.e.,
{TAT}™ = (TAT}™, (3.26)
which implies
0 = [T — F™] AOTO© 4 FOAO [ _ o]
4+ TOAO® [ﬁ(ﬂ) _ ﬁ(n)] AOTO (3.27)
At this point, we do not have the equality we want yet but have only that
™ =T® 4 fop® (3.28)
0" = 0™ — 2ig? ™, (3.29)

with £ being an arbitrary function of g>. However, from the explicit construction
of the PT quark-gluon vertex of the previous section, we have the all-order identity
(3.21) so that the second of Eqs. (3.22) actually holds true even when ¢ = n, i.e.,
'™ = T®_ Therefore f = 0, and one immediately concludes that

o™ = ™. (3.30)

Hence, by strong induction, the preceding relation is true for any given order n.
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Reinstating the Lorentz and gauge group structures, we arrive at the announced
result’:

Mah(e) = M. (331)

Similar techniques have been used in [7] to generalize to all orders the PT algorithm

in the electroweak sector of the standard model (we will briefly touch on this in
Chapter 9).

(1]
(2]
(3]
(4]

(5]
(6]

(7]
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4

The pinch technique in
the Batalin—Vilkovisky framework

It is clear from the analysis presented until now that even though the PT Green’s
functions satisfy naive QED-like Ward identities, their actual derivation relies
heavily on Slavnov-Taylor identities obeyed by certain subamplitudes appearing
in the ordinary diagrammatic expansion such as the kernel A, A,gg considered
in the previous chapter. Unlike QED, because of the nonlinearity of the BRST
transformations, these Slavnov—Taylor identities are realized through ghost Green’s
functions involving composite operators such as (0|7 [sP(x)---|0), where s is
the BRST operator and ® is a generic QCD field. It turns out that the most
efficient framework for dealing with these types of objects is the so-called Batalin-
Vilkovisky formalism [1, 2, 3, 4]. In this framework, one adds to the original
gauge-invariant action FEO) the term Lyger = )¢ P*sP, coupling the composite
operators s ® to the BRST-invariant external sources (usually called antifields) ®*
to obtain the new action '® = FI(O) + > 4 PFsD.

From the point of view of the pinch technique, there are considerable conceptual
and operational advantages to be gained from employing this formalism [5]. To
begin with, the use of antifields [6], which represent a core ingredient of the BV for-
malism itself, streamlines the derivation of Slavnov—Taylor identities, expressing
them in terms of auxiliary functions that can be constructed using a well-defined set
of Feynman rules (derived from Lgrsr). In addition, the formulation of the BFM
within the BV formalism gives rise to important all-order identities, to be called
background-quantum identities [5, 7], relating the BFM n-point functions to the
corresponding conventional n-point functions in the Rs gauges. These identities
are realized by means of unphysical Green’s functions involving antifields and
background sources. The prime example of such an identity is given in Eq. (4.35),
the most important equation in this chapter: the conventional and PT gluon propa-
gators, A(g) and Z(q), respectively, are related by means of the auxiliary two-point
function G(g).

86
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The basic observation that makes the background-quantum identities so useful
is that the unphysical Green’s functions appearing in them (such as the G(g) in
Eq. (4.35)) are related to the auxiliary Green’s functions appearing in the Slavnov—
Taylor identities by simple expressions. Put simply, the parts of the diagrams
exchanged during the pinching process, namely, the terms containing the unphys-
ical vertices, are involved in relations connecting conventional and BFM n-point
functions. In Eq. (4.44), for example, the function G(g) is fully determined in
terms of quantities that are defined in the context of the conventional formal-
ism, without recourse to antifields or to the Feynman rules stemming from Lgggr.
This, in turn, allows for a direct comparison of the PT and BFM Green’s func-
tions: a PT Green’s function is obtained from the conventional one by remov-
ing the pinching parts; but in doing so, one is practically generating the corre-
sponding background-quantum identity, which carries over to the BFM Green’s
function.

The background-quantum identities play a central role in the entire PT program for
one additional reason. As is already evident at the two-loop level, the two-loop PT
gluon self-energy is composed of Feynman diagrams involving the conventional
one-loop gluon self-energy and not the one-loop PT self-energy. This might suggest
at first that one cannot arrive (eventually) at a genuine Schwinger—Dyson equation
involving the same unknown quantity on both sides, i.e., either IT,,, or I wv- There
is, however, a way around this: the nonperturbative version of the background-
quantum identities, and most important, that of Eq. (4.35), allows one to convert
the new SD series into a dynamical equation involving either the conventional or
the BFM gluon self-energy only. As we will see in Chapter 6, this is instrumental
for the success of the entire approach.

In addition to Eq. (4.35), the second identity of Eq. (4.50) captures another impor-
tant result of this chapter. It turns out that in the Landau gauge (only), the func-
tion G(g) coincides with the so-called Kugo-Ojima function [8], u(g), defined in
Eq. (4.51). The latter function, and in particular its value in the deep infrared, is inti-
mately connected with the Kugo-Ojima confinement criterion [8], which requires
that #(0) = —1. The identity of Eq. (4.50) relates the Kugo-Ojima function with
the inverse of the ghost-dressing function, F(¢q), and an auxiliary function, L(q);
the latter can be shown to vanish in the deep infrared. The power of Eq. (4.50)
is in that it relates the value u(0) and, hence, the fulfillment or nonfulfillment of
the corresponding confinement criterion, with the value of F(0): the Kugo—Ojima
criterion is satisfied provided that F(0) diverges. However, as we will discuss
briefly in Chapter 6, this is not how QCD really works. Both lattice simulations
and Schwinger-Dyson equations reveal that F(0) is actually finite — a fact that can
ultimately be traced back to the dynamical generation of a gluon mass.
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4.1 An overview of the Batalin—Vilkovisky formalism
4.1.1 Green’s functions: Conventions

The 1PI Green’s functions of any theory are defined in terms of the time-ordered
product of interacting fields' as

Topd, (X1, - ooy ) = (T[D1(x1) - D)) 4.1)

and can be efficiently constructed through a generating functional, which in Fourier
space reads

0 (_i)n n n
rier= Y S8 [TTat 6 X s | @1o) - 0upToro (e o)
i=0 =1

n=0
4.2)

In the preceding formula, the field ®;(p;) represents the Fourier transform of the
field ®;(x;), with p; its (in-going) momentum. Then, in terms of the generating
functional I'[®], all the (momentum-space) 1PI Green’s functions can be obtained
by means of functional differentiation:

. 5T
§P1(p)SPpP2) - 8Pu(Pn) lo,—0

Fd>1~~cl>,,(plv ceey pn) - 1 (43)

Our convention on the external momenta is summarized in Figure 4.1. From the
definition given in Eq. (4.3), it follows that the Green’s functions i "Iy, ..., are
simply given by the corresponding Feynman diagrams in Minkowski space.

The Green’s functions generated by I'[ @] can be joined together by full propagators
to construct higher-point connected amplitudes, ultimately giving rise to the S-
matrix elements of the theory. However, they are by no means a complete set, for the
nonlinearity of the BRST transformation of NAGTs implies that auxiliary Green’s
functions involving ghost fields will appear in the Slavnov—Taylor identities. The
latter are precisely the Green’s functions with which we have always been working
when applying the PT algorithm and constitute the functions we will thoroughly
study in the rest of this chapter.

4.1.2 The Batalin—Vilkovisky formalism

The Batalin-Vilkovisky formalism [1, 2, 3, 4] is a powerful quantization scheme
that allows us to address in an effective way several aspects of very general gauge

I We let @ run over all the fields A, 1,0,1/_/, ¢, ¢, and B. Sometimes the fields appearing in the gauge-invariant
Lagrangian will be collectively indicated as ¢.
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Table 4.1. Ghost charge, statistics (B for Bose, F for Fermi), and mass dimension
of the QCD fields and antifields

A’Mn wfl 15 o & B™ A;k,Lm f*i _;ki coxm gxm
Ghost charge 0 0 0 1 -1 0 -1 -1 -1 -2 0
Statistics B F F F F B F B B B B
. . 3 3 5 5
Dimension 1 5 5 0 2 2 3 5 5 4 2
(I)n
Figure 4.1. Our conventions for the (1PI) Green’s functions 'y, ..o, (P1, . . ., Pn)-
All momenta py, ..., p, are assumed to be incoming and are assigned to the cor-

responding fields starting from the rightmost one. The momentum of the leftmost
field @, is determined through momentum conservation (), p; = 0) and will be
suppressed.

theories (e.g., their quantization, renormalization, and symmetry violation due to
quantum effects), including those with open or reducible gauge symmetry algebras.

The Batalin-Vilkovisky formalism starts by introducing for each field ® a corre-
sponding antifield, to be denoted by ®*. The antifield ®* has opposite statistics
with respect to ® as well as a ghost charge gh(®*), which is related to the ghost
charge gh(®) of the corresponding field ® by gh(®*) = —1 — gh(®). The ghost
charges, statistics, and mass dimension of the various QCD fields and antifields are
summarized in Table 4.1.

Next, one adds to the original gauge-invariant action F%O)[qﬁ] (with ¢ representing
the physical QCD fields A, v/, and /), a term coupling the antifields with the BRST
variation of the corresponding fields; then one obtains the new action

r%e, o*1=T{"[¢]+ Y s, (4.4)
]
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where

1
ZCD*SCD — /d4x|:Azm(aﬂcm +gfmnrA£chr) _ ngmnrc*mcncr +&mpm
]

ighiem il — g Hiauy . (4.5)
(f is the quark flavor index).?

The action (4.4) satisfies the master equation’

sTOsr©
d* = 0. 4.6
/ XZQ: 5D+ 5 (4.6)

In fact, on one hand, the terms in Eq. (4.4) that are independent of the antifields
are zero because of the gauge invariance of the action

5T
¢

On the other hand, the terms linear in the antifields vanish because of the nilpotency
of the BRST operator:

259

= f d*x(sTO[p]) = 0. 4.7)
¢

Y so Séﬁ) fd“ Zs%p—o (4.8)

Y
The BRST symmetry is crucial for endowing a (gauge) theory with a unitary
S-matrix and gauge-independent physical observables; therefore, it must be imple-
mented to all orders. For achieving this, we establish the quantum corrected version
of the master equation (4.6) in the form of the Slavnov-Taylor identity functional

5T 8T
S(M)[®] = /d“ ZSdD*(SCD 0, (4.9)

where I'[®, ©*] is now the effective action. In the pure gluodynamics sector, the
Slavnov-Taylor functional is given by*

ST ST 6T 6T 5T
S[e] = [ d* — +B"—|. 4.10
(L] / x|:8Af,,“ sAn " scm gen 554 @10

2 It can be easily shown that this new action is physically equivalent to the gauge-fixed QCD action because the
two are related by a canonical transformation [9].

3 Our derivatives are all left derivatives, e.g., 8(ab) = (8a)b + (—1)“adb, with €, being the Grassmann parity
of a.

4 Quarks can be easily taken into account by adding to the Slavnov—Taylor functional (4.10) the term

/4 sr 6T sT 8T
d*x - —— + -— | .
ST 0T U] 0T
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The structure of the preceding master equation can be simplified by noticing that the
antighost ¢“ and the multiplier B* have linear BRST transformations and therefore
do not present with the usual complications of the other QCD fields. Together with
their corresponding antifields, they enter bilinearly in the action, which can be then
decomposed in the sum of a minimal and nonminimal sector:

FéO)[qD’ CD*] — F(O)[Am A w, w;ki’ &;‘9 _;’ki’ Cm’ C*m] + FmpBm. (411)

we o

The last term has no effect on the master equation (4.6), which in fact is satisfied
by I'© alone. The fields {An, AWy, Yr Ul g, e, ™} are then often called
minimal variables, whereas {¢", B™} are referred to as trivial or contractible pairs.5
Then, in the minimal sector, the reduced Slavnov—Taylor functional is given by the
complete functional of Eq. (4.10) once the last term B"3I"/5¢™ is left out.

Taking functional derivatives of S(I")[®] and setting afterward all fields and anti-
fields to zero will generate the complete set of the all-order Slavnov—Taylor iden-
tities of the theory.® This is an exact analogy (see Eq. (4.3)) to what happens with
the generating functional, where taking functional derivatives of ['[®] and setting
afterward all fields to zero generates the Green’s functions of the theory. However,
to reach meaningful expressions, one needs to keep in mind that (1) S(I') has ghost
charge +1 and (2) functions with nonzero ghost charge vanish, for the ghost charge
is a conserved quantity. Thus, to extract nonzero identities from Eq. (4.10), one
needs to differentiate the latter with respect to a combination of fields containing
either one ghost field or two ghost fields and one antifield. The only exception
to this rule is when differentiating with respect to a ghost antifield, which needs
to be compensated by three ghost fields. Specifically, identities involving one or
more gauge fields are obtained by differentiating Eq. (4.10) with respect to the set
of fields in which one gauge boson has been replaced by the corresponding ghost
field. This is because the linear part of the BRST transformation of the gauge field
is proportional to the ghost field: SAZ’ llinear = 0,,¢™ . Finally, for obtaining Slavnov—
Taylor identities involving Green’s functions that contain ghost fields, one ghost
field must be replaced by two ghost fields because of the quadratic nature of the
BRST ghost field transformation (sc¢™ o< f™* c"c").

The last technical point to be clarified is the dependence of the Slavnov—Taylor
identities on the (external) momenta. One should notice that the integral over d*x
present in Eq. (4.10), together with the conservation of momentum flow of the

5 Equivalently, the minimal sector action can be obtained by subtracting from the complete action the local term
corresponding to the gauge—fixing Lagrangian Lgr.

6 In practice, the Slavnov—Taylor identities obtained from the reduced functional coincide with the ones obtained
by the complete functional (1) after implementing the Faddeev—Popov equation described in the next section [10]
and (2) taking into account that Green’s functions involving unphysical fields coincide only up to constant terms
proportional to the gauge-fixing parameter, e.g., Laman(q) = FSMAU(q) - iSm"S_lquqv.
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Table 4.2. Ghost charge, statistics (B for Bose,
F for Fermi), and mass dimension of the QCD
background fields and sources

-~

f 2
Ghost charge 0 1
Statistics B F
Dimension 1 1

Green'’s functions, implies that no momentum integration is left over. As a result,
the Slavnov-Taylor identities will be expressed as a sum of products of (at most
two) Green’s functions.

The (complete) Slavnov—Taylor functional is absolutely general and need not be
modified if one changes the way of gauge fixing the Lagrangian, e.g., switching
from a general R; gauge to the BFM. In this latter case, however, to control the
dependence of the Green’s functions on the background fields, some new terms,
implementing the equation of motion of the background fields at the quantum
level, are conventionally added to the Slavnov-Taylor functional. Specifically, one
extends the BRST symmetry to the background gluon field through the relations

sAm=Q sQN =0. (4.12)

The expression €27/ represents a (classical) vector field with the same quantum
numbers as the gluon but with ghost charge +1 and Fermi statistics (see also
Table 4.2). The dependence of the Green’s functions on the background fields is
then controlled by the modified Slavnov—Taylor functional

{SF/ ST

5Am  SAN

Sa@mq:swm@y+f&xgg }:o, (4.13)
where T denotes the effective action that depends on the background sources
QY (with I' = I|q=0), and S(I'")[®] is the Slavnov-Taylor identity functional of
Eq. (4.10). Differentiation of the Slavnov-Taylor functional (4.13) with respect
to the background source and background or quantum fields will then provide
the background-quantum identities relating 1PI Green’s functions involving back-

ground fields to the ones involving quantum fields and already briefly discussed.’

Finally, the background gauge invariance of the BFM effective action implies that
Green’s functions involving background fields satisfy linear Ward identities when

7 As it happens, for Slavnov—Taylor identities, background-quantum identities are not deformed by the renormal-
ization procedure. The new background variables enter, in fact, as BRST doublets, and they cannot change the
cohomology of the linearized Slavnov—Taylor operator [11].
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contracted with the momentum corresponding to a background leg. These Ward
identities are generated by taking functional differentiations of the Ward identity
functional

M@Hﬂ:i/&xE:wwmi;:=Q (4.14)
P

where 6y ® are given by the BRST transformation of the corresponding fields
when replacing ghosts with the local infinitesimal parameters 9“(x) correspond-
ing to the SU(3) generators t“; the background transformations of the antifields
8y ©* coincide with the gauge transformations of the corresponding quantum fields
according to their specific representation. To obtain the Ward identity satisfied by
the Green’s functions involving background gluons A, one has then to differentiate
the functional (4.14) with respect to the corresponding parameter o).

4.2 Examples
4.2.1 Slavnov-Taylor identities

One of the most useful Slavnov—Taylor identities in a PT context is definitely the
one satisfied by the three-gluon vertex. The textbook derivation of this identity has
been sketched in Chapter 1 (see Section 1.5.1); here we derive the same identity
within the Batalin-Vilkovisky formalism.

According to the rules stated in the previous section, the three-gluon Slavnov—
Taylor identity can be obtained by considering the following functional differenti-
ation:
§S(I)
8¢ (q)8 A} (k1)8 A (k2)

—0, (4.15)
O, P*=0

which gives the result
_Fc“Aj’f(—C])FAg’Angg (ki, ko) = FcﬂAgAj;V (k2, kl)FA;fAy; (k1)
+Coappar (ki kD aga (k). (4.16)

To further simplify the preceding identity, we need to resort to the so-called
Faddeev—Popov (or ghost) equation, which describes the action of longitudinal
momenta when acting on auxiliary Green’s functions. To derive this equation in
the R: gauges, one observes that in the QCD action, the only term proportional to
the antighost fields comes from the Faddeev—Popov Lagrangian density, which can
be rewritten as
or

SA™

Lisg = —C"9H(sAT) = —&" " (4.17)
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Differentiation of the action with respect to ¢” then yields the Faddeev—Popov
equation in the form of the identity
T sT

o —— =0, 4.18
son % A @19

so that, taking the Fourier transform, we arrive at

i 2l o (4.19)
1 = 0. .
san M sam

Thus, in the R¢ case, Eq. (4.19) amounts to the simple statement that the con-
traction of a leg corresponding to a gluon antifield (A7) by its own momentum
(g") converts it to an antighost leg (¢"). Notice that the Faddeev—Popov equation
depends crucially on the form of the ghost Lagrangian, which in turn depends on
the gauge-fixing function. In the presence of background gluons and sources, the
presence of extra terms in the BFM gauge-fixing function will modify Eq. (4.18),
which will read, in this case,

st [~ sT\ .
+<D" ) — (D))" =o0. (4.20)

s SAY

Notice that by setting the background field and source to zero, one correctly recovers
the R equation (4.18).

Let us now differentiate Eq. (4.19) with respect to a ghost field c; after setting the
fields and antifields to zero, we get

Fenen(q) + iq" Tenan (g) = 0, 421

which can be used to relate the auxiliary function I'en s (q) with the full ghost
propagator D™"(¢q). Owing to Lorentz invariance, we can in fact write I'cn g (q) =
gy cm 4+ (q), and therefore

Tenzn(q) = —ig" Tenan(q) = —ig*Ten an(q). (4.22)

On the other hand, observing that iD™ (¢)[".ra(g) = §™", we get the announced
relation

Tenan(q) = g Tenan(q) = qulg* D™ (@)1, (4.23)
which, inserted back into Eq. (4.16), gives
q“Taganan(ky, ko) = [¢> D (¢)] {Fca’AﬁA;V (k2, k)T gd am (K1)

T gy k1, k)T g as o) | (4.24)
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To get the Slavnov—Taylor identity in the same form of Eq. (4.16), one factors out
the color structure ig f™*", uses the relation

L pear(@) = (A7D55(@) — 18 quqp = 18 Pug(@) A7 (), (4.25)

and identifies H,,, (ky, ko) with ¢4, Az (k1, k7). Notice then that the relation between
H and the gluon-ghost vertex is automatic, being a manifestation of the Faddeev-
Popov equation; in fact, by differentiating Eq. (4.19) with respect to a gluon and a
ghost field, we get the identity

FC’A:’}E’“ (k, q) + iqMFc’A'\fA:‘L’” (k, q) =0. (426)

We conclude by observing that within the Batalin—Vilkovisky formalism, one
can also obtain Slavnov-Taylor identities for kernels appearing e.g., in the usual
skeleton expansion of QCD Green’s functions. To do so, one decomposes the
kernel under scrutiny in terms of 1PI Green’s functions, calculates the correspond-
ing Slavnov-Taylor identities by taking functional differentiation of the func-
tional (4.10) with respect to suitable fields’ combinations, and then puts together all
the pieces. For example, the Batalin-Vilkovisky formalism version of the Slavnov—
Taylor identity satisfied by the fundamental PT kernel K44y, identified in the
previous chapter, reads (suppressing the quark flavor and color indices)

Ky K pary i (ko pa. —p1) = (kD™ (k)]
X {ch/AgAy(kz, —ki = k)T ad 5 (P2, = 1)
+ Ly (POK pry e g+(P2, kis —p1)
+ Kpnyeger (P2, =p1, k)T y5(p2)
+ Ty, P —pOTasn)| . @27)

where we have defined the auxiliary kernels

K anyen g+ (P2 ki, =p1) = T guyen (D2, k1, —p1) (4.28)
— iFow/l/-,*(kl, —pl)S(Z)FAcwl/}(pQ, —0)
ICA'VIII/*'/}Cm/(p2’ —P1 kl) = FAﬁl//*Ipc’”/(sz —DP1, kl) (429)

— i any g (€, = pOSOT e g (—, k).

4.2.2 Background-quantum identities

The first background-quantum identity we can construct is the one relating the
conventional with the BFM gluon self-energies. To this end, consider the following
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functional differentiations (¢ + p = 0):

528" (T) 528’ (T) o 430
8Qa(p)sAb(q) - 8Q2(p)s AL(q) =0 430
aP s &, %, Q=0 olP pd ®d, %, Q=0
which give the relations
il y0,(q) = [igg 8% + Tgu g (q)] T aga5(@) (4.31)
i,7(@) = 166 + Togar (@) Tagiy (@) (4.32)

We can now combine Eqs. (4.31) and (4.32) such that the two-point function mixing
background and quantum fields drop out; then, using the transversality of the gluon
two-point function I' 4 4, we get the background-quantum identity

i 202 (q) = 1T 40 01(q) + 20 47 (T a2 41, ()
- iFQgAj;V(Q)FAgAg(Q)FQgAge(CI)- (4.33)

This identity can be rewritten in a more suggestive form by trading the two-point
functions I' 44 and I ;7 for the corresponding (inverse) propagators and setting®

- ca BT
Lo a(q) = i6% [gayaof) + %L(aﬂ)] : (4.34)
One then gets

A =[1+G@D] A (4.35)

As we know from Chapter 1, the quantity /A\(qz) appearing on the left-hand side
(Ihs) of the preceding equation captures the running of the QCD beta function,
exactly as happens with the QED vacuum polarization.” For example, to lowest
order, one can use the closed expression (4.44) to get (in the Landau gauge)

9C 2 2
14+ G(@>) =14 A8 ln(q—)

4 4872 w?
_ 13Cag* . (q*
AN gH=q* |1+ — n{ =)/, 4.36
(@) q[4r248n2n(ﬂ2 (4.36)

thus recovering the well-known result
-~ q2
A N> = q2[1 +bg’In (?)} 4.37)

8 From Tables 4.1 and 4.2, one sees that the dimensions of the gluon antifield A* and background source € are,
respectively, 3 and 1; then simple power counting shows that the (logarithmically) divergent part of I a 44 (q)
can be proportional to g4, only, whereas the longitudinal form factor L(g?) is ultraviolet finite. “

9 Recall that this is a fundamental property of the BEM gluon self-energy, valid for every value of the (quantum)
gauge-fixing parameter [12].
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where b is the usual one-loop beta function coefficient of Eq. (1.69). As we will
see in Chapter 6, Eq. (4.35) plays a pivotal role in the derivation of a new set of
QCD Schwinger—Dyson equations [13, 14] that can be truncated in a manifestly
gauge-invariant way [15].

Other background-quantum identities involving, e.g., the quark-gluon vertex and
the three-gluon vertex read

iC 0y 5 (P2, —p1) = 11828 + Tgu a2 (@I agyg (P2, —p1)
+ygai(=p1, Ty g(p2)
+ys(pDlyqig(q, —p1) (4.38)
iFXgA;A;(pzv —p1) = [igfy/‘sad + Puar (Q)]FAI;A;A; (p2, —p1)
+ Laoas a7 (=1, p2)T adar (p2)
+ FQ;A;A’;V (p2, —Pl)FAgA; (p1)- (4.39)

Notice first that the auxiliary function appearing in square brackets on the right-
hand side (rhs) of the preceding identities is always ['q4+: this is at the root of the
process independence of the PT algorithm. Second, observe that in more general
identities other than the two-point one, the form factor L(g?) is also relevant.

4.2.3 Closed expressions for auxiliary functions

From the PT point of view, it would be not enough to be able to derive the Slavnov—
Taylor identities and the background-quantum identities in the form given earlier. In
fact, one is really striving for a formal link between the Slavnov-Taylor identities,
which are triggered by the action of the longitudinal momenta, and the background-
quantum identities, which relate Green’s functions written in the conventional (Rg)
and BFM gauges.

The key observation that makes this link possible is that one can always replace
an antifield or BFM source with the corresponding BRST composite operator to
which it is coupled. This means that we can use the replacements'’ (see Figure 4.2)

A (q) > =it f ALY (k) D (ky) - - - (4.40)
@ AT, AL 3

Q(q) —> -l /k AZ (k) D (k) - - (4.41)
oty 1

10 For consistency with the definition (4.3), we use here (and later in Chapter 6) a definition of the full gluon
propagator in which the rhs of Eq. (1.25) corresponds to —Agg; this will not affect the inverse propagator,
which will now be determined by the equation iAa,l(A_l)“ﬁ = gg. Full gluon lines will then contribute a
factor of iAyg to the corresponding amplitude (ghost lines will contribute an iD factor).
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Figure 4.2. (Left) Expansion of the gluon antifield and BFM source in terms of
the corresponding composite operators. Notice that if the antifield or the BFM
sources are attached to a 1PI vertex, such an expansion will in general convert the
1PI vertex into a (connected) Schwinger—Dyson kernel. (Right) The corresponding
expansion of the two-point function '+ and the three-point function "4 4+.

to write, e.g.,“

T (q) = —8""q, + gf ™ / D(k)A" (k)T enyee(ka, k1), (4.42)

ki

iCeapnar (k, q) = igf*" gl —igf*” f D(k) A7 (k)K o py ar e (k. e Ky,
ki

(4.43)

—Tauar (@) = gf*" | D,kD)AGKT e gy v (k2 —q). (4.44)
ki
Equation (4.43) then shows explicitly the equivalence between I'44+ and the
function H introduced earlier (compare also Figures 1.11 and 4.2).

The systematic use of this expansion to write closed expressions for the auxiliary
functions appearing in the Slavnov—Taylor identities as well as in the background-
quantum identities allows one to unveil a pattern that will be exploited when
applying the pinch technique to the Schwinger—Dyson equations of QCD: the
auxiliary functions appearing in the background-quantum identity satisfied by a
particular Green’s function can be written in terms of kernels appearing in the
Slavnov-Taylor identities triggered when the PT procedure is applied to that same
Green’s function.

1 The expansion of Egs. (4.40) and (4.41) is, of course, not valid at tree level, which must be explicitly accounted
for when present.
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4.2.4 A special case: The (background) Landau gauge

When choosing to quantize the theory in the background Landau gauge (@“A W=
0, a new local equation (called the antighost equation) appears [16]:

ST [~ 8T \" ” 5T
- _(pr=_ — (DFA* __pmnr xn r mnr Z~ & — (). (4.45
s ( 39) (DALY = e e (4.49)

This equation fully constrains the dynamics of the ghost field ¢ and implies that
the latter will not get an independent renormalization constant. To see this, let us
differentiate Eq. (4.20) with respect to a ghost field and a background source to get
(after a Fourier transform)

Fcn15n (q) = —lq v ch AT/” (q)

angﬁz (q) = qu(ﬁm" — lquQZZATi”(Q) (446)

On the other hand, differentiating the antighost equation (4.45) with respect to a
gluon antifield and an antighost, one gets

chAfl(CI) =q,0"" — iq“FQgA;m (q)
Lengn(q) = —ig"Tzagp(q). (4.47)
Next, contracting the first equation in Eq. (4.47) with ¢”, and making use of the

first equation in Eq. (4.46), we see that the dynamics of the ghost sector are entirely
captured by the I'g, 4+ auxiliary function because

Fee(q) = —ig” — ¢"q"To, 4;()- (4.48)
Introducing the Lorentz decompositions
Feas(q) = ¢uC(qD);  Tao,(@) = quE(@). (4.49)

we find that Eq. (4.48), together with the last equations of Eqs. (4.46) and (4.47),
gives the identities [16, 17]
Clg*) = E@q*) = F~'(¢")

F7'(gY) =14+ G + LY, (4.50)
where F(g?) is the so-called ghost dressing function (with D(¢?) =iF(¢%)/q?
being the ghost propagator).

In addition, in this gauge, one can prove that the form factor G coincides with the

well-known Kugo—Ojima function u(g?) [8], defined (in Euclidean space) through
the two-point composite operator function

/ dix e CINT[(Dye)” (D) ]) = _%W + Pu(@)8™u(g?). (4.51)
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Figure 4.3. Connected components contributing to the function G/’ (q).

In fact, in the background Landau gauge, the function appearing on the lhs of the
preceding equation is precisely given by

82w

- Gg"(g) = ——, 4.52
G (@) = s (4.52)

I v
where W is the generator of the connected Green’s functions and the two connected
diagrams contributing to G,, are shown in Figure 4.3. Factoring out the color
structure and making use of the identities (4.50), one has

Guv(@) = T, 4:(q) + iTq,:()D(@*)T a:c(q)

- ng“ +iPuw(@)G(g?). (4.53)

Passing to the Euclidean formulation, and comparing with Eq. (4.51), we then
arrive at the announced equality'?

u(g®) = G(g. (4.54)

4.3 Pinching in the Batalin—Vilkovisky framework

It is now important to make contact between the PT algorithm and the Batalin-
Vilkovisky formalism. This is, of course, best done at the one-loop level, where all
calculations are straightforward and it is relatively easy to compare the standard
diagrammatic results with those we will be finding. Not only will this comparison
help us in identifying the pieces that will be generated when applying the PT
algorithm but it will also be useful for establishing the rules to distribute them
among the different Green’s functions appearing in the calculation.

The starting point is the embedding of the (one-loop) gluon propagator into an
S-matrix element (Figure 4.4), exactly as done in Chapter 1. Then, carrying out the
PT decomposition I' = I'¥ + T'F on the tree-level three-gluon vertex of diagram
(b), we get for the pinching part

b) = —gf""" g, /k ppk“ﬁiﬁlAW(kz P2 —p)- (4.55)

12 Many of the results of this section turn out to be valid also in the conventional R: Landau gauge [17, 18],
where, however, only an integrated version of the ghost equation (4.45) is available [19].
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K

(d)

Figure 4.4. The S-matrix one-loop PT setting for constructing the gluon
propagator.

On the other hand, observing that I". 4.y is zero at tree level, we find that the
Slavnov—Taylor identity of Eq. (4.27) reduces to

0 mn (0
KKl apy g (k2 P2, =p1) = —g8Y f*"" T4 5 (P2, —p1)
0 0
+ T L (POKY g (P2 K1, —p1)
0 0
+ I gen (P2, =P KDT) L (p2). (4.56)

Now, notice that when the external legs are on shell, the last two terms of the
preceding Slavnov-Taylor identity drop out by virtue of the quark equations of
motion; thus, making use of Eq. (4.44), we are left with the final result

(b)° = g2Ca 8“dga/ ppl“fﬁw(pz,—m)
= T4 DT, (P2 —po). 4.57)

At this point, the calculation is over, and one needs to reshuffle the pieces generated.
On one hand, to get the PT (on-shell) quark-gluon vertex, one adds to the Abelian
diagram (c) the T'F part of diagram (b); thus one is left with the combination
(b) + (¢) = (b)* or

Ty g (P2 =P =T 5 (P2, =P + T o (T 5 (P2, —p1). - (458)

On the other hand, the PT self-energy will be given by adding to the diagram (a)
twice the pinching contribution (b)* (one for each vertex), i.e.,

() = Tj(@) + 2T . @T) (@) (4.59)
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The comparison of the PT Green’s functions with those of the background Feynman
gauge is now immediate by virtue of the background-quantum identities.
Equation (4.58) represents the one-loop (on-shell) version of the background-
quantum identity (4.38), and, recalling that _FAZ’ an = 8""I1,,, we find that
Eq. (4.59) correctly reproduces the background-quantum identity (4.33). Thus
we have (once again) proved the PT background Feynman gauge correspondence
at one loop.

The procedure just described goes through almost unaltered when choosing the
external legs of the embedding process to be gluons, rendering the (one-loop)
proof of the PT process’s independence effortless.
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5
The gauge technique

The gauge technique goes back a long way [1,2], having been introduced to deal
with the Schwinger—Dyson equations of scalar electrodynamics. Its fundamental
idea is to find an approximate electron-photon proper vertex expressed in terms of
the electron propagator in such a way that the Ward identity is exactly satisfied.
These methods can be extended to NAGTs for constructing approximate three- and
four-point vertices that are gauge invariant and exactly obey the ghost-free Ward
identities of the pinch technique or background-field method. In particular, we
will give here several examples of the three-point proper PT vertex approximately
but gauge invariantly expressed in terms of the gauge-invariant PT proper self-
energy. We do not discuss the four-point vertex, which has been studied elsewhere
[3].

Implementing gauge-invariant studies of NAGTs absolutely requires the gauge
technique or something like it because, unless the Ward identities are satisfied,
gauge invariance is an impossible goal. Outside of perturbation theory, which is
not important for us, or exactly solving the Schwinger-Dyson equations, which is
not possible for us, there is no other method known for systematically and usefully
constructing Green’s functions obeying the right Ward identities.

The gauge technique has two related potential drawbacks. The first is that there
is no such thing as a unique gauge technique vertex. A gauge technique three-
point vertex I'};" is one that depends only on two-point functions A and identically
satisfies a Ward identity of the form k*I"/"(k, p) = A~ (p) - A N(p - k);,TO any
proposed gauge technique vertex, we can always add a term I", obeying k#T",, = 0.
The second drawback is that the gauge technique vertex is quantitatively but not
qualitatively wrong for ultraviolet momenta because it is just the omitted, exactly
conserved terms that become as important as the gauge technique terms at large
momentum. How then can the gauge technique be justified? The answer is that in

104
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a theory with a mass gap,' these identically conserved vertex forms, such as FH,
vanish more rapidly by at least one power of k near zero momentum compared
to the gauge technique vertex. Both these problems suggest that in gauge theories
with a mass gap, which include QED and all the NAGTs of interest to us, the
identically conserved terms are unimportant in the infrared and can be dropped. So
the gauge technique is meant to be used strictly for small momenta. Fortunately,
this is just the region of interest to us, where infrared slavery needs to be cured by
nonperturbative phenomena. In practice, we are forced to use it out to momenta that
are not small compared to a mass scale but comparable to it, so some quantitative
error is inevitable. But we are more interested in the gualitative behavior of QCD
with its infrared slavery, and in particular, we want to know qualitatively how it is
forced to generate a dynamical mass.

Usually, the failure in the ultraviolet can be described as a (partial) failure of
the gauge technique to satisfy the renormalization group; for example, the gauge
technique vertex may have a renormalization group of standard form, but the beta
function coefficients may be wrong. It is possible, in principle at least, to correct
these gauge technique errors systematically both in QED [4] and in asymptotically
free theories [5], but we will not go into such matters here. For a critique of the
gauge technique, see the review [6] by one of the early workers.

The simple QED gauge technique is given first, as a warmup to more complex
problems involving spontaneous symmetry breaking and to the ultimate challenge
of NAGTs. For both Abelian and non-Abelian gauge theories, there are two basic
approaches: via dispersion relations for the propagator, which express the vertex as
a spectral integral involving the spectral weight for the propagator, and via purely
algebraic methods, expressing the vertex directly in terms of the propagators.

5.1 The original gauge technique for QED
5.1.1 Scalar QED

Consider first the proper vertex I',,(p1, p2) coupling a photon of momentum ¢ to a
charged scalar field. We take all momenta as coming into the vertex and normalize
so that the bare vertex is I',,(p1, p2) = i(p1 — p2)u. With p; + p» + g = 0. This
vertex obeys the Ward identity

q"Tu(p1, p2) = A (p1) — AN (pa). (5.1)

I By a mass gap, we mean that there are no massless particles carrying gauge-symmetry charge that appear in
the S-matrix. For NAGTSs, as we already know, generation of a dynamical gluon mass requires longitudinally
coupled massless particles akin to Goldstone particles, and such particles are indeed present in the gauge
technique vertex. But these particles are absent from the S-matrix because they are eaten by the gauge bosons.
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Although throughout this book, proper Green’s functions have been at the forefront
for the pinch technique, for the gauge technique, it is sometimes useful to emphasize
the improper vertex. Multiplying I', by the two charged-scalar propagators gives
the improper vertex or form factor

F(p1, p2) = A(p)Tu(p1, p2)A(p2), (5.2)

with a corresponding change in the Ward identity:

q" Fu(p,—q — p) = A(p2) — A(py). (5.3)

At tree level, this is satisfied with the usual expressions

. 1 1 i
IFM(P, -p—q)= m(m - Pz)um A(p) = m (5.4)
The Ward identity is true no matter what the charged-particle mass m is, provided
that it is the same for both charged lines in the form factor. This is the basis for one
useful form of the gauge technique.

The charged-field propagators have a Kéllen—-Lehmann representation:

—iA(p)z/dG 2(0) . (5.5)

p-—o0O

If, in Eq. (5.4), we replace m? by o and integrate with weight function p(c), the
Ward identity is still satisfied. So we define the gauge technique improper vertex
as

1
(p1— p)'—5—. (5.6)

iF, (p1, p2) = /dU p(0)—
pr—o0O Py —0

Clearly, this is not a unique solution because we can add any identically conserved
function [G,.(p, q), ¢"* G, = 0] to the gauge technique vertex and still solve the
Ward identity. Nevertheless, the gauge technique form factor F ,f T is still useful
in the region of infrared photon momentum g, ~ 0, provided that there are no
massless charged particles in the S-matrix.> The reason, for scalar charged particles,
is a simple kinematic one: an identically conserved function without massless poles
must vanish at least quadratically in g, for small g,,. This is proved by exhaustion
of a finite number of cases, of which we give only one example:

Gu=(q"pu—aqup OH(P, q). (5.7

2 The only massless charged particles that gauge theories can tolerate are Goldstone-like bosons that get eaten by
the gauge particles.
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Without some special condition on the theory, there is no reason that H should
vanish at g, = 0. So in the case at hand, corrections to the gauge technique form
factor are O(g?) at small g.

Equation (5.6) for the gauge technique vertex can easily be transcribed with simple
algebra into a form that does not use the Killen—Lehmann representation. We give
the result for the proper vertex:

_ @p+gh

B 2p.q+qz[A_1(P+61)— AP (5.8)

ry(p,—p—q)

Note that there are no singularities at g, = 0.

The great virtue of the gauge technique, and the reason for its existence, is that one
can express an otherwise very complicated three-particle vertex entirely in terms
of a propagator, always maintaining exact local gauge invariance. In this way, the
Schwinger—-Dyson equation for this propagator becomes self-contained.

5.1.2 Fermionic QED

The principles are exactly the same; most of the difference is in notation. In
particular, to conform to the usual conventions, we take one momentum to be in-
going and one to be outgoing. There is a proper and an improper vertex, related by
fermionic propagators:

Fu(p,p+q)=S(PTu(p, p +9)S(p + ), (5.9)

and the fermion propagator obeys the Killen—Lehmann representation:

o]
w
S(p)z/ aw LI (5.10)
—o0 p—Ww
The Ward identity

q"Fu(p,p+q) = S(p) = S(p+q) (5.11)

is solved with the gauge technique form

o0

F, (p,p+q)=/_dep(W)p_WVup+q_W-

(5.12)

Remarkably, using this gauge-technique vertex in the Schwinger—Dyson equation
linearizes it, as King [4] shows.

In this simple case, it is also straightforward to construct the algebraic version of
the gauge technique. Define the electron proper self-energy X by

S p)y=p—M+2(p). (5.13)
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Then [4] the proper gauge technique vertex FZT that follows from the spectral form
of Eq. (5.12) is

- 1
T = vt =5 [Z0)@ya + 7l = v+ vupHB@)]. 5.14)

There is no singularity at p = p’. As before, one could add an identically conserved
term, such as io,,q" /M, but it is one power of g higher, not two, as in the scalar
case, at small momentum compared to the mass.

5.2 Massless longitudinal poles

QED has an exact U(1) gauge symmetry, but it is certainly possible to find gauge
technique vertices for gauge theories with dynamically broken gauge symmetry, as
asimple O(2) x U(1) gauge model illustrates [7] (Jackiw and Johnson [8] give an
entirely equivalent illustration). There are no scalar fields of any sort in the model,
just the fermions and gauge potentials, so the conventional Higgs mechanism
cannot apply. Nonetheless, a gauge symmetry can be broken dynamically, with
Higgs and associated Goldstone bosons arising as elements of the solution of the
Schwinger—Dyson equations of the original model. Only the O(2) symmetry is
relevant for us (the U (1) gauge field furnishes a critical attractive force that permits
nontrivial symmetry-breaking solutions of the Schwinger—Dyson equations). The
fermions form a two-vector in the O(2) space of the form

("
Y(x) = (%), (5.15)

and they interact with a gauge potential B, through the interaction ¥ y*B, 02y,
where t; are the usual Pauli matrices. The idea is to look for symmetry-breaking
solutions of the Schwinger—Dyson equations where the fermion proper self-energy
has the form

X(p) = Zy(p) + 13 Z0(p). (5.16)
Thus, X preserves the gauge symmetry, and X, violates it. In particular, the
symmetry-violating self-energy can split the fermion masses.

The Ward identity for the proper fermion B, vertex is

(p = PV'Tulp, p) = S" (P)ra — S~ (p). (5.17)

Without the 73 term in the fermion self-energy, the vertex, just like the bare vertex,
would point solely in the 7, direction, and the model would be like two copies of
QED. But with the 73 term, there must be a term in the vertex behaving like t;.
Moreover, this part must be singular at small g = p — p’ because at g, = 0, the
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right-hand side of the preceding equation does not vanish. This singularity turns
out to be a massless, longitudinally coupled scalar — in other words, a dynamical
Goldstone boson. This pole part of the proper vertex must have the following
singularity for g ~ 0:

L 2in S (p)
Tu(p, p) = — =28 = Iy (5.18)

as one can readily check; the omitted terms are regular at ¢ = 0. It is this Goldstone
boson, now appearing in the completely dressed vertex and not classically, that gives
the B-field a mass because its pole in the vertex, behaving like 1/g2, cancels the
usual kinematical factor of g2 in the B-field proper self-energy that would otherwise
prevent mass generation in a gauge theory. This cancellation of the pole is what we
mean when we say that a Goldstone particle is eaten by a gauge boson.

We will not pursue this model further, except to say that it is essential that the
gauge-boson forces acting on the fermions be attractive (which is why there is
a second gauge potential). If they are, the Schwinger—Dyson equations indeed
have a symmetry-violating fermion self-energy that vanishes at large momentum,
fermionic mass splitting, a dynamical Higgs boson, and a nonzero B-boson mass,
all of whose properties are calculable in terms of the parameters of the original
model, whose Lagrangian had none of these effects. However, if the forces are not
attractive, the Schwinger—Dyson equations are inconsistent and nonrenormalizable
and can only be made consistent® by introducing bare fermion and B-boson masses.

For us, the point of considering this model is that much the same properties
will turn up in non-Abelian gauge theories (with no matter fields of any sort):
gauge-boson mass generation necessarily accompanied by longitudinally coupled
massless scalars (really long-range, pure-gauge parts of the gauge potential). And
the gauge-boson mass will vanish roughly as 1/g? at large momentum, making the
Schwinger—-Dyson equations renormalizable and self-consistent.

5.3 The gauge technique for NAGTSs

It took many years after the QED gauge technique to develop similar tools for non-
Abelian gauge theories. The first construction [9] used a spectral form analogous
to the original QED gauge technique, where the spectral integral is the Lehmann
representation of the electron propagator. Later, a very general nonspectral con-
struction was given [10] that expressed the gauge technique three-gluon vertex
algebraically in terms of the PT proper self-energy. This construction was general

3 In actuality, no Abelian gauge theory is really consistent at asymptotically high energies because of the Landau
singularity induced by a positive beta function, but this is not of interest to us.
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enough to use at finite temperature or for situations involving dynamical symmetry
breaking (which requires other fields in appropriate representations; QCD cannot
undergo dynamical symmetry breaking because the quarks are in the fundamental
representation [11]).

We repeat here the notation and structure used in Chapter 1 for the PT propagator,
both in a covariant R; gauge and in the light-cone gauge. In both cases, dl (gq) is the
gauge-invariant scalar part of the PT propagator; these two propagators differ only
in gauge terms that receive no corrections and play no essential role. The Ward
identity for the (inverse) propagator is simply that it is transverse, aside from the
irrelevant gauge-fixing terms:

e Covariant gauge

Qa‘Iﬂ

iRap(q) = Pap(q)d(q) + =" (5.19)
q
o~ ~ 1
—iAL4(q) = Pup(q)d(q) ™" + £90s- (5.20)
 Light-cone gauge
N 7 daqp
1Aap(q) = Qapd(q) + 1 (5.21)
! ’ (n - q)*
o~ ~ 1
—iA4(q) = Pop(q)d(q)™" + e (5.22)

where the gauge-fixing parameter 7 (which has dimensions of (mass)?) is set
to zero at the end of calculations.

We repeat the definition of P,, and Q,, given in Chapter 1:

P(@) = v — "Zf” (5.23)

neqpg + ngq
Qup = 8up — Zodp T Ppda
n-q
In both cases, the PT self-energy is defined by
d'(q) = ¢* +iTl(g). (5.24)

The general Ward identity for the PT vertex relates the corrections to the free
vertex to the proper self-energy and has already been found at the one-loop level
in Chapter 1:

@' Na @1 425 43) = Tha(q2) — Tla(g3), (5.25)
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where the full PT proper vertex f,wa is the sum of the free vertex and A uva- The
free vertex could be either the usual bare vertex or the I'* vertex of Chapter 1.
Suppose that we use the usual free vertex; then another form of this Ward identity
is as follows:

@' Tuna(qi, g2, 3) = d " (q2) Pun(q2) — d " (q3) Pun(q3). (5.26)

In the light-cone gauge, the right-hand side is really the difference between two
inverse propagators:

21 Tal@r. 42.43) = Ay (q2) — Ay (g3). (5.27)

This is not so in covariant gauges, unless the vertex used is the I'é vertex.

5.3.1 The gauge technique in the light-cone gauge

Just as for scalar charged particles, there is one special case where Eq. (5.27) is an
identity, and that is the case of free massive gauge bosons. We generate the massive
propagator by keeping only the quadratic terms of the kinetic energy plus the
gauged nonlinear sigma (GNLS) model (Eq. (2.7)), and the vertex by keeping only
the free cubic vertex plus the cubic term of the GNLS model. For the propagator,
we need only replace m by m? in Eq. (5.24), and the cubic vertex is

"LzChMC]zu(é]l — @2

f*\(mz)
2 9193

oo (9192, 93) = (q1 — q2)otguv +

+c.p., (5.28)

where c.p. stands for cyclic permutations (of momenta and indices). This vertex,
or the improper form factor F defined in Eq. (5.30), identically satisfies its Ward
identities for any mass m.

If the PT propagator satisfied a Killen—-Lehmann representation, we could then
proceed to write a spectral integral for the form factor, as in the Abelian gauge
theories. It is not surprising that infrared slavery, with its so-called wrong signs,
does not permit a positive spectral function, but there still is a dispersion relation
of the type of Eq. (5.5). The dispersion relation is just an integral over the massive
propagator (we omit writing the n term of Eq. (5.21) because, ultimately, 7 is set
to zero — although this must not be done until the end of any calculation):

N 1

1A48(q) = /dU P(G)Qaﬁqz—_a- (5.29)
Spectral form of the gauge technique The one-dressed-loop version of this self-
energy has a term involving (schematically) an integral over '¢A AT plus a seagull
term. Provided that the propagators are transverse and I satisfies its Ward identity,
the output self-energy is transverse (and gauge invariant because the inputs to it will
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all be gauge invariant). The integrand of the one-dressed-loop self-energy integral
involves a partly improper form factor, which we define as

Fuva(q1. @2, 43) = N(q) AN (G)T pia(2, 43), (5.30)
with
@' Fuva(q1, 42, 43) = Do (@3) — A up(q2). (5.31)

The expression [9]

- 0(q2) ~(y 05(g3)
F (a1, 42 43) = / do p(@) LI2FD (41 g g0 2 (532
q, — 0 gz — O

satisfies the Ward identity of Eq. (5.27) for any spectral function p(o), that is, for
any PT propagator.

Algebraic form of the gauge technique The algebraic form [10] of the gauge
technique vertex for NAGTs is considerably more general than the spectral form
and can be used not only for QCD-like theories but also for theories with symmetry
breaking, at finite temperature, and, in fact, for any physically reasonable circum-
stances for NAGTs in three or four dimensions. (The three-dimensional version is
very useful for the functional Schrodinger equation, and we deal with it in Chap-
ter 6.) We give it here only for the simple circumstance that the gluon PT proper
self-energy is diagonal in group space (with group indices assigned in accordance
with the momentum argument) and only in d = 4; see [10] for generalizations and
references to other circumstances. The gauge technique radiative correction to the
free vertex (see Eq. (5.25)) is

o~ q q v o~
Aa(q1, 42, 43) = — 52 (q1 — 42" T pa(g3)
26]1‘]2
= = q
~[P2(gDTpu(g2) — PL(g)T,u(gD)] o +cp., (5.33)

q3

and this satisfies the Ward identity of Eq. (5.25). (The replacement of m w(q) by
m?P,, gives — after some algebra — the previous result of Eq. (5.28).) Note the
presence of massless longitudinal excitations in this vertex; these decouple if the
self-energies vanish at zero momentum.

Both the spectral form and the algebraic form have been used in studies of dynamical
gluon mass generation in the light-cone Schwinger-Dyson equations of the pinch
technique [9, 10], and a simplified algebraic form has been used in the covariant
pinch technique Schwinger—Dyson equations [12]. These equations are detailed in
Chapter 6.
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6

Schwinger—Dyson equations in the pinch
technique framework

In this chapter, we provide a detailed demonstration of how the application of the
PT algorithm at the level of the conventional Schwinger—-Dyson series leads to a
new, modified Schwinger—Dyson equation (SDE) for the gluon propagator endowed
with very special truncation properties. In particular, because of the QED-like Ward
identities from the fully dressed Green’s functions entering into the gluon SDE, the
transversality of the gluon self-energy is guaranteed at each level of the dressed-
loop expansion. This result constitutes one of the main objectives of the PT pro-
gram, namely, the device of a gauge-invariant truncation scheme for the equations
governing the nonperturbative dynamics of non-Abelian Green’s functions.

Of course, like any propagator SDE, this equation depends on the full three- and
four-point gluon vertices, and these in turn depend on infinitely many other Green’s
functions. We have suggested, in the last chapter, how to truncate the SDE for the PT
propagator by using the gauge technique to approximate the three- and four-point
PT Green’s functions as functionals only of the PT proper self-energy, while main-
taining the exact Ward identities demanded by the PT. This approximation can only
be useful in the infrared; the gauge technique PT Green’s functions clearly fail to
be exact at large momenta (although this failure is quantitative, not qualitative, so it
should not change the fundamental findings from PT SDEs, except in the numerics).

For the purposes of this book, it would be too much to study thoroughly all the
ramifications of combining the gauge technique, which, in its most general form, is
quite complicated, with the pinch technique in the all-order SDE:s. In fact, this has
not yet been done. The emphasis in this chapter will be on the SDEs themselves,
not on how to make approximations to them. However, we will present some
applications in which a relatively simple version of the gauge technique provides
the necessary structure for maintaining gauge invariance and obtaining massive
(infrared finite) solutions.

As far as the fundamental underlying dynamics are concerned, there is no quali-
tative difference between the all-order SDEs presented here and the simple one-
loop equations of Chapters 1 and 2: infrared slavery demands the generation of a
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dynamical gluon mass of about half a GeV. Before going into detail, we really
should ask whether it is worth it — is there any solid evidence that the gluon does
have a mass? Of course, this cannot be a direct experimental finding because gluons
are screened out of physical existence as isolated particles. But for QCD theorists,
lattice simulations are the ideal laboratory, and so we begin with summarizing the
lattice evidence for the gluon mass. These simulations are done in Euclidean space,
which leads us to the following notational changes. We will derive the SDEs in
Minkowski space, as we have used so far. But beginning with Section 6.5 and
through the rest of the chapter, we will work in Euclidean space, with metric §,,,
for ease of comparison with lattice data.

6.1 Lattice studies of gluon mass generation

The experimental laboratory for validation of PT results is the computer, and
the experiments are simulations. In this case, we ask what simulations of gluon
propagators say about the gluon mass. A large number of such simulations have
been done by a number of different groups [1, 2, 3, 4,5, 6,7, 8,9, 10, 11, 12,
13, 14, 15, 16, 17, 18, 19, 20, 21]. All these simulations, for technical reasons, are
gauge fixed to a Landau gauge' rather than using the background-field Feynman
gauge, which would then yield the PT propagator. The Landau gauge propagator
is not gauge invariant, but it has one crucial feature: if the gluon has a mass, the
propagator will be finite and nonvanishing at zero momentum — because it would
have a zero-momentum singularity if the gluon were massless. This evidence for
a massive gluon is found in all lattice simulations of the Landau-gauge gluon
propagator cited earlier.

If it were possible to extend the Landau-gauge propagator to the region of timelike
momenta, the position of the pole found in the propagator would be gauge invariant
and yield the gluon mass. Such an extrapolation is risky, and neither we nor the
simulations’ workers have done this systematically and compared all the various
results. However, to our eyes, all the propagator results are quite similar and
presumably yield gluon masses in a fairly narrow range, and when the authors do
give approximate mass values, they all cluster around 500-700 MeV. One group
[1, 2] has attempted an extrapolation, making use of the functional form of the older
PT propagator found in the first attempt [23] at calculating the PT propagator, which
yields a very good fit for a gluon mass of around 600 MeV. It is not clear why a
PT propagator should fit the simulated Landau-gauge propagator so closely. This
issue needs lattice simulations in a background-field Feynman gauge, which do
not yet exist. Figure 6.1 shows recent, and typical, lattice results for the gluon

" A Landau gauge has Gribov ambiguities [22]; various simulation groups take various approaches to resolving
this issue, as detailed in specific papers. The upshot is that all groups claim that their results are more or less
free of Gribov ambiguity problems.
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Figure 6.1. Lattice results for the gluon propagator from three different lattice
groups. (Upper left) Bare lattice SU(3) gluon propagator (data from Bogolubsky
et al. [15]). (Upper right) SU(3) gluon propagator renormalized at 3 GeV (data

from Oliveira and Silva [11]). (Lower leff) Bare SU(2) propagator (data from
Cucchieri and Mendes [19]).
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Figure 6.2. (Left) Bare lattice SU(3) ghost dressing function. Reprinted with
permission from I. L. Bogolubsky, E. M. Ilgenfritz, M. Muller-Preussker, and
A. Sternbeck, Phys. Lett. B676 (2009) 69; (© 2009 by Elsevier. (Right) Bare
SU(2) ghost dressing function (data from Cucchieri and Mendes [19]).
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propagator A(g?) obtained by three different lattice groups [15, 19, 11]; Figure 6.2
shows the ghost propagator dressing function F(g?) (defined as the product of ¢>
times the ghost propagator).

Note that in this figure, positive ¢> means a Euclidean (spacelike) momentum. The
dressed gluon propagator is finite at zero momentum, indicating a gluon mass; if the
mass were zero, the zero-momentum value would be infinite. Similarly, the ghost
dressing function approaches a finite value at zero momentum. Both these properties
will be found in the solutions to the PT SDEs of this chapter. We now go on to the
meat of this chapter: the gauge-invariant PT SDEs and gluon mass generation.

6.2 The need for a gauge-invariant truncation scheme for the
Schwinger-Dyson equations of NAGTs

The SDEs provide a formal framework for tackling physics problems requiring
a nonperturbative treatment. Given that the SDEs constitute an infinite system of
coupled nonlinear integral equations for all Green’s functions of the theory, their
practical usefulness hinges crucially on one’s ability to devise a self-consistent
truncation scheme that would select a tractable subset of these equations without
compromising the physics one hopes to describe.

In Abelian gauge theories, the Green’s functions satisfy naive Ward identities: the
all-order generalization of a tree-level Ward identity is obtained simply by replacing
the Green’s functions appearing in it by their all-order expressions. In general, as we
have seen, this is not true in non-Abelian gauge theories, where the Ward identities
are modified nontrivially beyond tree level and are replaced by more complicated
expressions known as Slavnov-Taylor identities: in addition to the original Green’s
functions appearing at tree level, they involve various composite ghost operators.

To appreciate why the Ward identities are instrumental for the consistent trunca-
tion of the SDEs, whereas the Slavnov—Taylor identities complicate it, let us first
consider how nicely things work in an Abelian case, namely, scalar QED (photon),
and then turn to the complications encountered in QCD (gluon).

Local gauge invariance (BRST in the case of the gluon) forces I1,,(g) (photon and
gluon alike) to satisfy the fundamental transversality relation

q*Tp(g) =0, (6.1)

both perturbatively (to all orders) and nonperturbatively. The SDE governing
[Tep(q) in scalar QED is shown in Figure 6.3. The main question we want to
address is the following: can one truncate the right-hand side (rhs) of Figure 6.3,
i.e., eliminate some of the graphs, without compromising the transversality of
IMes(g)? The answer is shown already in Figure 6.3: the two blocks of graphs
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Figure 6.3. The SDE for the photon self-energy in scalar QED. The two boxes
enclose a gauge-invariant subset of diagrams.

[(a1) + (a2)] and [(a3) + (a4) + (as)] are individually transverse, i.e.,

2 5
9°) (@ep =0 q*) (a)ep =0 6.2)
i=1 =3

The reason for this special property is precisely the Ward identities satisfied by
the full vertices appearing on the rhs of the SDE; for example, the first block is
transverse simply because the full photon-scalar vertex I', (black blob in (a;))
satisfies the Ward identity:

q“Ty = e[D~'(k + q) — D~'(k)], (6.3)

where D(q) is the full propagator of the charged scalar. A similar Ward identity
relating the four-vertex with a linear combination of I',, forces the transversality of
the second block in Figure 6.3. Thus, owing to the simple Ward identities satisfied
by the vertices appearing on the SDE for I1,4(g), one may omit the second block of
graphs and still maintain the transversality of the answer intact, i.e., the approximate
IT,p(q) obtained after this truncation satisfies Eq. (6.1).

Let us now turn to the conventional SDE for the gluon self-energy, in the R; gauges,
given in Figure 6.4. Clearly, by virtue of Eq. (6.1), we must have

5
q* Y (aap = 0. (6.4)
i=1

However, unlike the Abelian example, the diagrammatic verification of Eq. (6.4),
i.e., through contraction of the individual graphs by g%, is very difficult, essen-
tially because of the complicated Slavnov—Taylor identities satisfied by the ver-
tices involved. For example, the full three-gluon vertex I'y,.,(q, k1, k) satisfies the
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Figure 6.4. Schwinger-Dyson equation satisfied by the gluon self-energy —I"44.
The symmetry factors of the diagrams are s(aj, az, as) = 1/2, s(az, as) = —1,
and s(aq) = 1/6.

Slavnov-Taylor identity of Eq. (1.89). In addition, some of the pertinent Slavnov—
Taylor identities are either too complicated, such as that of the conventional four-
gluon vertex, or cannot be cast in a particularly convenient form, such as that of
the conventional gluon-ghost vertex. The main practical consequence of this is that
one cannot truncate the rhs of Figure 6.4 in any obvious way without violating
the transversality of the resulting I1,g(q). For example, keeping only graphs (a;)
and (a) is not correct even perturbatively because the ghost loop is crucial for the
transversality of IT,g already at one loop; adding (a3) is still not sufficient for an
SDE analysis because (beyond one loop) ¢*[(a;) + (a2) + (a3)]«p # 0.

As we will see in what follows, the application of the pinch technique to the
conventional SDEs of the NAGTSs gives rise to new equations endowed with special
properties. The building blocks of the new SDEs are modified Green’s functions
obeying Abelian all-order Ward identities instead of the Slavnov—Taylor identities
satisfied by their conventional counterparts. As a result, and contrary to the standard
case explained earlier, the new equation for the gluon self-energy can be truncated
gauge invariantly at any order in the dressed-loop expansion.

6.3 The pinch technique algorithm for Schwinger-Dyson equations

At the end of Chapter 4, we saw, in a one-loop context, how the PT algorithm can be
translated in Batalin—Vilkovisky language. More generally, the one-loop procedure
described there carries over practically unaltered to the corresponding SDEs. This
is so because of the following observations:

1. The pinching momenta will be always determined from the tree-level decom-
position of Egs. (1.41), (1.42), and (1.43).

2. Their action is completely fixed by the structure of the Slavnov—Taylor iden-
tities they trigger (Eq. (4.27) for the vertex at hand).
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3. The kernels appearing in these Slavnov-Taylor identities are the same as
those appearing in the corresponding background-quantum identities, making
it always possible to write the result of the action of pinching momenta in
terms of auxiliary Green’s functions appearing in the latter identities.

The only operational difference is that, in the case of the Schwinger—Dyson equa-
tions for the three-gluon vertex (and the quark-gluon vertex, in the case in which
quarks are included), all three external legs will be off shell. This is, of course,
unavoidable, given that these (fully dressed) vertices are nested in the SDE of the
off-shell gluon self-energy (see, e.g., diagram (a;) of Figure 6.4), and their legs
inside the diagrams are irrigated by the virtual off-shell momenta. As a result,
the equations of motion usually employed to kill some of the resulting pinching
terms should not be used in this case; therefore, the corresponding terms, propor-
tional to inverse self-energies, do not drop out but rather, form part of the resulting
background-quantum identity.

The PT rules for the construction of SDEs may be summarized as follows [24]:

1. For the SDEs of vertices, with all three external legs off shell, the pinching
momenta, coming from the (only) external three-gluon vertex undergoing the
decomposition (1.41), generate at most four types of terms: one is a genuine
vertexlike contribution that must be included in the final PT answer for
the vertex under construction; the remaining three terms will form part of
the emerging background-quantum identities (and thus would be discarded
from the PT vertex). These latter terms have a very characteristic structure
that facilitates their identification in the calculation. Specifically, one of them
is always proportional to the auxiliary function I"g 4+, whereas the other two
are proportional to the inverse propagators of the fields entering into the two
legs that did not undergo the PT decomposition.

2. In the case of the new SDE for the gluon propagator, the pinching momenta
will only generate pieces proportional to "4+, which should be discarded
from the PT answer for the gluon two-point function (because they are
exactly what cancels against the contribution coming from the corresponding
vertices).

6.4 Pinch technique Green’s functions from Schwinger—Dyson equations

We are now ready to describe in detail the application of the PT program to the
(nonperturbative) case of SDEs. We will concentrate on the SDE of the gluon
self-energy,” which requires carrying out the PT decomposition of Eq. (1.41)

2 The construction of the (fully off-shell) quark-gluon and three-gluon vertices can be found in [24].
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on both sides of the self-energy diagram because both external gluons must be
converted into background gluons. This will be achieved through the following
three steps [24, 25].

6.4.1 Firststep: I'yn — '3y

The first step of the construction is the standard PT step: starting from diagram
(ap) of Figure 6.4, we decompose the tree-level three-gluon vertex according to the
usual PT splitting of Eq. (1.41) and concentrate on the I'" part. We then get

T amn 1

(Cll)P = lgf pA;(kZ)kiLFA’[ZA’jAg (kz, —Q) (65)
ki

At this point, the application of the Slavnov—Taylor identity (4.24) together with

Eq. (4.25) and the Faddeev—Popov equation (4.26) results in the following terms:

(@)’ =igf*" f D(ki) Ay (k)T em gz (kay =) a, 4,(q)
ki

ko
+ gfamﬂ / D(k]) |:chA’;,A§;"(_q’ k2) — I%FCInAZEW(_qa kZ)}
ki 2

= ()" + ()" (6.6)

Clearly, using the SDE of the auxiliary function I'g4+, shown in Eq. (4.44), one
has immediately that

(r)" = —ilgo 47 (DT 4145(q)- (6.7)

This would be half of the pinching contribution coming from the vertex in the
S-matrix pinch technique.

As far as the term (1) is concerned, its general structure suggests that the first term
in the square brackets should give rise to the ghost quadrilinear vertex, whereas the
second term in that same bracket, when added to diagram (a3), should symmetrize
the trilinear ghost-gluon coupling. It turns out that this expectation is essentially
correct, but its realization is not immediate because we see, for example, that (r2)?
contains a tree-level [(k%)"] instead of a full [D(k;)] ghost propagator and that
it is unclear how one would generate, e.g., diagrams (b7) or (by) of Figure 6.6.
The solution to this apparent mismatch is rather subtle: one must employ the SDE
satisfied by the ghost propagator, as shown in Figure 6.5. This SDE is common to
both the R:-gauge and the BFM, given that there are no background ghosts, and
reads
dn’ dg

iD (ky) = i— +

>+ iy [T (k)] iDS™ (ky), 6.8)
2T
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Figure 6.5. The Schwinger-Dyson equation (6.8) satisfied by the ghost
propagator.

with T'/ being given by I'.; minus its tree-level part; notice that multiplying the
preceding equation by k2, using the Faddeev—Popov equation (4.21), and dropping
the color factor §%"', we can rewrite the ghost SDE as

ko ,
ko Dlka) = ~5 = Ty, (ko) Dlka). (6.9)
2

Taking advantage of this last equation, we can rewrite (r,)" as the sum of the
following two terms:

(s)F = —igfam"/ koo D(k1) D(k2)T e gt oo (=4, k2) (6.10)
ki

(Sz)P — _gfamn / lD(kl) [iFC;nA?;Azn(_q, k2)
ki

+ T (k) DODT om0 (=4 kz)] . 6.11)
The term (s;)” symmetrizes the trilinear ghost-gluon coupling, and one has
(s1)" + (a3) = (b3) (6.12)

(with (b3) shown in Figure 6.6). The term (s,)° will instead be responsible for
generating all the missing diagrams needed to convert I"44 into I"74. To see how
this happens, we denote by (s2,)" and (s»;)F the two terms appearing in the square
brackets of (s,)" and concentrate on the first one. Making use of the SDE (4.43)
satisfied by the auxiliary function ", 44+, we get

(522 = £°Cad™ g5 / D)
ki

+gifeme /k fk D (ki) Ay (ks) D(ka)KCom gt arn (= k3 )

= (b4) + (b7) + (bs) + (b10). (6.13)
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Figure 6.6. Schwinger—Dyson equation satisfied by the gluon self-energy —I'74. The
symmetry factors of the diagrams are s(b;, by, bg) = 1/2 and s(bs) = 1/6, and all the
remaining diagrams have s = —1.

Using the SDE (4.42) satisfied by I'. 4+, we then obtain
(mf=m%mﬁm]i/Dwmwgamwmm%ummmb)
ki Jk3
X FC”’A?;E”(_q’ k2)

= (by). (6.14)

In addition, because diagrams (a3), (a4), (as), and (ae) carry over to the correspond-
ing BFM diagrams (b,), (bs), (bg), and (by;), and (a;)F = (b;), we finally find the
identity

6 11
vf+%f+2wﬁ=2@x (6.15)
i=2 i=1
and therefore

—Laar(q) = —ilga a7 (DT 4045(q) — T30 p2(q), (6.16)

which coincides with the background-quantum identity (4.31).

6.4.2 Second step: 'z, — I' 47

The second step in the propagator construction is to employ the obvious relation
Paaar(@) = Cuar (9), (6.17)

that is, to interchange the background and quantum legs (the SDE for the self-
energy —I" 41 is shown in Figure 6.7). This apparently trivial operation introduces
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Figure 6.7. Schwinger—Dyson equation satisfied by the gluon self-energy —I", 7.

The symmetry factors of the diagrams are s(cy, ¢z, ¢g) = 1/2, s(c3, ca, c7) = —1,
s(cs) = 1/6.
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Figure 6.8. Schwinger—Dyson equation satisfied by the gluon self-energy —I'" ;3.
The symmetry factors are the same as the one described in Figure 6.5. The different
boxes show gauge-invariant subgroups: one-loop dressed gluon (solid line) and
ghost (dashed line) contributions and two-loop dressed gluon (dotted line) and
ghost (double line) contributions (see the discussion in Section 6.4.4).

a considerable simplification. First, it allows for the identification of the pinching
momenta from the usual PT decomposition of the (tree level) I' appearing in
diagram (c;) of Figure 6.7 (something not directly possible from diagram (b,));
thus, from the operational point of view, we remain on familiar ground. In addition,
it avoids the need to employ the (formidably complicated) BQI for the four-gluon
vertex; indeed, the equality between diagrams (cs), (cg), and (¢7) of Figure 6.7 and
diagrams (ds), (dg), and (d;;) of Figure 6.8 is now immediate (as it was before,
between diagrams (a4), (as), and (a¢) and (bs), (bs), and (b;;) of Figures 6.6 and
6.7, respectively).
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6.4.3 Third step: T ,5 — T'zz
We now turn to diagram (c;) and concentrate on its pinching part given by

. amn 1 %
()’ =igf /k 2 Do k)R T gy g (k2. —4). (6.18)
1™

Notice the appearance of the full BFM vertex I' 4 47 instead of the standard "4 44
(in the R¢). The Slavnov-Taylor identity satisfied by this vertex can be derived by
means of the methods introduced in the previous chapter; the result is®

KIT 3 o Gk Ko) = 163 D™ (k) {ch'AgA;e (k2, )T 2 ¢ (q)
=+ FC'”/ZgAZ‘ (C] y kZ)FAgA(’, (kZ)}

- igfamn(k%gow - klak2u)’ (619)

where the tree-level term accounts for working with the reduced Slavnov—Taylor
functional. This identity can be further manipulated by using Eq. (4.25) and the
Faddeev—Popov equation satisfied by I", 74« to get

kYT a g (ks ko) = [k D™ (k)] {ch’AﬁAZ‘ (k2, )T 50 ac(q)

Lo iy e (@ kDA + o T e )
—ig Uk g (6.20)

Consider first the terms that appear in braces. When inserted back into Eq. (6.18)
(we indicate the resulting expression as (r)¥), we see that one gets precisely the
same contributions found in Eq. (6.6), the only difference being that the Ag gluon
field appearing there is now the background field ;17/; Therefore, following step
by step the same procedure used in that case, we find that (see Figure 6.8 for the
diagrams corresponding to each (d;))

()" + (e3) = =ilagaz (@)L ac i ()
+ (d3) + (dy) + (d7) + (d3) + (do) + (dy0). (6.21)

Finally, adding diagram (c;) to the remaining tree-level term of Eq. (6.20), one gets

(r)F + () = ngAS”b/ Agglkr) + (c2) = (da). (6.22)
ki

3 Given a Green’s function involving background as well as quantum fields, it is clear that if we contract it with
the momentum corresponding to a background leg, we will obtain a linear Ward identity (see, e.g., Eqs. (6.28)—
(6.31)), whereas if we contract it with the momentum corresponding to a quantum leg, we will obtain a nonlinear
Slavnov—Taylor identity.
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Putting everything together, and using the standard PT identity (c))F = (d;), we
get

11

.
r)" + ()" + |:(C1)F + Z(Ci):| = —ilguax(q)T e 7 (q) + Z(di), (6.23)
i—2

i=1

and therefore

- FAng(CI) = _iFQf;A;“’(CI)FAgg’;;(q) - FZgX’f;(Q)’ (6.24)

which is the background-quantum identity (4.32).

6.4.4 The final rearrangement and the new Schwinger—Dyson equation

Pulling together all the intermediate results, we see that the PT procedure has given
rise to a new Schwinger—-Dyson series:

1
ila,a, + 2049 Ta a, —10q avTa, 4 Louare = iZ(di)aﬂ- (6.25)
1=1
By Lorentz-decomposing the auxiliary function I'gs«(g¢) according to
Eq. (4.34) and trading the gluon two-point function for the gluon propagator,
we arrive at the equation (viz. Eq. (4.35))

11

AT @+ GG Pap(q) = 47 Pap(@) +1 Y _(di)ap. (6.26)
1=1

Equivalently, the new SDE (6.26) can be cast into a more conventional form by
isolating on the left-hand side (lhs) the inverse of the unknown quantity, thus writing

P Pus(@) +1 Y11, (di)ag

A (g? P, =
@)Pap(@) [1+G@)P

(6.27)

As a consequence of the all-order Ward identities satisfied by the full vertices
appearing in the diagrams defining the PT-background Feynman gauge self-energy
(Figure 6.8), the new SDE (6.27) has a special transversality property: in fact,
gluonic and ghost contributions are separately transverse, and, in addition, no
mixing between the one- and two-loop dressed diagrams will take place.

To prove this, one needs to know the Ward identity corresponding to the four
fully dressed vertices appearing in IT: I'g44, I3z 2444, and, finally, I 5z4.
One way to derive them is to differentiate the Ward identity functional (4.14) with
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respect to the corresponding field combination in which the background field has
been replaced by the corresponding gauge parameter . On the other hand, one
can also write the corresponding tree-level Ward identities and then use linearity
to generalize them to all orders. In either case, the following results are obtained:

T o an (k1 ko) = gf " [ (ko) — Ay (ko) (6.28)
q“Tengeen(q. —k1) = igf*"" [D™" (ka) — D™ (k)] (6.29)
9" T3 at aman (ki Ky, k3) = gfadeA%AZlAzé(kz, k3)
+ gfadeAﬁAgA’j, (ki, k3)
+ 8" pgapan (ki k) (6.30)
4“Torgeren(@ ks, —k1) = g ““Tonagon(q + ks, —k1)
+ gfadmrangad(kL q — ki)
+ 8T ety on (k3. —k). (6.31)

We shall consider then the one-loop dressed gluonic contributions given by the
combination (d;) + (d») of Figure 6.8. Using the Ward identity (6.28), we get

¢P (N = —g2Cad%q, / AR, (6.32)
k

whereas by simply computing the divergence of the tree-level vertex I';5144, We
get

P () = g2Cas%q, /k A GR). (6.33)
Thus, clearly,
q” [(d)) + ()3 = 0. (6.34)
Exactly the same procedure shows that for the one-loop-dressed ghost contribution,
¢P () = —2g7C b, fk D(k) = —g (i), (6.35)
and therefore that
q” [(d3) + (da)]35 = 0. (6.36)

For the two-loop dressed contributions, the proof is to a certain extent more
involved. Begin with the gluonic contributions. Using the Ward identity (6.30),
we see that diagram (ds) would give rise, in principle, to three different terms.
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However, it is straightforward to prove that these terms are all equal modulo rela-
beling of momenta and Lorentz or color indices. Thus, recalling that this diagram
carries a symmetry factor of 1/6, we get

i ! !
PP = 3er T e [ BTN T k0
kJ el

y' e

x A+ q), (6.37)

while the remaining graph gives (after making use of the full Bose symmetry of
the three-gluon vertex)

A = 381 T [ [awnrr@riorg k.0
v JkJe <

x [A“’“(z)gg’ N q)g;’] . (6.38)

Now, on the one hand, the first term in the square brackets must integrate to zero
because the integral is independent of ¢, and therefore the free Lorentz index o
cannot be saturated. On the other hand, the second term is exactly equal but opposite
in sign to the one appearing in Eq. (6.37) so that we obtain

q" [(ds) + (o), = (6.39)

Finally, we turn to the two-loop dressed ghost contributions. Using the Ward
identity (6.31), we see that the divergence of diagram (d;) gives us three terms,
namely,

q° (s = =il Rgarer f / D€ + k)D"" (£ 4 q) A" (k)
kJE

x [8f" Taupgerth = 4, =€ = )+ g " T pgn(k, =€ = )

+ g T pgah, —g =€ = B). (6.40)

Each one of these three terms can be easily shown to cancel exactly against the
individual divergences of the remaining three graphs. To see this in detail, let us
consider, for example, diagram (do) and use the Ward identity (6.29) to obtain

APy = —ief™ T o [ [A W etk —g = £ =10
o kJ L
x D+ q)[D( + k) — D +k + )] (6.41)

We see that the second term in the square brackets will integrate to zero, whereas
the first term will cancel exactly the third term appearing in the square brackets of
Eq. (6.40). It is not difficult to realize that the same pattern will be encountered
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when calculating the divergence of diagrams (dg) and (dy) so that one has the
identity

q” [(d7) + (ds) + (do) + (d10)14; = O, (6.42)

which then concludes our proof of the special transversality properties of the new
Schwinger-Dyson series.

This special property has far-reaching practical consequences for the treatment
of the Schwinger—Dyson series [24, 25]. Specifically, it furnishes a systematic
truncation scheme that preserves the transversality of the answer. For example,
keeping only the diagrams in the first group, we obtain the truncated SDE

q*Pop(q) +il(d)) + (d2)]ap

A" (gD Pup(q) = : 6.43
(q7) Pap(q) 1+ G@)P (6.43)

and from Eq. (6.34), we know that [(d) + (d2)]ap 18 transverse, i.e.,
[(d)) + (d2)]ag = (d — 1) [(d1) + (d2)]% Pap(q). (6.44)

Thus, the transverse projector P,g(q) appears exactly on both sides of Eq. (6.43);
one may susbsequently isolate the scalar cofactors on both sides, obtaining a scalar
equation of the form

g% +il(d) + (d)]

A_l 2 —
@) 1+ G@)P

(6.45)

A truncated equation similar to Eq. (6.43) may be written for any other of the four
groups previously isolated, or for sums of these groups, without compromising the
transversality of the answer. The price one has to pay for this advantageous situation
is rather modest and consists in considering the additional equation determining
the scalar function G(g?); notice, however, that one can approximate this function
via a dressed-loop expansion without jeopardizing the transversality of IT4(g),
given that [1 4+ G(g?)]? affects only the size of the scalar prefactor.

Let us conclude by noticing that in going from Eq. (6.26) to Eq. (6.27), one
essentially chooses to retain the original propagator A(g) as the unknown quantity
to be dynamically determined from the Schwinger—Dyson equation. There is, of
course, an alternative strategy: one may define a new variable from the quantity
appearing on the lhs of Eq. (6.26), namely,

Alg) =[1+ 6] A, (6.46)
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which leads to a new form for Eq. (6.26):

1
ANGPup(@) = 47 Pup(@) +1Y_(di)ap- (6.47)
i=1
Obviously, the special transversality properties established earlier hold as well for
Eq. (6.47); for example, one may truncate it gauge invariantly as

AN GP) Pus(q) = ¢* Pap(q) +il(d1) + (d2))up- (6.48)

Should one opt for treating K(q) as the new unknown quantity, then an addi-
tional step must be carried out: one must use Eq. (6.46) to rewrite the entire
rhs of Eq. (6.47) in terms of A instead of A, ie., carry out the replacement
A = [1+ G)? A inside every diagram on the rhs of Eq. (6.47) that contains As.

Therefore, whereas Eq. (6.43) furnishes a gauge-invariant approximation for the
conventional gluon self-energy A(q), Eq. (6.47) is the gauge-invariant approxima-
tion for the effective PT self-energy Z(q). The crucial point is that one may switch
from one to the other by means of Eq. (6.46). For practical purposes, this means,
for example, that one may get a gauge-invariant approximation not just for the PT
quantity (background Feynman gauge) but also for the conventional self-energy
computed in the Feynman gauge. Equation (6.46) plays an instrumental role in
this entire construction, allowing one to convert the Schwinger—Dyson series into
a dynamical equation for either K(q) or A(q).

6.4.5 Truncation of the pinch technique Schwinger—Dyson equation

The new Schwinger—Dyson series projected by the pinch technique has both theo-
retical and practical advantages. On the one hand, the main theoretical advantage
is that the various fully dressed graphs organize themselves into gauge-invariant
subsets, thus allowing for a systematic gauge-invariant truncation. On the other
hand, at the practical level, this property reduces the number of coupled SDEs
that one has to consider to maintain the gauge (BRST) symmetry of the theory to
only two: the one for the gluon self-energy, given by, e.g., the first gauge-invariant
subset only (i.e., [(d1) + (d2)]yp in Figure 6.8), and the Schwinger-Dyson equation
satisfied by the full three-gluon vertex. This is to be contrasted to what happens
within the conventional formulation where the equations for all vertices must be
considered, or else the transversality of the gluon propagator is violated (which is
what usually happens).

However, even the PT analysis does not furnish a simple diagrammatic truncation,
analogous to that of the gluon self-energy, for the Schwinger—Dyson equation
satisfied by the three-gluon vertex I'z A, a,(k1, k2). Thus, if one were to truncate
the equation for the three-gluon vertex by discarding some of the graphs appearing
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in it, the validity of the all-order Ward identity (6.28) would be violated; this, in
turn, would lead immediately to the violation of the transversality property of the
subset kept, thus making the entire truncation scheme collapse.

One should adopt the following strategy instead: given that the proposed truncation
scheme hinges crucially on the validity of Eq. (6.28), one should start with an
approximation that manifestly preserves it. The way to enforce this, therefore, is
through the gauge technique, as described in Chapter 5.

6.5 Solutions of the pinch technique Schwinger-Dyson equations and
comparison with lattice data

We will next focus on a particular application of the powerful machinery offered
by the truncation scheme introduced in the previous section. In particular, we will
study gauge invariantly the coupled SDEs of the gluon and ghost propagators and
compare the results obtained to recent lattice data. To this end, we will do the
following:

1. We will truncate (gauge invariantly) the gluon propagator SDE by keeping
only the one-loop dressed contributions; that is, we only consider the first two
blocks appearing in Figure 6.8. Recall that when evaluating these diagrams,
one must employ the BFM Feynman rules. Note also the following crucial
point: the (background) three-gluon vertex I"3,4 4 and the ghost vertex I' .3z
appearing in the corresponding diagrams must be fully dressed and satisfy
the correct Ward identities, namely, Egs. (6.28) and (6.29), respectively, to
enforce the transversality of the resulting gluon self-energy.

2. For the ghost SDE, we use the equation shown in Figure 6.5. Notice that the
ghost vertex appearing in the SDE is the conventional one, I'.4z; therefore,
one may employ a different approximation than the one used for the back-
ground ghost vertex. In particular, according to lattice studies [26, 27], the
vertex .4z may be accurately approximated simply by its tree-level expres-
sion. The ability to employ a different treatment for the two ghost vertices,
without compromising gauge invariance, is indicative of the versatility of the
new truncation scheme introduced earlier.*

3. For the SDE (4.44) governing the dynamics of the auxiliary function I'g 4+,
the vertex I' 4.4~ will be approximated by its tree-level value.’

4 Notice also that, whereas the background ghost vertex satisfies a linear Ward identity, which can be solved
through a gauge technique ansatz, the conventional vertex satisfies a Slavnov—Taylor identity of rather limited
usefulness.

5 This vertex has not been studied on the lattice; the only constraints are the ones imposed by the Faddeev—Popov
equation (4.26), relating it with the conventional ghost vertex, that are indeed satisfied by our tree-level choice
for both vertices.
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We then have the following equations:
q” Pap(q) +1 31, (di)ap
[1+ G(gH)I? ’
k-q)?
[1__( q)

AN G Pup(q) =

1, 2y 2
F M)—1+gC5/ g

] A(K)D(k + q),
k

2 2
G(g?) = 85 / [(d 2>+( ) }A(k)D(Hq)
d—1J; k2q*
b 82Ca / (k- q)?
Lg*) = 5= k[ —d g | ARDE +q). (6.49)

The concrete dynamics that will give rise to an infrared finite gluon propagator,
signaling the dynamical generation of a gluon mass, are inserted into the first of the
preceding equations through an appropriate gauge technique ansatz for the fully
dressed vertices I'z 4 4, (k1, k2) and I 73 +(q, k1), appearing in the diagrams (d;)
and (d3) of Figure 6.8. Specifically, one expresses I'z 4 4, (k1, k2) and T3 (g, k1)
as a function of the gluon and ghost self-energy, respectively, such that they auto-
matically satisfy the two Ward identities (6.28) and (6.29). In addition, as already
explained in the previous chapter, the vertices must contain longitudinally coupled
massless (bound state) poles, as is required for triggering the Schwinger mecha-
nism. We will use the following simplified gauge technique ansatze:

Caaa (k) =T, i, k) + iq—;‘ [0, (k2) — T, (k)]
[3,cclki, ko) =T (kl,/q)—lq [L(3) — LGD)], (6.50)

where L denotes the ghost self-energy, D~!(p?) = p* —iL(p?). It is elementary
to verify that the preceding two vertices indeed satisfy the correct Ward identities
(6.28) and (6.29), respectively.

The resulting expression in the Landau gauge® for the gluon SDE is too long
to be reported here [28]; rather, we show in Figure 6.9 the solution of the full
system (6.49) when G(g?) is approximated by its one-loop expression (L(g?) is
not needed in this case), comparing it with the corresponding lattice data.

Note that, whereas there is good qualitative agreement with the lattice, there is a
significant discrepancy (a factor of 2) in the intermediate region of momenta. This,

© The projection to the Landau gauge is a subtle exercise because one cannot directly set £ = 0 in the integrals
given the presence of terms proportional to 1/£ in the background three-gluon vertex. Instead, one has to use
the expressions for general &, carry out explicitly the set of cancellations produced when the terms proportional
to & generated by the identity k" A, (k) = —i&k,/k? are used to cancel 1/£ terms, and set £ = 0 only at the
very end.
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Figure 6.9. (Leff) The numerical solution for the gluon propagator from the PT
modified SDE (solid line) compared to the lattice data of [12]. (Right) The ghost-
dressing function p? D(p?) obtained from the SDE. In the inset are the lattice data
for the same quantity; notice the absence of any enhancement in both cases.

of course, may not come as a surprise, given that (1) the two-loop dressed part of the
SDE for the gluon propagator has been omitted (the last two blocks in Figure 6.8)
and (2) the auxiliary function G(g?) has been evaluated at the one-loop level only.
Even though this omission has not introduced artifacts (because it was done gauge
invariantly), the terms left out are expected to modify precisely the intermediate
region, given that both the infrared and ultraviolet limits of the solutions are already
captured by the one-loop dressing terms considered.

The finiteness of the ghost-dressing function F in the infrared has an important
theoretical consequence related with the so-called Kugo—Ojima confinement crite-
rion, which is already mentioned at the beginning of Chapter 4. In the Kugo—Ojima
confinement picture (in covariant gauges), the absence of colored asymptotic states
from the physical spectrum of the theory is due to the so-called quartet mecha-
nism [29]. A sufficient condition for the realization of this mechanism (and the
meaningful definition of a conserved BRST charge) is that the correlation function
u(g?) defined in Eq. (4.51) satisfies the condition #(0) = —1. In addition, as first
noted by Kugo [30], in Landau gauge, u(0) is related to the infrared behavior of the
ghost-dressing function F(g?) through the identity £~'(0) = 1 4 u(0). This is none
other than the second identity of Eq. (4.50), under the additional assumption that
L(0) = 0. In fact, from the last of Eqs. (6.49), it is straightforward to establish that if
both F and A are infrared finite, this condition is indeed fulfilled [31, 32]. Therefore,
the Kugo—QOjima confinement scenario predicts a divergent ghost-dressing function
and vice versa. Interestingly, the same prediction about F~!(0) is obtained when
implementing the Gribov—Zwanziger horizon condition [22, 33]: in the infrared
region, the ghost propagator diverges more rapidly than at tree level. Evidently,
these affirmations are at odds not only with the recent lattice results of the ghost
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propagator and the Schwinger—Dyson analysis based on the PT truncation scheme
presented here but also with a series of direct lattice simulations of the Kugo—Ojima
function itself [34].

6.6 The QCD effective charge

One of the most important successes of the pinch technique is that it allows for the
unambiguous extension of the concept of the effective charge [35] from QED to
QCD. Such a quantity is of considerable theoretical and phenomenological interest
because once correctly defined, it provides a continuous interpolation between two
physically distinct QCD regimes: the deep ultraviolet (UV), where perturbation
theory works well, and the deep infrared (IR), where nonperturbative techniques
must be employed. In fact, the effective charge is intimately connected with two
phenomena that are of central importance to QCD: asymptotic freedom in the UV
and dynamical gluon mass generation in the IR.

6.6.1 The prototype: The QED effective charge

The quantity that serves as the field-theoretic prototype for guiding our analysis is
the effective charge of QED. Consider the bare dressed photon propagator between
conserved external currents:

g
g*[1 + Mo(gD]’
where the dimensionless quantity II(g?) is the vacuum polarization, which is

independent of the gauge-fixing parameter to all orders. The expression Ay (¢g?) is
renormalized multiplicatively according to A" (¢%) = Z4 A" (g?), where Z 4 is the

INNCRIE (6.51)

wave function renormalization of the photon (Ag = Z L/ 2A). Imposing the on-shell
renormalization condition for the photon, we obtain H(qz) =Zs[l + Ho(qz)],
where Z, = 1 — I(0) and M(g?) = My(g?) — My(0); clearly TT(0) = 0.

The renormalization procedure introduces, in addition, the standard rela-
tions between renormalized and unrenormalized electric charge, e = Z,'e? =
V4 flex/ 2Zl_leo, where Z, is the charge renormalization constant, Z; the wave
function renormalization constant of the fermion, and Z; the vertex renormal-
ization. From the famous QED relation Z; = Z, a direct consequence of the
Ward identity ¢“T')(p. p +q) = Sy ' (p +¢q) — Sy ' (p), it follows immediately
that Z, = 7,

Given these relations between the renormalization constants, we can now form the
following combination:

AL (G = A" (gD, (6.52)
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which is invariant under the renormalization group (RG); that is, it maintains the
same form before and after renormalization. After pulling out the kinematic factor
(1/¢?), one may define the QED effective charge a.i(g2), namely,

deir(q?) = (6.53)

¢
[1+ M(g>)]

where « is the fine-structure constant.

The QED effective charge of Eq. (6.53) is independent of the gauge-fixing param-
eter and invariant under the renormalization group to all orders in perturbation
theory. Furthermore, given that II(0) = 0, at low energies, the effective charge
matches on to the fine-structure constant: a,g(0) = o = 1/137.036 - - -

In addition, for asymptotically large values of ¢, i.e., for g> > m?, where m
denotes the masses of the fermions contributing to the vacuum polarization loop
(f =e, i, 7,...), a(g*) matches on to the running coupling @&(g?) defined from
the RG. At the one-loop level,

(07
1 — (aB1/27)log(g?/m7)

q2>>m2
wer(q?) — a(g?) = (6.54)

where 81 = 2/3n is the coefficient of the QED beta function for n ; fermion types.

6.6.2 The QCD effective charge

The main difficulty in the generalization of the QED effective charge to QCD (or any
other NAGT) is that, unlike the QED vacuum polarization, the conventional QCD
gluon self-energy depends explicitly on the gauge-fixing parameter. In addition,
with the exception of some special gauges, Z; # Z, and therefore the gluon self-
energy does not capture, in general, the leading renormalization group logarithms.

The pinch technique solves the preceding difficulties at once: the new gluon self-
energy is independent of the gauge-fixing parameter, whereas the Abelian ward
identities satisfied by the PT Green’s functions (e.g., quark-gluon vertex) restore
the crucial equalities Z, = /Z\f and Z, = ’Z\Xl/ *. In addition, the PT self-energy
is process independent [36] (see also Chapter 1) and can be Dyson resummed
to all orders [37, 38, 39, 40, 41] (see Chapter 11). Therefore, the construction
of the universal and RG-invariant combination analogous to that of Eq. (6.52) is
immediate because the quantity

do(q?) = g30o(g?) = g2 (uDHA(G%, 1?) = d(g), (6.55)
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is manifestly RG invariant (viz., u independent). Then, by virtue of the iden-
tity (4.35), we can write equivalently

Ag?, 1?)
[1+Gg2 1]

d(g») = g* (1) (6.56)

It is important to obtain a quantitative confirmation of the p independence of
d(g?) using as ingredients the individually w-dependent solutions for A(g2, u2)
and G(g?, u?) obtained from the system of SDEs given in Eq. (6.49). At this point,
one notices a shift in our philosophy, which is, however, dictated only by prac-
tical considerations. Specifically, as repeatedly stated, the genuine PT propagator
K(qz, u?) is the one obtained in the Feynman gauge of the BFM, whereas the
system of Eq. (6.49) that we consider is formulated in the Landau gauge mainly
because the relevant lattice simulations are almost exclusively carried out in this
latter gauge. Therefore, we study for the rest of this section the generalized PT
effective charge in the BFM Landau gauge (see Section 2.3.4). As is well known,
and contrary to what happens in the conventional Rs gauges, at one loop in per-
turbation theory, the coefficient multiplying the renormalization group logarithms
does not depend on the specific value of &¢ (see Eq. (2.71)). As aresult, the asymp-
totic (ultraviolet) behavior of the two charges (Feynman vs. Landau gauges) will be
identical. Note, however, that this is not necessarily so in the infrared; in fact, the
freezing value obtained for the Landau gauge effective charge is significantly ele-
vated compared to the value of about 0.5 that one finds for the genuine PT effective
charge.

Returning to Eq. (6.56), one may clearly see in Figure 6.10 that all quantities
obtained from the aforementioned SDEs, and in particular A(g?, ©?)and G(¢?, u?),
display a sizable dependence on the choice of the renormalization point . How-
ever, when A(g?, u?) and G(g?, u?) are used as inputs to form the special combina-
tion (6.56), their net u dependence cancels almost completely against that of g2(u);
the latter dependence is obtained from the four-loop beta function corresponding to
the minimal-subtraction scheme that we employ for renormalizing the SDEs [42]
(see Figure 6.11). Thus one ends up with a nearly p-independent quantity, as is
clearly shown in Figure 6.12.

The next step is to extract out of the dimensionful dl (¢°) a dimensionless quantity
that would correspond to the QCD effective charge. In the perturbative regime,
when momenta are asymptotically large, it is clear that the mass scale is saturated
simply by g2, the bare gluon propagator, and the effective charge is defined by
pulling a factor 1/g> out of the corresponding RG-invariant quantity exactly as
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system of SDEs (6.49).
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Figure 6.12. The (dimensionful) RG-invariant combination Zf(qz) defined in
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happens in the QED case. We define
=2, 2
- 8°(g7)
d(gh = 2 (6.57)

with g2(¢?) being the RG-invariant effective charge of QCD; then, at one loop,

g’ 1

— , 6.58
1+ bg?In (612/“2) bln (QZ/AéCD) ( :

(gD =

where Ay, denotes an RG-invariant mass scale of a few hundred MeV.

On the other hand, given that the gluon propagator becomes effectively massive
in the IR, particular care is needed in deciding exactly what combination of mass
scales ought to be pulled out. For example, if one insists on defining the effective
charge by trivially factoring out 1/¢?, the result obtained will be a completely
unphysical coupling, vanishing in the deep IR, where QCD is supposed to be
strongly coupled. Instead, the correct procedure in such a case is to factor out a
massive propagator of the form [¢% + m?(g?)]~", where m?(g?) is the dynamical
momentum-dependent mass; that is, one must set [23, 31]

=202

~ 8°(g7)
dg*) = ————. 6.59
@ = s (6.59)
Clearly, for g2 > m?(q?), the expression on the rhs of Eq. (6.59) goes over to that

of Eq. (6.57).
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Even though the aforementioned procedure of factoring out a massive propagator
was spelled out long ago in the original work on dynamical gluon mass gener-
ation [23], owing to a variety of recent developments, this issue deserves some
further clarification. To that end, it is instructive to compare the situation with the
more familiar, and conceptually more straightforward, case of the electroweak sec-
tor of the SM, where the corresponding gauge bosons (W and Z) are also massive,
albeit through an entirely different mass-generation mechanism; indeed, despite
the difference in their origins, the masses act in a very similar fashion at the level
of the RG-invariant quantity associated with the corresponding gauge boson.

In the case of the W-boson, the quantity corresponding to that of Eq. (6.59) would
read (Euclidean momenta)

=22
~ 2 (q%)
dy(g*) = —q‘;’ +qu, (6.60)
with
_ 1 2x(1 = x) + M? -
20q®) = go(w) [1 + bugn (1) f dxIn (q e ) — } . (6.61)
0

where b, = 11/2472 and the ellipses denote the contributions of the fermion
families. Clearly, d,,(0) = EEV(O) / Mvzv, with

—2 2 2 M&/ B
gw(0) =g, ()| 1+byg,()In (7) . (6.62)

Evidently, in the deep IR, the coupling freezes at a constant value; Fermi’s constant
is in fact determined as’ 442G, = g5 (0)/M?2.

This property of the freezing of the coupling can be reformulated in terms of what
in the language of the effective field theories is referred to as decoupling [43]. At
energies that are small compared to their masses, the particles appearing in the loops
(in this case, the gauge bosons) cease to contribute to the running of the coupling.
Possibly large logarithmic constants, e.g., In(M2/u?), may be reabsorbed in the
renormalized value of the coupling. Of course, the decoupling, as described earlier
should not be misinterpreted to mean that the running coupling vanishes; instead,
as already mentioned, it freezes at a constant, nonzero value. In other words, the
decoupling does not imply that the theory becomes free (noninteracting) in the IR.

It would certainly be incorrect in such cases to insist on the perturbative prescription
and simply factor out a 1/g>. Even though one is merely redistributing a given

7 Note that in the case of QCD, the corresponding combination, g%(0)/m?(0), would be similar to a Nambu—
Jona-Lasinio type of coupling [1]: at energies below the gluon mass m, the tree-level amplitude of four quarks
starts looking a lot like that of a four-Fermi interaction.
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Figure 6.13. A sketch plot that shows how the same RG-invariant quantity in the
presence of the mass scale M2 can be decomposed in two different ways: one
giving a divergent propagator and a vanishing coupling and the other, giving a
finite propagator and a finite coupling.

function, namely, Ew(qz), into two pieces, factoring out 1/¢* deprives both of
any physical meaning. Indeed, the effective coupling so defined would be given
by the expression §?,,(q2) = qzc/iW (g?), and so E?V(O) = 0; evidently, one would be
attempting to describe weak interactions in terms of a massless, IR-divergent,
gauge-boson propagator and a vanishing effective coupling (see the dotted lines
in Figure 6.13). Correspondingly, given that the gluon propagator is finite in the
IR, if this latter (wrong) procedure were to be applied to QCD, it would furnish
a completely unphysical coupling, namely, one that vanishes in the deep infrared,
where QCD is expected to be (and is) strongly coupled.

After this long detour, let us return again to the basic equation (6.59). To actually
determine the effective charge from dl (¢?), some additional information about the
concrete running of m?(g?) must be provided. The actual running of the mass may be
determined dynamically through elaborate considerations that we will not present
here. Instead, we will assume that m?(g?) displays a power-law running, as shown
by the early work of Lavelle [44] (see Chapter 2) and as has been independently
confirmed within an entirely different formalism [45]. In Figure 6.14, we show the
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Figure 6.14. The effective charge a(g?) obtained from the RG-invariant d g
using Egs. (6.59) and (6.63) for a value of the effective gluon mass my =
600 MeV.

effective charge, @ = g°(¢2)/47, obtained from the d(g?) shown in Figure 6.14
(left) after using Eq. (6.59) with a running gluon mass of the form

2, 2 mg
= —. 6.63
m-(q~) o +m% ( )

One observes the freezing of the coupling at a finite nonvanishing value,® which is
a direct consequence of the appearance of the dynamical mass in the RG logarithm.
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7

Nonperturbative gluon mass and quantum solitons

7.1 Notation

In this chapter and Chapters 8 and 9, we work in Euclidean space with metric §,,,
so that a (real) Euclidean four-vector has g2 > 0; timelike vectors in Minkowski
space have negative squared length in this metric. To avoid a profusion of is and
coupling constants g, we introduce the notation

8 g
ZA, =AY, 7.1
T T .1

A, =

where (see Chapter 1) the ¢t are the elements of the Lie algebra in the fundamental
representation. Other changes include the following:
1 1
% 9
q>—m?+ie  q>+m?

quqv qdugv
—8uv +— — ) v T 45
23 qz 13 qz

(7.2)

D, — 0, + Ay,

where the left-hand sides refer to Minkowski space and the right-hand sides to
Euclidean space. The field strength tensor is

g;w = [Du., D,] (73)

so that the action is

1
S=—32 f d*xTrg;,. (7.4)

7.2 Introduction

We have seen in previous chapters that infrared instability of NAGTs leads to
generation of a dynamical gluon mass that removes the infrared singularities of

144
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perturbation theory. But mere removal of these singularities, important as it is, is
far from the major role of gluon mass generation. In this and the next chapter, we
survey the important implications of gluon mass generation for QCD-like theories.
The most direct connection is that an infrared-effective action with dynamical
gluon mass predicts a number of quantum solitons not present in the massless
classical gauge theory. Condensates (i.e., a finite vacuum density) of these solitons
have successfully explained! (if only qualitatively) many nonperturbative effects,
as seen on the lattice, including confinement; generation of nonintegral topological
charge; and chiral symmetry breaking (although we will only briefly consider this
last topic).

A quantum soliton is a localized finite-energy configuration of gauge potentials
arising from an effective action that summarizes quantum effects not present in
the classical action; in our case, the effect is a gauge-invariant dynamical gluon
mass. Like all effective actions, the one we use is not intended to substitute for
the standard NAGT action, nor can it necessarily be quantized itself; it is treated
classically. An effective action is merely a summary statement of a particular set of
quantum effects; the underlying action of our NAGTs is always the conventional
one as used, for example, in the Schwinger—Dyson equations to find the gluon
mass. Perhaps the premier example in other fields of a quantum effective action is
the Ginzburg—Landau scalar field action for superconductivity — which, in fact, has
gluon mass generation (the Meissner effect) and solitons (the Abrikosov vortex)
closely related to some of the ones we use. But the Ginzburg—Landau effective
action is far removed from the original action, involving electrons and ions, that
describes a superconductor.

7.2.1 Condensates and solitons

There is only one kind of soliton in classical QCD: the instanton (and its relatives,
calorons and sphalerons). It is certainly possible, in principle, that there could
be a finite density of instantons in the QCD vacuum. In that case, we speak of a
condensate of instantons. Some of the properties of the instanton condensate would
be captured in VEVs such as —(Tr gfw) or other combinations of gauge-invariant
field strengths that could possess a VEV, that are also referred to as condensates.? At
a simple and incomplete level of understanding, one could find a formula relating
the instanton density to the value of this VEV. But even if this VEV were to vanish,

! Instantons and the like in NAGTS have not proven suitable for explaining nonperturbative phenomena because
it is far from clear how to tame the infrared instabilities of these solitons, which are allowed in arbitrarily large
sizes classically.

2 The phenomenological existence of such condensates was proposed long ago; see Novikov et al. [1], for
example, who make reference to earlier works.



146 Nonperturbative gluon mass and quantum solitons

it would not in any essential way affect the possibility of the existence of one or a
few instantons in the QCD vacuum.

Things are very different with the quantum solitons we discuss in this and the next
chapter. Unless there is a condensate, as measured by a finite VEV, the solitons
themselves will not exist. And once these solitons can exist, it is natural to think
that these solitons themselves supply the condensate VEV. So the solitons and the
condensates must exist together in a self-consistent way: it is impossible to have,
for example, just one center vortex as the only soliton in the vacuum; there must be
a condensate of solitons to have a condensate VEV. Although we study quantum
solitons, such as center vortices, as if they were isolated, they exist only by virtue of
a finite gluon mass, which summarizes the effects of a condensate whose properties
we do not investigate further here. In any case, to be an important contributor to
nonperturbative effects, any soliton must have a finite density in the vacuum (i.e.,
be part of a condensate).

One side of the self-consistent relation between quantum solitons and condensates
is already clear from Lavelle’s equation for the large-momentum behavior of the
running gluon mass, given in Chapter 2 for the Euclidean PT propagator:

2
d'(¢) >’ + cd%, (1.5)
where both the constant c¢; and the VEV are positive in d = 3, 4. If there is no
condensate, there is no quantum soliton because gluon mass is essential for the
soliton, and the condensate is essential for the gluon mass. The other side of the
quantum soliton-condensate relation amounts to the statement that the entropy of a
soliton of given action must exceed the action so that solitons can condense. There
is a good thermodynamic analog. The canonical partition function Z of, say, a

crystalline solid is
Z =exp[-B(U —TS)], (7.6)

where B is the inverse temperature 1/7T, U the free energy, and S the entropy (so
U — TS is the Helmholtz free energy, minimized in equilibrium for an isolated
system at constant temperature). In the QCD analog, S is still the entropy (of
gauge configurations of given action), BU is the action, and g? is analogous to
T. A strongly coupled gauge theory is like a condensed-matter system at high
temperature. Clearly, a crystalline solid will melt at high-enough temperature,
essentially because the entropy becomes so great as new configurations open up for
the melted material that 7' S exceeds U . This melted phase does support a condensate
of solitons (dislocations). Similarly, in QCD, we assume that the coupling is so
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large that the entropy of, say, a center vortex (per unit length in d = 3 or area in
d = 4) exceeds the action per unit length or area. In this case, the free energy can
decrease further by formation of more center vortices, and a condensate forms (its
formation arrested only by interactions among the center vortices).

Various estimates, not given here, suggest that this dominance of entropy over
action does take place for QCD in d = 4, and we can actually prove the existence
of a condensate in d = 3, as shown in the next chapter. So d = 3 QCD-like theories
confine just as do d = 4 theories.

We now take up the connection between a condensate of center vortices and
confinement. Then, in the next chapter, we discuss the role of nexuses, monopole-
like objects whose world lines lie on center vortex surfaces (and disorient them),
in generation of nonintegral topological charge as well as the QCD sphaleron, a
saddlepoint soliton associated with tunneling just as the usual sphaleron describes
a tunneling barrier in electroweak theory.

7.2.2 What does confinement really mean?

Any proposed mechanism of confinement must be tested in detail; it is not enough
to say vaguely that the mechanism keeps quarks and gluons from actually mate-
rializing. We are fortunate that computers allow us to look (at least in principle)
at detailed tests not readily available in the real world, where Wilson loops are
not much larger than the QCD scale length, quark loops can be broken by pair
production, and the area law forces (linearly rising potential) may in certain cases
be far from the most important part of the QCD binding forces.

To conduct these tests, we imagine an idealized world of NAGT gauge potentials
but no matter fields at all. Confinement will be probed with large Wilson loops
whose relevant length scales are large compared to the NAGT length scale in
various group representations. Following is a list of some of the important tests of
confinement. To keep this book to a manageable length, we will discuss just the first
four criteria in this chapter (and finite-temperature issues in Chapters 9 and 10).
For the other four, it is not always the case that both a detailed center-vortex picture
and lattice simulations exist; for example, although there are lattice simulations of
k-string tensions, there is yet no good theoretical understanding of the details of
such string tensions in any confinement picture, and there are no lattice simulations
on multiple Wilson loops, as called for in item 7. Where a center-vortex picture
and lattice simulations both exist for a given criterion, there is good agreement. It
would take us far too much space to detail this agreement. For a comprehensive
review of this and other results up to 2003, see Greensite[2].
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1. The leading term in the VEV of a fundamental-representation Wilson loop,
all of whose scale lengths are large compared to the QCD length scale, is of
the form exp[— K p A], where A is the area of a minimal surface spanning the
loop and K is the usual string tension.

2. For SU(3) baryons made of static quarks, the baryonic area law is a Y-law,
with the three-quark Wilson loop of the form exp{—K r[) _ A;]}, where K ¢ is
the fundamental mesonic string tension and the A;, i = 1, 2, 3, are minimal
areas of three Wilson loops having a common line. This is a nontrivial state-
ment because the string tensions could have been a sum of pairwise forces.
(The analogs for SU(N), N > 3, depend on certain as yet uncalculated prop-
erties of k-string tensions; see criterion 5.)

3. The Wilson loop for the adjoint representation (or other representations with
N-ality® zero) shows no area law extending to arbitrarily large distance;
instead it shows screening. This means that the leading term is a perimeter
term of the form exp[—M L] for some mass M ~ m and loop perimeter L.
However, there is an area law and a so-called breakable string for intermediate
distances. At a distance roughly corresponding to storing enough energy in
the string to allow formation of a gluon pair, the string breaks as this pair is
formed by tunneling. Because it takes an energy of about 2m for gluon-pair
formation, this breaking occurs at some finite distance, and the breakable
string plays a role up to this distance.

4. Ttshould explain the general characteristics of hybrids, which differ from ggg
or gq states by having one or more extra valence gluons. The center-vortex
picture is in good agreement with lattice simulations.

5. There should be plausible explanations for finite-temperature phenomena,
including deconfinement, the mechanism for the thermal phase transi-
tion, chiral symmetry restoration, and generation of a magnetic mass in
d=23.

6. For SU(N) with N > 3, there are k-string tensions Ky, subject to K; =
K n—k, depending only on the N-ality k. The real test is to calculate the Ky,
which has not yet been done accurately for any picture of confinement. (For
center vortices, there are different areal densities p, = pn—i that have yet to
be calculated; their knowledge is tantamount to knowing the Kj.)

7. The exceptional Lie groups G, Fy, and Eg, whose centers are trivial, have
no confined representations, only screened ones. In the center vortex picture,

3 The N-ality is an integer equal to the number n — /i mod N, where n is the number of fundamental repre-
sentations and 71 is the number of antifundamental representations of SU(N) whose product forms the given
representation.
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these groups each have a vortex solution that corresponds to the trivial element
(the identity) of the gauge group; these behave just as explained in item 3 for
N-ality = O representations in the gauge group SU(N).*

8. A confinement mechanism should explain certain special cases such as for
two disjoint, parallel, fundamental-representation Wilson loops as a function
of separation between them: does the compound Wilson loop behave as if it
were rings with soap films stretched on them?

There is not space here to detail all these criteria, and we concentrate on the first
four. As for the rest; some but not all finite-temperature effects will be discussed
in Chapters 9 and 10. It is worth pointing out here the basic reason for a finite-
temperature transition to a deconfined phase in the center vortex picture [3]. As the
length B of the Euclidean time direction shrinks with increasing temperature, the
vortices of size m~! are squeezed in this direction. When (up to a factor we will not
estimate) m ~ T, vortices tend to point in the time direction because the action of
spacelike vortices increases, and their entropy decreases because of the squeezing.
Vortices pointing in the time direction cannot link to a Polyakov loop, so there is a
transition to deconfinement. These vortices are not entropically constrained in the
three spacelike directions and can condense, providing for mass generation in this
d = 3 space.’ Essentially, the same explanation was given later and confirmed by
lattice simulations: confining vortices fail to condense (percolate) above a critical
temperature [4, 5]. For interesting but not definitive work on k-string tensions, see
Greensite and Olejnik [6] and [7], who show that center vortices are consistent
but not yet predictive with what is known (from the lattice) about such tensions.
The exceptional gauge group G, is discussed by Holland et al. [8, 9] and Pepe
[10]. The last criterion — essentially about the tension in surfaces spanning Wilson
loops — is particularly challenging for center vortices because the basic topological
confinement mechanism of linkages of loops and center vortices is independent of
any surface spanning a Wilson loop. Some progress has been made, using center
vortices, on this problem (see also [11] and [12]), but there are no lattice results for
comparison.

&~

Aside from the triviality of the center, there is a physical explanation why there is screening but not confinement
in such theories. Consider G; all of its representations can be decomposed into sums of SU (3) representations.
The gluons lie in 8 & 3 @ 3, and so a string in any G, representation can break by production of 3, 3 gluons. It
takes three gluons to shield a G, “quark.”

For bosons, dynamical mass generation as discussed here is not damped by finite-temperature effects, whereas
for fermions mass generation is damped, so the superconducting mass gap for superconductors vanishes above
a certain temperature.

()
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7.3 The quantum solitons

Three fundamental types of solitons are extrema of the NAGT effective action. The
first is the center vortex of the present chapter.’ In the next chapter, we present
its close relative, the nexus [15, 16, 17, 18, 19, 20, 21], and modified versions of
the instanton [14] and sphaleron [22]. Of these, the most important are the center
vortex and the nexus, a monopole-like object whose world line is in fact embedded
in a center vortex and therefore does not exist independently of center vortices.

All the solitons have idealized three-dimensional (static) realizations displayed by
dropping the time integration in the d = 4 effective action S.¢ and extremalizing
the resulting d = 3 massive effective Hamiltonian’:

1 3 2 m’ [ -1 2
Heffz—ng derg,.j—? ExTr[U'DU]. (7.7)

The coupling g2 is evaluated at some low mass scale such as m? itself. Rescale the
potential as done in Derrick’s theorem: A;(X) — (1/0).A;(pX). Then the first term
of H.g scales like 1/p and the mass term scales like m2p. Using p as a variational
parameter shows that S. must have solitons of size p ~ m~! and that H. itself
scales like 7 /g?. Note that the value of H.g scales with the length of the z-axis, or
more generally with the length of the closed string defining the vortex. Similarly, in
d = 4, the vortex effective action scales with the area of the closed vortex surface
(because of the reinstated integral over the time direction). All the solitons have
d = 4 counterparts, whose form we will discuss as needed. However, it is in their
d = 3 realization that we see most clearly their topological structure.

The gauge potential and the U-matrix are coupled at large distances. So that the
energy of a soliton can be infrared finite, the integrand of both the G? term and
the mass term in Seir must vanish at infinity. These requirements imply that 4;
approaches a pure gauge at infinite distance, and this gauge is precisely U itself:

X; = 00 : A = U U, (7.8)

as one sees from Eq. (7.11). Generally, the subleading terms vanish exponentially
rapidly near infinity. The topological properties of a soliton are characterized by the
behavior of U at large distance. These topological properties are most succinctly

6 The center vortex was introduced as a mathematical construct by ’t Hooft [13]. The first dynamical model based
on gluon mass is given in [14]. For a review of the lattice properties of center vortices, see Greensite [2].

7 This has the same form as the effective action Sef(3) of d = 3 gauge theory, except that the coupling g% has
dimensions of mass; thus, Seff(3) is dimensionless.
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expressed as certain homotopies, whose mathematical truth we take for granted
in this book.? For us, the interesting question is the physical realization of these
homotopies. So for each soliton, we begin by postulating a form for U that not only
carries the homotopy but also provides instructions for the kinematic structure of
the soliton in spatial and group coordinates.

All we need to know about homotopies at this point is that the homotopy group
I1;, which applies to the center vortex, describes the ways in which a closed one-
dimensional string can be mapped on to a topological space. In physical terms, this
is the homotopy that tells us the consequences of the topological linkage of the
closed string of a center vortex (at a given time) with a Wilson loop. We find these
consequences by studying the usual Wilson loop for a closed curve I" but without
taking its trace:

Wr = Pexp |:7§dxu .A“(x)i| . (7.9)
r

To preserve the single-valuedness of the gauge potential .4,,(x) in the presence of
vortices, we must — as shown later in this chapter — quantize the magnetic flux
carried by center vortices, which causes the group matrix WWr to lie in the center
of the group (the necessarily Abelian subgroup that commutes with all group
elements). If Wr is in the fundamental representation, its elements are of the form
of powers of exp[27i/N] times the N x N identity matrix for SU(N). But in
representations with N-ality zero, such as the adjoint representation, the elements
of Wr are only the identity matrix itself.

Because the center group is Abelian, center vortices themselves appear at first
glance to be simply Abelian objects and so are described by group matrices in
the Cartan subalgebra of SU(N). To the extent that center vortices are Abelian,
they very much resemble earlier vortex constructions in physics, notably the
Abrikosov vortex of type II superconductors and its relativistic generalization,
the Nielsen—Olesen vortex of the Abelian Higgs model. In fact, as one might
expect for a non-Abelian group, center vortices are much more complicated than
these earlier vortices and actually must be thought of as participating fully in non-
Abelian processes. But we need not study this now; it is the subject of the next
chapter.

8 Roughly speaking, homotopy groups I1,(X) classify the different ways an n-sphere can be mapped to a
topological space X. The group IT; — the fundamental group — tells about the ways of mapping closed d = 1
loops into the space. For us, such a closed loop is a Wilson loop. As we will see in Chapter 8, I, is relevant for
nexus-vortex intersections (a source of topological charge) and I3 for various carriers of topological charge.
For a review of homotopies and other topological subjects aimed at physicists, see Mermin [23].
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7.4 The center vortex soliton

The field equations for S are
[D;, Gjil —m*A;i =0 (7.10)
[D:, Ai1 =0,

where the first equation comes from varying .4;, the second equation from varying
U, and A; is defined by

A=A +@Q;UU. (7.11)

It is important to note that the U equation of motion is not really independent; it is
required by the identity

[D;, [Dj, Gij]1 = 0. (7.12)

The equation for U has an interesting interpretation. After some algebra, one finds
that it can be written

FUAU ' +UKU ) =0. (7.13)

(The analogous equation also holds in d = 4.) This says that if the original gauge
potential is in the Landau gauge (as, e.g., happens for center vortices), there is
a gauge transformation U that preserves this gauge — in other words, a Gribov
ambiguity. So if there is a condensate of center vortices, there is automatically a
condensate of Gribov ambiguities.

There are solutions to the U equation of motion in perturbation theory, but they
are of no interest for the solitons. They do, however, exhibit the long-range
longitudinally coupled scalar excitations that are essential if a gauge-invariant
gluon mass is to be generated. Because the gauge potential incorporates a power
of the coupling g, this is an expansion in powers of A4; itself. Write U = exp w,
where w is an anti-Hermitean function on the Lie algebra, and find [24]:

1 1 1 1 1
a)=—ﬁ8-A+ﬁ{[Ai,aiﬁa-A}—i-z[a-A,ﬁa-A]+-'-}. (7.14)

Clearly, this is a very complicated object because of the non-Abelian nature of
the group. But for the standard Abelian center vortex that we now take up, U is a
diagonal matrix that commutes with all its derivatives.

7.4.1 The standard Abelian center vortex

The simplest case [14] for the center vortex is an Abelian thick string extending
along the entire z-axis. (We consider that the z-axis is a closed string, identifying the
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points at 00.) In this case, the center vortex is (with some important limitations)
the Nielsen—Olesen vortex of the Abelian Higgs model in the limit of infinite
Higgs-field mass. Only the massless Goldstone fields survive, to be eaten by the
gauge field. The appropriate ansatz for U (equivalent to the angular, or Goldstone,
part of the Higgs—Goldstone field) is

U=expliQp] UU'= %7),-, (7.15)
where ¢, p are cylindrical coordinates and d?, is a unit vector in the ¢ direction; Q
is diagonal and one of a set of matrices in the Cartan subalgebra whose detailed
properties we will soon give. Because Q is the only group matrix appearing in the
standard center vortex, this vortex has no obvious non-Abelian properties; Q itself
is equivalent to an Abelian charge and U to a simple phase factor.

To make the connection to the Abelian Higgs model, note that in that model, the
Higgs—Goldstone field v is of the form ¢ = x exp[i¢]. The real (Hermitean) field
x (p) is the Higgs field; it has a vacuum expectation value v. The Goldstone field
is ¢ and is massless. The coupling to the canonical Abelian gauge potential A; is

1 .
S19;v —iGA;y I, (7.16)

with G standing for the Abelian charge of the Higgs field; G is replaced by the
diagonal matrix Q in the NAGT version. Suppose we freeze the field y by taking
the limit of infinite Higgs self-coupling A at fixed v (or equivalently, at infinite
Higgs mass). In the scalar coupling term A(|y|? — v?)?, the limit tells us that
x = v everywhere. This is a singular limit because for finite A, the equations of
motion say that the field x vanishes at the center of the vortex (along the z-axis, in
our case). But in this limit, the Higgs-gauge potential coupling simply reduces to
the Abelian version of the mass term in Eq. (7.7), with gauge particle mass’ Gv.
In the case of NAGTs with no Higgs fields, the effective vanishing of the Higgs
field along the vortex axis is replaced by the requirement, coming from solving
the Schwinger-Dyson equations, that the dynamical gluon mass vanish at large
momentum or short distance. For the sake of brevity, we will not actually impose
this condition on the solitons of this book; failure to do so leaves some logarithmic
divergences in the gauged nonlinear sigma model part of the action that will be
resolved when the short-distance vanishing of the mass is accounted for.

As is the case with all gauge solitons, the form of the gauge potential .A4; follows
from the form of the pure-gauge part. Equation (7.15) suggests the following simple

9 In the non-Abelian case, it is also possible to interpret the gauged nonlinear sigma model mass term as coming
from N frozen Higgs fields in the fundamental representation of SU(N) [14].
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kinematics for A;:

0

A = T@F(p» (7.17)

With this ansatz, 9;.4; = 0, so the potential is in the Landau gauge; of course, any
other gauge can be reached by a regular gauge transformation.

The corresponding pure-gauge potential U d; U ~! has no gauge fields almost every-
where, but there is a Dirac string (in this case, the z-axis) where there is a singular
field strength.'® We will see that the short-range parts of 4;, the only parts depend-
ing on the mass, precisely cancel this string so that there is no such string in the
full gauge potential .A4;. But the would-be Dirac string is essential for describing
the topology and homotopy.

The U equation is
Vi =0 (7.18)

and is satisfied by the usual polar angle, except for the z-axis.!! However, because
¢ is discontinuous along the z-axis, there is a singular magnetic field along this
axis, or in other words, a Dirac string:

Bi = € [v,- x %ak} = <%) 2772:8(x)8(). (7.19)
There must be such a singularity to this solution of Laplace’s equation somewhere
in three-space. We now show that the equations of motion automatically cancel
this singularity with an equal and opposite contribution from the short-range parts
of A;. These equations are as follows:

VA = m* (A — 8;9), (7.20)
and they have the solution

~ 1
A = igdh' |:—mK1(m,0) + ;i| ) (7.21)
where K, is the Hankel function of the first kind with an imaginary argument.
As advertised, near the Dirac string (p =~ 0), the singularity of the Hankel func-
tion exactly cancels the 1/p term; moreover, at large p, the K; term vanishes

exponentially, and .4; approaches the required pure gauge.

10 T other dimensions d , there is a Dirac hypersurface of dimension d — 2, that is, of codimension 2.
! There are no perturbative contributions from the series in Eq. (7.14).



7.4 The center vortex soliton 155

7.4.2 The general center vortex

To describe a center vortex generally, specify a closed line (surface) in d = 3(4)'?
and a matrix in the Cartan subalgebra that gives rise to a center element on parallel
transport of the vortex’s gauge function around a closed loop. We will only describe
k = 1 vortices explicitly here because higher-k vortices are in some sense composed
of k = 1 vortices.

In d = 3, the generalized center vortex is

270
A ) = ”iQ’ s f Q2 B [ Al —2) = Ao = 2], (7.22)
T

where A, is the free d = 3 propagator for mass m(0) and I'" is a closed curve; the
coordinate z traces out the curve. It may not be obvious, but the massless propagator
term is the generalization of the pure gauge U of Eq. (7.18) but with a Dirac string
along the closed curve I'.!3 With the identification of the A, term with the U term,
it is easy to check that the field equations are satisfied by the vortex of Eq. (7.22).
A simple calculation gives the field strength:

270 ;
Gap = nin €abc %dzc m*Ap(x = 2). (7.23)
r

This has an integrable logarithmic singularity on the Dirac string, which would be
removed if we were to account for the short-distance vanishing of the mass. There
is no singularity in the classical G? action term, but the mass term has a logarithmic
short-distance divergence that would be cured by the short-distance vanishing of
the mass.

The generalization to d = 4 is equally simple:

2 1
Au(x; j) = niQJ Eeuvaﬂav %d%ﬂ(z) [An(x —2) — Ao(x —2)], (7.24)
r

where now the integral is over a closed two-surface I' of surface element do,g(z)
and the propagators are four-dimensional. The field strengths are
2 Q j

i

g;w(X; J)=

?g A&, (2)m*An(x — 2), (7.25)
r

where dgu,, is the dual surface element.

The massive propagators, in either dimension, approach the massless ones in the
limit m|x — z| < 1, so the propagator singularities cancel on the would-be Dirac
string or surface. (This shows, by the way, that for finiteness, one must choose

12 For general dimensions, the Dirac singularity of the pure-gauge part of a center vortex has codimension 2 or
ordinary dimension d — 2. So in d = 2, vortices are point particles.
13 A function F; can be both a gradient and a curl, provided it satisfies Laplace’s equation.
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the same string or surface for the massive and massless terms in the vortex.) This
cancellation gets rid of the Dirac string-surface in the full soliton. However, it will
prove very useful for us later to have expressions for these Dirac string-surface
field strengths because they give the cleanest view of the topology of these vortices
and their interactions. From the field strengths in Egs. (7.23) and (7.25) and from
the propagators expressed as Fourier integrals, the Dirac would-be singularities
emerge in the limit m — oo — or otherwise said, the limit of zero vortex thickness —
and give

2 .
d=3: Qo= ”iQf Cune 7§ dze 850x — 2) (7.26)
I

27TQj

i

d=4: Qw(x;j) = fdg,uu(z) 34(X - Z)’
r

so they are just integrals of delta functions over the string-surface.

So far we have not explained why the string-surface must be closed. Suppose
otherwise and consider the integral in d = 3:

0
Ai(x) = €30 / dz Ao(x — z2), (7.27)
—00

which represents part of the center vortex but with an open string. Do the integral
to find precisely the gauge potential of a Dirac monopole with a magnetic field
~ 1/r? and a Dirac string along the negative z-axis. We know there are no such
long-range monopoles in QCD, so to exclude them, we use a closed string. (The
same argument works for d = 4, using a surface with boundary rather than a
closed surface. The boundary is a closed loop, the world line of the monopole.)
This argument is certainly correct for Abelian vortices but not for non-Abelian
vortices, as we describe in the next chapter for vortex junctions.

7.4.3 The Q-matrices and the center-vortex homotopy

Relation of confinement to homotopy Now we can see how to associate a homo-
topy with the group carried by Wilson loops themselves. A Wilson loop depends
on a closed curve and a map of this curve to group elements:

WE = Pexp [ 55 dx; Ai] , (7.28)
r

where I" is a closed curve and R labels the group representation for the loop. The
argument in the exponent, 4;[x(¢)], is a map of the closed curve described by
x;j(t), as t runs from O to 1, say, to an element of the Lie algebra of the gauge
group. Exponentiation turns this into a map of the loop to the gauge group, and so
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the homotopy is the group of (Wilson) loops to the gauge group G, or I1;(G). Of
course, I1; tells us to look for a wrapping of closed strings around this gauge group.
One must be careful to appreciate that the gauge group G for gluons is not SU(N)
but SU(N)/Zy, where Zy, the group of integers, is the center of the gauge group.
As far as gluons go, any group element of SU(N) transforming it has exactly the
same effect as if any element of the center group in this element were discarded.
Equivalently, for the adjoint representation, every element of the center group is
represented by the identity. So the homotopy associated with the center vortex is

I[1,(SUN)/Zn) = Zy, (7.29)

which is not at all the same as IT;(SU(N)) ~ I. These equations are not entirely
trivial, but we will not pause to prove them here by the usual mathematical tech-
niques. Instead, we give a physical demonstration.

Let the curve I" be any closed path in the presence of a center vortex with Dirac
string along the z-axis, as in the standard form of Eq. (7.21), and let all parts of the
loop be far from the z-axis. At the Wilson loop, the only surviving part of the gauge
potential is its pure-gauge part, as in Eq. (7.8), in which case, W¥ is the product
U@i)U~'(f), where i, f are the (identical) initial and final points of the contour I",
respectively. These are the same points, but different curves between them gives
different results. If the curve does not enclose the z-axis, then WE = I, where I is
the identity matrix. But if the curve does enclose it (is linked to it), the result is

WE = exp[27iQ], (7.30)

where Q is the representative of the group generator in representation R.

Here is the physics of the homotopy group. One of the most basic requirements
we can place on the gauge potentials of an NAGT is that they be single valued.
Imagine transporting a localized gluon wave function once around a curve I" linked
to the z-axis (and thus to the center vortex of Eq. (7.21)) and back to the starting
position. This has to yield the same wave function. When I" is far from the z-axis,
the only contribution comes from the pure-gauge function U. As the gluon wave
function is transported around the closed loop, it suffers a gauge transformation:

A > VAV + VoV (7.31)
where V is the group element

V = Pexp [%dinaiU_l] . (7.32)

With U = exp[iQ¢], this phase factor is just V = U(¢p =27)U1(0) =
exp[27iQ]. The only elements of SU(N) that commute with all other elements
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are elements of the center, and we conclude that exp(2iQ) is in the center of the
group.

The Q-matrices What matrices Q realize the center of the group in the fun-
damental representation? For SU(N), the center is generated by the matrix'*
Z = exp(2mi/N) and contains the elements Z(k) = Z*¥, k = 1,2, ... N. There are
center vortices for every value of k, which we call k-vortices. The magnetic flux
carried by a k-vortex is just k£ (in units of 27 /N); because multiples of 27 are
irrelevant, we need only define flux mod N. There are many traceless diagonal
matrices Q for any value of k, and we need indices to distinguish them. For k = 1,
the generator Z is the exponential of any of the matrices Q;, j =1...N:

1 1 1 1

o ) j=12...N, (133
NNCN TN N )J (7.33)

Q; = diag <
with the —1 in the jth position.'> Each of these matrices obeys
exp[27iQ ;] = exp[27i/N] (7.34)

and so has unit flux. Because each Q; can be transformed into any other by an
element of the permutation group, one may think of the index j as a label for group
collective coordinates of the vortex. These matrices are linearly dependent; the sum
of all N of them vanishes. They obey the trace formula

1
Tr(Q:0)) =6; — N (7.35)

It might be thought that for a k-vortex, one replaces Q; by kQ;; however, the
corresponding vortex has higher energy than one with the same space-time config-
uration but using the matrix Q ;(k) defined as the sum of any k distinct Q ;. The
energy of a k = 1 vortex (or action, in d = 4) scales with the factor

1 , N-—-1
A k-vortex described by Q ;(k) has flux k and energy proportional to
1 , k(N —k)

Note that this is symmetric under the exchange k <> N — k, which is equivalent
to replacing a k-vortex by its antivortex, or conjugate vortex with flux —k mod N.

14 The identity matrix I is understood.
15 Various useful properties of these matrices are given in [7].
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This antivortex is just the N — k-vortex. Note also that this action factor is less than
the action factor of k widely separated unit vortices, so in some sense, k-vortices
are bound composites of unit vortices.

In SU(N) for odd N, there are (N — 1)/2 vortices plus their antivortices or conju-
gate vortices identical in all dynamical properties (except for their fluxes, which are
opposite in sign) to those of their vortex partners. For even N, there is in addition a
self-conjugate vortex. This property has special implications for SU(2) and SU (3),
which are the only unitary groups with exactly one dynamically distinct vortex. For
N > 3, there is always more than one type with generically different space-time
density and other dynamical properties. Little is known about center vortices for
N > 3.

One might think that center vortices are irrelevant at large N because their action
Sc increases with N in the *t Hooft limit of Ng? fixed, and so exp(—S¢) vanishes
strongly. However, for the leading N behavior, the collective-coordinate integral
over the gauge group grows with N at exactly the rate needed to compensate for the
action [25] (this also happens for other solitons with action growing like a power
of N such as instantons [26]). What happens at nonleading orders remains to be
settled, but there can well be the necessary cancellations that cause center vortices
to persist at large N. We will, for other reasons, only discuss N = 2, 3 explicitly,
and so the large- N behavior is a secondary issue.

7.4.4 Confinement

Confinement is a topological property of center vortices, with the homotopy of
Eq. (7.29) directly realized as a linking of closed center-vortex Dirac strings with
a Wilson loop.

If center vortices are to be responsible for confinement, there must be a condensate
of them — that is, a finite density of vortices.'® Such a condensate forms when
the configurational (and other) entropy of vortices per unit length (in d = 3)"7
exceeds their action per unit length, in which case, a finite fraction of the vortices
will have infinite length. A little thought shows that the vortex density is an areal
density with the same codimension as the vortices. So in d = 2, k-vortices, which
are point particles there, have a density p; per unit area. By imagining that d = 2
is projected from higher dimensions, one sees that, in all dimensions, the vortex

16 Recall that as long as the entropy exceeds the action, the vortices grow bigger and bigger; at some point,
they fill enough of the space so that the entropy of an additional vortex segment diminishes because of the
unavailability of unoccupied space. If this new segment were to try to occupy space that already had a vortex,
the action would increase. The result is that growth terminates at a finite vortex density where the increase in
action just balances the decrease in entropy.

17 In other dimensions, substitute a closed hypersurface of codimension 2.
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density is an area density. Although it is true that the density p; of vortices and the
density p_; = py—_i of conjugate vortices are always equal, there is no reason for
the density to be independent of k; however, there are in fact good reasons for py to
depend nontrivially on k. In SU(2) and SU(3), there is only one density, so these
two groups give the easiest description of confinement (and fortunately, both are
relevant to the real world).

The simplest semirealistic picture of center-vortex confinement begins with a flat
Wilson loop, whose boundary is the flat curve I', in the fundamental representation
of SU(N); we drop the superscript R indicating this representation. Take this loop
to be a sum of touching squares, each of side A, and I is similarly approximated
by a polygon of sides A. The length A is the correlation length of vortices such that
there is only one vortex per A-square. Any such square is pierced by a single vortex
with probability p, and clearly

p = pi’. (7.38)

Now assume that piercings in different A-squares are statistically independent,
which is not really true. However, correcting for this effect gives a quantitative
but not a qualitative change in the picture of confinement. We wish to calculate
the VEV (Wr) of this flat Wilson loop, bounded by the (also flat) curve I'. Our
interest is only in the area law part of this VEV, which comes solely from the long-
range pure-gauge parts of the vortex (the massless propagator terms in Eqs. (7.22)
and (7.24)). The massive propagator terms at best contribute perimeter terms to the
VEV.

Begin by calculating the fundamental-representation Wilson loop (not yet its VEV)
in the presence of a single k-vortex, described by the matrix Q;(k) and closed
contour C. We need the trace of the path-ordered exponential:

1 1
W = NTrF Wr = NTrFP exp [ﬁ dx; Ai] , (7.39)

and with the help of Eq. (7.22), we find
W = ?miCiOtE, (7.40)

where

Lk = %dxi Eijk %dyj akA()(x - y) (741)
r C
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The expression for Lk happens to be the canonical expression for the Gauss linking
number of two closed curves in d = 3 (which is why we call it Lk).'® Itis an integer
counting the signed number of times that the curve C is linked to the curve I' (see
Kaufmann [27]).

The linking number has another interesting interpretation as an Abelian Chern—
Simons term (see Chapter 9). The result, then, for the Wilson loop is

Wr = Z(k)". (7.42)

Only the link number mod N has any significance for the Wilson loop, which, for
a specific vortex, is a certain element of the center group. This is the dynamical
realization of the homotopy in Eq. (7.29) that we sought.

For an ensemble of vortices, under the assumption of vortex independence, the
Wilson loop VEV is an average of center-group elements, each of which is a
product over the vortices in a particular member of the ensemble of the form
IL Zl.L % where Z; is an element of the center of the gauge group, as specified by
the properties of the ith vortex (and the group representation of the loop itself ).

The rest of this section, deals explicitly only with SU (2, 3) for reasons given earlier.
For the fundamental Wilson loop in SU(2), the only nontrivial element of the center
has Z; = —1. In the preceding product, Lk; is the Gauss linking number of this
vortex with the Wilson loop. The Gauss linking number, a topological invariant, can
be written through an integration by parts as an intersection number of the vortex
and any surface spanning the Wilson loop; its (integral) value is independent of the
choice of surface.'” In the SU(2) case, the necessary average is

<exp |:in Z Lk,»:|> . (7.43)

We now make explicit the assumption that p is the probability that a vortex is
actually linked once to a flat Wilson loop. When an odd number of vortices is
linked once, the Wilson loop has value —1, and when an even number is linked, the
value is +1. If the assumption is true, the area law follows from multiplying the
probabilities p — p for all the A-squares of the spanning surface so that

2 A
(Wr) = (p — p)'"/* =exp [—| In(1 — 2p>|75] : (7.44)

where A /A? is the number N of A-squares in the Wilson loop. Another useful way
of expressing this area law is to write out the combinatorics for vortex occupancy

18 In other dimensions, the Wilson loop for a center vortex yields the Gauss linking number for linking of a closed
1-curve with a d — 2-dimensional closed hypersurface.

19 Which raises the interesting question of why a specific surface occurs in the VEV; for a flat Wilson loop, the
obvious and correct choice is the flat surface spanning the loop.
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<<

Figure 7.1. A baryonic Wilson loop in SU(3) is composed of three simple Wilson
loops sharing a common central line (expanded in the figure). The central line is
invisible to SU(3) center vortices.

of Nr sites of a surface spanning a Wilson loop I,

Nr(sz - 1)151%72

=(p-pN=1-2p"”, (7.45)

(Wr) = p™ — Nrp™'p + prt-

as before. Here each term represents the number of ways of arranging empty and
once-filled A-squares.

The result for SU(3) is also an area law but with a different string tension because of
different center-group phase factors. It is easy to see that p — p should be replaced
by p + cos(2z/3)p =1 — (3/2)p, where cos(27/3) is the average of the vortex
and conjugate vortex center elements.

We have assumed no correlations other than mutual repulsion between vortices,
but in fact, other correlations do exist. In particular, a vortex has a finite chance
of reentering a Wilson-loop spanning surface a few steps after piercing it the first
time; this dilutes the effective density of actually linked vortices below the density
p of vortices piercing the flat spanning surface, as shown in [11]. This dilution has
been observed in lattice simulations with center vortices [28].

Another issue for SU(3) is the form of the area law for baryons formed from
infinitely heavy static quarks; the corresponding Wilson loop is shown in Figure 7.1.

There are a priori two interesting possibilities: a sum of areas between each of
the three quark pairs (e.g., surface 4, spanning quark lines 1 and 3, with folds at
the two dotted lines) or a three-bladed minimal area joining each quark line to a
central Steiner line, often termed the Y-area law. In Figure 7.1, the Steiner line
is shown as three coincident lines from each of three elementary Wilson loops. A
straightforward extension of the linking arguments already given for the elementary
Wilson loop shows that the second possibility is correct [29]. Note that in SU(3),
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Figure 7.2. Adjoint potential U(mR) in a d = 2 center-vortex model.

these three coincident lines always give the identity element of the center group.
The Y -area law has been confirmed on the lattice [30, 31, 32, 33].

7.4.5 Screening

Physically, screening means that gluons or other N-ality zero fields have a string
between them, as do quarks, but the string breaks when enough energy has been
stored in it to materialize another gluon pair. Of course, this is the same thing that
happens for quarks when they are included as dynamical fields. A model of this
adjoint string breaking has been worked out in [25], with results for the potential
V(R) = (Kr/m)U(mR) shown in Figure 7.2. The model isind = 2, butthe NAGT
action used is not the conventional d = 2 action; instead, it has a mass term added
(and so is the same as Eq. (7.7), except for the integration, which is over two-space,
and the coupling, which has dimensions of mass). The center vortex is a point
particle described by the wave function

2
Ai(x) = (T_gQ) €k [Ap(x — x0) — Ao(x — Xxp)], (7.46)

where x is the center of the vortex. A condensate of these is simply a condensate
of point particles in the plane. A simple closed Wilson loop is linked to a vortex if
the vortex is inside the loop and is unlinked otherwise. However, if the Wilson loop
is in the adjoint representation, linkages contribute trivially to the loop VEV, and
we can drop the massless pure-gauge part of Eq. (7.46). The short-range massive
parts contribute only if they are within a distance ~ 1/m of the loop, whether inside
it or outside. Consider now the contribution of these vortices to an adjoint Wilson
rectangle with spatial width R. After integrating over all vortex positions xy and
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1\3

Figure 7.3. (Left) Wilson loop for a gqq G configuration (quarks labeled 1, 2, and
3; gluon labeled G). (Right) The same loop with the gluon line decomposed into
another quark and antiquark line, with quark line 3 singled out, as discussed in the
text.

other collective coordinates [34, 25], the adjoint potential of Figure 7.2 emerges.
It is the same for SU(2) and SU (3). Note that the center-vortex potential is always
positive, is roughly linear in R up to distances ~ 1/m, and then breaks (becomes
constant) at a distance of about 1 fm. The breaking height of about 2.4 K /m should
be of order 2m to materialize a gluon pair at breaking, suggesting that m ~ K }/ :
a value that is hardly quantitative but in the right ballpark.

Studying the adjoint potential on the lattice has been difficult, apparently because
of a poor overlap between the physical gluonic state and the corresponding adjoint
Wilson loop and because of the large distance to string breaking. But it is claimed
that breaking has been observed, at least in d = 3 SU(2) gauge theory (see, e.g.,
Kratochvila and de Forcrand [35]).

7.4.6 Hybrids

Finally, the role of a dynamical gluon mass (along with center vortices) is apparent
in lattice simulations [36] of a heavy-quark baryonic hybrid, a bound state of three
infinitely heavy quarks and a single valence gluon. The corresponding Wilson loop
is shown in Figure 7.3.

In Figure 7.3 (left), the gluon occupies what would be the Steiner line for an
ordinary baryon, but of course, the gluon world line, not being infinitely massive,
fluctuates. This gluon line can be decomposed into a g4 pair, as shown on the
right, indicating mixing between the hybrid and a baryon plus meson. In the lattice
simulations [36], the authors claim a clear signal of a mass of some 600 MeV for
the valence gluon; estimates [37] based on a modified form of the Y -law for normal
baryons, plus shorter-distance corrections, are in good agreement with the lattice
data over a range of separations of the three quarks.
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8

Nexuses, sphalerons, and fractional
topological charge

8.1 Introduction to nexuses and junctions

So far, it may appear that center vortices are embedded Abelian objects. But center
vortices can be extended to non-Abelian objects in several ways. We describe
two: the first we call junctions, representing the merging and branching of vortex
lines (or sheets, in d = 4) without the necessity of monopole-like objects called
nexuses; the second are nexuses themselves [1, 2, 3, 4], which are modifications of
’t Hooft—Polyakov monopoles but with their magnetic flux bundled into tubes that
are parts of center vortices. The most interesting property of nexuses is that, along
with center vortices, they admit the formation of quantum lumps of nonintegral
topological charge [5, 6, 7, 8, 9, 10]." Nexuses do not change the picture of
confinement given in this book in any material way, although this is not completely
obvious. But they enter in a crucial way into a reinterpretation of Polyakov’s [12]
discussion of confinement in the d = 3 Georgi—Glashow model, as we indicate at
the end of this section [2, 13].

Note that we continue to use the notation of Chapter 7. All sections are in Euclidean
space, except for Section 8.3.2, which is in Minkowski space.

8.1.1 Junctions

Junctions are thick points (d = 3) or lines (d = 4) where a vortex can branch into
other vortices [14, 15]. It is easy to draw them in d = 3, where they look like
vacuum Feynman graphs. Figure 8.1 shows a simple example with four junctions
in SU(3), where three lines meet at each junction (up to N lines can meet at an
SU(N) junction, each associated with a distinct flux matrix Q).

' In SU(2), sphalerons (see Section 8.3) can carry half-integral topological charge [11] as lines that form when
an ordinary instanton is split in half and the halves are pulled apart.

167
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Figure 8.1. A junction and an antijunction in SU(3). The numbers labeling the
lines are the values of the index i in the flux matrix Q; of each vortex line.

Suppose that one of the loops with lines labeled 2 and 3 meets the line labeled 1
at the origin 0. In the neighborhood of the origin, the junction term of the gauge
potential is

2 3
A0 = ey Y /0 dz(@) O (Anlz(@) — ] — Aolz(@) — 21}, (8.1)
a=1

where the Q, are the three k = 1 matrices of SU(3) discussed earlier.> Because
23 Q; = 0, the objection to open vortex lines, raised in Section 7.4.2, no longer
applies; the would-be monopole charge, which is the sum of the Q;, vanishes.
For N > 3, there are configurations where some of the lines have higher flux: a
k-vortex arises from associating a sum Q; + Q, + - - - with a single line integral.?
Because of this feature, junction lines are not topologically stable, but they can
be entropically stable because the total configurational entropy of two or more
junction lines is greater than the entropy of a fewer number. Whether they actually
are entropically stable depends on a comparison of action and entropy, which we
do not attempt here.

Every junction has an action above and beyond the action per length of the vortices
to which it is attached. Generally, this action depends on the geometry of the
junction (e.g., it vanishes if lines 2 and 3 of Figure 8.1 are collapsed into one).
The case in which the three junction lines meet at right angles has the d = 3 value
2rm/g? [1].

8.1.2 Nexuses, magnetic charge, and topological charge

In NAGTSs where all gluons have mass (not necessarily equal, so we contem-
plate Higgs—Kibble effects here, as in the Georgi—Glashow model), the radially

2 Note that the lines are oriented, and they either all go in or all go out of the junction at the origin. We need not
specify the upper limits of integration, which are irrelevant to the present discussion.
3 For SU(3), there is no nontrivial junction with £ > 1.
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Figure 8.2. An SU(2) nexus, showing two tubes of field lines.

symmetric long-range magnetic field of the ’t Hooft—Polyakov monopole is
squeezed into two or more flux tubes, as shown in Figure 8.2. These flux tubes,
which must close either at infinity or on an antinexus, have magnetic flux quantized
in the center of the gauge group, just as for center vortices, and for exactly the same
reason: gluon wave functions must be single valued on transport around one of the
tubes. In fact, these tubes are nothing but pieces of center vortices, divided up by
closed nexus and antinexus world lines. So in the simplest case of two flux tubes,
each tube has the same I1; homotopy exemplified in Eq. (7.40), except that each
tube has a different representative of the set of matrices Q ;(k). It will turn out that
the total flux of the two tubes together is just that of a 't Hooft—Polyakov monopole
for every SU(N).

The field lines from the nexus shown in Figure 8.2 must close, which requires the
presence of an antinexus. So a simple d = 4 case of a center vortex with nexuses
is a torus, with a nexus world line and an antinexus world line (nonintersecting)
wrapped around it. These world lines effectively divide the center vortex into
regions of different orientation; the center vortex as a whole is nonorientable. This,
it turns out, is crucial to the formation of topological charge.

Let us reduce the topological charge to its topological essentials by saving only the
long-range pure-gauge parts of vortices and nexuses, which have singular fields on
their Dirac surfaces and lines. There are several ways to think of this topological
charge:

1. It is formed when a nexus world line links to a center-vortex surface
[7,8,9, 10, 16].

2. Itis measured by the usual [ GG topological charge integral, which can be
interpreted both as the signed intersection number of nonorientable surfaces
and as the vortex-nexus linking number [7, 8, 9, 10, 16]. A special case of
this occurs when vortices carry twist or writhe [5, 6,7, 8, 9, 10, 16].

3. It can be interpreted in terms of a monopole magnetic charge, as defined
by a standard integral of the type [ B - dS over a closed two-sphere [17].

In all cases, the topological charge is divided into nonintegral parts. Generically, two
closed surfaces intersect in an even number of points*; in this case, the topological

4 The points actually have an extension of size ~ 1/m if we save short-range parts of the gauge fields.
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charge associated with each such point is quantized in units of 1/N, but the total
charge is integral if the surfaces are compact. Later we will see that self-intersection
effects from twist and writhe [18] can lead to topological charge that is nonintegral
but otherwise of any size.

Standard textbooks say that topological charge is manifested through instantons,
which are compact lumps of integrally quantized topological charge. Actually, there
is no reason for any given compact lump of topological charge to have any particular
value, integral or otherwise. It may (and does) happen that the compact lumps carry
nonintegral charge, but in such a way that the global topological charge, integrated
over all Euclidean four-space, is an integer. This integrality result, however, is not
automatic but depends on the assumption of compactification of the three-space
bounding d = 4 space at infinity to a three-sphere S*. The gauge potentials carrying
topological charge now involve a map from the three-sphere to these potentials.
The gauge group SU(N) is either SU(2) or has SU(2) as a proper subgroup, and
SU(2) is topologically equivalent to S3. So these maps are just maps of S3 to S°.
Another way of speaking of these maps is through the homotopy

I SUQ2)) ~ Z. (8.2)

This one is easy; it just says that all maps of S3 onto itself consist of an integral
number of wrappings of one sphere onto another.’> So in a d = 4 space whose
boundary can be compactified, the fotal topological charge has to be an integer.
However, this does not require that compact lumps of topological charge have
integral charge, as instantons do, and we have already seen that nonintegral lumps
do exist in the forms of nexus-vortex intersections and related objects. Global com-
pactification simply requires that the sum of all the charges, integral or nonintegral,
be an integer.

8.2 Nexuses in SU(N)
8.2.1 The SU(2) nexus

The first step [1, 16] is to find the gauge representative of an SU(2) nexus ind = 3.
There are infinitely many choices; a simple one is

U = exp Bqﬁ -?] , (8.3)

where the T are Pauli matrices and other symbols have their usual meaning. Later
we will see that the generalization to SU(N) is quite straightforward. From this

5 Because any SU(N) has SU(2) as a subgroup, it turns out that IT3(SU(N)) =~ Z for all N, so our arguments
about integrality of topological charge apply for all gauge groups.
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gauge representative, we can find the Dirac-string fields; they are

1 -
Eqﬂ@j=—<§)adnﬁwuw@) (8.4)

These differ crucially from the corresponding Abelian expression by the factor
€(z), showing that the field lines reverse direction at the origin, which is where this
Dirac nexus sits.

This Dirac nexus is beginning to show features like those of the nexus in Figure 8.2.
To find the appropriate kinematics, form the gauge representative A; — Ud;U ™!,
and by inspection, choose for the full potential

A = E;—‘f"ramF — 1+ Geosgl+ (v —Fit -G sing + %%Bl, 8.5)
1 1 1

with
F=F(p,2); G=G(p,2); By = Bi(p). (8.6)

The function Bj carries the thick flux tube of the center vortex (but with oppositely
directed flux on the two halves of the z-axis), and so this kinematics describes a
compound of a thick center-vortex flux tube and the nearly pointlike core of the
nexus, just as in Eq. (7.21):

1
&=;—mmmm. (8.7)

Choose boundary conditions to make the gauge potential approach the pure gauge
based on the gauge representative of Eq. (8.3):

p,7 — 00 F—-0,G— —1 (8.8)
0,z —0: F—+1, G—=0.

There is no analytic solution to these coupled, nonlinear, partial differential equa-
tions, and no one has yet solved them numerically. However, there is a simple and
useful variational approximation [1] using trial functions with a single variational
parameter A:
A2 pr
F=——; G=——7>7— (8.9)
Az +r2 A2+ pr

These obey the correct boundary conditions. To find the nexus energy, calculate
the entire Hamiltonian with these functions and subtract from it the energy of the
pure vortex. One finds, after carrying out the usual variational steps, a nexus energy
3.22(4mm)/ g%
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8.2.2 The SU(N) nexus

All this generalizes to SU(N), although (just as with junctions) there are many
new geometries. Note that a nexus, as the boundary between two regions of a
vortex with differing field strengths, cannot have its tubes of chromomagnetic field
separated into two bundles arbitrarily. It is essential that a center vortex decorated
with a nexus give rise to precisely the same element of the center group, as found
by transporting the gauge representative around a closed curve linking with the
vortex for each flux tube. So for any nexus that has exactly two flux tubes, as in
Figure 8.2, if one of the tubes carries flux matrix Q1, e.g., then the other must carry
another Q; (and similarly for higher-flux matrices).

An elementary calculation shows that for any two choices of Qp, their difference
Qi — Qj is a Pauli matrix 73 for an embedded SU(2). This means that all entries
are zero, except for one +1 (in the jth position along the diagonal) and one —1 (in
the ith position). So we can write, e.g.,

1 1
Q1= -7+ R(12), Q2 = 77+ R(12),

R(12) = di ! + L] + L] (8.10)

=diag| =+ —,——+—,—,...|. .
S\T2 TN 27NN

The matrix R, commutes with the generators of the embedded SU(2). Now it is

elementary to find a gauge representative of a two-tube nexus:

U = e(i¢f-7/2)ei¢R(l2)’ (811)

where, of course, the Pauli matrices are in the embedded SU(2). The magnetic
charge of the nexus can be identified with the eigenvalues of the embedded t3,
which are £1, as would be required for a 't Hooft-Polyakov monopole.

8.2.3 Nexus magnetic charge

How do we detect the nexus magnetic charge and relate it to topological charge?
Because there is a strong connection between the nexus and the 't Hooft—Polyakov
monopole, the procedure [17] somewhat resembles that for the 't Hooft—Polyakov
monopole. The main difference is that there is no Higgs—Kibble field for the
nexus in a QCD-like theory. In the ’t Hooft—Polyakov monopole, the presence
of this Higgs—Kibble field in the adjoint of SU(2) breaks the gauge symmetry to
SU(2)/U(1), a space homotopic to the two-sphere S2, and the surviving long-range
magnetic field can be identified with, say, the 3 direction in group space. After a
suitable projection onto this unbroken U (1) subspace, the magnetic charge of the
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2

Figure 8.3. The inner black dot represents a nexus that we label A, and the lines
represent its associated flux tubes with fluxes described by Q ,. The outer circle
represents the plain vortex surface B with flux described by Q5.

’t Hooft—Polyakov monopole is measured through the integral

/d§ B = Qumag» (8.12)
r

where I' is an arbitrary closed surface surrounding the monopole; the integral yields
an integral magnetic charge Q. This corresponds to the homotopy that maps
this broken gauge group onto the two-sphere:

My(SUQR)/U (1) = Ty($?) = Z, (8.13)

where Z is the group of integers.

There is a sense in which nexuses also display this homotopy, although this is
suspicious because there is no symmetry breaking for the nexus for QCD-like
theories, and the homotopy I1,(G) is trivial for every non-Abelian gauge group
G. What in fact happens is that nexuses really display fopological charge and the
homotopy above [17] is simply a disguised form of the usual topological charge
integral:

Oopo = / A x Tr GG (8.14)

1672
We evaluate this integral for the generic intersection of the static nexus already
displayed with Dirac fields gf;y (see Eq. (8.4)) and a plain center vortex that we
call (B), as in Figure 8.3. The static nexus is the horizontal line with incoming flux
matrix Q) on the left and —Q, on the right. The center vortex surface (B) is a
closed surface with the topology of S? characterized by the matrix Q5. The vortex
and the nexus intersect at two points, and these are where the topological charge
density is located. The topological charge of the overlap between (A) and (B) is

1 4 (B (A) 1
Qtopo = _@ d*x Trg;w gu.v = R

/ do,, Tr 0,G5),  (8.15)
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where in the second equality, we replaced Gfﬁ) by its Dirac-surface form. For
SU(2), there are only two Q-matrices: Q; = —Q, = 13/2. Clearly, this second
equality is precisely the magnetic charge integral Qm,,, Which we now see is equal
to Qyopo; both are equal to unity.

For general SU(N), give nexus (A) the Q-matrices Q,, O., and give the vortex
(B) the Q-matrix Q. Now the trace factor is

Tr 0y (Qa — Qc) = 8ap — bcp- (8.16)

This, of course, has only the integral values 0, =1, vanishing if b is not equal to
either a or c. The topological charge depends very much on the surface surrounding
the nexus, unlike the purely artificial surface used to define the magnetic charge
of a 't Hooft—Polyakov monopole. As advertised, the total topological charge is
integral, with a fractional charge of Tr O, Q, = 6, — (1/N) at the crossing of flux
line a with the vortex surface. All this can be generalized to more complicated
vortices and nexuses, but we will not do that here.

8.2.4 Topological charge as an intersection number
for nonorientable vortex surfaces

Here we display the intersection number form of Qop, [7, 8, 9, 10, 16]. Start with
the vortex field strength in the Dirac-surface limit:

27 Qa

i

G, (x) =

/ 5, (2) 8(x — z(A)), (8.17)

where Q4 is one of the flux matrices Q and dglfv(z) is the dual surface element
for the surface A characteristic of the vortex. The standard topological charge of
Eq. (8.14) is, in terms of the sum of vortex field strengths,

Qupo = Y Tr(QaQ5)I(A, B), (8.18)
A,B

where 1(A, B) is an intersection number:
1 1
I(A, B) = €400p / Edalfv Edajg 8(z(A) — x(B)). (8.19)

The intersection number is &1 for every transverse intersection of a point on surface
A with a point on surface B (transverse means that the normals to the surfaces at
the point of intersection span Euclidean four-space).

We are on the road to getting lumps of fractional topological charge localized at the
intersection points because the trace factor Tr(Q 4 Q g) always has a denominator
of N for SU(N). Unfortunately, at this stage of the game, we always get zero
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Figure 8.4. Two closed oriented lines in d = 2 have a total intersection number
of zero because the two intersections have opposite orientation and cancel.

Figure 8.5. Two closed lines in d = 2, one with an SU(2) nexus-antinexus pair.
They have a total intersection number of 1 because the two intersections have the
same orientation.

from Eq. (8.18) [7, 8, 9, 10, 16, 17]. The reason is that when two closed oriented
surfaces intersect, the total intersection number is zero. One can see this from the
corresponding geometry in two dimensions, as shown in Figure 8.4. We will give
a formal proof that the total intersection number is zero in d = 4 very shortly.

For any pair of ordinary vortices, we can factor out the trace factor in Eq. (8.18),
and then the resulting charge is zero. So intersections do not seem very promising
for generating topological charge. We can fix the problem by remembering nexuses
that in effect change the Q matrices, while preserving the group-center element
associated with a vortex as one moves around a given vortex surface. The simplest
case to illustrate is SU(2), where a nexus simply changes the orientation of the
chromomagnetic flux. Figure 8.5 shows two intersecting, two-dimensional closed
curves, but this time, the one on the left has a nexus and an antinexus, reversing the
orientation at each. The plain curve, on the right, encloses (is linked to) the nexus,
and because the orientation reverses on passing the nexus, the intersection numbers
are 41 at both intersections. The Q-trace is 1/2, and now the topological charge is
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1/2 +1/2 = 1. The topological charge is still localized at the intersection points
and is fractional at these points, but the total topological charge is unity.

The same thing — appearance of lumps of topological charge quantized in units of
1/N, with integral total charge — happens in d = 4 and for any SU(N) [5, 6, 7,
8,9, 10, 16, 17]. Look at the simplest case, where a single nexus world line on
one vortex is linked to a closed vortex with no nexuses. Nexus world lines that
are unlinked contribute nothing and are omitted. With this understanding, write the
dual field strength of vortex A with nexuses as a sum:

GA(x) = Z”iQ“ /S doy, 8(x — 2(0)) + Z”in /S do,, 8(x — 2(0)).  (8.20)

where S, is a surface bounded by the closed nexus world line I" on one side, and
Sp 1s a surface bounded by the same world line on the other side. These boundaries
have opposite orientation, in the sense that

3S, =T  3S,=—T. (8.21)

Equation (8.20) is not literally correct because terms that exhibit the corresponding
antinexus world line, and possibly other nexuses and antinexuses, are omitted.
However, they are irrelevant to the topological charge if they are not linked to
the surface of the second vortex. This equation has another flaw: taken literally, it
violates the Bianchi identities. This is because there really is no mathematically
accurate way of modeling a nexus as an Abelian object; it is essentially non-
Abelian. One overcomes this Bianchi identity problem by smoothing the transition
from Q, to Q, over a region of size ~ 1/m, as in the nexus; this smoothing has no
effect on topological properties coming from long-range effects.

Let .AS (x) be the Dirac-singular part of the gauge potential of a second vortex with
no nexuses. Its Dirac gauge potential is an integral over a closed surface S.:

2 4 l / /
A (x) = _”TQGMW f; 5495 Aox = y(0"). (8.22)

The topological charge is expressible as a linking between the vortex and the nexus
world line, completely analogous to the linking of a vortex and a Wilson loop
responsible for confinement. The Gauss formula for linking vortex surface S, and
the closed nexus world line I is familiar from confinement:

1
Lk = %dzueumﬁ f Edo*o’06 9, Ao(z — y(o)). (8.23)
r S,



8.2 Nexuses in SU(N) 177

Figure 8.6. An SU(N) nexus splitinto N lines. The circle labeled 2 schematically
represents the plain vortex (B) of the text, and the vortex flux lines emerge from
the nexus (A). The intersections of the lines and the circle are points of topological
charge density.

Next, we show that the topological charge is essentially this link number by applying
Stokes’s theorem. Consider the expression

1
Qtopo = e fr dx, Tr[(Qa — Q1) A (x)] (8.24)

for the topological charge. Using Stokes’s theorem on Eq. (8.24) yields an expres-
sion that is easily converted into the fundamental topological charge integral of
Eq. (8.14), evaluated with the field strengths from Eq. (8.20) and the curl of
Eq. (8.22). The minus sign in the trace factor comes from the opposite orientations,
as given in Eq. (8.21).

We can also conclude from Eq. (8.24) that the total intersection number of closed
oriented surfaces is zero by replacing the individual trace factors Tr O, Q. and
Tr O, Q. by unity.

We have earlier seen how to divide topological charge into parts 1 — (1/N) and
1/N.Is it possible to divide this topological charge further into N constituents, each
of charge 1/N? The answer is yes. In the center vortex of Figure 8.3, decompose
the flux matrix Q; on the right-hand side (rhs) of the nexus as

Qr=—-01—03---— 0, (8.25)

and associate a flux tube with each of the terms in this equation, as shown in
Figure 8.6.

Each intersection of a line coming from the nexus (A) with the circle (B) is a point
of topological charge 1/N, with the sum being unity, as before. Is it probable that
an elementary nexus would split into N lines, as shown? Not if action alone were
the only consideration because the N lines each have an action per unit area the
same as that of the two lines of an elementary nexus. But as we have learned,
entropy is equally important, so this N-line splitting should not be less probable
than a 2-line nexus.
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Figure 8.7. A curve turned into a ribbon by adding the curve of the dotted line.

How might one see the effect of fractional topological charge, especially because
topological charge is integrally quantized globally? Perhaps the most important
way is to study the topological susceptibility x, which is quadratic in Qpo. This
is defined as y = ( tzopo) / Va, where Vy is the volume of space-time. Witten [19]
and Veneziano [20] have given a large-N formula relating the " mass to x, which
suggests that the vacuum energy as a function of the 8-angle depends not on 6 but
on /N, as topological charge fractionation would give. This is discussed further
in [16].

But topological charge fractionation into units of 1/N is, unfortunately, not the
whole story. Center vortices need not intersect at points to generate nonintegral
topological charge; they can do so by twist and writhe [5, 6, 7, 8, 9, 10, 16, 17].

Twist and writhe An ordinary two-dimensional ribbon can link to itself (ind = 3)
by twist and writhe, which means by deformations such that the two edges of the
ribbon would be linked (knotted) if the rest of the ribbon were missing.® Twist and
writhe contribute to the Chern—Simons number in somewhat the same way that
intersections contribute to the topological charge [5, 6, 7, 8, 9, 10]; that is, for a
vortex with twist, writhe, or both, the integral for N in Eq. (8.31) is nonvanishing,
and this integral need not be integral or a multiple of 1/N.

Intuitively, twist comes from forming this ribbon from a long, open paper strip then
twisting one end a certain number of times before closing the strip by joining one
end to the other. (A half twist leads to a nonorientable M&bius strip not considered
here.) For a mathematical curve, twist and writhe need further definition, which
can be done by supplying the curve with an infinitesimally close partner, as shown
in Figure 8.7. The combination forms a ribbon whose twist and writhe are well
defined but not unique (they depend on the partner curve).

6 See Kaufmann [18] for general properties of knots and related subjects.
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Figure 8.8. A d = 3 projection of a center vortex with writhe.

Writhe seems intuitively to be different from twist, but it is not. Figure 8.8 shows
a closed curve with writhe. Playing with actual paper ribbons will show that twist
and writhe are interconvertible without tearing the paper.

Topological charge can be generated from twist and writhe only if there is a
difference in the Chern—Simons number at two boundaries that we can identify
as referring to (Euclidean) times of oo so that if the vortex is to change its
Chern—Simons number, it must reconnect by crossing itself. This crossing may be
essentially Abelian and easily envisaged by imagining a motion picture of a closed
loop crossing itself, or it can be essentially non-Abelian and call for a deeper level
of visualization.

Consider, then, the closed Dirac string of a d = 3 vortex. There is a famous theorem
of such d = 3 knotted curves,

Lk=Tw+ Wr, (8.26)

where Lk, a topological number and an integer, is the self-linking number, and
the terms on the right, neither of which is an integer or of topological character,
are the twist Tw and writhe Wr, respectively. The integral that defines Lk is just
the one used earlier (see Eq. (7.41)) for the linkage of two distinct curves but with
only one curve in it:

Lk = fdx,- fdx}eijkakAo(x —x. (8.27)
r r

With just one curve T, it is inevitable that the points where x = x’ are possibly
singular. Some form of regulator is needed. The standard one is ribbon framing, as
in Figure 8.7. The original curve is turned into a ribbon by adding a second curve
I’ infinitesimally separated from I" and not intersecting it; the self-link number is
defined as the Gauss link integral for these two nonintersecting curves. So I' is the
first curve displaced by an infinitesimal amount:

r: x/(s) = xi(s) + en;(s), (8.28)
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where € is infinitesimal and »;(s) is a unit-vector field. The self-link number is
defined as the mutual link number of " and I'". This is, to be sure, an integer and a
topological invariant, but it depends on this new unit-vector field.

This ribbon framing would not make sense for real-world center vortices because
we have no good way of defining the framing, and even the topologically invariant
self-link is only defined modulo integers that depend on the framing. But real-
world center vortices have a finite thickness, as we know. This thickness removes
all ambiguity from the limiting process of defining self-linkage. The idea [5] is to
write the Chern—Simons number, which is the same as the linking number, for a
vortex using both the massive and the massless propagators that occur in the vortex
wave function. It then turns out that the Chern—Simons number for a plain unit-flux
vortex becomes

Nes = Tr Qi2 fdxi f dx} €ijk0k Ao(x — xYF(M|x; — x}|), (8.29)
r r
where

l u
Fu) = - / dvvZe . (8.30)
2 Jo

For small u, F(u) ~ >, and this is more than enough to cancel the singularities at
x; = x; in the rest of the integrand in Eq. (8.29). Since F(o0) = 1, vortex segments
that are far apart contribute as usual to the Chern—Simons number, and nothing is
changed.

The topological charge contained between two time slices is the difference between
two Chern—Simons numbers. For a gauge potential on a fixed-time slice, this
number is

1 2
Nes = ~ %2 d3x €jk Ir <.Ai8j./4k + §A,A1Ak> (8.31)
This number is not gauge invariant; under the gauge transformation

A > UAU + U U, (8.32)

we find
1 3 L -1 -1 -1
Nos = N + @ dxeijkTr EU o,uU 8]UU 8kU—8i(AjU aU)|.
(8.33)
If the original gauge potential is zero, so that we are calculating the Chern—Simons

number of a pure gauge transformation, the integral in Eq. (8.33) is supposed to
be an integer, as prescribed by the homotopy of Eq. (8.2). However, this requires
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an extra assumption: that the three-space over which one integrates the Chern—
Simons density is compact, which means that the gauge U (X) approaches a constant
independent of direction as r — oo. There seems to be no elementary physical
reason for assuming compactness, and in Section 8.3, devoted to the sphaleron, we
examine this assumption further (the sphaleron naturally has N = 1/2, seemingly
violating compactness).

Nexuses in the Georgi-Glashow model In a famous paper, Polyakov [12]
explained confinement in the d = 3 Georgi—Glashow model as due to "t Hooft—
Polyakov monopoles, with a long-range spherically symmetric magnetic field,
thereby exemplifying dual superconductivity as a confining mechanism. (The
Georgi—Glashow model is an SO(3) NAGT coupled to a Higgs—Kibble field in
the adjoint representation, which gives masses to two charged gauge bosons, leav-
ing the third one, which we call the photon, massless.) In fact [2, 13], confinement
in the Georgi—Glashow model is actually an example of center-vortex confinement
with asymmetric nexuses, whose world lines lie in center-vortex sheets, as we have
already shown for QCD-like gauge theories with no symmetry breaking. Polyakov
works in the limit v > g3, where v is the Higgs—Kibble VEV and g is the gauge
coupling. In this, the semiclassical limit, the 't Hooft—Polyakov monopole has a
very large action. Because there must be a monopole condensate, Polyakov points
out that a Meissner mass is induced for the photon, just as in ordinary super-
conductivity. This mass, however, is exponentially small in v/g3; and is ignored
by Polyakov, who then can claim that the semiclassical excitations of the gauge
field are indeed 't Hooft—Polyakov monopoles. But as long as v is finite, the 't
Hooft—Polyakov monopole becomes a nexus because its magnetic field can no
longer be long range. The size of the nexus is exponentially large and, at distances
scaled by other parameters of the theory, looks very much like a "t Hooft—Polyakov
monopole. Nonetheless, as a matter of principle, for (fundamental representation)
Wilson loops that are large compared to the nexus thickness, confinement is by
the center vortices in which the nexus is embedded. This becomes clear [13] as
the VEV v is reduced; at some point, when v < g3, the Higgs—Kibble mass of the
charged gauge bosons, proportional to vgs, is too small to avoid infrared instabil-
ity, a dynamical gauge-boson mass of O(g3) is induced, and the nexus (and center
vortices) begin to look like the symmetrical ones of a QCD-like theory.

8.3 The QCD sphaleron

There are three gauge-field configurations known as sphalerons. Usually the word
sphaleron’ refers to a massive spherically symmetric d = 3 electroweak soliton

7 Coined by Klinkhamer and Manton [21].
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with a gauge-boson mass driven by a Higgs field [22]. The sphaleron’s topological
properties were first noted for electroweak theory by Manton [22], where it
occurred as a classical saddlepoint on a noncontractible loop in the d =3+ 1
configuration space of gauge potentials, describing the top of the tunneling barrier
of minimum energy between vacua with topological charges differing by unity.
There is another sphaleron in classical NAGTs corresponding to the saddlepoint at
the top of the potential barrier tunneled through by instantons. This classical object
is massless but has an arbitrary length scale set by the collective size coordinate of
its associated instanton.

There is also a quantum sphaleron in QCD-like NAGTs [23] that differs from
both of the preceding sphalerons while retaining the saddlepoint character; we call
it the QCD sphaleron. The gauge-boson mass is dynamical, there is no Higgs—
Kibble field, and there is no symmetry breaking. The QCD sphaleron has a fixed
size determined by the gluon mass, and this size actually corresponds to an upper
limit for the size of instantons and sphalerons. This sort of upper size limit is
routinely seen in computer simulations in which instantons are identified and built
into models [24] of the instanton liquid, where the size scale corresponds to a
mass of 600 MeV. The QCD sphaleron may exist transiently as some sort of glue
ball, and it also is a mediator between charge-changing events but not of the usual
topological charge. Instead, the charge associated with the QCD sphaleron is that
of the color-singlet axial current, giving the change in the flavor sum of chiralities.

Both the classical sphaleron and the QCD sphaleron can be embedded in Euclidean
four-space (d = 4) or in Minkowski space (d = 3 + 1), and these embeddings will
be the emphasis in the present chapter. (Chapter 9 discusses the sphaleronasad = 3
object more fully.) Ind = 4, the classical sphaleron is a cross section of an instanton
that solves the classical field equations. Ind = 3 4 1, there is no known embedding
in a solution of the field equations, but one can find embeddings that have all the
desired properties of an evolution of topological charge in Minkowski time ¢
[25, 26] and define a corresponding Chern—Simons number N(7). By symmetry
of the tunneling process from topological charge zero to charge unity, we should
assign a Chern—Simons number or topological charge of 1/2 to the sphaleron
and describe the tunneling, in Minkowski time, as a smooth evolution of N(¢)
from O to 1, passing through 1/2 at the top of the barrier. In the course of this
smooth evolution, N is clearly nonintegral because it gets contributions from
gauge potentials that are not pure gauge with nonvanishing field strengths. Like
the other solitons we discuss, the QCD sphaleron is fundamentally a d = 3 object
but is unstable in isolation. After discussing this basic QCD sphaleron, we defer to
Chapter 9 for further discussion of the QCD sphaleron as a pure d = 3 object and
will show [27] that, considered purely as a d = 3 object, the N = 1/2 sphaleron
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is closely connected to the properties of knots or closed d = 1 strings, embedded
in three dimensions, that are linked.

There are many potential physical applications of sphalerons, both in electroweak
theory and in QCD. Some arise through the connection, via the anomaly, of topo-
logical charge and the divergence of a current. In electroweak theory, this current
is the sum of the baryonic (B) and leptonic (L) current and leads to B + L vio-
lation. In QCD, the current with an anomalous divergence is the U(1) current,
and helicity conservation is violated. In both cases, the violations have a tunnel-
ing interpretation. Sphaleronic configurations are also important in estimating the
(lack of) overlap at high energy between few-particle states and many-particle
states; see the references in Chapter 9. It would take almost another book to detail
such applications.

8.3.1 The QCD sphaleron as a d = 3 object

The ansatz for the gauge function U of the sphaleron is the well-known one for
spherically symmetric solitons,

U =exp E,B(r)? -?], (8.34)

differing from Eq. (8.3) of the nexus only in the choice of a rotation angle, which for
the sphaleron is radially symmetric. Forming the pure-gauge representative A; —
Ud; U, we infer the standard kinematics for spherically symmetric solitons:

a =[O =1 1 o [h0] T
€jak _ [%] —Z(rj—rjr.ﬂ[ zrr ]+r,» S Hi(r). (8.39)

i = —~Talk
J 2i

The boundary conditions are as follows:

dg

¢1(00) = cos B(00); $2(00) = — sin B(00); Hy — = (8.36)

r=00
For future reference (see Chapter 9), we note that the Chern-Simons number of
U is

1
NestU}) = 5—1B(00) = B(O)]. (8.37)

The equations of motion have a finite-energy solution [23] for the special choice
B(r) = m. There is no analytic solution, but there is an analytic approximation
[11, 23] based on a variational approach that gives excellent agreement with numer-
ical calculations. Use the trial functions

a2 — 2
a?+r?’

$1(r) = p=m; ¢ = H; =0, (8.38)
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where the length a is a variational parameter. Of course, the true ¢; + 1 vanishes
exponentially as r — oo, but our trial wave function vanishes only like 1/r2. The
variational mass turns out to be 5.44(4wrm/g?), which is within half a percent of
the numerical answer, in which 5.44 is replaced by 5.41.3

One might think that if g is a half-integral multiple of =, the CS number is also a
half-integral. But Eq. (8.37) shows that N vanishes. Only when we embed this
sphaleron in a d = 3 4 1 context will we find a Chern—Simons number of 1/2.
In any event, we can change the Chern—Simons number arbitrarily by making a
spherical gauge transformation, although at the price of foregoing compactness.

As a solution of the spherical field equations, this 8 = 7 sphaleron is an extremum,
but it is a saddlepoint and therefore has a maximum for some parameters in a space
orthogonal to a space in which the minimum lies (in our case, this space is just
the space of the trial parameter a). For example, Ref. [11] exhibits trial functions
yielding finite energy and having 8 = B, for any fixed angle Sy. Let ¢, be the
exact solution for the § = m sphaleron, and define

1 1.
¢=¢1+igp = 5(1 + ¢10) + Ee”ﬁo(l — 910). (8.39)

Also, take H; = 0. The new ¢ obeys the boundary conditions of Eq. (8.36) with
B = Bo, and the associated gauge potential, constructed from ¢ — 1, smoothly
changes toward zero as By — 0 mod 2. The trial mass function is

1
M;(Bo) = 5(1 — cos Bo)M;(Bo = 1), (8.40)

where M (8o = m) is the sphaleron mass. So there is a maximum at gy = 7, and
smoothly reducing B to zero reduces the soliton to nothing.

8.3.2 Sphalerons in four-dimensional Minkowski space

There is a very simple but apparently accurate description [25, 26] of this minimum-
height barrier that has only one dynamical degree of freedom, a simple scalar
function of time called A(#). It nicely extends the trial function of Eq. (8.38) to
time-dependent configurations. Bitar and Chang [25] suggested that the standard
expressions for a classical instanton could be used in Minkowski space with the
simple replacement of ¢ by A(¢) and the insertion of A(¢) at a particular place. These
expressions, in terms of the spherically symmetric space components of Eq. (8.35),
are

A +a?—r? —2\r 22

L2 Tae=r. = = . H=—""__ 84l
¢1 A+ al+ 2 ¢ A+ al+r2 "= raese (®.41)

8 Warning: in Cornwall [26], an incorrect value was used in place of 5.44. This paper also has several typos.



8.3 The QCD sphaleron 185
To this list, we add a time component of the gauge potential,

A 1. ol o —2i
= —T- X 5 = —
0= % 2 2 A2 4+a?+r2

(8.42)
and take B = 2 arctan(r/A). This choice for g is equivalent to making a spherical
gauge transformation of the d = 3 spherical decomposition by an angle « = —m +
2 arctan(r/)) that carries A as a parameter with no particular dynamical significance
ind = 3.

If X is replaced by ¢, these expressions are exactly those for an instanton in d = 4
of size a, which is arbitrary for the classical instanton. However, for the QCD
sphaleron and its embedding, a has a different interpretation and is determined
by the gluon mass m. As in Bitar and Chang, these embedding functions for the
QCD sphaleron are used in Minkowski space, not Euclidean space. Of course, in
Minkowski space, they are neither solutions of the equations of motion nor self-
dual, but they are still useful because they represent the tunneling barrier itself
quite accurately. Because A in some sense is a replacement for time ¢, we require
that A be an odd function of # and monotone increasing in ¢, and we impose the
conditions

AM(—00) = —0o0; 2(0) =0; A(H00) = oo. (8.43)

We have, consistent with the oddness in ¢ of A, A(0) = O at the time ¢ = 0, repre-
senting the top of the barrier, where Ay vanishes according to our ansatz. Then, at
t =0 (i.e., A = 0), the Bitar—Chang potentials reduce to the d = 3 trial function
already used in Eq. (8.38) for the QCD sphaleron plus the specification g = 7.
The minimum QCD sphaleron barrier height at ¢+ = 0 is the sphaleron energy, and
the saddlepoint nature of the sphaleron becomes evident because (see Eq. (8.44)
below) as time increases, the energy decreases.

For the QCD sphaleron, we treat a as a variational parameter to be determined

from the massive effective Hamiltonian. This Hamiltonian comes from inserting

the full ansatz into the d = 3 + 1 action analogous to the d = 4 massive effective

action Ser and stripping off a time integral. It is not quite the same as the static

Hamiltonian H.g of Eq. (7.7) because there are contributions from the A terms. The
result [26] has the form

i2 2

H,=Hypg+ —ulh,a,m)— —«(A,a,m). 8.44

= Het o 55 W aom) = o G asm) (8.44)

The first term on the right is the static (potential) energy Heg at A = A = 0, and

W, k are positive integrals [26] over the Bitar—Chang potentials and fields. The

sphaleron mass M; is simply the extremal value of H.. At f = 0, extremalization
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of H.g leads to

ﬁ 4/ 37m
; M, = R

=Y. 8.45
. P (8.45)

a

The saddlepoint instability of the sphaleron is evident in the negative sign for the
potential coefficient «.

The Chern—Simons number varies smoothly with ¢ from 0 at t = —oo to 1 at
t = 4+o0. The total topological charge has the expression

1 -
Oropo = ~03 d*xTr& - B
2Aa* [ (™ 1
_ / drr / 1. (8.46)
T Jo oo A2+ 24 a2t

The integral to the top of the barrier (A = 0) gives topological charge 1/2, as
expected, consistent with Eq. (8.37).

Now change variables from A to a new variable angular g(¢) = f(A(t)), chosen
so that the kinetic energy in the Hamiltonian has the simple form ¢?/(21), with a
g-independent moment of inertia and with the angular properties g(t = —00) =
0, g(t = 4+00) = 2m. This has been done numerically [26], and the resulting poten-
tial looks very much like the pendulum potential ~1 — cos g. The sphaleron is the
static but unstable point ¢ =  with the pendulum standing on end.

The parameter B introduced in Eq. (8.39) for the trial wave function, considered a
function of time, is both (approximately) the phase variable ¢ for the upside-down
pendulum and the angle to be used in N (see Eq. (8.37)).

8.4 Chiral symmetry breakdown, nexuses,
and fractional topological charge

Chiral symmetry breaking (CSB) for quarks in QCD is closely related to con-
finement and (via the Atiyah—Singer theorem) a condensate of topological charge.
Arguments were given long ago [28, 29, 30] that confinement was sufficient for
CSB. These works were based on a variety of phenomenological models of confine-
ment, not center vortices. Later, lattice simulations showed [31] that center vortices
(and nexuses) were not only sufficient but also necessary for quark CSB: there
was both confinement and CSB in the presence of center vortices, but when center
vortices were removed from the simulation, not only did confinement disappear,
but CSB disappeared also, as shown in Figure 8.9.

Moreover, simulations show that the CSB transition temperature, at which chiral
symmetry is restored, is very close to the deconfinement transition temperature,
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Figure 8.9. Graph of the quark condensate () versus quark mass m,, showing
CSB at m, = 0 if center vortices are present (curve marked “Original”) but not
if they are removed (curve marked “Modified”). Reprinted with permission from
P. de Forcrand and M. D’Elia, Phys. Rev. Lett. 82 (1999) 4582, (©) 1999 by the
American Physical Society.

above which center vortices are unable to confine (e.g., see Chapter 9 and Cheng
et al. [32]). This, too, suggests that confinement is necessary for CSB for quarks
because if there were another significant mechanism, it might show up once con-
finement was out of the picture.

In the picture of center vortices and nexuses supported by gluon-mass generation, it
is easy to see how this happens. Center vortices give confinement, as we know, and
nexuses, plus vortex twist and writhe, give topological charge and CSB. Removing
center vortices takes away all these effects because nexus world lines are required
to live on center vortices.

The Atiyah—Singer theorem and the Banks—Casher relation [33] (showing that CSB
requires a condensate of fermionic zero modes associated by the Atiyah—Singer
theorem with topological charge) say that there should be fermionic zero modes
(solutions of the massless Dirac equation) localized near the topological charge
produced by vortex-nexus linking. Some appropriate zero modes have been found
for just such linkings [34]. Clearly, when vortices are removed in lattice simulations,
such zero modes, and apparently the whole fermionic condensate, should vanish.

On the other hand, confinement is not always necessary for CSB. Dirac fermions’

in the adjoint representation show CSB [35, 36, 37] on the lattice, and of course,
the adjoint representation is not confined. Some other mechanism must be at work,

9 Not Majorana fermions, so supersymmetry is not an issue. In fact, Majorana fermions are impossible in
Euclidean space.
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which may be well approximated by a conventional gap equation based on one-
gluon Feynman graphs. The gluon is coupled to the adjoint with a strength 9/4
times its coupling to quarks, so it can happen that the gap equation breaks CSB
for the adjoint but not for quarks, depending on the size of a,(0) [38]. The PT
estimates for a;(0) are in a range where just this happens [39, 40].

It is only recently that powerful lattice algorithms for chiral quarks have come
into widespread use, and so there still remains much to be done in confirming
the dominant role of center vortices and nexuses in CSB for quarks. However, all
present indications are favorable.
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9
A brief summary of d = 3 NAGTs

9.1 Introduction

NAGTs in three dimensions have valuable applications in their own right because
they are the high-temperature limit of d = 4 NAGTSs with infrared slavery (see
Chapter 11 for more details). They also lead to important insights into d = 4
NAGTs at zero T, and in many ways, d = 3 QCD is more interesting to study to
gain this insight than the far more often-invoked two-dimensional theories. Itis not a
free-field theory (asis ad = 2 pure-gauge NAGT), and it has many features strongly
analogous to those of d = 4 NAGTs that are best understood by applying the pinch
technique. In particular, although a d = 3 NAGT cannot be asymptotically free
(because itis superrenormalizable, not possessing the usual renormalization group),
it is still very much infrared unstable, with even worse singularities than those in
d = 4. Although this d = 3 infrared slavery had been strongly suspected before
the pinch technique on the basis of conventional Feynman graph calculations, it
took the pinch technige to settle the issue and demonstrate the existence of infrared
slavery in d = 3 NAGTs.

Because a d = 3 NAGT is the critical nonperturbative part of the high-temperature
behavior of its d = 4 counterpart, infrared slavery prevents the use of perturbation
theory (beyond O(g§ )) in understanding all the phenomena of high temperature,
including generation of a so-called magnetic mass, which vanishes identically to
all orders of perturbation theory. Just as we have already seen at zero temperature,
the magnetic mass, found from the PT Schwinger—Dyson equations, cures the oth-
erwise intractable infrared singularities of high-temperature d = 4 gauge theories.
We study here only the d = 3 NAGT part of finite-temperature d = 4 NAGTsS,

In this chapter, we continue to use the notation introduced in Chapter 7. Also in the present chapter, g3 is the
d = 3 NAGT coupling, and g continues to be the d = 4 coupling.
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saving the PT results for other components of finite-temperature field theories for
Chapter 11.

In some respects, d = 3 NAGTs are somewhat easier technically than their d = 4
counterparts. For example, effective field theories of center vortices are fairly
simple scalar field theories in d = 3 [1] and so are easier than in d = 4, where
they are string theories. Unfortunately, we cannot cover these effective theories in
a book of this length.

We list here a few of the many reasons for being interested in d = 3 QCD, most of
which are really only understood with the help of the pinch technique, the gauge
technique, or both:

1. It is a superrenormalizable theory, very well behaved in the ultraviolet,
with corrections to the bare coupling vanishing as inverse powers of large
momenta. But the pinch technique reveals infrared slavery, just as in d = 4,
meaning that the PT propagator has unphysical singularities at finite momen-
tum. Furthermore, a d = 3 gauge theory with zero bare mass (no Higgs
effect or Chern—-Simons (CS) term) is always strongly coupled at low
momenta g, where the dimensionless expansion parameter is N g%/q for
SU(N). As one might by now expect, infrared slavery is resolved by gen-
eration of a gluon mass, which in turn gives rise to a (gfj) condensate and
to many of the solitons familiar in d = 4: center vortices, nexuses, and
sphalerons.

2. In d = 3, we will actually prove the existence of this Qizj condensate and
entropy dominance of the effective action, simply on the hypothesis that the
full theory possesses only one mass scale (that of g3 itself). We will also
show that an approximation based on the pinch technique fully realizes the
expected functional form of the exact effective action and the taming of all
infrared-slavery singularities. The pinch technique shows that there is a direct
connection between the “wrong” sign of the one-loop self-energy, responsible
for infrared slavery, and the existence of a minimum in the effective action
at a finite condensate VEV.

3. The vacuum wave functional of the functional Schrddinger equation (FSE)
for d = 4 QCD is expressed in terms of a gauge-invariant effective action
whose arguments are background fields given by the coordinate gauge poten-
tials of this wave functional. Certain aspects of the form of the Schrodinger
functional are governed by the pinch technique. Gauge invariance gives rise
to an infinite tower of QED-like Ward identities, and the gauge technique is
effective in exploiting the Ward identities. The two lowest terms in a gauge-
technique-inspired expansion of the effective action around small momentum
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lead approximately to d = 3 QCD as an effective field theory for calculat-
ing matrix elements. (This is by no means obvious because Schrodinger
equation functionals depend intrinsically on square roots of operators, which
are forms not encountered in conventional effective actions.) This effective
field theory shows confinement (because it has a condensate of center vor-
tices), and d = 3 estimates of the gluon mass actually lead to an estimate
of the d = 4 coupling a;(m?) ~ 0.4 — 0.5, which is not too far (given the
approximations) from what we found in Chapter 6 and in phenomenological
evaluations.

4. Although d = 3 gauge theory does not have the usual d = 4 topological
charge, it does admit topologically interesting parity-violating CS terms in
the action. The coupling for this term in the action is integrally quantized
and called level k. In an elegant work, Witten [2] showed that Wilson-loop
expectation values in a field theory whose action was just the CS term (a
so-called topological field theory) generated some deep results about knots
in three dimensions. This Witten theory corresponds to very large values of
k. When the conventional Yang—Mills action is included along with the CS
term, it turns out that gauge bosons get mass ~kg§ in perturbation theory.
Perhaps surprisingly, at large k, this mass does not lead to well-behaved
classical solitons. The pinch technique strongly suggests that at small k
(k ~ (1 — 2)N), infrared slavery problems still persist, and there is a phase
transition from the large-k Witten phase to a phase that also has a dynamically
generated gauge-boson mass. Modified forms of the usual £ = 0 solitons exist
in this phase, which is confining.

5. The PT dynamical mass gives rise to the sphaleron, a soliton of interest
purely as a d = 3 object. The sphaleron becomes even more interesting
when it is coupled to a CS term. Because it is natural for the CS number of a
sphaleron to be a half-integral, a condensate of an odd number of sphalerons
challenges usual compactnesss assumptions, which suggests challenging the
conventional wisdom demanding integral levels k for the CS term, as well.
We show that, although noncompact theories could in principle exist, they
have infinitely higher energy than the corresponding compact versions. In the
process, we show that half-integrality is also related to d = 3 knots and to
nexuses in d = 2. So even though there is no topological charge perseind =
3 gauge theory, there are many interesting and curious topological effects.

We start next with PT perturbation theory at one loop, and then, after finding the
exact form of the effective action, we show how the one-loop result realizes the
exact functional form of the effective action. This illustrates how infrared slavery
is directly related to condensate formation.
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9.2 Perturbative infrared instability

We easily see the problems of infrared slavery in d = 3 by calculating the one-
loop perturbative PT proper self-energy. This goes exactly as in the d = 4 case of
Section 1.3.3, except for the values of the integrals. The result [3, 4] for the scalar
part of the one-loop PT inverse propagator (as defined in Eq. (1.30)) is as follows:

dNg) = ¢l — Iq)] = ¢* — wh3g3q, 9.1)
where

15Ng3 [ &’k I 15N

4 Q) k2(g — k)2 T 3n
Infrared slavery is simply the fact that I3 occurs with a negative sign in the self-
energy (or equivalently, that b3 is positive), which has the implication that there is
a pole in the propagator for positive ¢g. In our metric, where g is the magnitude of
an ordinary three-momentum, this indicates a spacelike and thus fachyonic pole —
a pole corresponding to an imaginary mass.

I(q) = 9.2)

What could be the cure for this unphysical behavior? At first glance, it could be
easy: because the coupling g% has dimensions of mass, the omitted gg‘ term might
well provide a sufficiently positive term to overcome the negative one-loop term.
This is indeed what happens nonperturbatively, but not to any order of perturbation
theory, where the coefficient of gg‘ is identically zero to all orders. (If it were not
zero, we could add a bare mass term to the action, which would no longer be
perturbatively renormalizable.)

This is only the beginning of the bad perturbative behavior. At (’)(g%N ), each
perturbative integral, by simple dimensional reasoning, has the infrared behavior
¢3(g3/q)N 72, with poles of infinitely high order in the inverse propagator. But with
nonperturbative generation of a (nontachyonic) mass m, the infrared behavior of
every propagator in a loop is ~1/m?, and an easy power counting shows that ¢ in
the perturbative ordering expression is replaced by the dynamical mass m ~ g%, SO
all terms are of O(m?) for order N > 2.

A one-loop PT calculation only clearly shows us (i.e., gauge invariantly) the disease,
not the cure — which is a dynamical gluon mass. In d = 4, this mass is directly
related to the gluon condensate, and we now argue that this is so also in d = 3.

9.3 The exact form of the zero-momentum effective action

Define a condensate operator 6 by

1
0(x) = TS Tr (Gi;)*. 9.3)
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The key result is Eq. (9.10), giving the precise form of the effective action as a
function of the zero-momentum matrix elements of 6. This equation says that this
operator must have a (positive) VEV, and so there is a condensate of some sort.
It further says that the condensate generates so much entropy that the entropy (a
negative contribution to the effective action) overcomes the positive action from
whatever is in the condensate — just what we expect for center vortices and nexuses.
The condensate is important for the self-consistency of gluon mass generation
because it gives [5] the coefficient of g2 in the falloff of the gluon mass at large g:

58N g3(6)

S - D (9.4)

m*(q) —
Before Lavelle found this result, people were not at all sure of what was going
on with the use of the OPE in gauge-boson propagators. The simple reason was
that the conventional Feynman propagator was gauge dependent, meaning that not
only condensates of gauge-invariant operators, such as 6, appeared in the OPE
but also other condensates, such as ghost condensates of the form ¢c and mixed
gluon-ghost condensates such as 9;¢.A;c, as explicit computations showed. But
in the PT propagator, these gauge-dependent condensates drop out, leaving only
Lavelle’s simple result.

One can always resort to assuming the existence of a nonvanishing VEV (8) with
no further argument. Butin d = 3, we can actually prove [6] that there must be such
a (positive) VEV by determining the exact dependence of the effective potential on
the zero-momentum part of the operator 6. The answer is reminiscent of a similar
one-loop result in d = 4 QCD [7], showing evidence for a condensate. The only
assumption we need to make is that there is only one dimensional parameter in
d =3 QCD (without matter fields), and that is the coupling g%, which has mass
dimension unity. We then show that the effective action I'(#) has a minimum for
a nonzero value of its argument. We can also show [8] that the exact functional
form is actually found in the one-loop PT propagator in the presence of the fields
constituting the condensate.

Define the generating functional for zero-momentum matrix elements of the action
density 6:

ZH)=e "D = / [dA;] exp [(1 - / d*x —Tr 92] , 9.5)

where W (J) is the space-time integral of the vacuum action density in the presence
of a space-time constant source J coupled to 9:

wW(J) = / d>x €yac(J). (9.6)
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In the usual way, multiple derivatives of W(J), evaluated at J = 0, give connected
matrix elements at zero momentum of the operator 6. In particular, the VEV of 6
at J =0is

de

Or=-17 s

9.7)
Given the assumption that g2 is the only mass parameter, it follows that €y,c ~ g5.
It is now completely trivial to find W (J) because it differs from W (J = 0) simply
by the substitution g% — g%/(l —J).So

(0)

_ Y -3
€vac = 3(1 AR 9-8)

where the normalization follows from Eq. (9.7).

The next step is to make a Legendre transform to the effective action I'(0):

3 dr 3
F(@):W(])—i—f/dx@; £=J/dx. (9.9)

The effective action has the property that when the current J is turned off, it has an
extremum as a function of 6, and its value at the extremum is the vacuum action
W (0).

The differential equation for I', plus Eq. (9.8), is elementary to solve:
4
r'©) = /d3x [9 — 593/4@)1/4]. (9.10)

This indeed has a minimum at & = (@), and this minimum value of — f d*x(6)/3
is negative.! This negative action tells us that the theory is entropy dominated, and
so there are interesting nonperturbative effects.

9.3.1 The effective action and the pinch technique

Of course, Eq. (9.10) has nothing to say about what the effects are or how large
(0) is in units of gg . There are no exact results about the latter, although one can
make certain approximations [8] in estimating the effective action. One of two basic
approximations is to use the one-dressed-loop effective action, with the structure of
the loop supplied by our preceding PT results?; the other, commonly used by many
authors, is to replace the true condensate fields in 8(x) with a background field B
that is constant in space-time. This approximation of constancy makes it possible
to do the calculations but introduces an unphysical feature, noted long ago [9]:

! Could (9) be zero? Only if d = 3 gauge theory is free, which we know it is not.
2 Or equivalently, the one-loop effective action in the background-field Feynman gauge.
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a constant chromomagnetic field is unstable to decay into a tangle of space-time-
dependent fields. This, not unexpectedly, gives an imaginary part to the effective
action. We will simply ignore such features here, knowing that in the real world,
the condensate is made of such a tangle of fields and that the effective action is
real.

The one-loop effective action, including the classical term, is

3
re)= /d3x /(;n]; Tr Tgizgij(k)gij(—k)[l — (k)] (9.11)
We can go beyond the strict one-loop form by allowing the PT function /3 to depend
on the condensate. The only feasible way to do this is to assume that the condensate
is made of constant fields, so we approximate 6, needed only at zero momentum,
by a constant-field condensate such that (§) ~ B2/ g% for some constant magnetic
field of magnitude B = |B|.

It turns out [9] that in a constant chromomagnetic field, all gluonic fluctuation modes
except one become massive, with m?> ~ B. The one exception is a tachyonic mode
that carries the instability for decay of the constant field. Without going through
the complicated calculations of Nielsen and Olesen [9], we can appreciate such a
mass relation from Lavelle’s relation in Eq. (9.4), noting® that for finite momenta
g* ~ m?, the mass itself obeys m* ~ [g3(6)]'/? ~ B. Let us replace (in the spirit
of one-loop gap equations, discussed in Section 9.4.2) the free propagators in the
integral I3 used for the perturbative one-loop propagator by adding a mass term
k* - k* 4+ B, and so on. We omit detailed numerical constants that are not of
interest. Then the effective action of Eq. (9.11) is

| _
r©) = /d3x8[1 — Lk =0)] = /d3x Eye (B* —b3g3B°?) + -+, (9.12)
3
where, in calculating I3, the propagators have been modified as discussed earlier.
Because B ~ g36'/2, this result is a real effective action that has the correct func-
tional form of the exact effective action in Eq. (9.10). No imaginary part shows up
because we omitted the tachyonic fluctuation mode.

The minus sign in this approximate effective action is exactly the minus sign coming
from infrared slavery, so as promised, infrared slavery and condensate formation
are really the same thing. The reader might find it interesting to carry out the same
calculation for the d = 4 effective action using the d = 4 PT self-energy. The result
is the famous one-loop effective action ~G?1n G2, which also shows condensate
formation, and for the same reason.

3 In this and what follows, we give explicit formulas only for SU(2). For SU(N), the appropriate scalings follow
from Eq. (9.4); for example, I" scales like N3(N2 = 1).



9.4 The dynamical gauge-boson mass 197

9.4 The dynamical gauge-boson mass

The next question is estimation of the dynamical mass needed to cure infrared
slavery. There are both theoretical estimates [3, 4, 10, 11, 12, 13, 14, 15, 16, 17]
and lattice simulations [18, 19, 20, 21]. Some of the theoretical estimates are based
on the pinch technique [3, 4, 10, 11, 15, 16] and some on conventional Feynman-
graph technology [12, 13]. This is a technically difficult problem, and all authors*
use some form of one-dressed-loop equations.

9.4.1 Early pinch technique work

The early PT papers [3, 4, 10] used the spectral form of the gauge technique to write
the three-gluon vertex in terms of the PT propagator. This results in the one-loop
integral equation:

2k +gq
2k — q

i VN |: 2bsg3 /OO 7 ' H g
d(g)=q |1 ———=|] kdkd(k)In +d(0), (9.13)
Tq Jo

for the scalar part d of the PT propagator. One can check that if the bare propagator
d(k) = 1/k? and the bare value d~'(0) = 0 are used on the right-hand side of this
equation, the one-loop propagator of Eq. (9.16), which has a tachyonic pole (to be
cured by a positive value of d ~1(0)), is recovered. Note that this equation, although
necessarily approximate, does demand consistency in that the same propagator
d appears both on the right-hand side and the left-hand side of this equation (in
contrast to the one-loop gap equations discussed next). As it stands, this equation
cannot be solved for a gluon mass because the last term d-! (0) is just a placeholder
for some dynamical expression. This expression has not yet been worked out
because the presence of logarithmically divergent terms that are canceled at two-
loop order requires working out the two-loop self-energy, and this remains to be
done. However, it is possible to give a lower bound to the gluon mass, or more
accurately, d ~1(0), because Eq. (9.13) has no solution at all if this quantity vanishes.
(If one tries to solve Eq. (9.13) by successive substitution beginning with a massless
propagator, infrared singularities from the negative sign of the integral build up
uncontrollably.) Numerical investigations give an approximate value of the lower
limit, d = (0)min, as

7-1 292
d™ (O)min = [1.96b3¢51", 9.14)
4 Except Karabali et al. [17], whose methods are original and unique. The estimate of Ref. [11] is really an

estimate of the ratio of the string tension to the squared mass; it is based on special methods that we will not
cover here.
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which is equivalent® to m/(Ng3) > 0.29. Next we will compare this lower limit to
estimates based on one-loop gap equations and find some problems.

9.4.2 One-loop gap equations and lattice simulations

Since the earlier work, a number of authors [12, 13, 15, 16] have addressed the
theoretical issues with one-loop gap equations, in which the internal propagators
of the one-loop self-energy are approximated by a simple massive form:

Zin

o S 9.15
q2+m2 ( )

1

q_2 —
The one-loop self-energy is calculated with this input, and one demands that the
output mass be equal to the input mass. Here one should include the (finite in
d = 3) input renormalization constant Z;, and check that it, too, is reproduced
in the output, but this has not been done in the gap-equation papers, which all
use Zi, = 1. It might seem reasonable to insist that not only the mass but also
the residue of the output propagator agree with the input values, but this is rarely
looked at. Part of the reason is that some authors [12, 13] use standard Feynman
propagators in the gap equation, and with these, only the pole position, but not its
residue, is gauge invariant. The specific concern of Buchmuller and Philipsen [12]
and Eberlein [13] is mass generation in finite-7" electroweak theory (with the U (1)
part dropped), and so these works include Higgs fields. But it is straightforward to
suppress these Higgs fields by taking their mass to infinity [16], resulting in a form
of dynamical gluon mass generation without Higgs fields.

The results are inconclusive. This happens for two reasons: the first is the use of
the conventional Feynman propagator [12, 13] rather than the pinch technique.
The position of the pole in the conventional propagator is gauge independent, but
otherwise, the propagator, even the pole residue, is gauge dependent. The second
reason is that the hypothesized input propagator — even when the one-loop PT self-
energy is used [15, 8] — shows no signs of the infrared slavery that motivates the
study of dynamical mass in the first place. Recall that the one-loop PT propagator
Aij(g) ford =3 QCD is

~ qiq;
Aij(g) = |:5ij - ;2J

+ terms ~ q;q;, (9.16)
] q* — whgiq o

3 This defines the mass in terms of the behavior of the propagator at zero momentum rather than the pole mass.
This leads to minor inaccuracies, but it is still a gauge-invariant mass estimate.
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Table 9.1. Parameter values for three one-loop gap equations.

Reference o B y
[12] 27/16 3/8 9/4
[15] 15/4 12 3/2
[16] 15/4 172 0

with b3 = 15N /32m. Roughly speaking, with mass generation, the PT propagator
would have the denominator of Eq. (9.16) replaced by something like the following:

q* — whigiq — q* — wbigiq + m*. 9.17)

Iftm > nbg% /2, there are no tachyonic (real) poles of the propagator.

The one-loop gap equation input of Eq. (9.15) differs from the preceding form by
not having a negative term, which, of course, comes from infrared slavery. Without
this infrared-slavery effect in the input propagator, the self-consistent one-loop
masses are lower than they would be with this effect included. This has the effect
of giving an output pole residue Z,, that is rather different from the input value
Zin, so that true self-consistency is not achieved. (This comparison of residues only
makes sense for the PT gap equations because for non-PT propagators, the residues
are not gauge invariant.)

All of the one-loop gap equation results have the same functional form[16]:

N 2 m2
d g =q"+ 4—? [(—aq + VT) arctan % — ﬁm], (9.18)

with the values shown in Table 9.1 for the parameters. Observe that in extrapolating
Eq. (9.18) to Minkowski momenta (¢ — iq), there are only normal threshholds at
—g? = 4m?. This is to be expected with the gauge-invariant pinch technique, but
it only happens in the Feynman gauge otherwise, where the ghosts and Goldstone
bosons all have the mass m. In other gauges, this is not so, and the self-energy of
Buchmuller and Philipsen [12] would have other terms. However, these unphysical
threshhold terms do not contribute to the pole mass.

Note that Alexanian and Nair [15] and Ref. [16] have the same values for « and
B; this is because both use the pinch technique. The differing value of y comes
from differing treatments of the gauge-invariant mass terms used by these two
sets of workers. In contrast, [12] uses the Feynman gauge and has rather different
parameters.
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Table 9.2. Estimates of the SU(N) magnetic mass by
various techniques

Reference m/(Ng3) Technique Zow/ Zin
[12] 0.14* 1-loop gap N/A
[13] 0.17* 2-loop gap N/A
[15] 0.19* Pinch/gap 150
[16] 0.13* Pinch/gap <0
[17] 0.16 See text N/A
[18] 0.18* Lattice N/A
[19] 0.24* Lattice N/A
[20] 0.26* Lattice N/A
[21] 0.19 Lattice N/A

Evaluating this and its derivative on the mass shell (at ¢ = im) yields

N 2
m= 8 (Y5 g (9.19)
4 2
Zon= (Y m3_p s D —pay (Cma ] h (9.20)
o= |—5—1n af 73— 3 y(7m3-3 NC
The pole masses, following from setting d~'(¢?> = —m?) = 0, seem reasonable

when compared to lattice values, as we will see shortly. But the PT residues are not
close to self-consistency, as one may easily check. It would be better to use an input
propagator of the form of Eq. (9.17), or something like it, but as far as we know,
this has not been done with one-loop gap equations; instead, there is the original
PT calculation, which demands a self-consistent propagator at all momenta but
which has only been carried (so far) to the point of estimating a lower bound for
the mass.® Ironically, the presumably gauge-dependent parameters of [12] yield a
more reasonable value of Z, than do the PT parameters.

Table 9.2 shows various results for the ratio m /(N g%), which should be roughly
independent of N for gauge group SU (N) (exactly so for one-loop gap equations).
Values marked by an asterisk were calculated for SU(2); the rest were calculated
for SU(3), and all were assumed to scale linearly in N. In Table 9.2, N/A means
that no residue factors were given. Reference [17] uses a very interesting approach
to d = 3 gauge theory that we cannot describe here; it culminates in the formula
m/(Ng3) = 1/Qn).

6 Another problem with all the estimates we will discuss is that they do not properly account for the fact that the
magnetic mass is really a function of momentum ¢, vanishing like 1/¢? (modulo logarithms) at large momentum
(see Chapter 2). This is essential for the Schwnger-Dyson equations to yield finite results.
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From Table 9.2, we see that there is some spread in the ratio, with the average
lattice value larger than the average gap-equation value. Note that the previously
estimated lower bound of 0.29 is larger than any of the masses in the table. The
lattice results vary somewhat, in part because the propagators from which the
magnetic mass is extracted are in different gauges, and the extracted mass is not
exactly the (gauge invariant) pole mass, which is hard to reach on the lattice because
it involves extrapolation to negative values of momentum squared.

In any event, there seems to be no question that there is a finite d = 3 gluon mass
and therefore the solitons (center vortices, nexuses) that we have already discussed.

9.5 The functional Schréodinger equation

The FSE is another way, in principle, of expressing the content of a field theory in
d dimensions via functional differential equations in d — 1 dimensions. There is
nothing in the FSE approach that could not be understood directly from the field
theory, but sometimes one gains insight by looking at a hard problem in a different
way.

For any field theory, the FSE is no more or less than the usual Schrodinger equation,
with fields as the coordinates and functional derivatives with respect to these
fields as the momenta. The fields, as coordinates, are labeled by (in d =3 + 1)
three spatial positions x. For a gauge theory, the component .Af has no canonical
momentum and is set to zero, leaving only the three magnetic potentials A?(X) at
zero time as coordinates.” The canonical momentum is the electric field:

¢ = £4xX) — —ig? (9.21)

8
SA¢ x)
(Note that the commutator term is missing because we set A = 0.) The Hamilto-
nian for the NAGT FSE is

o 3o ) i) - e o

and the Schrodinger equation is the usual H|vy) = E|y¥). We consider the vac-
uum (ground state) wave functional ¥ {.A¢(x)} and the time-independent FSE that
determines it. This wave functional is the matrix element

YA (D} = (AT DY), (9.23)

7 See Jackiw [22] for an elegant treatment of the fundamentals of the canonical FSE for gauge theories. We
temporarily use group-component notation.
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where the bra vector is an eigenvector of the field operator A{ and [) is the
vacuum-state eigenvector, whose energy we normalize to zero for the present. The
vacuum wave functional has the form

YA ()} = exp[—S{Af (D)}, 9.24)

where S can be written as a formal power series with infinitely many terms:

1 1
¢S = N //A?QU.A? + Tl // A?A?AEQ?;}IS +ee 9.25)

The €2 functions relate their associated gauge potentials nonlocally and may have
derivatives of high order.

The exponent S is real, bounded below for finite arguments (vacuum wave func-
tionals do not have nodes), and positive for sufficiently large arguments (it is
normalizable). Most important, it is a gauge-invariant functional of its arguments.
These properties of S, plus the usual rules for constructing vacuum matrix ele-
ments, allow us to interpret 25 as an effective d = 3 action. The vacuum matrix
elements are of the type®

wi- ) = [[aAre 0. 9.26)
Define the effective d = 3 action by
13 = 28. 9.27)

So FSE matrix elements such as (y|W|y), where W is a spacelike Wilson loop,
are expectation values in the d = 3 theory with effective action /;_3.

The question is: how do we solve for this effective action, and what does it look
like? This is not an easy question. In the first place, it is not possible to solve the
FSE exactly,” so there is little guidance from existing solutions. (Often workers
simply postulate what seems to be a reasonable approximate form for ¥ — typically
Gaussian — to be used for variational estimates, but often, in the process, gauge
invariance is lost.) A few low-N terms of the N-point coefficients €2;;. . can be
found order by order in perturbation theory, but that is not very interesting; it is
analogous to a bare-loop expansion of the effective action. Much more interesting
is the dressed-loop expansion, in which the three-point and higher functions €2; .
are expressed in terms of the dressed two-point function €2;;; then the FSE (or,
equivalently, extremalization of the effective action S) yields a nonlinear equation

8 As usual, we do not explicitly indicate ghost and gauge-fixing terms.

9 To forestall confusion, there is an exact zero-energy formal solution [23, 24, 25, 26] to the vacuum FSE, which
is ¥ ~ exp(—(872/g%)Ncs), with Ncs being the CS integral (see Eq. (9.51)). Although this solution is not
normalizable because the CS integral does not have a definite sign, it is applicable for certain high-energy,
few-to-many scattering processes; see [26].
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for the two-point function, quite analogous to the Schwinger—Dyson equation for
the PT propagator. This approach is quite successful [27] for the anharmonic
oscillator in one dimension (ordinary quantum mechanics) even in the limit where
the quadratic term in the potential vanishes and perturbation theory completely fails.
Because [;_3 is gauge invariant under gauge transformations of its background-
field arguments A; (X), it is natural to use the pinch technique and gauge technique
to approximate it, along with the dressed-loop expansion. Whether one uses a
dressed-loop approximation or a bare-loop expansion, the solution to the FSE
always involves the square root of operators. For example, a little experimentation
shows that a perturbative expansion involves unfamiliar operators such as /—V?2,
Because we know that NAGT's show dynamic gluon mass generation, we expect that
square-root operators of the form +/m?2 — V2 are what turn up in the dressed-loop
expansion.

9.5.1 The gauge technique and the FSE

The generator of infinitesimal gauge transformations is Djfb x (—id/ (SAZJ’» ), and this
must annihilate ¥ or, equivalently, S. Invariance of S under infinitesimal gauge
transformations is trivial for the two-point function €2;;; this quantity must be
conserved (as in an Abelian gauge theory) so that in Fourier space,

k-

For the free theory, ©2¢(k) = k, but for the dressed theory, we expect something
like Q(k) = Vk? + m?.
Gauge invariance is more complicated for higher-point functions. Annihilating
Y with the generator of gauge transformations yields a set of ghost-free Ward
identities, just as in the pinch technique. For example, the Ward identity for the
three-point function is

Q;;(k) = Q(k)P;;(k) P =6 — (9.28)

ki Q5 ko, k) = F7 [Q(2) — Qi(3)], (9.29)

ijk
where Q1 (2) = Qi (k2), and so on.

Further information comes from the FSE, where one finds that the equation deter-
mining the three-point function has the general form

Qu(Q + QiU + QKLY = fTiji. (9.30)
The right-hand side I';jx comes from the cubic term in H plus another term from
the five-point function. The Ward identity for I';; is determined by the preceding
equation plus the Ward identities for the two- and three-point functions, as already
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given, and multiplying both sides of Eq. (9.30) by ky; yields
ki Tije = 5,(3) — Q5,(2). 9.31)
For free particles with 2 = €, this is satisfied by the usual free three-point vertex
Ty =itk — ko)edij + c.p. (9.32)
The reader can verify that Eq. (9.30) has a solution of the form

Qe ko, Ks) = fIRAD) + Q) + QB

X {Fijk + [Q(l)% (ij(Z) — ij(?))) + Cp] }, (9.33)
1
which respects the Ward identity of Eq. (9.29) by virtue of the massless pole terms
of Eq. (9.33). It should now be clear that these longitudinally coupled massless
excitations will occur, as a result of enforcing gauge invariance, for every n-point
function. We will shortly identify these with couplings of the gauged nonlinear
sigma (GNLS) field introduced in our conjecture for the infrared-effective action.

So far, the vertex function I'; j; is undetermined, but we will find an approximation
to it, useful in the infrared, with the gauge technique. We can read off from Chapter 5
the needed relation

kiikoj
2k3k3

k
— [Py (k)T (ky) — P,-z<kz)n,,-<k1>]§ +cp., (9.34)
3

Cije = 8ij(ky — ko) —

(k1 — ko) T (k3)

where the first term on the right-hand side is the free vertex F?j o and IT;;(k) =
P;j(k)I1(k) is the transverse PT self-energy, related to €2;; by

QY = P + TR, (9.35)

where 3 = k? is the free gluon contribution.

In the simple case studied here, IT = m?, and the resulting expression for I'; k18

m? kyikaj(ky — ko)

i = 8k — ko)y + =
jk ikt — k)i + 7 T

(9.36)
Combining the pinch technique and the gauge technique by solving the Ward iden-
tities ensures exact gauge invariance but is nonetheless an approximation (expected
to be valid in the infrared regime). Ultimately, it yields a dressed-loop equation for
a single transverse operator $2;;(k) = P;;(k)S2(k). We will not explore this difficult
program further here.
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The order-by-order appearance of massless longitudinal poles in the gauge-
completion process is directly mirrored in the order-by-order solution of the clas-
sical GNLS model. Because the notation is more compact, we now switch to
anti-Hermitean matrix notation. The local GNLS model, normalized appropriately,
has the action

Ios = ——= / ExTr[U-'DUT, (9.37)
g

where U is a unitary matrix transforming as U — VU under the gauge transfor-
mation

A > VAV + vy v (9.38)

The classical equations for U express this quantity in terms of the A; (see Chap-
ter 7), with the result

U=¢”

1

1 1 1
SRFIHER PRRRR I

2

1
V2 V2 |:3'A,@3-Ai|+---}, 9.39)

showing the appearance of massless scalars. More generally, because U ~'D;U
is a gauge transformation of 4;, functional integration over U is equivalent to
projecting the gauge-invariant part of the mass term. Note that the linear term in .A;
of the GNLS model field U "D, U is the transverse part of A;. This linear term is
the Abelian mass term that began our investigations. All higher-order terms of w in
Eq. (9.39) are non-Abelian. One can straightforwardly verify that the three-point
function of Eq. (9.36) corresponds precisely to the three-point term found by using
the expansion of Eq. (9.39) in the GNLS model action. Because the GNLS action
is fully gauge invariant, it gives one solution to the all-orders ghost-free Ward
identities, and this solution is what is emerging from direct calculations using the
gauge technique.

9.5.2 The proposed infrared-effective action

Our proposed form of the effective action answer [28] is that in the infrared regime,
where no momenta are large compared to the gluon mass m, this action is reasonably
well approximated by a d = 3 action that is essentially the d = 3 massive effective
action already studied in the last chapter. This action consists of a gauged, nonlinear
sigma model mass term, giving the gluon a mass m and the usual Yang—Mills term

2 1
Iy = — / d>x {m—zTr[U_lDiU]z + —zTrg,?.} . (9.40)
g 2¢5 Y

3 3
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One finds this form by saving the first two terms in an expansion of a certain
approximation to S in powers of the operator —V?/m? or, equivalently, k>/m? (k
is a momentum). The leading term gives the gauged, nonlinear sigma model, and
the next leading term gives the conventional Yang—Mills action. As momenta get
larger, correction terms with more and more derivatives enter, and finally, in the
region of large momenta, expanding in powers of k>/m? is useless. Fortunately,
because d = 3 4+ 1 QCD is asymptotically free, perturbation theory determines the
leading large-momentum terms in v, but this is not of interest here.

Because this action must describe the same phenomena as, for example, the
Schwinger—Dyson equations do, it must be that the gluon mass described by the
effective action is the same in d = 3, 4. As for the d = 3 coupling g%, we have
already seen that d = 3 gauge dynamics determine the dimensionless ratio m/ g%,
so knowing m gives the d = 3 coupling.

To understand how such an action might arise, consider just the two-point term in S
of Eq. (9.25), called S,. In perturbation theory, one can easily check that choosing

3;9;
Qi = QP;j, with Pj=8;— % and Qo =+v—-V2,  (941)

solves the FSE for the free part of the action and also has the crucial property of
gauge invariance (in this case, under Abelian U (1)V 1 gauge transformations). To
describe mass generation, make the simple replacement

Qo — Q=vVm?—-V2 (9.42)

so that S, is
1
$= 7 / A2 =Py AL 9.43)
8

This S, is an exact solution of an FSE with an Abelian gauge Hamiltonian with
gauge-invariant mass generation put in by hand:

o
= [[5my]+v. ©0.44)

where F; = ;A% — 9, A are the Abelian field strengths.

Although this is a familiar Hamiltonian, closely related to that of the Abelian Higgs
model, the action I;_3 = 25, is not familiar, involving as it does a square root of

8 ? 1 1 a2 2 pa a
S A +Tg2 E(j:,]) +m”A; P,'j.Aj
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an operator. Try the infrared expansion

1 1
m2—V2—>—<m2——V2)+---. (9.45)
m 2
Now we do see familiar operators, and saving these two terms in the infrared
expansion of I;—3 = 25, is almost a repeat of the Hamiltonian of Eq. (9.44),
divided by m:

ly—3 — %/.A?Pijfl? + 4n1g2 /[.7:,-‘}]2 + . (9.46)
Unfortunately, this action describes gluons of mass +/2m and not m because of the
1/2 in the expansion of the square root. The problem is in trying to make a strict
expansion around zero momentum when, in fact, momenta of (O(m) are important.
Reference [28] describes a least-squares operator approximation, intended to be
more or less accurate over the range of momenta from 0 to O(m), of the form

m2—V2—>§(m2—V2+---), (9.47)

where Z is perhaps 1.1 or 1.2. This new approximation does describe gluons of
mass m, as required.

The next step is to make a gauge completion of this Abelian form by adding
the infinitely many terms in the expansion of S in Eq. (9.25) that are required
by gauge invariance. It turns out that for any given €2, there are infrared-useful
approximations to all these terms that exactly preserve gauge invariance using
the techniques of [11]. The first term in a large-mass expansion of this gauge
completion is, as might be expected, equivalent to a gauged nonlinear sigma model
mass term. Equivalent means that what one actually finds is the d = 3 version
of the perturbative expansion of this model, as given in Eq. (9.39). The second
is the usual Yang—Mills term involving the full field strengths g;lj, as described in
Eq. (9.40). The same problem arises as in the Abelian case — the free mass is ~/2M —
and is approximately resolved in the same way as indicated for the Abelian theory
with a modified infrared expansion. The final result is the obvious modification of
the Abelian S,:

28 = —1I,_s
2mZ z
- /d3x Tr[U~'DUT + —— /d3x TrG3 + OM ™). (9.48)
g mg

The next question is: what are the consequences of this action? Three are worth
mentioning [28]. First, we know already that it has center vortices and nexuses.

The center vortices are closed strings, corresponding to the projection of closed
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surfaces in d = 4 onto d = 3; similarly, the nexuses are points on these strings.
Given an entropy-driven condensate of vortices, these will describe confinement
through matrix elements of the FSE.

Second, given values of N g%/m (see Section 9.4), as found strictly in three
dimensions, we can actually estimate the on-shell value of the d = 4 coupling
ay(m?) = g?/4m. Just compare the two forms of the conjecture, as stated in
Egs. (9.40) and (9.48), and find the equation:

2 228%

¢ = . (9.49)
m

This equation expresses a d = 4 quantity, g2, in terms of the d = 3 ratio m/ g%,
estimates for which we summarized in Table 9.2. Using Z ~ 1.2 and the estimate
[16] Ng%/m ~ 7.7 for N = 3 gives a(M?) >~ 0.5, a value holding for no quarks.
This is close both to an early estimate [4] that comes out of the first PT attempt to
find the gluon mass and to modern estimates given in Chapter 6. The early analytic
PT estimate is

2 127

oM7) = 5 = ~
4w [11N —2N,]In[5SM2/A?)]

0.4, (9.50)

where the numerical value comes from m = 0.6 GeV, A = 0.3 GeV, and no quarks
(Ny =0). Chapter 6 gives a value ~0.5. We can also compare this result to
phenomenological determinations [29, 30, 31] of (g2 =~ 0) 2~ 0.7 & 0.3 coming
from studies of infrared-sensitive scattering data. But in the real world to which
these data apply, there are three families of light quarks, so we have to modify
the FSE estimate. Assuming that the PT formula of Eq. (9.50) applies, we should
multiply the result of Eq. (9.49) by 11/9, ending up with an FSE estimate of o (m?)
of about 0.6 — near the lower end of the phenomenological range.

The third consequence of this FSE work comes from using it in one less dimension.
The same steps go through, yielding an effective action in two dimensions, /;_, that
is once again the sum of a gauged nonlinear sigma model and a Yang—Mills term.
This action has center vortex solutions, and if they condense, they give confinement
as usual. Note the big difference with the usual confinement mechanism in d = 2
QCD, which just has the Yang—Mills term. The Yang—Mills action by itself is a free-
field theory with a confining propagator, and so all nontrivial group representations
of SU(N) are confined. But this is not correct for d = 3, the dimensionality where
1,—; is supposed to apply; the adjoint and similar representations are not confined
but screened. Therefore, it is essential to have the mass term in /;—,.

There is another way of creating gluon mass in d = 3, which works even in the
classical theory: add a CS term to the action.
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9.6 Dynamical gluon mass versus the Chern—Simons mass: Two phases

In Chapter 8, we already encountered the CS integral as a time slice of the topo-
logical charge density. We repeat the definition of the CS number N:

1 3 2
Ncs = —@ d’x EijkTI' (.A,'aj.Ak + gAi-AjAk> . (9.51)
Form the Yang—Mills—Chern—Simons (YMCS) action by adding the CS action
2mik Ncs to the Yang—Mills action. The d = 3 functional integral with a CS term
(as always, omitting the gauge-fixing and ghost terms) with a new coupling &,
chosen to be real, is

Z= / [dA;]exp [2nichs + / d%%zTr g,?j] : (9.52)
3

We can and will always choose the level k to be positive by changing the sign of
the gauge potential, that is, by making a parity transformation. In fact, because
either sign contributes equally in Z, the partition function is an even function of
k. The factor of i in the Euclidean action comes about because in transforming
from Minkowski space (where all actions have an i factor in the path integral) to
Euclidean space, no extra factor of i arises, as it usually does. So for real gauge
potentials, the resulting pure imaginary action contributes a phase factor to the path
integral. But once there is an imaginary part to the Euclidean action, there is no
longer any requirement that the dominant contributions to the path integral come
from real gauge potentials, and the CS action is generally complex. The partition
function is real because there are equal contributions from a complex CS action
and its complex conjugate.

The CS term is not gauge invariant under a so-called large-gauge transformation, the
kind that carries topological charge. According to Eq. (8.32), the CS term changes
by the integer A of that gauge transformation. We do not need to require that the
action itself be gauge invariant; just as with Dirac monopoles, only the functional
integrals created from it, such as Z, must be gauge invariant. That requires [32, 33]
the coupling k to be an integer.!® This integer is called the level of the CS action.

In perturbation theory, the main effect of adding the CS term is that the gluon

acquires a mass mc. This follows from the easily established Euler—Lagrange
variation of the CS term:

8Nes 1
SA(x) 1672

1
€iikGjr(x) = mBi, (9.53)

10 One might wonder what happens if k is other than integral. If the only large gauge transformations allowed in
the path integrals change the CS number by an integer, then the partition function Z vanishes for k nonintegral.
We discuss in Section 9.7 [34] that there is no absolute prohibition on considering nonintegral CS numbers,
but a theory accommodating nonintegral CS numbers is energetically disfavored.
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from which the classical equations of motion for YMCS theory are

ikg?
[D:, Gij] — S;fejkzgk, ~0. (9.54)

This is a peculiar equation because it is complex. However, it has a perfectly fine
perturbative expansion. The linearized version of Eq. (9.54) is

e,-jkajBk = imCSBi, (955)
where the CS mass is
k 2
e = 53 (9.56)
47

and B; = (1/2)€;jxG jx is the magnetic field. Taking the curl of Eq. (9.55) gives
(V2 —m?)B; = 0. (9.57)

Precisely because there is an i in front of the CS term in the equations of motion,
this linear propagation equation is nontachyonic and corresponds to a gluon of
physical mass mcs, although it is associated with the peculiarities of complexness
and parity violation.

We cannot immediately conclude that this mass, present in perturbation theory,
removes the infrared instability of ordinary Yang—Mills theory. It turns out, as we
will see using the pinch technique, that if the mass is large enough — that is, if
k is large enough — infrared slavery is indeed gone. The perturbative expansion
parameter N g% /m¢s behaves like N /k, and so large-k perturbation theory should
be well defined, as it is in QED. If perturbation theory is to work, there should be
no classical solitons — a result proven long ago [35]. This large-k theory, which
is in effect the theory without the Yang—Mills term, is a particularly beautiful and
mathematically powerful theory that is exactly soluble and beautifully organizes
some of the mathematics of d = 3 knots [2].

However, if k is small enough, we will show that the CS mass is not large enough
to remove infrared-slavery tachyons and that a dynamical gluon mass is required
as well. Quantum solitons return [36] along with the expected nonperturbative
effects, including confinement. There is a phase transition in YMCS theory at a
value k = k., with k. >~ (1 — 2)N. For k > k., perturbation theory and Witten’s
results hold, whereas for smaller k, infrared slavery must be solved the way we
have presented in this book. Of course, this nonperturbative phase is different from
that of QCD because of the parity-violating CS term, and the solitons differ in
detail. But there are still center vortices, nexuses, and sphalerons.

It is natural, from a physics point of view, to start with the Yang—Mills action as
fundamental — something to which we add the CS term. But Witten [2] showed
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that the theory defined by dropping the Yang—Mills action and keeping only the
CS term is not only sensible but is an example of a particularly interesting class of
field theories called topological field theories. The theory with only the CS term —
called CS theory — has no propagating gluonic modes and in fact can be solved
exactly. Its observables are completely characterized by the topologically invariant
CS numbers and the VEVs of other topological invariants such as Wilson loops.
Ultimately it turns out that the phase space of CS theory is finite. Witten showed
how the VEVs of multiple, knotted Wilson loops can be calculated to yield the Jones
polynomials that characterize the linkings and knottings of the loops. For large k&,
Witten looks at a semiclassical expansion around the classical extrema of the action
that, according to Eq. (9.53), comes from configurations of vanishing field strength
or pure-gauge potentials. Canonical quantization of the theory requires a choice
of gauge; the choice .43 = 0 reduces the action to a quadratic form, and that is, in
part, why the theory is exactly soluble. We will not pursue this fascinating topic any
further, except to say that to define rigorously pure CS theory requires a regulator,
and the obvious one at large & is the Yang—Mills term. The next sections will focus
on the infrared-unstable phase.

9.6.1 The nonperturbative phase uncovered by the pinch technique

First, we make a heuristic argument. Because Z of Eq. (9.52) is even in k, we can
write it as

1
7 = / [dA;] cos (2ik Nes) exp [— / d%FTrgfj} =e 10D (9.58)
83

In the formal limit of small k, this equation says that
I, k) ~ T(0) + 2m%k* (N2); (9.59)

the CS term increases the effective action and at some point can be expected to
overcome the entropic effects that tend to make I' negative. So there might be
a phase transition at some value of k = k. of O(N) separating a nonperturbative
phase with all the usual phenomena (gluon mass, a condensate, solitons) from a
perturbative phase.

The first step is to calculate the one-loop PT propagator K( p)ij for YMCS theory.
The corresponding bare propagator has a new parity-violating term:

- 1
Ay (p)ij = (P*8ij — Pip)) + Mes€ijaPa + PP (9.60)
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here mqs = kg% /4 is the classical CS mass and & is a gauge-fixing parameter. The
PT self-energy, which enters the full propagator through

AN (p)yj = Aq (P — TPy, (9.61)
also has two conserved terms, a parity-conserving term and a parity-violating term:

T(p)ij = (p8ij — pip)A(P) + Mes€ijapa B(P). (9.62)

These equations yield the propagator

—~ iDi 1
A(p)ij = <3ij e p,) 1

P’ A)(p* +m?)
1 Pibj
— Mxé€jjaPa = +£ (9.63)
S A - A m  p
in terms of a running mass
1-B
my(p) = M T2/ (9.64)

A lengthy calculation [36] gives equally lengthy results for ;f(mcs /p), 1/9\(mCS /p),
and we will not quote them in full here. Both positive and negative powers of m/ p
appear, but owing to cancellations, the propagator is finite both in the m.; = 0 limit
and in the p = 0 limit. One simple-looking result is the one-loop PT propagator
in the limit of no CS mass. One might expect this to reduce to the usual QCD
expression of Eq. (9.16), but in the limit mq = 0, there is a term ~ 1/m that
leads to a cancellation:

AN p)ij = (P8 = pip (1 = wbg3p) + €ijuPags (’%) . (9:65)
Note the replacement of k by k + N, which happens also in Witten’s pure CS
topological theory. The N here arises from the mass cancellation. There is also the
infrared-slavery term already uncovered in Eq. (9.16), with b3 = 15N /(32x).

So the question now is whether some finite value of ms can overcome the infrared
slavery problem. By looking at the full expressions for A, B, one can check that
the relevant self-energy Ais positive and monotone decreasing in momentum p,
vanishing like 1/p at large momentum. So the infrared-slavery problem is solved
if Z( p = 0) is less than 1. The result for this quantity is as follows:

29N
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It then follows that, at the one-loop level, YMCS theory is consistent and free of
tachyons only if k is larger than a critical value k., where

29N
ke = ——.
12

What happens for higher loops has not yet been studied, but a fair guess is that, for
example, the denominator k in Eq. (9.66) would be replaced by k + N, in which
case k. would be 17N /12. If so, these two values of k. suggest that we know the
critical value of k. to within a factor of 2 and that higher loops do not change the
fact that there is a critical value.

(9.67)

So the infrared slavery problem persists if k < k., in which case, we solve it just
as before: there has to be a dynamical gluon mass m generated, and this mass
generation is self-consistently supported by condensates of solitons of the massive
effective action. If so, the resulting infrared-effective action has both a CS term
and a GNLS term (see Eq. (9.71)). In the following, we argue that as k — k. from
below, the dynamical gluon mass along with the condensate supporting it must
vanish, and the solitons composing the condensate no longer exist. There are [36]
qualitative arguments suggesting that the exact form, given in Eq. (9.10), of the
zero-momentum effective action as a function of the operator 6 of Eq. (9.3) gets
modified in a certain way by a CS term. This modified effective action I'(0, k)
has all the right qualitative properties, including correct scaling in N and g for
all quantities appearing in it, a dynamical gluon mass consistent with the operator
product expansion of Eq. (9.4), a phase transition at a critical value of k at which
the condensate vanishes, a quadratic increase in I' as a function of k for small &,
and the correct zero-k limit. We will not detail the arguments, all based on the
one-loop equations given so far, but will simply state the result here:

—1/2

2
F(Q,k):/@ 1 —k, [k2+<4—7§) (a3g§9)l/2j| . (9.68)
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here a3 is the Lavelle constant of Eq. (9.4), and the critical value k. is proportional
to N. The pure numbers in this expression are not to be taken seriously.

Now let us check the properties of this modified effective action. First, in the limit
k = 0, it is of the necessary form given in Eq. (9.10), with (6) ~ (Ng§)3(N2 —1).
Second, for small k, the leading correction term is positive and quadratic, as
expected from Eq. (9.59). Third, at kK = k., the minimum of I" moves to 6 =0
so there is no condensate, whereas for positive 8, the effective action I' is also
positive, indicating that entropy effects are no longer dominant.

The order parameter for this phase transition is the dynamical gluon mass m(k),
which now depends on k. When k k., some simple algebra shows that the
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minimum of I in Eq. (9.68) obeys the following:
0% ~ (k. — k), (9.69)
and so
m(k) ~ Y% ~ (k. — k)'/?, (9.70)

characteristic of a second-order phase transition. If there really is a phase transition
at k = k., then one would expect solitons to appear for smaller k.

9.6.2 YMCS solitons

D’Hoker and Vinet [35] long ago looked for classical solitons of YMCS theory.
Their result is that there are no finite-action classical solitons of the vortex or
sphaleron type in classical YMCS theory. There are solitons, but they have a
curious instability that creates a singularity, preventing them from having finite
action.

The remaining questions are as follows: are there any finite-action solitons when
there is both a dynamical mass m and a CS mass in the effective action? How
do these solitons behave when m — 0? For k < k., the full effective action with
dynamical mass term is

1 2
/ d*x |:2nikNCS s / TrG; — ';iz / Tr[U‘lDiU]z} . (9.71)
3 3

First, let us look for center vortices using the classical equations from Eq. (9.71).
Center vortices are Abelian, and this action leads to the Abelian solution [36]:

Ay = T

%dz;c {€ijkd; [u—(AL(x —2) — Ap(x —2)) + (+ < —)]
+i8ikpmp— [Ap(x —2) — A_(x — 2)] }, (9.72)

where the masses u, (4 are

1 2 24172
H+ = E[Zl:mcg + (mCS + 4m ) ] n = 4 + Hn—, (973)

and A is the free Feynman propagator for mass p4. This is a peculiar soliton
because it has a (parity violating) imaginary part. But the total action, including the
CS term, is real, and the action per unit length is finite (given that the running mass
m(q) decreases as in Eq. (9.4)). This soliton is twisted and has a nonzero (Ns).
The twist (or Ns) changes sign when k changes sign, and so the action is even in
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k. In the limit m.; — 0, this vortex reduces to the usual center vortex, and in the
limit m — 0, the soliton vanishes.!!

Next, look for spherical solitons in SU(2), which should resemble modified
sphalerons. The usual spherical decomposition of the gauge potential is

2iA; = € 1T R [(’J’l(ri_ 1} — (5, — %X 7) ¢2r( ) +BET-TH () (9.74)
) T-x
U =exp [1,3(r) 5 i| . (9.75)

Inserting these into the effective YMCS plus mass action of Eq. (9.71) gives [36, 34]
what looks like four equations of motion, one for each of the four functions in
Eq. (9.74):

0= 9]~ Higa) + 54101 — 7 — D

+(imes — Hi) (@ + Higr) — m*(¢1 — cos f) (9.76)
0= @)+ Hign) + 5a(1 — 7 — )

— (imes — H)(@] — Hip2) — m* (¢ + sin ) (9.77)
0= ¢19) — $od} + Hi(d] + 6))

+ (imcsa —¢r— )+ %mzr%m - ﬂ) (9.78)

1 2
= < [r%(8' — H)I' — S(¢1 5in B + 2 cos ). (9.79)
r r

Here primes indicate radial derivatives. In fact, there are only three independent
equations; Eq. (9.78), which comes from varying the matrix U, is (as we already
know) not independent and can be derived from the other three.

Why are there no classical solitons (at m = 0) but there are (quantum) solitons for
finite m? To a large extent, the answer to this question appears in Eq. (9.77) for
the amplitude H; or, equivalently, A of Eq. (9.82). This equation is algebraic, not
differential, and has the solution

! ! ’ ’ 2, M
A= 5 g e —(B¢ ~ B'p)+1-f + OB |. (9.80)
_ s

!l Because the Abelian equations are linear, there are other linear combinations of the preceding + solutions
without this property, but they do not have finite action per unit length.
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D’Hoker and Vinet [35] have an analogous equation, but in the gauge B = 0 and
with no dynamical mass, so their equation is recovered by setting B, B/m and m to
zero. Their denominator, then, is just ¢f. They show that there is at least one zero
of this denominator and that the existence of one zero leads to an infinite number of
zeros and a “soliton” having an accumulation point of zeroes at r = 0. In our case,
if m is large enough, it is possible that the m?r? /2 term in the denominator prevents
the denominator from vanishing, and this does happen, at least numerically [36].
The numerics show that for small enough m, there is at least one zero, and the
D’Hoker—Vinet disease arises: there are no sphaleron-like solitons.

So several different lines of investigation, all of them qualitative, lead to the same
conclusion: for large k, YMCS theory is in the Witten phase and can be solved
exactly, butfor k < k., with k. >~ (1 — 2)N, there is a second-order phase transition
to a nonperturbative phase with a dynamical gluon mass in addition to the CS mass.

9.7 Compactness and the Chern-Simons number of YMCS solitons

The developments so far provide a setting for investigating whether the assump-
tion of compactness, which quantizes various topological indices, is physically
necessary [34]. We know already that topological charge may consist of localized
lumps of nonintegral charge whose sum over all Euclidean space-time is integral,
but this does not challenge the notion of compactness, which is only needed for
infinite spaces and their boundaries at infinity. Compactness requires that quantum
numbers defined on such boundaries be integral, but here we assume otherwise
and look for the consequences, using a model of a dilute condensate of YMCS
sphalerons. The result is that the noncompact model has a vacuum energy density
higher than that of the compact theory by a finite amount and hence a vacuum
energy higher by an infinite amount after integrating over all three-space [34]. So
compactness is energetically preferred.

The model begins with sphalerons from Egs. (9.76), (9.76), (9.77), and (9.78), with
boundary conditions

r=0: ¢:1(0) =1, $2(0) = H1(0) = B(0) = 0;
r=00: ¢1(c0) = cos B(00), P2 (00) = — sin B(00), H — . (9.81)

These equations are again complex, but in one case, they can be reduced to real
equations for real functions, and this is the case of interest. Set § = 7w and « = 0.
Then one can choose H, ¢, to be pure imaginary, with all other functions real:

m

H, = imeA(r); ¢ = i— B(r). (9.82)
m
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The equations become real, and so ¢;, A, B are all real. Generally, solitons with
both real and imaginary field components have conjugate solitons found by complex
conjugation (which changes the sign of the CS number), but the soliton here is
self-conjugate, and its ordinary CS number vanishes. For this choice of boundary
conditions, the CS action 27k N is real (the integral in Eq. (9.51) is imaginary).
The general form of N for a spherical soliton is

1 d3x , , . ) 5
Nes /r_z (P15 — by — Py — Hi(1 — ¢ — P3)]. (9.83)

~ 8n?

Substitute the forms of Eq. (9.82) to find a purely imaginary N and so a purely
real CS action. (There is no reason that the contribution of solitons to N.s should
be integral or even real.) This action is O(k?) and positive for small k, as we argued
earlier on general grounds.

The only interpretation we can make of a pure imaginary N is that what we usually
think of as the (topological) CS number vanishes. This soliton is very much like the
QCD sphaleron of Chapter 7, which, considered only as a d = 3 soliton, has no CS
number. However, by making a special gauge transformation on this solution, we
can endow it with a genuine (and nonintegral) CS number. The spherical equations
of motion have aresidual U (1) gauge invariance that preserves spherical symmetry:

$1(r) = ¢1(r)cosa(r) + ¢a(r)sine(r)
$2(r) = ¢a(r) cosa(r) — ¢i(r)sina(r)
B(r) — B(r) + a(r)
H\(r) — H\(r) +d'(r). (9.84)

These transformations can be read off from the gauge transformation:

A > VAV v v (9.85)
with!?
V(a) = exp [%? -?a(r)] : (9.86)

Of course, the subgroup generated by all group elements of the form in Eq. (9.86)
is Abelian, but it does not commute with the general vector potential. We call gauge
transformations of the type in Eq. (9.86) spherical gauge transformations.

For any gauge transformation, as in Eq. (9.85), N changes according to Eq. (8.33).
With the assumption of compactness, the gauge transformation V approaches the
identity on the sphere at infinity, and the gauge potential 4; vanishes at least as

12 To avoid singularities at the origin, choose a(0) = 0.
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fast as 1/r, and so the change in N reduces to the winding number of Eq. (9.87),
with the added requirement that a(r = oo) = 2w L for an integer L. When V
approaches I on the sphere at infinity, the space of gauge transformations is really
defined on the three-sphere S3 rather than on R3 because all the points at infinity
are mapped to a single point. This integral winding number is that of the map of
the group space S° onto the spatial S° that we just identified, or in other words,
the homotopy IT3(S?) ~ Z, and this winding number is L. The winding number is
topological, which means two things: it is independent of a choice of metric, and
it can be expressed as a boundary-value integral. It is not completely elementary to
find the function whose divergence is the winding-number integrand; the answer
is in the work of Deser et al. [32] for general gauge transformations.'> For the
spherical gauge transformation of Eq. (9.86), a straightforward calculation (easiest
with Eq. (9.83)) gives
#/ei,k Tr%V(a)laiV(a)V](a)ajV(oc)V](oz)akV(oc)

o0

= — dro’(r)[1 — cosa(r)] = L [a(r) — sina(r)]lg” . (9.87)
27 Jo 2

The answer depends only on the boundary value a(r = co) because we choose
a(0) = 0.

Now we abjure compactness and let a(r = oo) be arbitrary. There is a (real) CS
number that is not integral. A particularly interesting case removes an integrable
singularity arising from B(0) # 0; this singularity can be removed by invoking a
spherical gauge transformation with «(0) = —m, a(oco) = 0. The CS number is
1/2, just as we would expect for a sphaleron.

We assume that for entropic reasons, there is a dilute (noninteracting) condensate
of sphalerons in the vacuum so that all solitons are essentially independent. When
a CS term is present in the action, the dilute-gas partition function Z is the usual
expansion as a sum over sectors of different sphaleron number:

Z(k) = Z Z, Z;k)= Z %e_zl" + .-, (9.88)
J

c.C.

where Z ;(k) is the partition function in the sector with J sphalerons; the subscript
c.c. indicates a sum over collective coordinates of the sphalerons; I, is the action
(including CS action) of a sphaleron, and the omitted terms indicate corrections
to the dilute-gas approximation. To be explicit, separate the sum over collective

13 We know without calculation that the winding number for spherical gauge transformations has to be a total
divergence because it changes the action without changing the equations of motion.
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coordinates into kinematic coordinates, such as spatial position (the ath soliton is at
position 7 — a = F(a)) and gauge-collective coordinates. The former we represent
in the standard dilute-gas way; the latter, we indicate as a functional integral over
spherical gauge transformations U':

J
Z(k)= / [dU] Z% (%) exp {—JNe I —27ik [J Nes(A) + Nes(U)]}. (9.89)

Here V is the volume of all three-space; V. is a finite collective-coordinate volume;
e I, is the real part of the action; N.s(A) is the CS number of each individual
soliton of gauge potential 4; and N(U) is the CS number of the large gauge
transformation.

Even when we consider the apparently innocuous case of sphalerons of CS number
1/2, choose k integral, and allow only compact gauge transformations, problems
arise. The N contribution to a term in the sum in the partition function is a phase
factor exp(irkJ), which is —1 if both k and J are odd. When & is odd, the odd J
terms in In Z have the opposite sign to those of a normal dilute-gas condensate,
which means that the free energy, which for a normal dilute-gas condensate is
negative, has turned positive. So the noncompactified theory splits into two sectors,
one with even numbers of sphalerons and the other with odd numbers, and the
odd-number sector has infinitely higher free energy than the (compactified) even-
number sector. (Noncompactification also leads to a number of other unphysical
results in the dilute-gas approximation not considered here.)

Now generalize to arbitrary noncompact gauge transformations. Begin with poten-
tials A (all indices suppressed) of the self-conjugate soliton given earlier, satisfying
the equations of motion with boundary conditions of Eq. (9.81) and fixed to a stan-
dard spherical gauge (to be specific, we use the self-conjugate soliton with zero
CS number). Introduce a different CS number for each soliton (labeled by a set of
indices a) by making a spherical gauge transformation characterized by «/(a; 00)
for the ath soliton. If we assume compactness, these gauge transformations, with
integral CS numbers, have no effect (as long as the CS index £ is integral). But we
give up compactness, so these gauge transformations do have an effect, and each
a(a; 00) is a collective coordinate.

Because the total CS number of all J sphalerons comes from a surface contribution,
we can immediately write the phase factor in the action by using Eq. (9.87):

J
Zky="Yy_ % (g) exp[—JNe I.] explik(x — sina)], (9.90)
J ) ¢
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where

J

o= aa;o0). 9.91)

a=1

The a(a; 00) are collective coordinates, and we integrate over them:

2 .
Z(k) =" Zgs x {]‘[ /O w] explik(@ — sin@)],  (9.92)
J a

where Zp; indicates the explicitly real terms in the summand of Eq. (9.90). This
integral is reduced to a product by using the familiar Bessel identity

eizsin9 = Z JN(Z)eiNe, (993)

and the integral becomes, for integral k, [ J;(k)]” . So the dilute-gas partition function
is

J
Z(ky=>" % (%) exp {J[—Ne I + In Je(k)]} = GXp[%e_me fe Jk(k)] . (9.94)
J

Because 1 > Ji(k) > O for all levels k, integrating over the collective coordinates
has increased the free energy (the negative logarithm of Z). This shows that by
compactifying the sphalerons, we lower the free energy, yielding something like the
usual dilute-gas partition function (which is Eq. (9.94) without the Ji (k) factor).
This simply requires that the total CS number o be an integer, not that each
contributing soliton have integral CS number.

There are a number of other issues concerning compactness that we will not discuss
here; for example, what happens if the CS level k is nonintegral [34]? The upshot
is that compactness is more than just a mathematical assumption because compact
theories always have infinitely less free energy than noncompact theories.

9.7.1 Sphalerons, knots, and compactness

We conclude this chapter by noting [34] that sphalerons of CS number 1/2 can
be topologically mapped onto the linkages of d = 3 knots (see Kaufmann [37]) —
the same sort of linkages that occur between center vortices and Wilson loops.
For compact knots (knots whose links are closed strings), the total link number is
integral and is composed of a sum of an even number of terms, each =1/2, one for
each crossing (defined subsequently). But noncompact knots, involving nonclosed
strings, may have half-integral link numbers.
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Figure 9.1. Overcrossings or undercrossings of knot components; the sign (p)
distinguishes the two possibilities shown.

The connection between the non-Abelian gauge potentials of a sphaleron and link
numbers is an Abelian gauge potential formed from the sphaleron gauge potential,
whose Abelian CS integral describes the linkages in terms of knots that occur in
the Abelian magnetic field lines. For gauge group SU(2), there is a deep relation
between the CS integral and these Abelian gauge potentials and field strengths.
This turns the non-Abelian CS form, with its characteristic cubic term, into an
Abelian CS form that measures the linkages of the closed lines of Abelian field
strength. The Abelian CS form, when described in terms of its Dirac string as
in the confinement picture, has [34] exactly the form of the integral used in knot
theory to describe over- and undercrossings, as shown in Figure 9.1. Aside from
the topological characteristics we briefly note here, there is no particular physical
meaning to this Abelian gauge potential.

The simplest way to think of knots in three dimensions is to project them onto a
d = 2 plane, carefully distinguishing the various overcrossings and undercrossings
that arise (see Kaufmann [37] for details). Knots are made of links or closed
oriented loops (such as those occurring in d = 3 center vortices). A single link
can be self-knotted, but the description of such knots is ambiguous until either the
twist or the writhe of the single link is prescribed. Spread a system of linked closed
strings out on a table to see undercrossings and overcrossings, such as idealized in
Figure 9.1.

For the crossings of two distinct curves, the link number Lk, which is an integer,
is defined as

1
Lk=> > ep). (9.95)

peC

where C is the set of crossing points of one curve with the other. It turns out that a
single sphaleron corresponds (through the knot structure of its associated Abelian
field lines) to a single term in this sum for Ny, and the 1/2 for every term is
precisely the CS number for the sphaleron.

The projection of two links formed from (nonpathological) closed loops has to
have an even number of terms in the sum for N, so the sum yields an integer. But
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if the links are open, there can be an odd number (e.g., either of the crossings in
Figure 9.1). An open link is equivalent to a closed link with one closure at infinity
or, in other words, a noncompact link. So compactness of the knotted links implies
integrality of N.

The underlying topology comes from the perhaps surprising result that there is a
topological map S* — S2, with the homotopy I13(S?) ~ Z. (As usual, that this map
be described by integral indices requires compactness.) This map and homotopy
were found by Hopf, and the map is called the Hopf fibration. The simplest way to
look at the Hopf fibration (which describes, in essence, a total bundle space S as
the fibration of the base space S? by a fiber in S') is to begin with an SU(2) matrix
U (7) in the fundamental representation and from it construct a unit vector 7 by

UnU ' =77 (9.96)

(the T are the Pauli matrices). The unit vector lives on S2, and the group space
of SU(2) is S°. Something must be redundant in such a map, and it is that U
can be right multiplied by exp[ic(¥)73/2] without changing 7; the unit vector field
corresponds to the coset SU(2)/U(1). This redundancy, parametrized by a(7), will
turn out to be a change of gauge for the fictitious Abelian potential (a shift by 9;«).

The fictitious Abelian gauge potential is
A =iTr (pUU™"), (9.97)

and its field strength is
1
B,' = e,‘jka,-Ak = —ieijkTr (‘L’3U3jU_lU3kU_l) = Ee,-‘,-keabcnaajn”aknc. (998)

Some manipulations using the antisymmetric property of the € symbol lead to a
very elegant formula, expressing the pure-gauge form of N as an Abelian CS
integral:

1272

3 -1 -1 -1 1 3

/d repTr(UU'U;UT'URU™!) = = /d rA;B;. (9.99)
We have already encountered such an Abelian CS integral in interpreting the
link number of a center vortex and a Wilson loop in Eq. (7.41). For the Hopf
map, the link number is the integer in the homotopy I1°(S?) >~ Z. However, for the
standard sphaleron, this link number is half-integral because the standard sphaleron
is noncompact; the field lines of B; terminate only at spatial infinity. Half-integrality
of the link number of Eq. (9.95) also occurs when the links are noncompact.
Reference [34] gives full details of this relation between sphalerons and knots.
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Each 1/2, with appropriate sign, marks an overcrossing or undercrossing of knots
in its d = 2 projection. Although knots are uniquely a property of Euclidean three-
space, because d = 1 strings do not link in any other space,'# a great deal of knot
theory is essentially two-dimensional, based on projecting the knots’ overcrossings
and undercrossings onto a d = 2 space (see Figure 9.1).

This leads to a useful d = 2 interpretation of knots and sphalerons that is quite
analogous to the d = 4 interpretation of topological charge as counting, through a
nonoriented intersection number, the linkages of center vortices and nexuses. An
analogous nonoriented d = 2 intersection-number integral of closed d = 1 strings,
with SU(2) nexuses put by hand on the strings, yields some elementary knot
properties.

A special ribbon framing is often used. In this, called the Frenet—Serret framing,
the unit vector field of Eq. (8.28) is the principal normal vector e, lying in the
direction of the curve’s curvature vector (or derivative of the tangent vector e)).
With this framing in the € — 0 limit, the twist is

1 _ des
Tw=— @Pdse - —, (9.100)
21 r ds

where 3 is the principal binormal vector, given by ez = e; x ;. This expression for
twist is well defined, provided that the curvature of the curve is not zero somewhere
(in which case, @5 is not defined).
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10

The pinch technique for electroweak theory

In this chapter, we give a general overview of how the pinch technique (PT) is
modified in the case of a theory with spontaneous (tree level) symmetry breaking
(Higgs mechanism) [1, 2, 3], using the electroweak sector of the standard model
as the reference theory.

The application of the pinch technique in the electroweak sector brings about sig-
nificant conceptual and practical advantages. First, from the purely theoretical point
of view, it is important to know that the PT construction is sufficiently general to
encompass theories other than massless Yang—Mills. Though the required technical
manipulations in the electroweak sector turn out to be fairly cumbersome, the basic
underlying principles are practically the same; what increases the complexity is
not the principle itself but rather the proliferation of fields and vertices involved.
In addition, the PT algorithm exposes systematically the vast number of cancella-
tions that take place when the (nonrenormalizable) Green’s functions of the unitary
gauge are put together to form physical amplitudes. In fact, one may start directly
from the unitary gauge and derive the same PT Green’s function constructed in
the context of the (renormalizable) R gauges. The application of the pinch tech-
nique provides a deeper understanding of the connection between the unitary gauge
and the optical theorem and analyticity. Moreover, in the context of a theory with
symmetry breaking, one gains new, important insights on the connection between
the pinch technique and the background field method (BFM). Specifically, the
BFM Feynman gauge is uniquely and unambiguously singled out by the power-
ful physical requirement of having Green’s functions that display only physical
thresholds. Last, but not least, one may derive crucial Ward identities, relating the
various propagators of the theory from the sole requirement of the complete gauge
independence of S-matrix elements.

226
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10.1 General considerations

The application of the pinch technique in theories with tree-level symmetry break-
ing in general, and in the electroweak sector of the standard model in particular, is
significantly more involved than in the QCD case. The reasons are both bookkeep-
ing related, because of the proliferation of particles and Feynman diagrams, and
conceptual, related to the correct allocation of the various pinch terms among the
self-energies and vertices under construction:

1. There is a considerable increase in the number of sources of gauge-fixing
parameter-dependent terms. In particular, in the Rg gauges, the tree-level
gauge-boson propagators — three massive gauge bosons (W* and Z) and a
massless photon (A) — are given by

(= &) q"

Aﬁ‘”(q)=[g’“ e
iV

} di(q%)

—i

di(q*) = ——.
(@) pERyVE

(10.1)

wherei = W, Z, A and M3 = 0. In general, the gauge-fixing parameters &,
&,, and &4 will be considered different from one another. The inverse of the

gauge-boson propagators, to be denoted by A;:LU, is given by
—1 . 2 2 1
Ai,,w(CI) =1i|(qg" — Ml' )g;w —quqy + ngQV . (10.2)
1

Three unphysical (would-be) Goldstone bosons are associated with the three
massive gauge bosons, to be denoted by ¢* and x. Their tree-level propaga-
tors are £ dependent, and given by

Di(q) = (10.3)

i
q*— &MY

withi = W, Z (no Goldstone boson is associated with the photon). Note that

v 1 q"q"
A () =U;"(q) — Y7 Di(q), (10.4)
where
[y
Ul (g) = (g“” - "M—q2> i) (10.5)

is the corresponding propagator in the so-called unitary gauge (§; — 00). In
addition, the ghost propagators are also given by D;(q), withi = W, Z, A
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Figure 10.1. The PT decomposition of the generic elementary gauge-boson-scalar
vertex I'g gyt -

(there is a massless ghost associated with the photon). Finally, the bare prop-
agator of the physical Higgs boson is gauge-fixing parameter-independent at
tree level, and given by Ay (q) = i/(g> — M3).

2. In addition to the longitudinal momenta coming from the propagators of the

gauge bosons (proportional to A; = 1 — §;) and the PT decomposition of the
vertices involving three gauge bosons, a new source of pinching momenta
appears, originating from graphs having an external (i.e., carrying the phys-
ical momentum ¢) would-be Goldstone boson. Specifically, interaction ver-
tices, such as I'4 ¢+¢7, ['z, 9297, [wzg7,, and I'yz4= g, also furnish pinching
momenta when the gauge boson is inside the loop carrying (virtual) momen-
tum k. Such a vertex will then be decomposed as (see Figure 10.1)

F(q. k. —q — k) = T5(q. k, ~q — k) + T5(q. k. —qg — k) (10.6)
with
0
F(()[ )(q7 k? —-q — k) = (2q + k)a
To(q. k, —q — k) = 24,
Th(g, k, —q — k) = ke, (10.7)
which is the scalar case analog of Egs. (1.41), (1.42), and (1.43).

. When the fermions involved (external or inside loops) are massive, the Ward
identity of Eq. (1.45) receives additional contributions, which correspond
precisely to the tree-level coupling of the would-be Goldstone bosons to the
fermions. To see this concretely, let us consider the analog of the fundamental
pinching Ward identity of Eq. (1.45), (e.g., in the case in which the incoming

boson is a W). Contracting the Fwﬁd vertex with k* (the fermions u and d
are isodoublet partners), we have

kP = PrS;'(k+ p)— S, (p)PL + [maPr —m,PL],  (10.8)

where the chirality projection operators are defined according to P, g =
(1 F y5)/2. The first two terms will pinch and vanish on shell, respectively,
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as they did in the case of QCD; the leftover term in the square bracket
corresponds precisely to the coupling ¢tiid (the case involving the FW,:JM
is identical). A completely analogous Ward identity is obtained when the
incoming boson is a Z. Again, contraction with the vertex I'; 7, furnishes a
Ward identity similar to Eq. (10.8), with the additional term proportional to
m ¢ys, which corresponds to the coupling I'y 7.

4. After the various pinch contributions have been identified, particular care is
needed when allocating them among the PT quantities that one is construct-
ing. So unlike the QCD case, in which all propagator-like pinch contributions
were added to the only available self-energy, I1,g (to construct ﬁaﬂ), in the
electroweak case, such pinch contributions must in general be split among
various propagators. Thus, in the case of the charged channel, they will be
shared in general between the self-energies [Tw,w,, [Tw,y, [Tgw,, and Tg,.
This is equivalent to saying that when forming the inverse of the W prop-
agator, in general, the longitudinal parts may no longer be discarded from
the four-fermion amplitude because the external current is not conserved up
to terms proportional to the fermion masses. The correct way of treating the
longitudinal terms is to employ identities such as [3]

igy = q"q.Di(q) — A" (@) [(¢* — M)gua — 9G]
iq" = q*Di(g)g" + M7 q, A" (q). (10.9)

The neutral channel is even more involved; one has to split the propagator-like
pinch contributions among the self-energies I1z,z,, [Ta,a,, [1z,4,, 14,7,
HZaX’ HXZB’ HXX’ and HHH-

We emphasize that the preceding four points are tightly intertwined. The extra
terms appearing in the Ward identity are precisely needed to cancel the gauge
dependence of the corresponding graph in which the gauge boson is replaced
by its associated Goldstone boson. In addition, as we will see in Section 10.3,
when the external currents are not conserved, the appearance of the scalar-scalar or
scalar-gauge-boson self-energies is crucial for enforcing the gauge-fixing parameter
independence of the physical amplitude.

10.2 The case of massless fermions

We will now study the application of the pinch technique in the case where all
fermions involved are massless. This simplification facilitates the PT procedure
considerably because no scalar particles (Higgs and would-be Goldstone bosons)
couple to the massless fermions. As a result, (1) the scalars can appear only
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fi

pinch
—>

i

(@) (b)

Figure 10.2. (a) The general process fi(p1)fi(p2) = fo(r1) fo(r2) mediated at
tree level by a Z-boson and a photon and () the basic pinching and one of the
unphysical vertices produced at the one-loop level.

inside the self-energy graphs, where they obviously cannot pinch; (2) Eq. (10.8) is
practically reduced to its QCD equivalent; and (3) there are no self-energies with
incoming scalars (i.e., no Iy, g4, [Tz, ,, [Ty, tc.).

We now focus for concreteness on the the process filp) fi(p2) = fo(r) fo(r2),
mediated at tree level by a Z-boson and a photon, as shown in Figure 10.2(a).
At one-loop order, the box and vertex graphs furnish propagator-like contributions
every time the Ward identity of Eq. (10.8) is triggered by a pinching momentum.
Specifically, the term in Eq. (10.8) proportional to the inverse of the internal
fermion propagator gives rise to a propagator-like term whose coupling to the
external fermions f and f (with f = fi, f>) is proportional to an effective vertex
Cw, ¢ 7 given by (see also Figure 10.2(b))

Cy,pp=—1 (7> Yo PL. (10.10)

Note that this effective vertex is unphysical in the sense that it does not correspond to
any of the elementary vertices appearing in the electroweak Lagrangian. However,
it can be written as a linear combination of the two physical tree-level vertices
Ly r7and T’y ;7 given by

Car7=—10 VY
Tz, p7=—il(s5,Qr — T/)PL + 5,0 Prl, (10.11)

as follows:

o e e (10.12)
A \ars )M NanS )

In the preceding formulas, Q  is the electric charge of the fermion f and TZf s its
z-component of the weak isospin. The identity established in Eq. (10.12) allows
one to combine the propagator-like parts with the conventional self-energy graphs
by writing 1 = d;(¢*)d; ' (¢?).
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Next we will describe how the cancellation of the gauge-fixing parameter proceeds
at the one-loop level for the simple case in which f] is a charged lepton, to be
denoted by £, and f; is a neutrino, denoted by v. Of course, on the basis of general
field-theoretic principles, one knows in advance that the entire amplitude will be
gauge-fixing parameter independent. What is important to recognize, however, is
that this cancellation goes through without having to carry out any of the integra-
tions over virtual loop momenta, exactly as happened in the case of QCD. From
the practical point of view, the extensive gauge cancellations that are implemented
through the pinch technique finally amount to the statement that one may start
out in the Feynman gauge, that is, set directly &, = 1 and &, = 1, with no loss of
generality.

The cancellation of &, is easy to demonstrate. The box diagrams containing two

Z-bosons (direct and crossed) form a &,-independent subset. The way this works is

completely analogous to the QED case, in which the two boxes contain photons: the

&, dependence of the direct box cancels exactly against the gauge-fixing parameter

dependence of the crossed one. The only other set of graphs with a &£, dependence is

the self-energy graphs; it is easy to show, by employing the simple algebraic identity
1 1 (1 —&)M?

= - , 10.13
oMl T iE-M @ Mpw—gMpy

that their sum is independent of &,, separately for ZZ and AZ.

Demonstrating the cancellation of &, is significantly more involved. In what fol-
lows, we set A, = 1 — &, and suppress a factor g2 fk. We also define

L = {(& - &, M3 — MOk +q)* — M21}

I = {(& = £ M)tk + @) — £ M2 — MDIK + 97 — M21}

(10.14)

Note that terms proportional to g, or gg may be dropped directly because the
external currents are conserved (massless fermions).

To get a feel of how the pinch technique organizes the various gauge-dependent
terms, consider the box graphs shown in Figure 10.3. We have

(@) = (@ey=1 + Viwerz (M Lakakg — 21 I38ap) Vivsvs, (10.15)
where the vertices V are defined according to
Vg rr = 0y Cuw, it
W, =0y, up; V=A Z (10.16)

The first term on the right-hand side (rhs) of Eq. (10.15) is the pure box, that is, the
part that does not contain any propagator-like structures, whereas the second term
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Figure 10.3. The box and vertex diagrams that depend on the gauge-fixing param-
eter &,.

is the propagator-like contribution that must be combined with the conventional
propagator graphs of Figure 10.4. To accomplish this, we employ Eq. (10.12) to
write the unphysical vertices Vi .7 and Vyy,; in terms of the physical vertices, V7,
V77, and Vz,5. Specifically, using that in our case Tf =—1/2and T = 1/2, we
have

Cweer = —Swl geps + cuwl ze7

CW"V\_J = —erzavg. (1017)
Equation (10.17) determines unambiguously the parts that must be appended to
[lz,z, and [1,,7, self-energies. To make this separation manifest, one must do the
extra step of writing d,(¢>)d; '(¢?) = da(¢*)d; ' (¢*) = 1 to force the external tree-

level propagators to appear explicitly (see Figure 10.5). Thus, from the propagator-
like part of the box, we finally obtain

(@a,z2, = SwCwq (@ — M) (A Iskaks — 20y I38ap)
(@)z,2, = —cp(q> — M) (A Likakg — 20y I38ap) - (10.18)
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Figure 10.4. The &,-dependent diagrams contributing to I1z,z, and Iz, z, and
the corresponding diagrams in the BFM.

A similar procedure must be followed for the vertex graphs shown in Figure 10.3.
Then all propagator-like terms identified from the boxes and the vertex graphs
must be added to the conventional self-energy diagrams given in Figure 10.4.
At this point, it would be a matter of straightforward algebra to verify that all
&y-dependent terms cancel; in doing that, Eq. (10.13) is useful. Of course, this
cancellation proceeds completely independently for the ZZ and A Z contributions.
Note that the inclusion of the tadpole graphs, namely, diagrams (r), (s), and (¢)
of Figure 10.4, is crucial for the final cancellation of the gauge-fixing parameter-
dependent contributions that do not depend on ¢>. Exactly as happened in the QCD
case, the gauge-fixing parameter cancellations amount effectively to choosing the
Feynman gauge, &, =&, = 1.

The next step is to consider the action of the remaining pinching momenta stemming
from the three-gauge-boson vertices inside the non-Abelian diagrams (b), (c¢), and
(d) of Figure 10.3, exposed after employing the standard PT decomposition of
Egs. (1.41). The propagator-like contributions that will emerge from the action of
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Figure 10.5. The procedure needed for splitting the propagator-like pieces coming
from the W W box among the different AZ and ZZ self-energies.

I'? must then be reassigned to the conventional self-energy graphs, thus giving rise
to the one-loop PT self-energies, which in this case are i ZaZp and T1 4,75 The part
of the vertex graph containing the I'F, together with the Abelian graph which, in
the Feynman gauge, remains unchanged, constitutes the one-loop PT vertices Avv,
Zvp, and Z££, to be denoted by ’I\‘AW, f‘zw, and Fzzg, respectively.

The PT self-energies I 7,7, and I 7,2, are simply the sum of all propagator-like
contributions, namely,

Mz,2,(q) = 115", "(q) + 4gnca(@® — M)gapTww (9)
Ma,z,(q) = 15" V(q) — 287 5wcu(24” — M7)gaplww(q),  (10.19)

with
I B 1
wwlg) = /k (k2 — M2)[(k + q)* — M2]’

(10.20)



10.2 The case of massless fermions 235

It is relatively straightforward to prove that the &,-independent PT self-energies
given in Egs. (10.19) coincide with their BFM counterparts computed at SWQ =1.In
particular, notice that (1) in the BFM, there is no A W=*¢T interaction, and therefore
graphs (k) and (/) of Figure 10.4 are absent in I3 Zs0 and (2) diagram (A) of the
same figure, corresponding to the characteristic BFM four-field coupling VVuu,
has been generated dynamically from the simple rearrangement of terms.

With a small extra effort, we can now obtain the closed expressions for m ZaZp
and T1 AuZp in terms of the Passarino—Veltman functions [4]. We will only focus
on the parts of the self-energies originating from Feynman graphs containing W
propagators, together with the associated Goldstone boson and ghosts. The contri-
butions coming from the rest of the diagrams (e.g., containing loops with fermions
or Z- and H-bosons) are common to the conventional and PT self-energies, i.e.,
ny) = ﬁ;{g and 1Y) = ﬁ‘zfg, and we do not report them here. Therefore, the
only Passarino—Veltman function that will appear is Bo(q*, M3,, M3,).

To that end, one may use the closed expressions for H(SW_I) and H(SW D given
by Denner [5] and add to them the pinch terms given in Eqs. (10.19) and (10.20).
Using the identity iBy(g?, M3,, M3,) = 1672 Iyw(q), we finally obtain

(WW)( ) — 1
e 3swcw
1
X {[(mcﬁ) + 5) g%+ (12¢2 — 2)M‘24,i| Bo(q*, M}, M3)
1
— (12¢% — 2)M3, By(0, M3, M%) + 3 qz}
1
H(Ww) — -
(¢") = CAn 6s c2

1
X {[(42c1 + 203 — E) q> + (24c4w — 8cﬁ} — 10)M€Vi|
x Bo(q*, My, M%) — (24ct — 8c% + 2)M3, By(0, M3, M3,)

+ %(4@ — 1)42}. (10.21)

Note that T14}’(0) = 0, exactly as happens for the corresponding subset of
fermionic corrections: evidently, as a result of the PT rearrangement, bosonic and
fermionic radiative corrections are treated on the same footing. This last property
is important for phenomenonogical applications, as, for example, the unambiguous
definition of the physical charge radius of the neutrinos (see Chapter 11).
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10.2.1 The unitary gauge

In the previous sections, we have applied the pinch technique in the framework of
the linear renormalizable R¢ gauges, and we have obtained & -independent one-loop
self-energies for the gauge bosons. What would happen, however, if one were to
work directly in the unitary gauge? The unitary gauge is reached after gauging
away the would-be Goldstone bosons through an appropriate field redefinition
(which, at the same time, corresponds to a gauge transformation) ¢(x) — ¢'(x) =
¢(x)exp (—i¢(x)/v), where ¢ (x) denotes generically the Goldstone fields. Note that
the unitary gauge is defined completely independently of the R gauges; of course,
operationally, it is identical to the &,,, £, — oo limit of the latter. In particular, in the
unitary gauge, the W and Z propagators are given by Eq. (10.5), wherei = W, Z.

Given that the contributions of unphysical scalars and ghosts cancel in this gauge,
the unitarity of the theory becomes manifest (hence its name). In the language
employed before, manifest unitarity means that the optical theorem (a direct conse-
quence of unitarity) holds in its strong version. The most immediate way to realize
this is by noticing that the unitary gauge propagators Eq. (10.5) and the expression
for the sum over the polarization vectors of a massive spin one vector boson (see
Eq. (10.26)) are practically identical.

Since the early days of spontaneously broken non-Abelian gauge theories, the uni-
tary gauge has been known to give rise to nonrenormalizable Green’s functions in
the sense that their divergent parts cannot be removed by the usual mass and field-
renormalization counterterms. It is easy to deduce from the tree-level expressions
of the gauge-boson propagators why this happens: the longitudinal contribution
in Eq. (10.5) is divided by a squared mass instead of a squared momentum, i.e.,
q“q"/Mi2 instead of ¢*q"/q?, and therefore ULv(q) ~ 1 as g — 00. As a con-
sequence, when U, ,(¢g) is inserted inside quantum loops (and g is the virtual
momentum that is being integrated over), it gives rise to highly divergent integrals.
If dimensional regularization is applied, this hard short-distance behavior manifests
itself in the occurrence of divergences proportional to high powers of ¢2. Thus, at
one loop, the divergent part of the W or Z self-energies proportional to g, has the
general form

. 1
M (a*) = —(c19° + eag” + e3> + ca). (10.22)

where the coefficients c;, of appropriate dimensionality, depend on the gauge cou-
pling and combinations of M2 and M2. The important point is that, whereas
the last two terms on the rhs of Eq. (10.22) can be absorbed into mass and
wave-function renormalization, as usual, the first two cannot be absorbed into
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a redefiniton of the parameters in the original Lagrangian because they are propor-
tional to g% and ¢*.

As was shown in a series of papers [6, 7, 8], when one puts together the individual
Green’s functions to form S-matrix elements, an extensive cancellation of all
nonrenormalizable divergent terms takes place, and the resulting S-matrix element
can be rendered finite through the usual mass and gauge coupling renormalization.
Actually, in retrospect, this cancellation is nothing but another manifestation of
the pinch technique (of course, the papers mentioned predate the pinch technique).
Even though this situation may be considered acceptable from the practical point
of view, in the sense that S-matrix elements may still be computed consistently, the
inability to define renormalizable Green’s functions has always been a theoretical
shortcoming of the unitary gauge.

The actual demonstration of how to construct renormalizable Green’s functions
at one loop starting from the unitary gauge was given in [9]. The methodol-
ogy is identical to that used in the context of the R gauges: the propagator-like
parts of vertices and boxes are identified and subsequently redistributed among
the various gauge-boson self-energies. Evidently, the pinch contributions them-
selves contain divergent terms proportional to ¢® and ¢*, which, when added
to the analogous contributions contained in the conventional propagators, cancel
exactly. After this cancellation, the remaining terms reorganize themselves in such
a way as to give rise exactly to the unique PT gauge-boson self-energies, viz.
Eqgs. (10.21).

10.2.2 Absorptive construction in the electroweak sector

We will now study with an explicit example how the PT subamplitudes of the
electroweak theory satisfy the strong version of the optical theorem [10, 11].
As in the case of QCD, the fundamental reason for this may be traced back to a
characteristic s-t cancellation operating also in the presence of tree-level symmetry
breaking.

Consider the process f(p1)f(p2)— WHk)W=(ky), with ¢ = p1 + pr = k| +
ky and s = g% = (p1 + p2)? = (ki + k»)* > 4M‘2V. The corresponding tree-level
amplitude, 7", is given by two s-channel graphs, one mediated by a photon and
the other by a Z-boson, to be denoted by 7, and 7", respectively, and one
t-channel graph, to be denoted by 7,"", i.e. (see also Figure 10.6),

T = T+ T + T, (10.23)
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Figure 10.6. The fundamental s-t cancellation for the process f(p)f(p2) —
WH k)W~ (ko).

where

T/ = Ve, ;da(@Hguwsw T (q, ki, k2),

T} = Vze,1d,(q7)gucu " (q. ki, k2),

2
v gw - v
7" = _va(pZ)VMPL S?(Pl —k)y" PLus(pr). (10.24)

Note that we have already used current conservation to eliminate the (gauge-
fixing parameter-dependent) longitudinal parts of the tree-level photon and Z-boson
propagators. Then,

M=1Ta+ Tz + TV L)L ) [T + T3 + T, (10.25)

where the polarization tensor L"”(k) corresponds to a massive gauge boson,
that is,

kyk,

3
L) =) el (el (k) = —guu + — -

A=1

(10.26)

On shell (k> = Mf,), we have that k* L, (k) = 0. Therefore, as in the QCD case,
when the two non-Abelian vertices are decomposed as in Eq. (1.41), the I'? parts
vanish, and only the I'F parts contribute in the s-channel graphs; we denote them
by T4 ¢ and T ¢, respectively.

Let us then study what happens when 7,,, is contracted by a longitudinal momen-
tum, k" or k3, coming from the polarization tensors. Employing the appropriate
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tree-level Ward identities, we obtain
ki Txp = —swVar + Sy
ki T p = co Vo + Sy,
ki T = Vs, (10.27)
with
Sh = =Vae:da@)guswki — ka)akl
Sy = Vzas7dz(q ) guwen [(ki — ka)oky — M7 gon] - (10.28)

Adding by parts both sides of Eq. (10.27), we see that a major cancellation takes
place: the pieces containing the vertices V4v,; and V7, ; cancel against Vi, ; by
virtue of Eq. (10.17), and one is left on the rhs with a purely s-channel contribution,
namely,

ky T" = S + SJ. (10.29)

An exactly analogous cancellation takes place when one contracts with k.

After the implementation of the preceding cancellations, we can isolate, e.g., the
part of the squared amplitude that is purely s-channel-mediated by a Z-boson, to
be denoted by M ;. It is composed of the sum of the following terms:

v 5287 | (ka-Sz)- (k- S7)
_ 7F F z z
Mz =T, T, =2 2 + E . (10.30)
After elementary algebra, we find
Mzz = Vs, ;7d(qHKSd(qDVz, . 7. (10.31)

with
af g2 1
Ky =24 [(8q2cg —2My) g + <3c1 —ch + Z) (k1 — ko)* (k1 — kz)ﬂ} :
(10.32)
We must then integrate this last expression over the available phase space and

isolate its coefficient proportional to g**, to be denoted by K. Then, if the
Ww)

optical theorem holds at the level of the ﬁz 7 (q), we should have
23mMYY(q) = K12, (10.33)

where the left-hand side (lhs) of Eq. (10.33) must be obtained from Eq. (10.21) by
taking its imaginary part.
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Using for the lhs the elementary result

SmBo(q*, My, My) = 8712/ , (10.34)
PSww

with fPSWW the two W' phase space integral (see Section 1.7.2), and for the rhs that

1
(k1 — ko) (ky — ko)? = —g(qz — 4M3,)g*f / , (10.35)

PSWW PSWW
it is easy to verify that Eq. (10.33) is indeed satisfied.

At this point, one could go a step further and employ a twice-subtracted dispersion
relation to reconstruct the real part of I1,,’(¢). The end result of this procedure
will coincide with the corresponding expression obtained from Eq. (10.21) after

appropriate renormalization (for a detailed derivation, see [11]).

Finally, we return to the nonrenormalizability of the unitary gauges, now seen
from the absorptive point of view. As mentioned in the previous subsection, in the
unitary gauge, the strong version of the optical theorem is satisfied; in relation to
this section, what this means is that the optical theorem is satisfied diagram by
diagram, without having to resort explicitly to the s-¢ cancellation. For example,
the imaginary part of the conventional self-energy IT%/,’(s) in the unitary gauge is
given by

SMIYY (s) ~ (s — Mz)? T/ Ly (k) Loy (k)T . (10.36)
PSyw

What is the price one pays for not implementing explicitly the s-¢ cancellation?
Simply, the conventional subamplitudes, such as the one given earlier, contain
terms that grow as s? or as s° (see, e.g., [11, 12]); indeed, the s-t cancellation
eliminates precisely terms of this type. Consequently, if one were to substitute the
ImTI1%, (s) obtained from the rhs of Eq. (10.36) into a twice-subtracted dispersion
relation — the maximum number of subtractions allowed by renormalizability —
ultraviolet divergent real parts proportional to g* or ¢® would be encountered. Of
course, these are precisely the nonrenormalizable terms encountered in Eq. (10.22),
now obtained not from a direct one-loop calculation but rather from the combined
use of unitarity and analyticity.

10.2.3 Background field method away from &y = 1:
physical versus unphysical thresholds

As mentioned already, the fact that the BFM Green’s functions satisfy the same
QED-like Ward identities for every value of the quantum gauge-fixing parameter
& does not mean that the PT Green’s functions, reproduced from the background
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field method at £y = 1, are simply some among an infinity of physically equivalent
choices, parametrized by &(. This interpretation is not correct: the BFM Green’s
functions obtained away from £y = 1 are not physically equivalent to the privi-
leged case of £y = 1. The following basic observation clarifies this point beyond
any doubt: for £, # 1, the imaginary parts of the BFM electroweak self-energies
include terms with unphysical thresholds [11, 10]. For example, for the one-loop
contributions of the W and its associated would-be Goldstone boson and ghost to
15 (&g, s), one obtains

2
Xy FTWW) Xy TTVW) o S~ MZ
Smllzz (s, §0) = ImIlz7 (s) + 24522 ( sM; )

x [Wi(s) + Wals. £0) + Wa(s. £0)] . (10.37)
with
Wis) = fi(s)0(s —4M)
Was, £0) = fals, EQ)A'*(s, Eo My, EgM)0(s — 45 M)
Wi(s, Eg) = fa(s, EQ)A (s, M7, EoM2)0(s — My(1+/&o)),  (10.38)
where A(x, y,z) = (x — y — 2)> — 4yz and
fi(s) = (8My, +5) (M +5) + 4M] (AM} + 3M; + 25)
fols, Eg) = fi(s) — 4 (§g — 1) M2 (4M2 + M2 +5)

4
fa(s, E9) = =2 [SMEV +s—2(E0— 1) M2+ (50— 1)’ %] (M +5).
(10.39)
These gauge-dependent unphysical thresholds (see the arguments of the 6 func-
tions) are artifacts of the BFM gauge-fixing procedure; in the calculation of any
physical process, they cancel exactly against unphysical contributions from the
imaginary parts of the one-loop vertices and boxes. After these cancellations have
been implemented, one is left just with the contribution proportional to the tree-level
cross section for the on-shell physical process f f — W* W™, with thresholds only
at g% = 4M?2. In fact, by obtaining in the previous subsection the full W-related
contribution to the PT self-energy, namely, T1%9(s), directly from the on-shell
physical process f f — W W™, we have shown explicitly that in the background
field method at £ = 1, the thresholds that occur at g2 = 4M2 are due solely to
the physical W+ W™ pair. We therefore conclude that the particular value &g = 1
in the background field method is distinguished on physical grounds from all other
values of &g.
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10.3 Nonconserved currents and Ward identities

We now discuss some important issues related to the application of the pinch
technique when the fermions are massive, as discussed in Section 2.2.5. Consider
the elastic process e~ (r1)v.(p1) = e~ (p2)v.(r2), and concentrate on the charged
channel, which, at tree level, is shown in Figure 10.7. The momentum transfer g is
definedasg = p; — p» = r, — r1, and we will consider the electrons to be massive,
with a mass m,, whereas the neutrinos will be treated for simplicity as massless.
The tree-level propagators of the W and the corresponding Goldstone boson are
those given in Eq. (10.1) and Eq. (10.3) (fori = W); the index W will be suppressed
in what follows. The elementary vertices describing the coupling of the charged
bosons with the external fermions are I'y = I'w+s,e = T'wz,, [+ = [gp,e, and
I'_ = I'¢-4, and are given by
igw igw M.

[y = %VaPL; Iy = _%MW Pra.
When sandwiched between the external spinors, they are denoted by I'f =
Uy, (r) Tue(ri), T's =ie(p2) I uy (p1), T1 =i, (r) Tyue(r), and Th =
ie(p2) I'_ uy,(p1). The elementary identities

(10.40)

G’y = Myl'1
il o = Myg” Apo(@TS, + ¢°D(@)T 1 2, (10.41)

valid for every &, are also useful.

We will start by considering the S-matrix at tree level (Figure 10.7), to be denoted
by To:

To =T Aap(@) TS + Ty D(@) T (10.42)

Of course, Tp must be & independent, and it is easy to demonstrate that this is
indeed so. Using Egs. (10.4) and (10.41), it is elementary to verify that 7 can be
written as

To = TU,p(q)T}. (10.43)

Thus, even though one works in the R gauge, making no assumption on the value
of & (in particular, not taking the limit & — 00), one is led effectively to the unitary
gauge, with no (unphysical) would-be Goldstone bosons present.

There is an alternative way of writing 7, that makes manifest the role of the massless
Goldstone bosons. It is well known that the Ward identities (or Slavnov—Taylor
identities) in theories with spontaneous symmetry breaking maintain the same form
as in the unbroken theory at the expense of introducing massless longitudinal poles.
The role of these massless poles is obscured because, through the process of gauge
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Figure 10.7. The process ev, — ev, at tree level in the standard model.

fixing, they can be changed to poles of arbitrary mass (as explained earlier). These
massless poles do not appear in the S-matrix to the extent that they are absorbed
by gauge bosons. However, simple algebra can recast the tree-level amplitude into
a form in which the presence of the massless poles becomes manifest. Specifically,
using the algebraic identity

1 1 ¢*—M?

i ; + W (10.44)
we can write Uyg(q) as

dadqp 1
M3 q?

Uap(q) = Pop(@)di(q?) + , (10.45)
where we have used the transverse projector P,g(q) defined in Eq. (1.26). Then
Eq. (10.43) can be rewritten as

i
Ty = T'% Pas(q)du(g2TS + M5 (10.46)

It turns out that the PT rearrangement of the physical amplitude allows the gen-
eralization of Eq. (10.43) and Eq. (10.46) to higher orders. To see how this hap-
pens, assume that the PT procedure has been carried out as usual (with the addi-
tional operational complications mentioned earlier), giving rise to the gauge-fixing
parameter—mdependent self-energies Iy, ws> Dw,er gwy, and [Ty, to be denoted
by Iy, Ou, ®ﬁ, and Q, respectively (Figure 10.8). During this construction,
it becomes clear that the cancellations of the gauge-fixing parameter-dependent
loop contributions proceed without interfering with the the gauge-fixing param-
eter dependence of the tree-level propagators connecting the one-loop graphs to
the external fermions. Of course, any residual gauge-fixing parameter dependence
coming from these tree-level propagators (see Egs. (10.1) and (10.3)) must also
cancel to obtain fully gauge-fixing parameter-independent subamplitudes T, and T
(T3, being boxlike, does not have external propagators and is already fully gauge-
fixing parameter independent). It turns out that, quite remarkably, the requirement
of this final gauge-fixing parameter cancellation imposes a set of nontrivial Ward
identities on the one-loop PT self-energies and vertices [1, 3].



244 The pinch technique for electroweak theory

€ v e v
I
+I+
v (& v (&
(& v [6 v
—_— T > — T >
I I
I
R T —
v e 14 €

Figure 10.8. The &-independent PT self-energies (grey blobs); the tree-level prop-
agators are still £-dependent. Requiring that any gauge-fixing parameter depen-
dence coming from these tree-level propagators must cancel imposes a set of
non-trivial Ward identities on the one-loop PT self-energies (and vertices).

We see how the Ward identities for the self-energies are derived from the require-
ment of the full gauge-fixing parameter independence of 7. Neglecting tadpole
contributions, we have that 77 is given by
T = T M@0 (@) Ap.(@)T3 + T1D(q) 2g) D@
+ T A (@8 (@ D@T: + T1 D@ (@) Ap(@T3,  (1047)

or, after using Eq. (10.4),

qdu9a
A42

w

qs4qv
A42

w

T\ =T} [UW@)— D(q)]ﬁ"‘ﬂ(q)[Uﬂu(q)— D(q)]rs

+1} [U,m(q) - L D(q)] 6%(9)D(@T

w

+110()0"(q) [Uﬁxq) T D(q)] [ + D D(@)A) D)2

w

(10.48)

This way of writing T, has the advantage of isolating all residual £ dependence
inside the propagators D(q). Demanding that 7} be & independent, we obtain as a
condition for the cancellation of the quadratic terms in D(q)

q?q°Tlap(q) — 2M,q“Ou(q) + M2Q(q) = 0, (10.49)
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whereas for the cancellation of the linear terms, we must have
q°Tlap(q) — My®p(q) = 0. (10.50)
From Egs. (10.49) and (10.50), it follows that

7?4 Tp(q) = M2Q(q) (10.51)
7“Ou(q) = M, QAq). (10.52)

Equations (10.49) and (10.52) are the announced Ward identities. To be sure, they
are identical to those obtained formally within the background field method but
are derived through a procedure that has no apparent connection with the latter;
indeed, all that one evokes is the full gauge-fixing parameter independence of the
S-matrix. Applying an identical procedure for E, one obtains the corresponding
Ward identity relating the higher-order PT vertices T, and T,.

Finally, the gauge-fixing parameter—independent T, is given by
T\ = I Upa() I () Up(@)T3 (10.53)

Notice that Eq. (10.53) is the higher-order generalization of Eq. (10.43).

We can now use the Ward identities derived previously to reformulate the S-matrix
in a very particular way; specifically, we will show that the higher-order physical
amplitude given earlier may be cast in the tree-level form of Eq. (10.46). Such a
reformulation gives rise to a new transverse gauge-fixing parameter-independent
W self-energy ﬁfxﬂ with a gauge-fixing parameter-independent longitudinal part,
exactly as in Eq. (10.46). Of course, the cost of such a reformulation is the appear-
ance of massless Goldstone poles in our expressions. However, inasmuch as both
the old and new quantities originate from the same unique S-matrix, all poles intro-
duced by this reformulation will cancel against each other because the S-matrix
contains no massless poles to begin with.

To see how this works out, write @a in the form

Ou(q) = 9.0(q); (10.54)

from Eq. (10.52), it follows that

~ M, ~

O(q) = q_jsz(q). (10.55)
Then we can define ﬁ;ﬂ(q) in terms of 1% (¢) and @(q) as follows:

= = 4adp . =
() = Tap(q) — ;‘2’3MW®(q). (10.56)
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Evidently ﬁfxﬂ(q) is transverse, e.g., q“ﬁfxﬂ(q) =gP ﬁfxﬁ(q) = 0. Moreover, using
Egs. (10.50) and (10.55),

[ 4(9) = Puu @™ (@) Pou(@). (10.57)

We may now reexpress T, of Eq. (10.53) in terms of ﬁfxﬁ and Q; using Eq. (10.45)
and (10.41), we have

—~ ~ 1~ 1
T = Idy (g)TL(g)du (g + M58 5T (10.58)

Equation (10.58) is the generalization of Eq. (10.46): 7"\1 is the sum of two self-
energies, one corresponding to a transverse massive vector field and one to a
massless Goldstone boson. It is interesting to notice that the preceding rearrange-
ments have removed the mixing terms O, and © g between W and ¢, thus leading to
the generalization of the well-known tree-level property of the R gauges to higher
orders. It is important to emphasize again that the massless poles in the preceding
expressions would not have appeared had we not insisted on the transversality of
the W self-energy (or the vertex); notice in particular that they are not related to any
particular gauge choice, such as the Landau gauge (§ = 0). A completely analogous
procedure may be followed for the one-loop (and beyond) vertex [1], yielding the
corresponding Abelian-like Ward identity; as in the case of the self-energy studied
earlier, the Ward identity of the vertex is realized by means of massless Goldstone
bosons.

10.4 The all-order construction

The all-order extension of the pinch technique in theories with spontaneous sym-
metry breaking can be achieved by resorting to the same algorithm described in
Chapter 3 for QCD; however, now the construction is significantly more involved.
First, depending on the nature of the line carrying the physical momentum ¢, there
are four vertices to be constructed: two for the gauge-boson sector (charged (W)
and neutral (A, Z)) and, as described in Section 10.1, two for the scalar sector
(charged (¢*) and neutral (x, H)). In addition, the BRST symmetry, and therefore
the Slavnov—Taylor identities, are now realized through Goldstone bosons; thus the
different identities one needs to derive will have a richer structure than that shown
in the QCD case (Eq. (3.5)). Finally, the comparison of the PT Green’s functions
with those of the background Feynman gauge is more laborious because of the
proliferation of couplings, e.g., tri- and quadrilinear mixed gauge-boson—scalar
vertices.
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Figure 10.9. The subset of all the diagrams that contribute to the vertex I'y ;7 (in
the R; gauge) and receive the action of pinching momenta. Here ® and @’ denote
all fields allowed by the different couplings. The ellipses represent all remaining
graphs, where pinching cannot take place. Finally, Bose-symmetric terms are not
shown.

We illustrate some of the preceding points through a specific example, namely,
the construction of the vertex I'y ;. This case is particularly instructive because it
exposes a new type of PT-driven cancellation not encountered so far in the book.

As usual, we choose the Feynman gauge as our starting point, thus receiving
pinching momenta only from the tree-level vertices. Figure 10.9 shows all the
graphs that must be contracted by the longitudinal momentum contained in the
term Fg(q, k1, k»). We will concentrate only on diagram (a), which is proportional
to a tree-level F;O(;+WJ vertex. Diagram (b), proportional to F%,J s> Will giverise to
very similar structures, whereas diagram (c), proportional to F;OI){ z,» does not mix
with the previous two, and the corresponding analysis can be carried out separately.

The pinching part of diagram (a) reads
8 «
@)F = 7") / K5 [Tew, (ki ko)), (10.59)

where T+ represents the amplitude ¢* W, — /7, where the fermions are taken
to be on shell. Then, similar to the QCD case, the pinching action amounts to the
replacement

o o PT
1T ), = BT =[Sew ], (060
In this case, the (on-shell) Slavnov—Taylor identity gives [13]
Sp+rw-(k1, ko) = My Dc(k1) D (k2)Gz+c-(k1, k2)

— My Dy (k1) Dy (k2)Gg+g-(k1, k2)
8w

+ TDc(kz) [iQ{xc+}c+(k1, k2) + Qqaetyer ki, kz)]

— 8wSw Dc(kZ)Q{qb*cA}cJr (k1, ko)

2 2

2 —s
+ gw%Dc(kz)Q{ch}ﬁ(kh k2), (10.61)
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where D, is the propagator of the ghosts associated with the W-bosons. The func-
tions G and Q are shown in Figure 3.4; their subindices denote the corresponding
particle content, and curly brackets enclose fields evaluated at the same space-time
point. Adding the preceding contribution (and the ones not explicitly considered
here) to the remaining PT-inert diagrams furnishes the PT vertex /F\X 2

One can next compare fx 77 with the background Feynman gauge vertex I'y,;.
First, it is fairly straightforward to show that the last three terms in Eq. (10.61)
will generate the needed ghost-scalar quadrilinear couplings (X H¢ ¢*t, X x¢ ¢,
XpTecA, and xopte—c?).

The remaining PT terms must be appropriately combined with some of the other
R diagrams contributing to I', , ;. Consider first the trilinear scalar-ghost sector. In
the R: gauge, it reads

- %MW De(ky)De(ka) [Gere-1s 1 + (10.62)

ko
and cancels precisely against the corresponding PT term (first term in Eq. (10.61)).
This is the new type of PT cancellation mentioned earlier: within the PT, the
absence of tree level coupling between a background field ¥ and two ghosts (see,
e.g., Denner et al. [14]) is obtained dynamically. Similarly, had we chosen to
construct the PT Higgs-fermion vertex T ;7 instead, these two terms would have
added up, furnishing the correct background Higgs-ghost coupling.

Finally, consider the scalar-scalar trilinear sector. The second term in Eq. (10.61)
gives a contribution to an effective PT vertex of the type x¢ "¢ . A similar contri-
bution is generated from Figure 10.9(b), whose pinching action is proportional to
(kS Tw+y-(k1, k2)l:,1 = [Sw+¢-1i,1- It turns out that these two contributions exactly
cancel out in accordance with the absence of the (tree-level) couplings ¢t~
and x¢*¢~. Once again, when constructing the Higgs vertex f‘H ff;\the two con-
tributions would add up, thus providing the correct BFM coupling H¢p+¢~ when
summed with the corresponding R¢ diagram. All remaining diagrams are identical
to those of the background Feynman gauge because of the equality of the corre-
§Ponding tree-level couplings. This concludes our (partial) proof of the equality

FXff = Fiff'-
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11

Other applications of the pinch technique

11.1 Introduction

The pinch technique (PT) makes it possible to understand many questions in a
variety of gauge theories gauge invariantly, as we have already seen for QCD in
Chapters 7, 8, and 9 and for the electroweak sector of the standard model (SM)
theory in Chapter 10. This chapter goes into more detail on some physical questions
in electroweak theory and thermal NAGTs' that were difficult to interpret in the
conventional framework of Feynman graphs and sometimes resulted in unfounded
attempts to find physical properties in gauge-dependent calculations. Different
authors used different gauges and got different results, sometimes not even agreeing
on the sign. The pinch technique has resolved these issues. We also mention
some interesting results for NAGTs embedded in supersymmetric theories, where
the pinch technique confirms a number of supersymmetry nonrenormalization
relations among the contributions of scalars and fermions to the PT three-gluon
vertex, already discussed in Chapter 2. At the level of off-shell Green’s functions,
these relations hold only for the pinch technique and not for the conventional
gauge-dependent Green’s functions.

In this chapter, we cover the following subjects: (1) non-Abelian effective charges,
(2) physical renormalization schemes versus MS, (3) non-Abelian off-shell form
factors, (4) the neutrino charge radius, (5) making gauge-particle resonance widths
gauge invariant, (6) finite-temperature NAGTs, and (7) hints of supersymmetry in
the PT Green’s functions.

11.2 Non-Abelian effective charges

The extension of the concept of the effective charge from QED to non-Abelian
gauge theories is, as the reader has already appreciated in Chapter 6, of

! The three-dimensional NAGTS of Chapter 9 carry the nonperturbative infrared singularities of finite-temperature
gauge theories in four dimensions.
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fundamental interest. This concept is even more important in theories involv-
ing unstable particles — for example, in the SM electroweak sector or disparate
energy scales (e.g., grand unified theories). In the former, the Dyson summation
of (appropriately defined) self-energies is needed to regulate the kinematic singu-
larities of the corresponding tree-level propagators in the vicinity of resonances.
In the latter, instead, the extraction of accurate low-energy predictions requires an
exact treatment of threshold effects due to heavy particles: the construction of an
effective charge, valid for all momenta and not just the asymptotic regime governed
by the 8 function, constitutes the natural way to account for such threshold effects.
As we know from Chapter 6, because the pinch technique cures the problem of
the gauge-fixing parameter dependence of the conventionally defined gauge-boson
self-energies, it is an ideal tool for the definition of physical effective charges in
NAGTs.

11.2.1 Electroweak effective charges

In the electroweak sector of the SM, the various PT self-energies organize them-
selves into appropriate renormalization group (RG)-invariant combinations, essen-
tially for the same fundamental reasons as in QCD [1]. The effective weak mixing
angle 52 (g2) corresponds to the RG-invariant combination

i} O\ %@ cw\ Taz(g?

20,2y — 021_<C_W>Az—i|:2|:1—(—>/\—:|

Su(@) = (su) [ s9 ) q*+ 119 ,(¢%) & sw/ q* 4+ Taa(g?)
(11.1)

Using the fact that ﬁAZ(O) = 0, we may write ﬁAZ(qz) = qzﬁAZ(qz); then, at the
one-loop level, 52 (¢%) reduces to

- Cuw =

525 =52 [1 - (S—> HAZ(qz)] . (11.2)
w

Evidently, 53} (g*) constitutes a universal modification to the effective vertex of the

charged fermion.

Similarly, one may demonstrate that the combinations

o~ ng g2 o~
galww(@®:  SEAzz(qD): S Au(gd), (11.3)

cs M%V
are RG-invariant. The analog of Eq. (6.53) may be defined for the first two
combinations. Specifically, retaining only the real parts of the corresponding
self-energies, and casting Nell(g?);; in the form NRell,;i(¢>) = f)ieHii(Miz)—l—
(g% — M?)?Rel'[,-i(Miz), and then pulling out a common factor (g% — Miz), we
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obtain
2 Oy 2 o
o = = ; o = 11.4
w,eff(q ) 1 + menww(qz) z,eff(q ) 1 + EHel'IZZ(qZ) ( )
where, as with n 47, we factor out a mass-shell factor
= Mii(q?) — T;:(M?
(g% = () M) i _w,z, (11.5)

q* — M}

and o, = gi)/4n and o, = aw/ci.

Interestingly enough, the third RG-invariant combination in Eq. (11.3) leads to the
concept of the Higgs boson effective charge [1]: the SM Higgs boson H couples
universally to matter with an effective charge inversely proportional to its VEV.

11.2.2 Relation to physical cross sections

We consider the QED effective charge introduced in Chapter 6. This quantity
displays a nontrivial dependence on the fermion masses m y, which allows its
reconstruction from physical amplitudes by resorting to the optical theorem and
analyticity (i.e., dispersion relations). Given a particular contribution to the photon
spectral function ImII(s), the corresponding contribution to (g?) can be recon-
structed via a once-subtracted dispersion relation (see, e.g., de Rafael [2]). For
example, for the one-loop contribution of the fermion f, choosing the on-shell
renormalization scheme,

- SImIl ;7 (s
ds S 75) (11.6)

M /¢%) = —¢° /

IR 7 e s =)
For f # e, ImIl;7(s) is measured directly in the tree-level cross section for
ete”™ — fTf.For f = e,itisnecessary to isolate the self-energy-like component
of the tree-level Bhabha cross section. This is indeed possible because the self-
energy-, vertex, and boxlike components of the Bhabha differential cross section
are linearly independent functions of cos 0; they may therefore be projected out by
convoluting the differential cross section with appropriately chosen polynomials in
cos 6. Thus, in QED, knowledge of the spectral function ImIl ; 7(s), determined
from the tree-level ee™ — fT f~ cross sections, together with a measurement
of the fine structure constant ¢, enables the construction of the one-loop effective
charge a.f(g?) for all g2.

Keeping the QED example in mind, let us now turn to the case of the PT electroweak
effective charges and study the procedure that would allow, at least in principle,
the extraction of O{Z’eff(qz) from experiment [3]. In general, the renormalization of
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Figure 11.1. The relation between the imaginary parts of the subset of the
W-related one-loop corrections to ete™ — ete™ and the tree-level process
ete™ - WHw-.

m zz requires two subtractions: for mass and field renormalization. If we denote the
subtraction point by s, then the twice-subtracted dispersion relation corresponding
to the renormalized W W~ contributions reads

A 1 00 X ﬁ(WW)
My, (q* = —(q° — 30)2/ ds—mlzz ) (11.7)
T

a5 —qH(s =50

The property instrumental for the observability of o, .(g?) is that, in contrast to
the conventional gauge-dependent self-energies, the absorptive parts of the PT self-
energies appearing on the right-hand side (rhs) of Eq. (11.7) are directly related to
components of the physical cross section ete™ — W W™ that are experimentally
observable (see Figure 11.1). Indeed, as we have already seen in Chapter 10, the
characteristic s-¢ cancellation, triggered by the longitudinal momenta of the on-
shell polarization tensors, rearranges the tree-level cross section et e~ — WHW ™
into subamplitudes, which, through the use of the optical theorem, can be con-
nected unambiguously with the absorptive parts of the one-loop PT Green’s
functions.
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To simplify the algebra without compromising the principle, let us consider the limit
of efe™ — WTW~ when the electroweak mixing angle vanishes: s2 = 0. In this
limit, all photon-related contributions are switched off, and the two massive gauge
bosons become degenerate (M; = My = M). Let us denote by 6 the center-of-
mass scattering angle and set x = cos, 8 = /1 —4M?/s,and z = (1 + B%)/28.
Then it is relatively straightforward to show that the differential tree-level cross
section for eTe~™ — WT W™ can be cast in the form [3]

, (do _3_4 sp _AM? ; . :
(z — x) <5>swzo_64n(s—M2)20(s 4M);A,(S)F,(s,x), (11.8)

where the Fi(s,x), i =1,2...5, are linearly independent polynomials in x of
maximum degree 4. The coefficients A(s) and A,(s) contribute only to the self-

energy-like component of the cross section, being related to Im [ (s) by

_ 2 1
Im Y6, o= f—nﬂs <A1(s) + §A2(s)> . (11.9)

To project the functions A;(s), we construct a further set of five polynomials 1?, (s, x)
satisfying the orthogonality conditions

1
/ dx Fi(s, x)F;(s, x) = §;;. (11.10)
~1

The coefficient functions A;(s) may then be projected from the observable formed
by taking the product of the differential cross section with the kinematic factor
(z—x)%

L do g* sB
. — 2 — — e — .
/_ldx Fi(s,x)(z —x) ( >Sw:0 = 2)ZA,(s). (11.11)

Thus it is possible to extract JIm ﬁgg '(8)]5,=0 directly from do(ete™ —
WHW™)/dx|s, —o-

Of course, to use the dispersion relation of Eq. (11.7) to compute T155"(¢2),
one needs to integrate the spectral density Im ﬁ(zwg '(s) over a large number of
values of s. This in turn means that one needs experimental data for the process
ete™ — WT W~ fora variety of center-of-mass energies s, and for each value of s,
one must repeat the procedure described earlier. Regardless of whatever practical
difficulties this might entail, it does not constitute a problem of principle. Finally,
the general case with s2 # 0 requires, in addition, the observation of spin density
matrices [4]; though technically more involved, the procedure is in principle the
same.
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11.3 Physical renormalization schemes versus MS

It is no secret that the popular renormalization schemes, such as MS and DR,
convenient as they may be for formal manipulations, are plagued with persistent
threshold and matching errors. The origin of these errors can be understood by
noting that the aforementioned (unphysical) schemes implicitly integrate out all
masses heavier than the physical energy scale until they are crossed, and then they
turn them back on abruptly by means of a step function. Integrating out heavy
fields, however, is only valid for energies well below their masses. This procedure
is conceptually problematic because it does not correctly incorporate the finite
probability that the uncertainty principle gives for a particle to be pair produced
below threshold [5]. In addition, complicated matching conditions must be applied
when crossing thresholds to maintain consistency for such desert scenarios. In
principle, these schemes are only valid for theories in which all particles have zero
or infinite mass or if one knows the full field content of the underlying physical
theory.

Instead, in the physical renormalization scheme defined with the pinch technique,
gauge couplings are defined directly in terms of physical observables, namely, the
effective charges. The latter run smoothly over spacelike momenta and have non-
analytic behavior only at the expected physical thresholds for timelike momenta; as
a result, the thresholds associated with heavy particles are treated with their correct
analytic dependence. In particular, particles will contribute to physical predictions
even at energies below their threshold [5].

Historically, the gauge-invariant parametrization of physics offered by the pinch
technique has been first systematized by Hagiwara et al. [6] and has led to an
alternative framework for confronting the precision electroweak data with theo-
retical predictions. This approach resorts to the pinch technique to separate the
one-loop corrections into gauge-fixing, parameter-independent universal (process
independent) and process-specific pieces; the former are parametrized using the PT
effective charges aerr(q?), 52(q?), otw cfr(g?), and o cfr(g?), defined earlier. There
is a total of nine electroweak parameters that must be determined in this approach:
the eight universal parameters My, Mz, dege(0), 52,(0), ayp efe(0), otz e5(0), 32 (M3),
and O[Z)eﬂ?(M%) and one process-dependent parameter 8b(M§), related to the form
factor of the Zb, b;, vertex.

Reference [6] explains in detail the advantage of their approach over the MS
scheme. In particular, they emphasize that the nondecoupling nature of the MS
forces one to adopt an effective field theory approach in which the heavy particles
are integrated out of the action. The couplings of the effective theories are then
related to each other by matching conditions ensuring that all effective theories
give identical results at zero momentum transfer because the effects of heavy
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particles in the effective light field theory must be proportional to g?/M?, where
M is the heavy mass scale. This procedure, however, is not only impractical in the
presence of many quark and lepton mass scales but introduces errors because of the
mistreatment of the threshold effects. In addition, direct use of the MS couplings
leads to expressions in which the masses used for the light quarks are affected by
sizable nonperturbative QCD effects.

The relevance of the effective charges in the quantitative study of threshold correc-
tions due to heavy particles in grand unified theories (GUTs) was already recognized
in [6], but it was not until a decade later that this was actually accomplished by
Binger and Brodsky [5]. As was shown by these authors, the effective charges
defined with the pinch technique furnish a conceptually superior and calculation-
ally more accurate framework for studying the important issue of gauge-coupling
unification. The main advantage of the effective charge formalism is that it pro-
vides a template for calculating all mass threshold effects for any given GUT; such
threshold corrections may be instrumental in making the measured values of the
gauge couplings consistent with unification.

In [5], the effective charges oetr(q?), ozs,eff(qz), and the effective mixing angle
52 (q%) were used to define new effective charges @1(¢?), @2(q?), and &@3(¢*), which
correspond to the standard combinations of gauge couplings used to study gauge-
coupling unification. Specifically,

~ 5\ deii(q?) ~ ert(q) ~
ai(q*) = (§> Tﬁ,(qz); (g% = 2@ s @(g?) = dsen(qd).

(11.12)

The preceding couplings were used to obtain novel heavy and light threshold
corrections, and the resulting impact on the unification predictions for a general
GUT model was studied. Notice that even in the absence of new physics, i.e.,
using only the known SM spectrum, there are appreciable numerical discrepancies
between the values of the conventional and PT couplings at M, (see Table I of
[5]). Given that these values are used as initial conditions for the evolution of
the couplings to the GUT scale, these differences alone may affect the unification
properties of the couplings.

11.4 Gauge-independent off-shell form factors

It is well known that renormalizability and gauge invariance restrict severely
the type of interaction vertices that can appear at the level of the fundamental
Lagrangian. Thus, the tensorial possibilities allowed by Lorentz invariance are
drastically reduced to relatively simple tree-level vertices. Beyond tree level, the
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tensorial structures that have been so excluded appear due to quantum corrections;
that is, they are generated from loops. This fact does not conflict with renormal-
izability and gauge invariance provided that the tensorial structures generated, not
present at the level of the original Lagrangian, are UV finite; that is, no counterterms
need be introduced to the fundamental Lagrangian proportional to the forbidden
structures.

To fix the ideas, let us consider a concrete textbook example. In standard QED,
the tree-level photon-electron vertex is simply proportional to y,,, whereas kine-
matically, one may have, in addition (for massive on-shell electrons, using the
Gordon decomposition), a term proportional to o,,q" that would correspond to
a nonrenormalizable interaction. Of course, the one-loop photon-electron vertex
generates such a term: one has

T.(q) = v Fi(@®) + 0,mq" F2(g?), (11.13)

where the scalar cofactors multiplying the two tensorial structures are the cor-
responding form factors; they are in general nontrivial functions of the photon
momentum transfer. Fy(g?) is the electric form factor, whereas F,(g?) is the mag-
netic form factor. Fy(g?) is UV divergent and becomes finite after carrying out the
standard vertex renormalization. On the other hand, F>(g?) comes out UV finite, as
it should, given that there is no term proportional to ¢,,,¢" (in configuration space)
in the original Lagrangian, where a potential UV divergence could be absorbed.
Of course, in the limit of g> — 0, the magnetic form factor F»(g?) reduces to the
famous Schwinger anomaly [7].

At the level of an Abelian theory, such as QED, the preceding discussion exhausts
more or less the theoretical complications associated with the calculation of off-
shell form factors. However, in NAGTS, such as the electroweak sector of the
SM, there is an additional important complication: the off-shell form factors
obtained from the conventional one-loop vertex (and beyond) depend explicitly
on the gauge-fixing parameter. This dependence disappears when going to the
on-shell limit of the incoming gauge boson (¢> — 0 for a photon, ¢g? — M%
for a Z-boson, etc.) but is present for any other value of g2. This fact becomes
phenomenologically relevant because one often wants to study the various form
factors of particles that are produced in high-energy collisions, where the gauge
boson mediating the interaction is far off shell. In the case of e™ e~ annihilation into
heavy fermions, the value of g2 must be above the heavy fermion threshold. For
example, top quarks may be pair produced through the reaction ete™ — 7, with
center-of-mass energy s = g2 > 4m?. In such a case, the intermediate photon and
Z are far off-shell, and therefore the form factors F,”, appearing in the standard
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Figure 11.2. (a) The conventional one-loop vertex and (b) the vertexlike piece
extracted from the box for & # 1.

decompositions
TV (g% = vuF) (q% &) + 0,,q" F) (q%, &) + vuysFy (4%, §)
+y50uq" Fy (4%, §), (11.14)
depend explicitly on &, which stands collectively for &y, &2, &4, and V = A, Z.

The situation described is rather general and affects most form factors; very often,
the residual gauge dependences have serious physical consequences. For
example, the form factors display unphysical thresholds, have bad high-energy
behavior, and sometimes are UV and IR divergent. The way out is to use the
PT construction and extract the physical, gauge-independent form factors from
the corresponding off-shell one-loop PT vertex (and beyond). Applying the pinch
technique to the case of the form factors amounts to saying that one has to identify
vertexlike contributions (with the appropriate tensorial structure corresponding to
the form factor considered) contained in box diagrams, as shown in Figure 11.2. The
latter, when added to the usual vertex graphs, render all form factors £ independent
and well behaved in all respects.

A particularly interesting case in which the pinch technique has been successfully
applied is the study of the three-boson vertices AW W~ and ZW* W™, with the
neutral gauge bosons off shell and the W pair on shell, or off shell and subsequently
decaying to on-shell particles. Historically, the main motivation for exploring their
properties was that they were going to be tested at LEP2 by direct W -pair produc-
tion, proceeding through the process e™e~ — W1 W ~; their experimental scrutiny
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could provide invaluable information on the non-Abelian nature of the electroweak
sector of the SM. Particularly appealing in this quest has been the possibility of
measuring anomalous gauge-boson couplings, that is, the appearance of contribu-
tions to AWT W~ and ZW* W~ not encoded in the fundamental Lagrangian of the
SM. Linear combinations of these form factors are related to the magnetic dipole
and the electric quadrupole moments of the W boson. Such contributions may
originate from two sources: (1) from radiative corrections within the SM, (2) from
physics beyond the SM, or both. Therefore, the first theoretical task is to carry out
the necessary calculations for completing part (1).

Calculating the one-loop expressions for these anomalous form factors is a non-
trivial task, both from technical and conceptual points of view. We focus for
concreteness on the photon case. If one calculates just the Feynman diagrams con-
tributing to the AW+ W™ vertex and then extracts from them the contributions to
the relevant form factors, one arrives at expressions that are plagued with several
pathologies, gauge-fixing parameter dependence being one of them. Indeed, even
if the two Ws are considered to be on-shell (p? = p3 = M?,) because the incoming
photon is not, there is no a priori reason why a gauge-fixing parameter-independent
answer need emerge. Indeed, in the context of the renormalizable R; gauges, the
final answer depends on the choice of the gauge-fixing parameter &, which enters
into the one-loop calculations through the gauge-boson propagators (W, Z, A, and
unphysical would-be Goldstone bosons). In addition, as shown by an explicit cal-
culation performed in the Feynman gauge (§ = 1), the answer is infrared divergent
and violates perturbative unitarity, that is, it grows monotonically for g> — oo [8].

All the preceding pathologies may be cured if one uses the PT definition of the
relevant (off-shell) gauge-boson vertices [9]. The application of the pinch technique
identifies vertexlike contributions from the box graphs, as shown in Figure 11.3,
which are subsequently distributed, in a unique way, among the various form
factors. Thus one arrives finally at new expressions that are gauge-fixing parameter-
independent, ultraviolet and infrared finite, and monotonically decreasing for large
momentum transfers g°.

11.4.1 Neutrino charge radius

The neutrino electromagnetic form factor and the neutrino charge radius have
constituted an important theoretical puzzle for more than three decades. Since
well before the SM, it has been pointed out that radiative corrections will induce an
effective one-loop A*(g?)vv vertex, to be denoted by I'’y _, with A*(¢?) an off-shell
photon. Such a vertex would in turn give rise to a small but nonvanishing charge
radius. Traditionally (and, of course, nonrelativistically and rather heuristically),

this charge radius has been interpreted as a measure of the size of the neutrino
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Figure 11.3. Two of the graphs contributing pinching parts to the gauge indepen-
dent VW W~ vertex.

v; when probed electromagnetically, owing to its classical definition (in the static
limit) as the second moment of the spatial neutrino charge density p,(r), i.e.,

(r7) ~ /drrzpv(r). (11.15)

From the quantum field theory point of view, the neutrino charge radius is defined
as follows. If we write I'y  in the form

T4 (@ = vu(1 — y5)Fo(g?), (11.16)

where Fp(g?) is the (dimensionless) Dirac electromagnetic form factor, then the
neutrino charge radius is given by

2
() =6 220 (11.17)
aq ¢*=0
Gauge invariance (if not compromised) requires that in the limit g> — 0, Fp(g?)
must be proportional to ¢?; that is, it can be cast in the form Fp(g?) = g>F(q?),
with the dimensionful form factor F(g?) being regular as g> — 0. As a result, the
g? contained in Fp(g?) cancels against the (1/¢?) coming from the propagator of
the off-shell photon, and one obtains effectively a contact interaction between the
neutrino and the sources of the (background) photon, as would be expected from
classical considerations.
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Figure 11.4. The electroweak diagrams contributing to the entire electron-neutrino
scattering process at one loop. Diagram (j) (and the corresponding dressing) is
absent when the neutrino species is muonic.

Even though, in the SM, the one-loop computation of the entire S-matrix element
describing the electron-neutrino scattering, shown in Figure 11.4, is conceptu-
ally straightforward, the identification of a subamplitude that would serve as the
effective I'’; . has been faced with serious complications, associated with the simul-
taneous reconciliation of crucial requirements such as gauge invariance, finiteness,
and target independence. Various attempts to define the value of the neutrino charge
radius within the SM from the one-loop I'y _ vertex calculated in the renormaliz-
able (R¢) gauges reveal that the corresponding electromagnetic form factor depends
explicitly on the gauge-fixing parameter &. In particular, even though in the static
limit of zero momentum transfer, g> — 0, the Dirac form factor vanishes and there-
fore is independent of £, its first derivative with respect to g> (which corresponds
to the definition of the neutrino charge radius) continues to depend on it. Similar
(and sometimes worse) problems occur in the context of other gauges (e.g., the
unitary gauge). These complications have obscured the entire concept of a charge
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radius for the neutrino and have cast serious doubt on whether it can be regarded
as a genuine physical observable.

Of course, if a quantity is gauge dependent, it is not physical. But that the off-
shell vertex is gauge dependent only means that it does not serve as a physical
definition of the neutrino charge radius; it does not mean that an effective charge
radius cannot be encountered that satisfies all necessary physical properties, gauge
independence being one of them. Indeed, several authors have attempted to find
a modified vertexlike amplitude that would lead to a consistent definition of the
electromagnetic neutrino charge radius. The common underlying idea in all these
works is to rearrange somehow the Feynman graphs contributing to the scattering
amplitude of neutrinos with charged particles in an attempt to find a vertexlike
combination that would satisfy all desirable properties. What makes this exercise
so difficult is that in addition to gauge independence, a multitude of other crucial
physical requirements need to be satisfied as well. For example, one should not
enforce gauge independence at the expense of introducing target dependence.
Therefore, a definite guiding principle is needed, allowing for the construction
of physical subamplitudes with definite kinematic structure (i.e., self-energies,
vertices, boxes).

The guiding principle in question has been provided by the pinch technique. As was
shown in [10], the rearrangement of the physical amplitude f*v — f*v, where
f¥* are the target fermions, into PT self-energies, vertices, and boxes conclusively
settles the issue: the proper PT vertex with an off-shell photon and two on-shell
neutrinos, denoted by /F\Zu,- 5,» furnishes unambiguously and uniquely the physical
neutrino charge radius.

Most recently, the issue of the neutrino charge radius was revisited in a series of
papers [11, 12, 13]. There three important conceptual points have been conclusively
settled:

1. Asexplained in [10], the box diagrams furnish gauge-dependent (propagator-
like) contributions that are crucial for the gauge cancellations, but once these
contributions have been identified and extracted, the remaining pure box can-
not form part of the neutrino charge radius because it would introduce pro-
cess dependence (in view of its nontrivial dependence on the target fermion
masses, for one thing). The most convincing way to understand why the
pure box could not possibly enter into the neutrino charge radius definition
is to consider the case of right-handed polarized target fermions that do not
couple to the Ws: in that case, the box diagram is not even there. The gauge
cancellations proceed differently because the coupling of the Z-boson to the
target fermions is also modified [11, 12, 13].
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2. The mixing self-energy 4 2(g?) should not be included in the definition of
the neutrino charge radius either. The reason for this is more subtle: m A z(qz)
is not an RG-invariant quantity; adding it to the finite contribution coming
from the proper vertex would convert the resulting neutrino charge radius
into a u-dependent, and therefore unphysical, quantity. Instead, 4z R
must be combined with the appropriate Z-mediated tree-level contributions
(which evidently do not enter into the definition of the charge radius) to
form with them the RG-invariant combination 55} (g*) of Eq. (11.2), whereas
the ultraviolet-finite neutrino charge radius will be determined from the
proper vertex only. Writing f‘\gvi 5 = qui(cf)yu(l — ¥s), the physical neu-
trino charge radius is then defined as (rf) = 6f,~(0), and the explicit calcula-
tion yields

2
(ri)zi_ﬁ[%zlog (Z—%V)} (11.18)

where i = e, i, T, m; denotes the mass of the charged isodoublet partner of
the neutrino under consideration and G f is the Fermi constant.

3. The neutrino charge radius defined through the pinch technique may be
extracted from experiment, at least in principle. One may express a set of
experimental electron-neutrino cross sections in terms of the finite neutrino
charge radius and the two additional gauge- and RG-invariant quantities,
corresponding to the electroweak effective charge o .(¢?) and mixing angle
52 (q?), defined earlier.

11.5 Resummation formalism for resonant transition amplitudes

The physics of unstable particles and the computation of resonant transition ampli-
tudes have attracted significant attention in recent years because they are both
phenomenologically relevant and theoretically challenging. The practical interest
in the problem is related to the resonant production of various particles in all sorts
of accelerators, most notably LEP1 and LEP2, the TEVATRON, and the LHC.
From the theoretical point of view, the issue comes up every time fundamental
resonances, i.e., unstable particles that appear as basic degrees of freedom in the
original Lagrangian of the theory (as opposed to composite bound states), can
be produced resonantly. The presence of such fundamental resonances makes it
impossible to compute physical amplitudes for arbitrary values of the kinematic
parameters, unless a resummation has taken place first. Simply stated, perturbation
theory breaks down in the vicinity of resonances, and information about the dynam-
ics to all orders needs to be encoded already at the level of Born amplitudes. The
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difficulty arises that in the context of NAGTS, the standard Breit—Wigner resumma-
tion used for regulating physical amplitudes near resonances is at odds with gauge
invariance, unitarity, and the equivalence theorem [14]. Consequently, the result-
ing Born-improved amplitudes in general fail to capture faithfully the underlying
dynamics. It is therefore important to devise a self-consistent calculational scheme
that manifestly preserves all relevant field-theoretic properties [1, 15, 16, 17, 18].

The mathematical expressions for computing transition amplitudes are ill defined
in the vicinity of resonances because the tree-level propagator of the particle
mediating the interaction (i.e., A = (s — M?)~!) becomes singular as the center-of-
mass energy approaches the mass of the resonance (i.e., as /s ~ M). The standard
way to regulate this physical kinematic singularity is to use a Breit—Wigner type of
propagator; this amounts essentially to the replacement (near the resonance) (s —
M?) 7! — (s — M? +iMT)~!, where I is the width of the unstable (resonating)
particle. The presence of iMI" in the denominator prevents the amplitude from
being divergent, even at physical resonance (i.e., when s = M?).

The actual field-theoretic mechanism that justifies the apperance of the width is the
Dyson resummation of the self-energy I'l(s) of the unstable particle, which amounts
to the rigorous substitution (s — M?)~' — (s — M? + I(s))~" . The running width
of the particle is then defined as MT'(s) = ImIl(s), whereas the usual (on shell)
width (see earlier) is simply its value at s = M?.

It is relatively easy to realize that the Breit—Wigner procedure, as described ear-
lier, is tantamount to a reorganization of the perturbative series. Resumming the
self-energy I(s) amounts to removing a particular piece from each order of the
perturbative expansion because from all the Feynman graphs contributing to a
given order n, we only pick the part that contains the corresponding string of
self-energy bubbles I1(s) and then take n — oo. Notice, however, that the off-
shell Green’s functions contributing to a physical quantity, at any finite order of
the conventional perturbative expansion, participate in a subtle cancellation that
eliminates all unphysical terms. Therefore the act of resummation, which treats
unequally the various Green’s functions, is in general liable to distort these can-
cellations. To put it differently, if I1(s) contains unphysical contributions (which
would eventually cancel against other terms within a given order), resumming it
naively would mean that these unphysical contributions would also undergo infi-
nite summation (they now appear in the denominator of the propagator A(s)). To
remove them, one would have to add the remaining perturbative pieces to an infi-
nite order, clearly an impossible task because the latter (boxes and vertices) do not
constitute a resummable set. Thus, if the resummed T1(s) contains such unphysical
terms, one arrives at predictions plagued with unphysical artifacts. The crucial
novelty introduced by the pinch technique is that the resummation of the (physical)
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Figure 11.5. The amplitude for the process f f — ZZ. The s-channel graph (a)
may become resonant and must be regulated by appropriate resummation of the
Higgs propagator and dressing of the H ZZ vertex.

self-energy graphs must take place only after the amplitude of interest has been
cast via the PT algorithm into manifestly physical subamplitudes, with distinct
kinematic properties, order by order in perturbation theory. Put in the language
employed earlier, the PT ensures that all unphysical contributions contained
inside T1(s) have been identified and properly discarded before I1(s) undergoes
resummation.

11.5.1 An example

To get a flavor of the subtle interplay between the various physical constraints [1, 15,
16, 17, 18], we consider a concrete example. We study the process f(p1) f(p2) —
Z(k1)Z(ky), shown in Figure 11.5, and s = (p; + p2)* = (k| + k)? is the center
of mass energy squared. The tree-level amplitude of this process is the sum of an
s- and ¢-channel contribution, denoted by 7; and 7;, respectively, given by

T =T, ,Au(s) 0(p)Tyy u(pr)

T = 0(py) [ 5 SO+ kDT 4+ T SO (py + kz)l“sz] u(py),

(11.19)
where
v z my
FHZZ —lgwM_Wg 1—‘Hff: _lngMW
. 8w
Iy, ;= —i==y, (TSP — Qysd), (11.20)

w
are the tree-level HZZ, Hf f, and Zf f couplings, respectively.

The s-channel contribution is mediated by the Higgs boson of mass My and
becomes resonant if the kinematics are such that /s lies in the vicinity of My;
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in that case, the resonant amplitude must be properly regulated. The simplest
way to accomplish this is to (1) Dyson-resum the one-loop PT self-energy of the
(resonating) Higgs boson and (2) appropriately dress the tree-level vertex ',
that is, by replacing in the amplitude the vertex I'};",, with the one-loop PT vertex
Tz

We first see what happens if one attempts to regulate the resonant amplitude
by means of the conventional one-loop Higgs self-energy in the R: gauges. A
straightforward calculation yields (tadpole and seagull terms omitted) [1, 18]

oy [ 52
M5 (5. 6w) = 22 (4M2 ~s +3M%V> Bos. Miy. Myy)
w
oy M4 _ SZ
L% (H_) Bols. &wMyy. EwM}).  (11.21)
4w\ 4M3,

We see that for &y # 1, the term growing as s survives and is proportional to the

difference Bo(s, M3,, M%) — Bo(s, Ew M3, Ew M3,). For any finite value of &y, this
term vanishes for sufficiently large s, that is, s 3> M, and s > &w M3,. Therefore
the quantity in Eq. (11.21) displays good high-energy behavior in compliance
with high-energy unitarity. Notice, however, that the onset of this good behavior
depends crucially on the choice of &y . Because &y is a free parameter and may
be chosen to be arbitrarily large, but finite, the restoration of unitarity may be
arbitrarily delayed as well. This fact poses no problem as long as one is restricted
to the computation of physical amplitudes at a finite order in perturbation theory.
However, if the preceding self-energy were to be resummed to regulate resonant
transition amplitudes, it would lead to an artificial delay of unitarity restoration,
which becomes numerically significant for large values of &y . In addition, a serious
pathology occurs for any value of &y # 1, namely, the appearance of unphysical
thresholds [15, 16, 17]. Such thresholds may be particularly misleading if &y is
chosen in the vicinity of unity, giving rise to distortions in the line shape of the
unstable particle.

How does the situation change if, instead, we compute the corresponding part of
the Higgs-boson self-energy in the BFM for an arbitrary value of £, ? Denoting it
by 1%}/ (s, §0), and using the appropriate set of Feynman rules [19], we obtain

TY0(s, £0) = My u(s, Ew — £o) — Z—;sgw — M3)Bo(s, Eg My, EgM3,).

(11.22)

Evidently, away from &y =1, ﬁg}?(s, &) displays the same unphysical char-

acteristics mentioned earlier for I}, (s, &w). Therefore, when it comes to the
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study of resonant amplitudes, calculating in the BFM for general & is as patho-
logical as calculating in the conventional R; gauges.

To solve these problems, one has simply to follow the PT procedure, within either
gauge-fixing scheme R; or background field method; identify the corresponding
Higgs-boson-related pinch parts from the vertex and box diagrams; and add them
to Eq. (11.21) or Eq. (11.22). Then a unique answer emerges, the PT one-loop
Higgs boson self-energy, given by My (g%

- w M? M M2
) = — H[1+4 u

—4—W 25 —3M32) | By(s, M2, M3).
167 M2, M2 M;‘,(s W)} ols, Miy. Miy)

(11.23)

Setting £y = 1 in the expression of Eq. (11.22), we recover the full PT answer of
Eq. (11.23), as expected. Clearly IT};}/(s) has none of the pathologies observed
earlier.

We now turn to the way the PT-regulated amplitude satisfies the equivalence theo-
rem [14]. This theorem states that at very high energies (s > M2), the amplitude
for emission or absorption of a longitudinally polarized gauge boson becomes equal
to the amplitude in which the gauge boson is replaced by the corresponding would-
be Goldstone boson. The preceding statement is a consequence of the underlying
local gauge invariance of the SM and holds to all orders in perturbation theory for
multiple absorptions and emissions of massive vector bosons. Compliance with this
theorem is a necessary requirement for any resummation algorithm because any
Born-improved amplitude that fails to satisfy it is bound to be missing important
physical information. The reason why most resummation methods are at odds with
the equivalence theorem is that in the usual diagrammatic analysis, the underly-
ing symmetry of the amplitudes is not manifest. Just as happens in the case of
the optical theorem, the conventional subamplitudes, defined in terms of Feynman
diagrams, do not satisfy the equivalence theorem individually. The resummation
of such a subamplitude will in turn distort several subtle cancellations, thus giving
rise to artifacts and unphysical effects. Instead, the PT subamplitudes satisfy the
equivalence theorem individually; as usual, the only nontrivial step for establishing
this is the proper exploitation of elementary Ward identities.

Turning to our explicit process f(p1)f(p2) — Z(ki)Z(k,), the equivalence theo-
rem states that the full amplitude 7 = 7; + 7; satisfies

T(ZpZ1) =T (xx) —iT(x2) —iT(zx) + T (x x). (11.24)

where Z; is the longitudinal component of the Z-boson, y is its associated would-
be Goldstone boson, and z, (k) = eﬁ (k) — k., /M7 is the energetically suppressed
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Figure 11.6. The Higgs-boson-related contribution extracted from the boxes
through pinching; to get it, we must contract with both momenta.

part of the longitudinal polarization vector sﬁ. It is crucial to observe, however,
that already at tree level, the conventional s- and z-channel subamplitudes 7; and
7; fail to satisfy the equivalence theorem individually [1, 18].

To verify this, one has to calculate 7;(Z; Z} ), using explicit expressions for the
longitudinal polarization vectors, and check if the answer obtained is equal to
the Higgs-boson-mediated s-channel part of the left-hand side of Eq. (11.24). In
particular, in the center-of-mass system, we have

ki kzﬂ M
zulky) = ef(ky) — M_z =-2Mz;— + 0O <S—2 (11.25)

and an exactly analogous expression for z,, (k). The residual vector z, (k) has the
properties k*z,, = —Mz and z> = 0. After a straightforward calculation, we obtain
a new term TSP ~ (18w /2Mw)v(p2)I s fu(p1) not found in Eq. (11.24)

T(Z1Z1) = =Ty (xx) — iT(zx) — iT(x2) + Ty(zz) — TF,  (11.26)

where
Ts(x x) = Thyx AH(S)U(PZ)FHff”(pl)

Ti(zx) + Ti(x2) = [z, (k)T 7, + 20(k)Ty, 1A 5 ($)0(p2)T 7 ju(pr)
T(zz) = zu(k1)zy(k2)TH (2 2), (11.27)

with Ty, = 1gwM2 /2My) and FHZX = —guw(ki + 2k2),/(2cy). Evidently
the presence of the term 7.7 prevents 7./(Z; Z; ) from satisfying the equivalence
theorem. This is, of course, not surprising given that an important Higgs-boson-
mediated s-channel part has been omitted. The momenta k| and k), stemming from
the leading parts of the longitudinal polarization vectors &} (k1) and €} (k), extract
such a term from 7;(Z; Z) (see Figure 11.6); this term is precisely 7;P and must
be added to 7,(Z; Z) to form a well-behaved amplitude at high energies. In other
words, the amplitude

T(Z1Z1) = T(ZL Z1) + T (11.28)

satisfies the equivalence theorem by itself (see Eq. (11.24)).
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In fact, this crucial property persists after resummation — thanks to the Ward identi-
ties satisfied by the PT vertices. As shown in Figure 11.5(a), the resummed ampli-
tude, to be denoted by T(Z.Z.), is constructed from T(ZLZL) in Eq. (11.19)
by replacing Ay (s) w1th the resummed nggs boson propagator Ap(s) and ry,.,
with the expression I'},,, + i 1zz» Where rw 17z 18 the one-loop HZZ vertex
calculated within the pinch technique. It is then straightforward to show that the
Higgs-mediated amplitude ’7}(Z 1LZ1) = ’Z_’S(Z 1Zr)+ ’Z;P respects the equivalence
theorem individually; to that end, we only need to employ PT Ward identities such
as

ko T sz(q ki, ko) +iMzT HZX(q klka)__Z_ L (k1)

[Maug® + T, k)] .

(11.29)

kluFZzX(q’ ki, ky) + iMzFHXX(CI’ ki, ky) = _;’Tw
w

In addition to the preceding issues, scattering amplitudes ought to be RG invariant;
that is, they should not depend on the renormalization point p chosen to carry
out the subtractions nor on the renormalization scheme (m, on-shell scheme,
momentum subtraction, etc.). This property must remain true in the vicinity of
resonances, i.e., after resummation. To see how this happens for the process at
hand, note that after the PT rearrangement, the resulting amplitude is decomposed
into three individually RG-invariant parts:

1. A universal (process-independent) part, corresponding to the Higgs-boson
effective charge, namely, the RG-invariant combination ( gi /M 3,)3 u,defined
in Eq. (11.3); the line shape of the Higgs boson, being a universal quantity,
must be obtained precisely from this part.

2. A process-dependent part, composed of the vertex corrections and the wave
function renormalization of the external particles, which is RG invariant
because of Abelian Ward identities.

3. A process-dependent part, coming from ultraviolet finite boxes; this is
trivially RG invariant because it is ultraviolet finite and does not get
renormalized.

Finally, on physical grounds, one expects that, far from the resonance, the Born-
improved amplitude must behave exactly as its tree-level counterpart. In fact, a
self-consistent resummation formalism should have this property built in; that is,
far from resonance, one should recover the correct high-energy behavior with-
out having to reexpand the Born-improved amplitude perturbatively. Recovering
the correct asymptotic behavior is particularly tricky, however, when the final
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particles are gauge bosons. The exact mechanism that enforces the correct high-
energy behavior of the Born-improved amplitude, when the PT width and vertex
are used, has been studied in detail in [20] for the specific process considered
here.

11.6 The pinch technique at finite temperature

Finite-temperature gauge theories are a large and complicated subject (see, e.g.,
Gross et al. [21]) for which the pinch technique is useful. In Chapter 9 we men-
tioned the relationship of d = 3 gauge theories to d = 4 gauge theories at very high
temperature, where a hierarchy of scales, based on the smallness of the coupling,
made it possible to ignore chromoelectric fields and other phenomena. There are, in
principle, three scales (besides momenta) in a thermal SU (N) NAGT: the temper-
ature T itself, (Ng?)!/?>T, and Ng?T. (We ignore factors such as 1/4m that may or
may not occur in particular applications, although these can be very important.) By
g we mean the four-dimensional coupling as a function of 7' (and other variables,
if needed). The so-called magnetic mass of a thermal NAGT scales with NgT >
and the scale (Ng?)!/2T appears as the scale of mass of the longitudinal electric
degrees of freedom (the Debye or plasmon mass). In QCD, where the coupling
decreases as T increases, or in EW theory, with its small coupling, these three
scales should obey T > (Ng*)!/?’T > Ng>T, although this is not necessarily the
case in any particular real-world application. Clearly the smallest scale, Ng>T, sets
the scale for infrared-dominated phenomena. Nonperturbative infrared phenomena
at high T occur even for gauge theories normally thought of as weakly coupled
such as the electroweak part of the standard model. Indeed, this theory is weakly
coupled at low temperatures because of Higgs mass generation but strongly cou-
pled at large 7', where the Higgs VEV vanishes and the electroweak gauge bosons
are perturbatively massless.

In the period 1980-1995, there were many attempts at calculating such quantities as
the thermal 8 function and thermal plasmon® damping rate with standard Feynman-
graph techniques, nearly all of which were plagued with gauge dependence. In an
attempt to resolve this and other problems, some people argued for using the
Batalin—Vilkovisky approach — in the Landau gauge — and others argued for using
the background field method — in an arbitrary covariant gauge (see Elmfors and
Kobes [22] for such calculations and references to other authors). But because PT
principles were not invoked, the methods used were dependent on gauge, just as

2 Justasind = 4, the mass runs and decreases at large momentum, as signaled by a magnetic condensate (Tr Gl.zj ).
Recall that in Chapter 9 we proved that such a condensate exists in three dimensions.
3 The plasmon is essentially the longitudinal electric degree of freedom with its Debye mass.
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were the usual Feynman-gauge approaches. One notable exception is the work of
Braaten and Pisarski [23, 24, 25] on hard thermal loops, which we discuss briefly
later on.

In Section 11.7, we briefly review the Matsubara decomposition of a thermal field
theory into an infinite set of coupled d = 3 field theories labeled by an integer K
for bosons or K + 1/2 for fermions. In each d = 3 theory, the corresponding fields
have mass 27 T |K | (bosons) or 27w T |K + 1/2| (fermions). It follows that for all
except the K = 0 bosonic sector, the basic scale of these field theories is 7 itself;
all infrared nonperturbative phenomena come from the K = 0 sector of an NAGT.
Moreover, as we will see, the coupling of any of these theories is g27 . In particular,
the K = 0 sector is just the d = 3 NAGT of Chapter 9, with the replacement of the
coupling g% by g>T, the lowest available scale. The characteristic dimensionless
parameter of any of these field theories is Ng?T/k at momentum scale k. Because
the minimum momentum scale is a particle mass, it follows that the K = 0 sector is
strongly coupled (dimensionless parameter of (1)), but this parameter is O(Ng?)
for all other sectors, possibly allowing for a perturbative expansion.*

11.7 Basic principles of thermal field theory

Consider the partition function of a bosonic quantum theory:

Z=Tre " = f [dp ()] (p(X)le P (X)), (11.30)

where 8 = 1/T, and write this as a path integral for a generic field theory over
field coordinates at zero time. The matrix element has a standard path integral
representation:

BRIl 1$E)) = / [d] exp [— / £E] , (1131)

where L; is the Euclidean Lagrangian corresponding to the Hamiltonian H, and

the integral sign means
B
/:affxfdr (11.32)
0

for Euclidean time t. Because the trace sums diagonal matrix elements, the bound-
ary conditions on the ® path integral are

DE, 7 =0)=¢(X) = DE, T = ). (11.33)

4 Except for strong effects coming from the coupling of a massive theory to the K = 0 sector, including effects
from the Debye mass scale.
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(For fermions, there is an extra minus sign.) So the quantum fields ® are periodic
(or antiperiodic, for fermions) in the time coordinate t with period 8. We can
therefore write & as a Fourier sum,

OF,T) =) ppl(X)e T, (11.34)

with frequencies (called Matsubara frequencies) wy = 2m KT. All Green’s func-
tions of ® are similarly periodic. Inserting this periodic decomposition into Ly
exposes it as the sum over Euclidean field theories with K-dependent masses, as
we said earlier. Moreover, the t integral introduces a Kronecker delta function that
conserves frequencies and an overall factor of 8. When combined with the 1/g>
factor in L, the d = 3 coupling becomes g>T.

The well-known Feynman rules for a thermal field theory differ in the treatment of
the energy component of momentum, with the replacement

%/dko—mz (11.35)
25 (ko)) = o,

The free-field thermal propagator for a massless scalar field is (aside from an
irrelevant constant factor)

. 1
AGT) = oo )3/ pZeW lwﬂ_(le)z o (11.36)

with w, = ++/|p|> + m?; this is a sum of Euclidean propagators with masses
wy = 2w KT. The sum over Matsubara frequencies yields

& p 115»)?

A(X, 1) = e 1 +n(p)]+ e 'n(p)},  (11.37)

@ny

where
1

_— 11.38
N (11.38)

n(p) =

is the Bose—FEinstein occupation number. Similar formulas hold for fermions; we
need not record them here.

11.7.1 The pinch technique in the zero-Matsubara-frequency sector

The first PT calculations for thermal field theory were done, as reported in Chapter 9,
for d = 3 gauge theory or, in other words, the zero-Matsubara-frequency sector
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[26, 27]. Note that when the Matsubara frequency is fixed, there is no question of
the dependence of the result on t, which can only be reliably estimated by a sum
over all frequencies. In any case, the zero-frequency sector gives no T dependence
to the periodic thermal fields.

The computations were actually done in the light-cone gauge, which causes no
problems because all dependence on the gauge-fixing vector n,, cancels out before
any integrations or sums are done. We translate the one-loop PT propagator of
Eq. (9.1) to the thermal regime, with the result:

1 I5N
q> — wb3g?Tq T 3

In later years, a number of people attempted to extract a running charge from their

dig,T) = (11.39)

calculations, as we describe in the next section. The usual procedure is to choose
a definition (which is not necessarily unambiguous) for a thermal running charge
gr(gq, T) and to define a beta function by

dg:(q,T)
dr

From Eq. (11.39), we extract a zero-Matsubara-frequency running charge in one-
loop perturbation theory as

Br=T (11.40)

2

2 2 27, 8
,T) = diq,T) = . 11.41
8:(q, T)=q7¢g°d(q, T) 1= 15¢°T/(329) (11.41)
This yields
dg,(q, T I5SNTg?
rdere. 1) | 1NTs; (11.42)

dr 64q

The derivative is positive because the running charge depends on 7'/q and the ¢
derivative has the negative sign associated with infrared slavery. This means that
the coupling constant runs away as T increases. Of course, this is equivalent to the
infrared limit ¢ — 0, where we expect infrared-slavery diseases to arise.

This thermal 8 function, based as it is on one-loop perturbation theory in the zero-
Matsubara-frequency sector, does not account for many important phenomena that
are beyond the scope of this book. In particular, accounting for gluon electric
masses in resummed internal propagators could, in principle, give rise to a term of
O(g*T?/g?), which is of higher order in the infrared limit T >> g. Other corrections
come from including a magnetic mass. These have been discussed by Elmfors and
Kobes [22] using a general covariant background-field gauge; one important result
of this work is that for any gauge parameter &, the O(g*T?/g?) term vanishes.
Although these authors did not realize that to find a gauge-invariant result, all we
need to do is choose the Feynman background-field gauge £ = 1, we do realize it.
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When this is done and corrections from the magnetic mass are omitted, exactly the
result of our Eq. (11.42) is found.

11.7.2 Developments in the full thermal field theory

Reference [28] gave the first PT calculation of the full thermal NAGT propagator
at one-loop order. Again, the computations were done in the light-cone gauge. The
result for the PT proper self-energy is (omitting the seagull graph that vanishes by
dimensional integration)

15
= g NT Z/ @r) K +k>2

X [8(4*8,0 — quqy) + 22k + @) 2k + q),]. (11.43)

The time component of the Euclidean four-vector k is k4 = 27T K. This self-
energy is conserved and has two independent scalar pieces multiplying two tensorial
structures; these are equivalent to calculating ﬁ44 and ﬁi - Most authors give results
only for g4 = 0, and we do the same; in the following results, g is a three-vector.
After doing the integrals, one finds the renormalized propagator

PN 2 NT2
(8?A)y = bg’In <A2> +—5 P (11.44)
2 2
~ qiq; q NT
= (o0 ) [ () + e
where
1IN q
b=——; € = —, (11.45)
4872 2T
and

2 1 © (
p(e):”_Jr_f Y12 =4 |2 Zope| (1146
3 2¢ Jo e —1 y—¢€

Q(E):%/w dy [y_y2+76 n ‘y+e ]
o e —1 2e y—€
In the infrared limit ¢ = 0 (or T = o0o), we have P(0) = m2/3 and Q(0) = 0.
These correspond to the often-quoted perturbative values m? = Ng*>T?/3 for the
electric mass and zero for the magnetic mass mp,, respectively. However, the
kinetic term ¢ In(g*/A?) is not well behaved at small ¢ at the one-loop level, and
the interpretation of the electric mass requires resummations that replace In g2 by
something like In(g? + 4m?), which accounts for masses on the internal lines. We
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will not discuss that interesting problem any further. In any event, as is well known,
an electric mass arises at the one-loop level, but the magnetic mass vanishes to all
orders in perturbation theory, despite that m2, ~ (N g?)>T? looks like a fourth-order
effect. Of course, the magnetic mass is nothing but the d = 3 dynamical gluon mass
for which we argued in Chapter 9.

The next work that explicitly invoked the pinch technique to achieve gauge invari-
ance in a thermal NAGT was an attempt to calculate the plasmon damping rate
gauge invariantly [29]. Earlier gauge-dependent calculations gave a negative damp-
ing rate, which is a physical impossibility in any covariant gauge. Other calcula-
tions with other methods and in other gauges gave a positive damping coeffi-
cient. Finally, Nadkarni [29], using the results of Cornwall et al. [28], as stated
in Eq. (11.43), found a one-loop PT damping rate that was unambiguously gauge
invariant and also unambiguously negative. It was clear that this negative sign was
precisely that arising from asymptotic freedom and that — as Nadkarni suggested —
other, possibly nonperturbative effects needed to be included to get a positive rate.
In an independent development, Braaten and Pisarski [23, 24, 25] developed an
algorithm for resumming so-called hard thermal loops and using it to find a positive
and gauge-invariant plasmon damping rate. An amplitude with external lines whose
momenta p are soft (of order of the electric mass O(gT)), coupled to a loop with
hard loop momenta (of order O(T')), has terms characterized by a dimensionless
parameter O(g>T?/p?) that is of order unity and contributes at the same order
as the soft tree-level amplitude. Here a factor g27T comes from the coupling, and
another power of T in the numerator comes from hard loop momenta. It is perhaps
not surprising that the sum of all such hard loops is gauge invariant, as Braaten
and Pisarksi proved, because they are all of the same order in the coupling. With
this process of resummation, these authors found a positive and gauge-invariant
plasmon damping rate.

Braaten and Pisarski made no reference to the pinch technique, although their
arguments would strongly suggest PT principles to those familiar with them. A few
years later, Sasaki [30, 31, 32] made this connection. First, he calculated [30, 31]
a thermal § function using the pinch technique, checking that he found the same
result in four distinct gauge families, including the background-field gauges. Then
he [32] showed that using the one-loop PT propagator with resummed internal
propagator lines also coming from the PT actually yielded precisely Braaten and
Pisarski’s result for the plasmon damping rate.

We quote here Sasaki’s result for the thermal 8 function, as defined through the
running charge g, of Eq. (11.41). He finds that
d 14NTg?
T 8Ts _ + 8 ’
dr 64q

(11.47)
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which is hardly different from what was found from the d = 3 PT propagator, as
shown in Eq. (11.42), which has 15 rather than 14 in the numerator. This perhaps
surprisingly small difference may arise because Sasaki used the full thermal PT
propagator rather than just its zero-frequency part, as we did in Eq. (11.42). (But
remember that this 8 function is infrared dominated, and so the zero-frequency sec-
tor should give the largest contribution.) The development of the plasmon damping
rate would take us too far afield here, and we refer the reader to Sasaki’s papers.

In thermal NAGTs, just as in NAGTSs at zero temperature, the pinch technique
does not solve difficult physics problems, but it does make it possible to separate
true physics issues from gauge artifacts. No one should be surprised that mere use
of the pinch technique itself at some low order of perturbation theory [29] does
not give physical results in an asymptotically free theory; it is this unphysicality
that ultimately drives the formation of a dynamical gluon mass and requires a
self-consistent formulation of these gauge theories, such as we have argued for
throughout this book. The demonstration that the resummation of hard thermal
loops is equivalent to a PT resummation should not be a surprise either. The fact
that Braaten and Pisarski did not recognize the connection of their earlier work
to the pinch technique should not lull the reader into thinking that there is no
connection to the pinch technique, as Sasaki showed.

11.8 Hints of supersymmetry in the pinch technique Green’s functions

Let us now focus on a very interesting property of the one-loop PT three-gluon
vertex discovered recently by Binger and Brodsky [33]. These authors first added
quark and scalar loops to f‘g’[j"} (g1, 92, g3); this is straightforward from the point
of view of gauge independence and gauge invariance because these loops are
automatically gauge-fixing parameter independent and satisfy the Ward identity
(Eq. (1.92)). All resulting one-loop integrals, including those of Eqgs. (1.85) and
(1.86), were evaluated for the first time, thus determining the precise tensorial
El\ecomposition of F;‘Z’;’ (91, 92, q3)- Then, after choosing a convenient tensor basis,
Fg’;}g (91, g2, q3) was expressed as a linear combination of 14 independent tensors,
each multiplied by its own scalar form factor. Every form factor receives, in general,
contributions from gluons (G), quarks (Q), and scalars (). It turns out that these
three types of contributions satisfy very characteristic relations that are closely
linked to supersymmetry and conformal symmetry and, in particular, the N' = 4
nonrenormalization theorems. For all form factors F (in d-dimensions), it was

shown that

F +4Fy 4+ (10 — d)Fs =0, (11.48)
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which encodes the vanishing contribution of the N' = 4 supermultiplet in d = 4.
Similar relations have been found in the context of supersymmetric scattering
amplitudes [34, 35].

It should be emphasized that relations such as Eq. (11.48) do not exist for the
gauge-dependent three-gluon vertex (see, e.g., Davydycheyv et al. [36]) because the
gluon contributions depend on the gauge-fixing parameter, whereas the quarks and
scalars do not. Indeed, it is uniquely the PT (or, equivalently, in the background
Feynman gauge, £p = 1) Green’s function that satisfies this homogeneous sum
rule. Most important, calculating in the background field method with £y # 1
leads to a nonzero rhs of Eq. (11.48).

As was explained in detail by Binger and Brodsky, this type of relation hints at
supersymmetry. To appreciate this point, it is useful to consider various super-
symmetries in d = 4, as was done in [33]. Specifically, one may distinguish the
following three cases, depending on the number A of supersymmetries:

1. N = 1: From the preceding definitions, it is clear that a vector superplet V;
(gluons plus gluinos) contributes ig> N .(Fg + Fo)= igzNCFV1 to a generic
form factor F', whereas N¢ chiral superplets contribute igqu,(% Fo+ Fs) =
igqu)Fq). By the sum rule Eq. (11.48) in d = 4, we have Fy, + 6F¢ = 0.
Thus, any form factor can be written as

2 2
. 1g =
F =igX(N.Fy, + NoFo) = 5 BNV Fy,, (11.49)

where ﬂ(()Nzl) = 3N, — 1/2Ny is the first coefficient of the 8 function. Hence
the contributions of vector and chiral superplets have precisely the same
functional form for each form factor. Furthermore, every form factor is pro-
portional to By, even though all but one of them are ultraviolet finite.

2. N = 2: In this case, the vector superplet gives ig?N.(Fg + 2Fg 4+ 2Fs) =
ig? N, Fy,, whereas Nj, hyperplets (a Weyl fermion of each helicity plus a
doublet of complex scalars) yield igzNh(FQ +2Fg) = ig’ N, F),. The sum
rule of Eq. (11.48) can be written as Fy, + 2F, = 0, and thus

)
. 1g =
F =ig*(N.Fy, + N, F;) = TﬂéN D Fy,, (11.50)
where ﬁ(()sz) =2N, — Nj.
3. N = 4: Now the vector superplet (the only multiplet allowed) contributes
2ig’N.(Fg + 4Fp + 6Fs) = N Fy,, which is identically zero by the sum
. . (N=4)
rule, which, of course, is a consequence of B =0.
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Other applications of the pinch technique

Thus, the similarities between form factors in d = 4 are related to supersymmetric
nonrenormalization theorems. In particular, the exact conformal invariance of

N:

4 implies that the gauge-invariant, three-gluon Green’s function is not renor-

malized at any order in perturbation theory. In fact, at one-loop order, there are not
even finite corrections, as reflected in Eq. (11.48).
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Appendix

Feynman rules

A.l R: and BFM gauges

The Feynman rules for QCD in R gauges are given in Figure A.1. In the case of the
background field gauge, because the gauge-fixing term is quadratic in the quantum
fields, apart from vertices involving ghost fields, only vertices containing exactly
two quantum fields might differ from the conventional ones. Thus, the vertices
"2y and I' 2444 have, to lowest order, the same expression as the corresponding
R: vertices I'4,; and T'ya44 (to higher order, their relation is described by the
corresponding BQIs). Feynman rules for background fields are shown in Figure A.2.

A.2 Antifields

The couplings of the antifields ®* with fields is entirely encoded in the BRST
Lagrangian of Eq. (4.4). When choosing the BFM gauge, the additional coupling
gf “m”A*mA”c“ will arise in the BRST Lagranglan LprsT as a consequence of the
background field method splitting A — A + A. One then gets the Feynman rules
given in Figure A.3.

A.3 BFM sources

Feynman rules involving the background field source €2} can be easily derived by
the one involving the (gluon) antifield A7 through the replacements A7" — QU
and ¢ — ¢".
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Feynman rules
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Figure A.1. Feynman rules for QCD in the R; gauges.
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Figure A.2. Feynman rules for QCD in the background field gauge. We include
only those rules that are different from the R; rules to lowest order. As usual, a
shaded circle on a gluon line indicates a background field.
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Feynman rules
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Figure A.3. Feynman rules for QCD antifields.
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