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PREFACE TO FIRST EDITION

In the course of the 1970s important developments in the substance and form
of particle physics have gradually rendered the excellent field theory texts of
the 1950s and 1960s inadequate to the needs of postgraduate students. The
main development in the substance of particle physics has been the emergence
of gauge field theory as the basic framework for theories of the weak,
electromagnetic and strong interactions. The main development on the formal
side has been the increasing use of path (or functional) integral methods in the
manipulation of quantum field theory, and the emphasis on the generating
functionals for Green functions as basic objects in the theory. This latter
development has gone hand-in-hand with the former because the comparative
complexity and subtlety of non-Abelian gauge field theory has put efficient
methods of proof and calculation at a premium.

It has been our objective in this book to introduce gauge field theory to the
postgraduate student of theoretical particle physics entirely from a path
integral standpoint without any reliance on the more traditional method of
canonical quantisation. We have assumed that the reader already has a
knowledge of relativistic quantum mechanics, but we have not assumed any
prior knowledge of quantum field theory. We believe that it is possible for the
postgraduate student to make his first encounter with scalar field theory in the
path integral formalism, and to proceed from there to gauge field theory. No
attempt at mathematical rigour has been made, though we have found it
appropriate to indicate how well-defined path integrals may be obtained by an
analytic continuation to Euclidean space.

We have chosen for the contents of this book those topics which we believe
form a foundation for a knowledge of modern relativistic quantum field
theory. Some topics inevitably had to be included, such as the path integral
approach to scalar field theory, path integrals over Grassmann variables
necessary for fermion field theories, the Faddeev—Popov quantisation
procedure for non-Abelian gauge field theory, spontaneous breaking of
symmetry in gauge theories, and the renormalisation group equation and
asymptotic freedom. At a more concrete level this enables us to discuss
quantum chromodynamics (Qcp) and electroweak theory. Some topics have
been included as foundation material which might not have appeared if the
book had been written at a slightly earlier date. For example, we have inserted
a chapter on field theory at non-zero temperature, in view of the large body of
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literature that now exists on the application of gauge field theory to
cosmology. We have also included a chapter on grand unified theory. Some
topics we have omitted from this introductory text, such as an extensive
discussion of the results of perturbative Qcp (though some applications have
been discussed in the text), non-perturbative Qcp, and supersymmetry.

We owe much to Professor R G Moorhouse who suggested that we should
write this book, and to many colleagues, including P Frampton, A Sirlin, J
Cole, T Muta, H F Jones, D R T Jones, D Lancaster, J Fleischer, Z Hioki and
G Barton, for the physics they have taught us. We are very grateful to Mrs S
Pearson and Ms A Clark for their very careful and speedy typing of the
manuscript. Finally, we are greatly indebted to our wives, to whom this book
is dedicated, for their invaluable encouragement throughout the writing of this
book.

David Bailin
Alexander Love



PREFACE TO REVISED EDITION

We are grateful to IOP Publishing Ltd for giving us the opportunity to
correct the typographical and other errors which occurred in the original
edition of this book. This task was greatly assisted by a careful reading of
the book by G Barton. We are also grateful to I Lawrie and D Waxman
who pressed us to clarify several points. Some new material on instantons
and axions has been included in chapter 13, and some of the calculations in
chapters 12 and 16 have been updated to make use of the more precise values
of gauge coupling constants now available.

David Bailin
Alexander Love
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1
PATH INTEGRALS

DOI: 10.1201/9780203750100-1

There are two widely used approaches to quantum field theory. The first is
based on field operators and the canonical quantisation of these operator
fields, and will not be discussed in this book. The second approach, as we shall
see in Chapter 4, involves path integrals' over classical fields, and it is upon
this latter approach that this book relies for its derivations. In this chapter, the
idea of path integrals (or functional integrals) will be developed in a very
intuitive way without any attempt at mathematical precision or rigour.
Instead, the analogy between vectors and functions, and between matrices and
differential operators on functions will be exploited extensively. Since very few
path integrals can be performed exactly, we shall concentrate on Gaussian
path integrals®. These are important in their own right, but much more so
because they can be used in approximation schemes when the exact path
integral is intractable, as we shall see in later chapters.

Our starting point is the ordinary Gaussian integral

f dy exp(—3ay?)=(Q2n)'/%q~1/? a>0. (LY
This may be generalised to the integral over n real variables

f dy, ...dy, exp(—1Y'AY)=(2n)"*(det A)~!/2 (1.2)
where A is a real symmetric positive definite matrix, Y is the column vector
with components (y, ..., y,), the transpose of ¥ is denoted by ¥, and each
integral is understood to be over the range (— oc, oc). Equation (1.2) is easily

derived by diagonalising A, when the n-dimensional integration becomes a
product of n integrals of the form (1.1). It will prove convenient to write

det A=expIndet A=exp Trin A (1.3)
where Tr denotes the trace of the matrix. The identity
Indet A=Trln A (1.4)

is most easily proved by diagonalising A. Equation (1.2) can now be written as
(2m)~"/2 j dy, ...dy, exp(—3Y"AY)=exp(—3 TrIn A). (1.5)

We wish to generalise (1.5) to the case where the integration is over the
continuous infinity of components of a function ¢(x) rather than over the finite



2 PATH INTEGRALS

number of components of the column vector Y. Such an integral is called a
path (or functional) integral. Proceeding intuitively? we write

J@q) exp( -1 fdx’ fdxqo(x’)A(x’, x)(p(x)) =exp(—31TrinA) (1.6

where we use the symbol 2 for path integration, and we assume that the
integral has been defined in such a way as to remove any normalisation factor
(corresponding to the factor (27) "2 in (1.5)). The integrals over x’ and x are
assumed to be one-dimensional integrals over the range (— oo, oc). However,
the treatment generalises trivially to the case where dx is replaced by d*x, and
the integration is over the whole four-dimensional space. The trace in (1.6) may
be evaluated by Fourier transforming. For example, consider the case

o 0 ,
A(x ,x)=<§ a+r> o(x" —x) 1.7
where r is a constant. (This is closely related to situations we shall encounter in

later chapters.) The one-dimensional Dirac delta function has the integral
representation

® dp . .,
(¢’ —x)= f P vt =) (18)
o 2W
Thus
’ ® dp i - 2
A(x', x)= — P 3 (p24y) (1.9)
—w 2T
and
dp 2
Trln A= |dx ﬂln(p +7) (1.10)

where to take the trace we have set x'=x and integrated over all values of x,
since we have a continuous infinity of degrees of freedom.
A slight generalisation can be made by introducing a linear term in (1.5).

(2n)"’/2j dy,...dy, exp(—1YTAY+p'Y)

=exp(—% Trin A) exp3p'A~1p) (1.11)

where pis a given column vector,and A ™! exists because A is positive definite.
Equation (1.11) is derived from (1.5) by completing the square,

YAY-2p"Y=(Y-A"'p)/A(Y-A"1p)—p'A " 1p (1.12)
and making the change of variable

Y=Y-A"lp (1.13)
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The corresponding path integral is

J@go exp( -1 de’ J dxe(x)A(x', x)p(x) + f dxp(x)tp(x))

=exp(—1 Trln A) exp(% f dx’ f dxp(x)A~Nx', x)p(x)). (1.14)

where p(x) is a given function. In (1.14), 4~ 1(x’, x) is easily evaluated from the
Fourier transform of A(x', x). Thus, with A(x, x) as in (1.7), we have from (1.9),

© dp
A"(x’,x)=f é—ge“’"‘“"’(pz—i—r)‘l. (1.15)

Equations (1.11) and (1.14) enable us to carry out somewhat more general
integrals than Gaussian integrals. If we differentiate with respect to
Pmy> Pmys -+ -5 Pm, at p=0in (1.11) we obtain

(2n)""2f dy;...dYy Ym, - Vm, eXp(=5Y'AY)

-

=exp(—3Trln A) (4, ., ... A,  » +permutations)  (1.16)

mym, *

when p is even, and zero when p is odd.
Generalised to the path integral case

f%o o(xy). .. @(x,) exp( -4 J dx’ fdx P(x)A(X', X)rp(x))

=exp(—3 Trin A)(A™}(xy, x,) ... A7 (x,_y, x,) + permutations). (1.17)

To carry through the differentiations in the path integral case we understand
the derivatives to be functional derivatives 6/0p(x,),...,8/0p(x,), where by
definition

o
— (fdx p(x)q)(x)>= o(x;) i=1...,p (1.18)
op(x;)
We have been discussing a real column vector or a real function ¢(x). The

discussion is easily extended to the case of complex column vectors or
functions. Thus, for example,

(2m)~" J‘dzl dz*...dz,dz* exp(— Z'AZ) =(det A) ' =exp(—Trin A) (1.19)

where A is a Hermitian matrix, Z is the complex column vector with
components (zy,...,2,), Z'=(Z*)", and

j dzdz*=2 jd(Re z) d(Im z). (1.20)
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The corresponding path integral is

J@(p@(p* exp( - Idx’ de P*(x")A(X', x)(p(x)) =exp(—Trin A). (121)

So far we have been assuming that the reader is making the intuitive leap
from a column vector with a finite number of components to a function with a
continuous infinity of components. We can put path integrals on a (slightly)
more formal basis, as follows'. Suppose that the x and x’ integrations in (1.6)
are over the finite range from X to X. We can take the limit of an infinite range
of integration at the end of our discussion. Divide the range up into N +1
equal segments of length ¢

N+De=X-X. (122)
Let the steps begin at x,=X, x,, x,, ..., Xy, and adopt the notations
0= (x;) A= A(x;, Xy). (1.23)

Then we may define the Gaussian path integral as follows:

J@(p exp<—% j dx’ de P(x) AKX, x) (p(x)>

N
= lim 2n) ]| | de; CXP( =) ‘Pinkq’k)
Jk

Nox i=1
N
=1lim 2n) "2 [] |de; exp(—1p"Ag) (1.24)
N—o i=1

where ¢ is the column vector with components (¢,,..., @y), and A is the
matrix with entries 4,. In the case where we allow the range of integration
(X, X) to become the interval (—cc, oc), we may perform the Gaussian
integral to obtain the result of equation (1.6). We must, of course, interpret
limy . , exp(—4 Tr in A), where A is the matrix,as exp(—4 Tr In A), where 4 is
A(X', x).

Problem
1.1 Derive (1.19) from (1.5).

References

1 Feynman R P and Hibbs A R 1965 Quantum Mechanics and Path Integrals (New
York: McGraw-Hill)

2 We follow most closely the approach of
Coleman S 1973 Lectures given at the 1973 International Summer School of Physics,
Ettore Majorana.
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PATH INTEGRALS IN NON-RELATIVISTIC
QUANTUM MECHANICS

DOI: 10.1201/9780203750100-2

2.1 Transition amplitudes as path integrals

It was shown by Feynman (following a lead by Dirac) that quantum mechanics
could be formulated in terms of path integrals!:2. We shall discuss this
approach to quantum mechanics in some detail since it provides the key to the
path integral formulation of quantum field theory. For simplicity, we shall
consider in the first instance a system described by a single generalised
coordinate Q, with a conjugate momentum P. When corresponding quantum
mechanical operators for Q are required we shall use the notation Qy, in the
Heisenberg picture, and (g in the Schdodinger picture. We denote the
eigenstates of Qg by |¢)s:

Qs|4>s=4|4>s- 2.1)
Since Qy, is time-dependent, so are its eigenstates, which we denote by lg, t):
Qullg, ) =4lg, > 2.2)

(It should, of course, be remembered that the physical state vectors, as opposed
to the eigenstates of Qy(t), are time-independent in the Heisenberg picture.)
The relevant connections between the two pictures are

Ou(t)=€"" Qg e 23)
and
lg, > =€ |g>s (2.4)

where H is the (time-independent) Hamiltonian operator.
The probability amplitude that a system which was in the eigenstate |¢, t')
at time ¢’ will be found to have the value ¢” of Q at time ¢" is

", ¢y = Kq'le” Mgy (2.5)
q

This transition amplitude may be expressed as a path integral by dividing the
time interval from t' to t” into N + 1 small steps of equal length ¢, with

(N+De=t"—t. (2.6)

Let the steps begin at ¢, t,, t,, .. ., ty. The eigenstates of Qy(?) form a complete
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set for any given value of t. Thus
N
{q", t”l‘I', )= n dq;<q", tnqu’ tn)<qn» tquN—b In-1)
j=1

¢ RSN 2.7)

We need to study <{g;.,%j+4|g;,t;> as N becomes very large and the step
length ¢ becomes very small. The discussion is much simplified if the
Hamiltonian is of the form

2

H(Q, P) =§—m + V(Q). (2.8)

(Simplification results because products of P with Q are not involved, and
problems of order associated with the lack of commutativity of the
corresponding operators are alleviated.) Applying equation (2.5) to first non-
trivial order in ¢,

iHe
<¢1j+1atj+1|qj,tj>z <‘1j+1 '_—h_qj> . 2.9
s s
But
L h 9?
s<‘Ij+1|H|‘Ij>s=<—ﬂ @)s(‘hnl%)s (2.10)

and using the usual integral representation of the Dirac é function

* dp; . _
s<‘1j+1lqj>s=5(q1'+1 —‘Ij)=h— ! f TI::CXP[IP,'(‘I}H —‘Ij)h l] (2.11)
where we have chosen to write the integration variable as p;/h. Using (2.11) in
(2.10) gives

. _. [dp, (h*p? . _
s<(1j+1|H"1j>s=h 1‘[&< pj+V(‘Ij))eXP[1Pj(¢Ij+1—qj)h 1]

2n \ 2m
2.12)
=h1 dp; i —g)h 11H 2.13
= o explip;(g;+1 —gph™ "1H(q;, p;)- 2.13)

We may now rewrite (2.9) as

<qj+1?tj+l|qj7tj>
dp; . _ A
zh“fa%exp[lpj(qj+l—qj)h N1 —ieh lH(qj,pj)). (2.19)

Still working to first non-trivial order in ¢, we write the integrand in (2.14) as an
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exponential
dp; o -
<‘Ij+1,tj+1|‘b,tj>zh_lfEI;—’eXP{lh 13[Pj(‘1j+1"“1j)3 I—H(Qj,Pj)]}~ (2.15)

Returning to (2.7), the transition amplitude may now be expressed in the form
<qn’ tnlqr tr
N

~njq1 exp(lh 'e Z Pidj+1— QI)shl"H(qj’Pi)]> (2.16)
j= 0

where we have written
q40=9 av+1=9" (2.17)

Taking the limit N — oo with (N + 1)¢ fixed as in (2.6), we obtain the transition
amplitude as a path integral

-
(q",t"|q,¥) f@q J% expih ! J de(pg—H(p, q)) (2.18)
4

where the integration is over all functions p(t), and over all functions g(f) which
obey the boundary conditions
q(t)=4¢ q(t")=4q". (2.19)

The result is more general than the case to which we have restricted ourselves
in (2.8).

When the Hamiltonian is given by (2.8), the p; integrations in (2.15) and
(2.16) may be carried out (formally). We complete the square by making the
change of variables

ﬁj=pj—m8_l(qj+l_qj) (2:20)

and perform the integrations formally by pretending that ie¢ is real
(continuation to imaginary time). We then have Gaussian integrals and obtain
{Gj+1» tj+1|qj, t;>
~(2nigh/m)~'/* exp{ih~'e[5me~ 2(‘1j+1 _‘Ij)z —Wgyl} 221)
Using (2.21) in (2.7) gives
<qll’ t”Iqla t/)
N

N
z(Znieh/m)_(N“)/zn deexP<ih ‘e Z (3me~ qj+l ‘Ij)Z*V(‘Ij)])

j=t =

2.22)

Taking the limit N — oo with (N + 1) fixed as in (2.6) yields the path integral
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representation

-
CRAIAPX: J@q exp (ih -1 J‘ dt L(g, q')) (2.23)

4

where
L(g,q)=%m¢* - V(q) (2.24)

is the Lagrangian, and the path integral is over all functions ¢(t) which obey the
boundary conditions of (2.19). The constant of proportionality is formally
infinite, but is inessential for our purposes.

2.2 The ground-state-to-ground-state amplitude, W[J]

If an external source term (or driving force) —J(t)Q is added to the
Hamiltonian in (2.8), then the transition amplitude in the presence of this

source is
t

g, t"|g, £y’ o< j@q IQP expih™! f di(pg—H(p,9)+Jg)  (2.25)

v

where H(p,q) denotes the Hamiltonian for J=0. The integration is over all
functions p(t) and over functions ¢(f) obeying the boundary conditions of
(2.19). We shall see in Chapter 4 that the ground-state-to-ground-state
amplitude in the presence of a source plays a central role in quantum field
theory. With that application in mind, we now derive the corresponding
amplitude in non-relativistic quantum mechanics. To start with we shall take
J(2) to be zero for times less than t_ and also for times greater than ¢, . Using
the completeness of the eigenstates|q,, ¢, > and |g_,¢_) of Oy at times ¢, and

t,
"ty = j dq . qu-<q", gt g tilgo,t ) g t g, 1)
(2.26)

provided t">t, >t_>t. Let |n) be the energy eigenstates
Aln)=E,jn) 227
and introduce corresponding time-dependent wave functions

¥,(q, ) =<g, tjn) =e"E" (gln.
Then

q" t"|q+,t.>=24q", '|n><nlg st

=Y Ulq", WG ts) (2.29)
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and
{q-,t_|g,t>=Y Y lq_,t W¥d,1). (2.30)

The connection with the ground-state-to-ground-state amplitude is obtained
by continuing to the imaginary time axis and taking the limit t" - —ioo,
t —ioo. Then the decaying exponentials ensure that only the contribution
from the ground-state wave function ¥, survives in (2.29) and (2.30), and we
have

lim <q”,l"|q+,t+>=r1im Yold", ' WEQq+,t4) 231)
" —icc -~ —ix
and
lim (g, t|g,¢>=1im Yolq_, L3 ©). (232)

Substituting in (2.26) and returning to real time we obtain

lim  <q",t'|q, v > Wolq", WG, ¥)

"ol — -

=fd¢1+ qu-llfz(q+,t+)<q+,t+Iq—,t—>’l//o(q-,t_)- (2.33)

(The alert, or even half-alert, reader will, with reason, feel uneasy about the
way in which we have returned to real time, where the exponentials are
oscillatory and cannot unambiguously damp all but the ground-state wave
function. The result only remains unambiguous if we replace real t by e™*,
with ¢ a small positive quantity. We shall make amends after (2.38).)

The expression on the right-hand side of (2.33) is the probability amplitude
to find the system in the ground state at time ¢, given that it was in the ground
state at the time ¢_. We are really interested in the case where J(t) is non-zero
not just between finite times ¢ _ and ¢, but for all times. We can reach this case
by taking ¢ _ large and negative, and ¢, large and positive. Then the right-hand
side of (2.33) is the probability amplitude to find the system in the ground state
at time oo, given that it was in the ground state at time — co. We shall denote
this ground-state-to-ground-state amplitude by W[J]. Thus, subject to the
same qualifications as (2.33),

Wl lim  <q".t'|q,t)’ (2.34)

" oc, = —oc

which is the required result. Notice that it does not matter what values we
choose for ¢’ and ¢". Returning to (2.25) we see that

WILJ] < J@q J@p expih~! fw dt(pg —H(p, q) + Jq). 2.35)



10 PATH INTEGRALS IN NON-RELATIVISTIC QUANTUM MECHANICS

The path integration is over all functions p(¢), and, using (2.19), over all
functions ¢() obeying the boundary conditions

lim g(t)=q lim g(t")=q" (2.36)
- "=+
where ¢’ and ¢” are any chosen constants, but are often taken to be zero.
In the special case where the Hamiltonian is given by (2.8), the generalisation
of (2.23) to include a source term is
-
q't'q,t) fgq expih~! I du(L(q,§)+ Jg) (2.37)

¢

and the corresponding expression for W{J] is

W[J] < f@q exp ih~! J du(L(q, )+ Jq). (2.38)
The oscillatory path integral of (2.38) is not well defined, and it is necessary to
make some more precise statement before it can be evaluated unambiguously.
A convenient procedure suggested by the above derivation is to continue the
integrand to imaginary time, which makes the path integral well defined,
perform the path integral, and then continue back to real time (see figure 2.1).
We introduce the variable

t=it (2.39)

and denote the continuation of W[J] to imaginary time by Wg[J] (where the
subscript E is used because the continuation will be from Minkowski to
Euclidean space in the relativistic case considered in Chapter 4).

WelJ] < j@q exph™! fw df[L(q,ij—?) +Jq:I (2.40)

iw4

~im

Figure 2.1 Rotation of integration contour in complex ¢ plane.
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where g and J are now to be regarded as functions of ¢. In accordance with
(2.36), the path integral is over all functions ¢(f) which obey the boundary
conditions

lim q()=¢ lim q(f)=q" (2.41)

t— -0 t—x
where ¢’ and ¢” are any chosen constants. The integrand is now a damped
exponential and the path integral is well defined. As has been emphasised by
Coleman?, if we proceed directly from the Hamiltonian form of (2.35),
continuing to imaginary time does not immediately yield a damped
exponential because the derivative term remains oscillatory. If we are to
proceed unambiguously from (2.35), we must first perform the path integral
over p (formally), and then continue the integrand to imaginary time as in
(2.39). In the case where the Hamiltonian is of the form of (2.9) this leads to
(2.40), but, more generally, an effective Lagrangian (differing from the true
Lagrangian) has to be introduced to render W [J] into the form of (2.40).

With these words of caution, we shall continue the integrand in (2.35) to

imaginary time and write for the general case

We[J] f@q f@p exp—h~! fw dt_(—-ip%%_+H(p, q)—Jq). (242

—®

If any ambiguity arises, it is to be resolved as described above.

2.3 Ground-state expectation values from W(J]

So far we have been concentrating upon the ground-state amplitude W[J]. In
the discussion of quantum field theory in Chapter 4, we shall see that Green
functions, which are ground-state expectation values of products of field
operators, play an important part. The analogous objects in non-relativistic
quantum mechanics are ground-state expectation values of products of
operators Q. We shall now see how these may be derived from W[J]. For
notational simplicity, we shall consider first the case where the product
involves only two operators. Thus, we begin by studying the object

g, |0u(t)Ou(t.)ld’, ¢

with ,>t,. Just as when discussing the transition amplitude {g","|g’, ¢ >, we
divide the time interval ¢’ to ¢” into small steps beginning at ¢, t,, ,, ..., ty.
Choosing t, and ¢, to coincide with the beginning of two of these steps, we may
use completeness as in (2.7) to obtain

N
{q", tI,IQH(tb)QH(ta)lq,9 t) = H dqi{q", t”I‘IN, tn><an, tNIqN—l’ INo1)---
i=1

<qb+1’ tb+ IIQH(tb)lqb’ tb> e <qa+ 1 ta+ 1|QH(ta)Iqa’ ta> cee <q1’ tllq,’ t’> (243)
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N
=11 qu;qbq&q”, tlan, tnD<ans tnlan 1> tn -1 - - G0, tylq, D (2.44)
ji=1

For a Hamiltonian of the form of (2.8), (g;.,,t+4|q;,¢;> is given by (2.15).
Thus, .

{q", ' |Qu(t)0ult)d’, >

N N dp~ . N
X H -[dqj' n 2_;’“‘11»‘1:. expih~'e z [Pj(‘Ij+1 "‘Ij)a—l "H(Pj, ‘Ij)]-
j=1 j=0 4T j=0
(2.45)

Taking the limit N — oo with (N + 1)¢ fixed as in (2.6) we obtain the path
integral

q",V"|0u(tn)0ultld’, >

oc j@q ffﬁp q(t,)q(t,) exp ih ™! J de(p4—H(p,q)) (2.46)

4

for t, > t,, where the integration is over all functions p(t) and over all functions
q(t) which obey the boundary conditions of (2.19), and the constant of
proportionality is the same as in (2.18). In deriving (2.46), we have assumed
that t, > t,. If instead we had assumed that ¢, > t,, then we would have found
that

v

@’ "|0u(t)Qulto)lq’, > o f 2q f@p q(t,)q(t,) exp ih ™! f di(p4 —H(p,q))
¢
(247)
for t,>t,. We may summarise (2.46) and (2.47) as

(q", t"| TQult)Ox(t)d’, >
oc f@q J%q(tb)q(ta) exp ih ™! J d(pg—H(p,q) (2.48)
r

where the time ordering operation T is defined by
T(QH(tb)QH(ta))=QH(tb)QH(ta) fOI' tb> ta
=0u(t,)0u(ty) for t,>¢,,. (2.49)

The constant of proportionality is the same as in (2.18).
The result is easily generalised to a time-ordered product of any number n of
operators.

" | TQu(t,) - .. Ou®)Qu(t))a’, >

o f 2 f Ppa(t,) - - - a(t2)q(ty) exp ih ™! f di(pg—H(p,q)) (2.50)

t
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where the time ordering operation T puts the operators in chronological
order, with operators corresponding to later times to the left of operators
corresponding to earlier times.

When the Hamiltonian is given by (2.8), the integrations in (2.45) may be
performed (formally), as in equations (2.20) to (2.23), to yield the alternative
path integral representation

q"|TQulty) . .. Qult)0ult)))ld’, >

-
OCJ@qq(ti.) .- q(ty)q(ty) expin ™! J dtlig,q) (2.51)
[4

where the constant of proportionality is the same as in (2.23), and the path

integral is over all functions ¢(t) that obey the boundary conditions of (2.19).

To make the connection with the expectation value in the ground state of

the time-ordered product of operators, we now introduce times ¢/, and t_ with

t">t,>t_>t. Using the completeness of the eigenstates |g,,¢,> and
lg-,t_> of Qy at times ¢, and t'_,

" V|TQu(®). .. Ou(t)ld', > = | dq's dg<q",t"

q,'H t,+>
X <qs, 0| T@ulty) ... Ou®)la-, £-<q - - |q, ). (2.52)

Introducing energy eigenstates and proceeding in the fashion of equations
(2.27) to (2.33), we see that

lim  <q",t"|TQu(t,). .. Ou@ A,V >/bold’s ' Wo¥(d, V)

- —o0,t" 2

= J dg’s qul Z{CIURIC I AV (AR N ) AT
=<0|TQu(t) . . - Qul1)]O> (2.53)

where <O|T(Qu(t;) . .. Ou(t}))|0> denotes the expectation value in the ground
state of the time-ordered product of operators. (The same qualifications as
after (2.33) apply.) Combining (2.53) with (2.50),

O|TQx(t;) .. - Ou(t))|0>

o J@q fgpq(ti.) ...q(ty) expin ! J d(pg—H(p,q)). (2.54)

- ®

Armed with (2.54) we may now make the connection of ground-state-to-
ground-state amplitude W[J] with ground-state expectation values of time-
ordered products of operators §,;. Consider the functional derivative of W[J]
with respect to J(t}), J(t3), ..., J(t,), where the differentiation is in the sense of
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(1.18). Using (2.35),

owJ]
oJ(ty). .. 0J(t}))sy=o0

0

oc (ih 1) f@q Jgpq(%) ... q(ty) expih™! J' di(pg—H(p,q)). (2.55)

The constants of proportionality are the same in (2.54) and (2.55), thus

SWLJ1
8J(Z)... 0J(t))

We now see that once the ground-state-to-ground-state amplitude W{J] is
known, all the ground-state expectation values of time-ordered products of
operators (), may be generated from it. For this reason, W[J] is referred to as
the generating functional. The corresponding amplitude in quantum field
theory is used to generate the Green functions, as we shall see in Chapter 4.

(=<0 T@x(t) - - ult1)|0> = (2.56)

J()=0

Problems

2.1 Derive expression (2.21).

2.2 Obtain the effective Lagrangian when H =4p>f(qg).
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CLASSICAL FIELD THEORY
DOI: 10.1201/9780203750100-3
3.1 Euler-Lagrange equations

So far we have been concerned with the non-relativistic quantum mechanics of
a single particle with a generalised coordinate g(t). Particle physics is
formulated using the language of relativistic quantum field theory. We
therefore address ourselves first to the derivation of the principal results of
classical (i.e. non-quantum) field theory. This will facilitate the generalisation
to the quantum theory which will be developed in the following chapters.

A field is a generalisation of the notion of a generalised coordinate, not just
to several particles, but to a continuum of particles, with the possibility of one
or more at each point in space. Thus we write a field as ¢(x, t) in the simplest
case where there is one generalised coordinate for each point x of space. The
simplest example arises when we consider waves on a vibrating string. Then
the generalised coordinate is the displacement y(x, t) of the point on the string
at x from its equilibrium position. (In this case x takes values only in the range
0 <x <! corresponding to the string, but we could as easily consider sound
waves in space, in which case x could assume any value.) A more complicated
example is provided by the electromagnetic field at x at time ¢t. Evidently this
involves more than one coordinate at each x, because of the vector nature of E
and B.

The Lagrangian L of a field theory will evidently involve an integral over the
continuum labels x, instead of merely a sum over the discrete labels i, if we had
had a finite number of coordinates. Thus

L=Id3x_‘2’ (3.1

where & is called the Lagrangian density. In the discrete case the Lagrangian
is a function of the coordinates g; and the generalised velocities ¢; =dgq,/dt.
Thus in the continuum case we expect .Z to be a function of ¢ and d¢p/ot. We
shall also expect . to depend on coordinate differences i.e. upon Vg. In any
case, in a relativistically covariant theory we must not arbitrarily select a
preferred direction in space-time. Thus we shall have

&L =2L(p,0,0) (3:2a)
where 5
_99 _
a,,q;:W x=0,1,2,3) (3.2b)
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with x°=ct. Thus the action

t, t,
S[(p]Ef dtL=f d*xZ(e, 0,0) (3.3)

is a functional of the field ¢. Note that, since L has the dimensions of energy, S
has the dimensions of angular momentum, i.e. it is dimensionless if we use
natural units h=c=1.

Lagrange’s equations follow by demanding that S is stationary under
variations of the generalised coordinate q. Thus we must consider an arbitrary
change in the field ¢:

@ - @+dp. 34)

Then
S—S+6S

. (0% 0L
38 = Ld (a(p(s +( )(w))

0L 0¥ 12 07
= d*x —0l—10 d*x 0 o0 ). .5
L [aw (awm)] "’*L X “(a@w) “’> G-

The last term may be integrated and it involves the value of [0.#/0(0,¢)16¢
only on the surface of the space-time volume being integrated over. If we
restrict the permissible variations d¢ to those which vanish on this surface, just
as in deriving Lagrange’s equations we require dq to vanish at ¢, and t,, then
this last term vanishes and the functional derivative

where

oS 0¥ 0¥ )
=———0 3.6
500) 00 (a( 5,0) G0
If we demand that S is stationary under such variations, then
oS
= 3.7
o9(x) 6.7
and the Euler-Lagrange equations follow:
0¥ 0L
ol ——)=—. 38
”(a(am)) 3 G8

If there are several fields ¢? associated with each point x, then there is an
Euler—Lagrange equation for each index a.

It is easy to construct Lagrangian densities to yield any desired field
equation. For example,

=1p(*0,) (3.9)
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with p a mass density, gives

0 A4
—= and ——=pd* 3.10
% 20,9) pd'y (3.10)
so the Euler-Lagrange equation implies
- 19% o,
Oy=0,0y=555-Vy=0 (3.11)

which is just the wave equation.
The electromagnetic field equations are also derivable from a Lagrangian,
which may be expressed in terms of the Lorentz covariant vector potential A*:

F=—40,4,—0,4)(0" A" — 0" 4*)—j, A" (3.12)
Then the Euler-Lagrange equations (3.8) for each component A, give
~0(0"A"—0"A¥)= —j". (3.13)

This is just the covariant form of Maxwell’s equations, since the v=0
component gives

V-E=p (3.14a)
where
E= —%%—VAO (3.14b)
and
p=j°. (3.14c)
The spatial components give
VA B=%aa—f+j (3.15a)
where
B=V A A. (3.15b)

The two remaining Maxwell’s equations

10B
VAE=-—-" ,
A o (3.16a)

V-B=0 (3.16b)
follow directly from (3.14b) and (3.15b).
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3.2 Noether’s theorem

One of the advantages of the Lagrangian formulation is that it permits the
ready identification of conserved quantities by studying the invariances of the
action S. The fundamental result behind this statement is Noether’s theorem?,
which identifies the conserved current associated with the invariance of S
under a very general infinitesimal transformation.

We consider the variation &S of

S=r d*xL(9(x), ,0(x) (3.17)

1

under a general transformation of the coordinates x and the field ¢. Suppose
x# = x"=x"+ dx* (3.18)

where the infinitesimal dx* is specified by a set of infinitesimal parameters dw',
so

dxt = X#(x) de'. (3.19

As examples we shall later consider the cases when the parameters 6w’ specify
an infinitesimal translation, or an infinitesimal Lorentz transformation. Under
such a transformation the field ¢(x) will, in general, also transform. Thus

o(x) = ¢'(x) = o(x) + d¢(x) (3:20)
where 8¢ is also specified by the parameters 6w, so
dp(x)=D(x) b’ (3.21)

Evidently the total variation d¢(x) derives both from the variation of the field
function and from the variation of its argument:

@'(x)=¢'(x + o)
=¢'(x)+6x"(0,9)
= @(x) + 8o p(x) + 0x"(0,9) (322)

where dy¢ is the variation of the field function alone. Thus from (3.21) and
(3.22), using (3.19),

3o @(x) = 6¢(x) — 6x"(0,90) = [®(x) — (3,0) X (x)] éw"- (3.23)
Then the variation of the action S is

2 12
oS= f 3d*x)Z + J d*x 62 (324)
t, t

1

where 0. is the variation in the Lagrangian density caused by the above
variations of x and ¢, and §(d*x) is the variation of the integration measure
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caused by the variation (3.18). In fact
ox*
det[ pa ]
=|det[! + 0,(X! dw')]| d*x
=[1+40,(X¥ 6w')] d*x

d*x' = d*x

SO
8(d*x) = [6,(X* 5] d*x. (3.25)

The variation §.% derives from the variations dx and d¢, where d¢ in turn
derives from J,¢ and 6x, as specified in (3.23). We have already evaluated the
variation of the action caused by an arbitrary variation of the field function
alone in (3.5). (What we are now calling d,¢ was called d¢ in (3.5).) If ¢ satisfies
the Euler-Lagrange equation (3.8), only the second integral on the right-hand
side of (3.5) survives. Thus

o8 = '[d"'x d,(j¢ dc') (3.26)

where

b3, 0
= o) -2 X - o, 3.27
/ <a<a 7 & ) %0,0) 21)

Now, suppose that § is invariant when the variations are parametrised by
constant 6w’ (i.e. ‘global’ transformations). Then, under ‘local’ trans-
formations (in which o’ depend upon x), S must have the form

oS = f d*xjt 8,(0w) (3.28)
for some j#. Thus in these circumstances we deduce from (3.27) that
0= J.d“x(a‘,j;‘) '

for arbitrary dw'(x), so the current j¥ is conserved:
8,j¢t=0. (3.29)

This is Noether’s theorem. It follows that the ‘charge’

0= Jd3x1‘ (t, x) (3.30)
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is a constant, independent of ¢, since

Q0= J‘d3x 0o j(x, 1)
= jd%c[@uj;‘(t, x)—0,ji(t, x)]

== J ds, ji(t, x)

=0 (3.31)

if we assume that j; vanishes on the boundary surface. (We have used current
conservation (3.29), and Gauss’s theorem to relate the spatial divergence to an
integral over the boundary surface with surface element dS.) It is important to
note that in deriving the current conservation (3.29) we used the Euler-
Lagrange equation (3.8) for ¢. Thus we are free to add to j¥ any quantity whose
divergence vanishes by virtue of the equation of motion. Of course, we can also
add to j¥ any quantity whose divergence is identically zero, such as

jt=0,1Y (3.32a)
where T} is an antisymmetric tensor:
W= —-T"*. (3.32b)

We have proved Noether’s theorem in the simplest case that .# is a function
only of a single field ¢ and its derivative d,¢. If there are several fields ¢°
associated with each point x, then the total variation ® of each field acquires
an index g, and it is easy to see that the generalisation of the conserved current
(3.28) is

0¥
—= ¢
98,9

jé‘=( el (&cp“)—yéﬁ)x:— (3.33)

d(8,9%)

3.3 Scalar field theory

The simplest field theory that we shall study is that described by a single real
scalar field ¢(x) having a Lagrangian density

1 1 1
__ I3 282 4
L7 2(6,‘<p)(6 ) LAl Ap (3.34)
where u? and A are constants. The Euler-Lagrange equation yields

(8,0 + 1o (x) = — 419> (). (3.39)

The term on the right-hand side of (3.35) is analogous to the current source j*
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on the right of (3.13), except that it arises from the field itself (because of its self-
interaction). In the case that such a term is absent (A=0), (3.35) reduces to the
Klein-Gordon equation?. Interpreting ¢(x) as the wave function of a particle
with energy E and momentum p, the Klein—-Gordon equation gives

—E*+p?+u*=0 (3.36)
showing that the particle has rest mass u. More generally, if
& =%0,0)(0" )~ V(p) (337
and if V has an absolute minimum at ¢ =v, then
|4
- _, (3.38a)
doj,-,
and
d*v 5
— =y 3
7, = (3.38b)

The statement that ‘e is a scalar field’ describes its behaviour under a Poincaré
transformation. Under such a transformation

xt o x=A4x"+a’ (3.39)

where A% describes a proper Lorentz transformation, and a is a (space—time)
translation. Then ‘¢ is a scalar field’ means that under this transformation

o(x) = ¢'(x)= o(x) (3.40)

i.e. ¢(x) is invariant. Since ¢ is invariant under an arbitrary Poincaré
transformation it is necessarily invariant under an infinitesimal such
transformation.

Consider first an infinitesimal translation

x* — x* 4l (3.41)

Then the infinitesimal parameters dw’ may, on this occasion, be chosen to be
the quantities ¢' and

XH(x)=0". (3.42)
Since ¢ is invariant d¢ is zero and, from (3.21),
?,(x)=0. (3.43)
Also from (3.34) or (3.37)

0L
A2, 0)

. (3.44)
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Then, from (3.33), the conserved current in this case is denoted

FX%
Tr=——(3,p)— %
a@(p)( ?)
1 1 1
=(0*o)0,0) — 5‘:<§ (@0)0'9) =5 w0~ 7 Mp“)- (3:45)

In the free field case =0 and the ‘charge’ is

P,= |d3xT?

= | &°x[(2°0)(0,9) + 6%30(0l@ + 1n2¢)]

= pd3x(6°(p)(3,,(p). (3.46)

In deriving this we have added the total divergence 67%0,[¢ d*¢] to the
integrand, as we may, and then used the equation of motion (3.35) to eliminate
the-second term. Since ¢(x) is a free field and real we may without loss of
generality write

% 1 ‘
o(x)= J (21 ;(3 —— (a(k) e ~** + a*(k) %) (347)

where ko= +(k?+u2)!/2, Substituting into (3.46) and performing several
trivial integrations gives

dk 1
P,= j @0 2k, =—a*(k)a(k)k, (3.48)
which is independent of x°=ct, as promised. P, is the energy-momentum
vector of the field: each mode is labelled by a vector k (with k% = u?) and a(k) is
the amplitude for a mode having momentum k, and (27) ~3(2k,) ~*|a(k)|* d3k is
the number of modes having momentum in the element dk around k.
The 4 =0 component is therefore the energy of the field. In general we have

— 3 0L _
Py= f d x( 35 00 g) (3.49)
= Jd3x[%n2(x) +4(0,0%)% + V(p)]= fd"‘x.}f =H (3.49b)

using (3.44) and (3.37). Expressed in this way, as a functional of ¢(x) and n=
0% /0(0,0), the energy is called the Hamiltonian H of the field theory, and 5 is
called the Hamiltonian density. Just as in mechanics, the equations of motion
may be recast in a form reminiscent of Hamilton’s equations. The first follows
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trivially:
60(p=n(x)=;%. (3.50)
Also
Oon=03¢ (3.51)
and
oH , oV
m= - <p+55. (3.52)
The Euler-Lagrange equation in this case, is
Oe= _v (3.53)
o

which yields the second equation:

Opm= —6—H. (3.54)
o0
Next we consider an infinitesimal Lorentz transformation
xt - x*+eMx, (3.55a)
with
= —g™ (3.55b)

The infinitesimal parameters de' of (3.21) are now chosen to be the quantities
—¢??, and now

Xl (x)= —dbx,+0kx,. (3.56)
Since ¢ is scalar, d¢ is zero and, from (3.21),
®,,(x)=0. (3.57)

Thus the conserved current (3.33) may be expressed in terms of the energy—
momentum tensor 7T, defined in (3.45). We find

ML, =x,T¢—x, T} (3.58)
and the associated ‘charge’
Mpasfd3ngd (3.59)
is the angular momentum tensor of the field.

Noether’s theorem also applies to ‘internal’ symmetry transformations, i.e.
those not involving the space-time coordinates x. To illustrate this we
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consider a field theory described by a complex field

1
o(x)= 72 [o1(x) +ip,(x)] (3.60)

where @(x) (i=1,2) are real scalar fields. The Lagrangian density is then a
function of both fields ¢, and their derivatives, or equivalently of ¢(x) and its
complex conjugate ¢*(x) (and their derivatives):

£ =(0,0*)0"0) — 1> 0* 9 — No*p)*. (3.61)
By varying with respect to ¢* we obtain the Euler-Lagrange equation
0,(0%9)= — @ —2M0*p)o (3.62)

and the complex conjugate equation follows by varying with respect to ¢. In
the absence of any interaction (4=0), clearly ¢ and ¢* describe fields having
modes of mass u since

(O+pH)e(x)=0 (3.63)

as in (3.36).
The internal symmetry transformation that we wish to consider is a ‘global
gauge transformation’. That is to say, the transformations

o(x) = ¢'(x)=e ™" ¢(x) (3.64a)

and
P*(x) = @*(x) =€ p*(x) (3.64b)
where g and A are real and independent of x. (The transformation is ‘global’

because it is the same at all space-time points x, and ‘gauge’ because it alters
the phase of the complex field ¢(x).) If A is infinitesimal

e M1 —igA (3.65)
then
dp(x)= —igAo(x) (3.66)
and, from (3.21),
B(x) = —iqo(x). | (3.67)
Similarly
o(p*)=(5¢p)* (3.68)
SO

O¥(x)=[D(x)]*. (3.69)
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Since % is invariant under (3.64), so is S. Thus the Noether current
0¥ K74
jh= — - D+
T= 70,0 ae%
=(0"9%)iqp — (0 plige*
= —iqe* 3 * (3.70)

is conserved in this case.

34 Spinor field theory

This is defined as the field theory which yields the Dirac equation?®
(iy*0, —mhy(x)=0 3.71)

which, it is well known, describes particles with spin angular momentum 1/2.
In (3.71), ¥ is a four-component column vector in ‘spinor-space’, I is the unit
4 x 4 matrix and the matrices y* (u=0, 1, 2, 3) satisfy

Py =y +yyr=2g"1 (3.72)
It follows from (3.71) that the Hermitian conjugate field
()" = y(x)* (3.73)
satisfies
Y0 (—i8,9* —ml)=0. (3.74)
Thus
Y(x)=yl()A (3.75)
satisfies
PN 10, —m)=0 (3.76)

provided the matrix A satisfies
P A = Ay~ (377

It is easy to see that the matrices

1 0 . 0 o'i
0= 2 b= . | =
4 (0 _'_Iz) 4 (_a.l 0 ) (l 1,2, 3) (378)

where ¢ are the Pauli matrices, satisfy (3.72). In this representation, but not in
all representations,

yO=y° y'= =y (3.79)
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Thus in this representation we may take
A=y"=At (3.80)
Then
& =Y(x)(iy"d, — mp(x) (3.81)

is the required Lagrangian density. The Euler-Lagrange equation for  yields
(3.71) immediately, since

0¥
——=0. 3.82
e (82
Alternatively, variation with respect to y gives
iy
=(x)iy* 3.83a
) Y(x)iy (3.83a)
and s
£ ~
73—'/7= —my(x) (3.83b)

and the Euler-Lagrange equation then gives (3.74), as required.
Under the Poincaré transformation (3.39)

x->X=Ax+a (3.84)
and the spinor field transforms according to
Y(x) = ¥'(x) = S(A)Y(x). (3.85)

Thus under an infinitesimal translation y is invariant, and (as in the scalar
case) the energy~momentum tensor is

=0 2+ ¥ gy~

= gy (3.86)

since . is zero using the Dirac equation (3.71). As before, we may decompose
¥ into its Fourier components. Since there are four independent solutions of
the Dirac equation, two positive energy solutions u(k, +s) and two negative
energy solutions v(k, +s), we may write, without loss of generality,

Y= J (2ny’ ZIlco Y. Lalk, ulk, ) €™+ bk, 9otk 5 ]

(3.87)

where u, v satisfy
(k—mutk, +5)=0 (3.88a)
(K +m)v(k, +5)=0 (3.88b)
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and we are using the Feynman notation

7=7"p, (3.88c)
The vector s is the covariant spin vector satisfying
st=—1 s'k=0 (3.89)
so that in the rest-frame s=(0, n) specifies the spin direction. Then u, v satisfy
ysfulk, +s)= tu(k, +s) (3.90a)
vsfulk, £5)= to(k, ) (3.90b)
and are normalised so that
utk, sy, u(k, s)= ik, s}y v(k, s) =2k, (3.90¢)
utk, syy,y sutk, s)= — ok, s)y,y sv(k, s) =2ms, (3.904)
with
s =iy%ply?y? (3.91a)
and satisfying
y3=1 Pu¥s + V57, =0. (3.91b)
In the representation (3.78)
0 I,
y5=(12 0 ) (3.92)
From (3.75) it follows that
U(x)= fd3k3 ! Y. {b(k, )ik, 5) e~ ** + a*(k, sk, s) ¥} (3.93a)
@n)® 2k,
with
v=u'y° u=u'y°® (3.93b)

using (3.80). Then, using (3.33), we find the energy-momentum vector

= jd3x T2

d%k 1 . )
f e G L Y [a*(k, shatk, sk, — bik, )b*(k, s)k, ] (3.94)

It is at this point that the features characteristic of the spinor field theory
begin to emerge. We might interpret (2n) ~3(2k,) ~la*(k, s)a(k,s) d*k as the
number of a modes having spin s and momentum in the element d*k around &,
just as in the scalar case. The trouble is that the second term of (3.94) then
describes b modes having negative energy. In (traditional) canonical field
theory the resolution of this difficulty is made by identifying the negative-
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energy modes as positive-energy antiparticle states. We, however, must eschew
this escape. Following Berezin* we instead take the quantities a, a*, b, b* to be
anticommuting (c-numbers). That is to say, we take all pairs of these to
anticommute. Using the anticommutator notation of (3.72), this means that

(a.a}={a,a")={a,b}={ab*}
= {a*, %} = {a*, b} = {a", b}
={b,b'}={b,b'*}={b*b*}=0 (3.95a)
where
a=a(k,s) a=ak',s) etc. (3.95b)

Mathematicians call such anticommuting variables elements of a Grassmann
algebra. In the scalar field case we tacitly assumed that a and a* were ordinary
commuting c-numbers, and the reason for the different treatment of the spinor
field stems ultimately, of course, from the spin and statistics theorem?; the
scalar field describes spin zero and therefore boson particles, while the spinor
field describes spin 1/2 and therefore fermion particles. This device therefore
evades the positivity problem by making the energy a Grassmann variable,
rather than a real number, and consequently not something whose positivity,
or lack of it, can be enquired about. Thus it is clear that in this approach spin
fields are essentially non-classical. We know that in quantum mechanics we
may only ask what the expectation value of the energy is and this, when we
have learned how to make the transition to quantum mechanics, had better be
a real positive number.

We shall see in Chapter 4 that the formulation of the quantum version of
scalar field theory is achieved by means of a functional integral over the
classical scalar field configurations. We therefore anticipate that
generalisation of spinor field theory to a quantum field theory will require
functional integration over classical spinor field configurations. Since we have
just decreed that the classical spinor field is a Grassmann variable, functional
integrals over them involve certain peculiar aspects of which it is as well to be
forewarned. We therefore digress briefly on differentiation and integration
with respect to Grassmann variables. We start with two such variables a, b
satisfying

{a,a}={a,b}={b,b}=0 (3.96)

so that a’=b>=0. Without loss of generality any function f(a,b) may
therefore be written

fla,b)= fo+ fia+ fib+ frab (3.97a)
=fo+ fra+fib—frba (3.97b)

where f,, f, fi, f, are ordinary c-numbers. Differentiation is defined in an
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obvious way:

0
a~fa=f1 + f3b (3.98)

except that we must be careful to respect the anticommutativity of a, b. Thus

d
a%: fi—fa (3.99)

using the second version (3.97b) of f. It follows that

of —
dadb oboa %

We may also define integration with respect to Grassmann variables.
Obviously we shall want it to be a linear operation, and the ‘infinitesimals’ da,
db will also be Grassmann variables, so that

{a,da} = {a,db} = {da, b} = {da, db} =0. (3.101)

Multiple integrals will be interpreted as iterated integrals, so that we may

compute
J dadbfia, b)= J da< J dbfla, b))

provided we know the basic single integrals { da and { daa. Now

(o~ o) f=-fon-{f e

f da=0. (3.103)

(3.100)

Then, as there is no other scale to Grassmann variables, we are free to define
J‘da a=1. (3.104)

From (3.103) and (3.104) we see that integration is the same as differentiation

for Grassmann variables. With the parametrisation (3.97) we find
oy

daadb

fda dbfla,b)= ~f,= (3.105)
The generalisation of these results to countable numbers of Grassmann
variables is straightforward, and even the generalisation to Grassmann
functional differentiation and integration is not especially difficult, once the
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ordinary functional calculus has been mastered. We defer discussion of the
functional aspects to Chapter 8. Finally we note that there is no distinction
between definite and indefinite integration with respect to a Grassmann
variable.

Let us now return to the main problem in hand: the formulation of classical
spinor field theory. We consider next the behaviour of the field under an
infinitesimal Lorentz transformation (3.55)

x* — x*+e"'x, (3.55a)

with the infinitesimal satisfying

M= —g"™ (3.55b)
Under such a transformation the matrix S(A) of (3.85) is given by
S(A)=1-1ie"s,, (3.106a)
where
i
o'uv'—'i (‘YuYV —)’v'}’p)- (3. 106b)
Thus, using the notation (3.20)
i
oY(x)= — I "0, Y(X) (3.107)

and it follows from (3.21) (taking the infinitesimal parameter to be —¢,,) that
i
P,,= 5 0o Y(x). (3.108)

Thus the conserved current (3.33)—the angular momentum density tensor
M/, —is given by
M3, = x, T —x, Tt + Y50 ,,P(x) (3.109a)

and the angular momentum of the field is
M, = |d’xM},. (3.109b)

Clearly the first two terms describe the orbital angular momentum in the field,
while the last term is its spin angular momentum.

The Lagrangian (3.8 1) is also invariant under a global gauge transformation
analogous to (3.64)

Y(x)=e 7" Y(x) (3.110a)
P(x) = P(x). (3.110b)
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In this case, since

D(x)= —igqY(x) (3.111)
and 0.2/0,y) is given by (3.83), the conserved Noether current is
Jt=—qy*y. (3.112)

We shall see in Chapter 8 that this is indeed (minus) the electromagnetic
current which is coupled to the electromagnetic field.

The four-component (Dirac) spinor field theory with which we have so far
concerned ourselves is certainly the most economical description of spin 1/2
particles with non-zero mass. Indeed we shall see in Chapters 8 and 9 that the
electron field in quantum electrodynamics (Qep) and the quark fields in
quantum chromodynamics (Qcp) are all described by Dirac fields. The reason
is that the four-component field provides a representation of the ‘parity’
transformation, i.e. space reversal x - — x. To see this we note that the parity-
transformed field y°(x°, x) may be written as

YP(x°, x) = ey°Y(x°, — x) (3.113)
(where ¢ is a phase factor) since ¢ then satisfies
(iy*9} — myP(x?) =0 (3.114a)
where
P—(x© P — 9
xP=(x", —x) aﬂ_ax“p. (3.114b)

Since parity is conserved in QED and QCD, the use of Dirac fields provides an
economic realisation of this symmetry.

It is well known that weak interactions do not conserve parity. A particular
manifestation of this is provided by processes involving neutrinos and
antineutrinos. Neutrinos are observed only in a left-handed helicity state; the
right-handed neutrino state, even if it exists, is not observed in weak processes.
Similarly the antineutrino is observed only in a right-handed helicity state,
never in the left-handed state. Helicity is a Lorentz-invariant quantity only for
massless particles, whereas a massive particle having right-handed helicity
(say) in one inertial frame will have left-handed helicity in an inertial frame in
which its momentum has opposite direction. Now, it may be that (some)
neutrinos and antineutrinos are indeed massless. Thus for spin 1/2 neutrinos
with zero mass, the use of a four-component Dirac field is at best a luxury and
at worst can lead to confusion if the uncoupled modes do not even exist. In any
event, we need to revise the specification (3.90) of the spin eigenstates, since for
a massless particle there is no rest frame. However, the helicity, defined as the
component of angular momentum (J) in the direction of momentum (k),
always exists. For massless particles we can show that it is proportional to the
matrix ys, defined in (3.91).
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Let y(x) be any solution of the massless Dirac equation. Without loss of
generality we may write it in the form

Y(x)=y(x) + Yr(x) (3.115a)
where
V() =H1-ys)(x) (3.115b)
Yr(x) =31 +ys)Y(x). (3.115¢)
Then y, and ¥, are eigenvectors of ys, since
Ys¥r=Yr Ys¥r=—Yr. (3.116)

Now since y/(x) satisfies the massless Dirac equation, so does ysy(x) (since 7,
anticommutes with y ), and so therefore do ¥, (x) and yg(x). These solutions ;.
and Y/, are called ‘Weyl spinors’. They each contain two components, as can be
made explicit if we use a representation of the y-matrices different from that
given in (3.78). In the Weyl representation

0 I . [0 —gf
0o__ 2 [ . .

b 0
7s —w°7‘v2y3—<02 _12). (3.118)

so that

In this representation the Weyl spinor (), has (two) non-zero upper
components a=1,2, and (), has two non-zero lower components o =3, 4.
The (four-component) Dirac spinor field is the sum of two (two-component)
Weyl spinors.

As in (3.87) we may decompose ¥ and Y into their Fourier components

Yr(x)= j(z ° 2,1 (alk, +)ulk, +5) e ~** + b*(k, +)v(k, L) €**) (3.119a)

Yu(x)= J‘(Z 73 2Ii (alk, =)u(k, —%) e~ **+ b*(k, —)o(k, —%) €*¥) (3.119b)

where u(k, h) and v(k, h) (h= + 1/2) are positive and negative energy solutions
of the massless Dirac equation

Fu(k, h)=0= ko(k, h) (3-120a)
satisfying

y su(k, h)=2hu(k, h) (3.120b)

ysolk, h)=2huv(k, h) (3-120c)
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and normalised so that
ulk, hyy,u(k, hy= ik, h)y vk, h)=2k,,. (3.120d)
From (3.109) we see that the total spin of the field y(x) is given by

S,e= f d3xP(x)y Lo, ¥(x). (3.121)
Thus the spin vector S, defined by
St=1e"*S,; (3.122a)
is given by
Slyl=3 fdax'ﬁ—(xmslﬁ(x)- (3.122b)
For the Weyl field y this gives
a3k 1 R -
SlYrl=14 | 53 5, [a*(k, +)alk, +)k+blk, +)b*(k, +)k] (3.123)
2n)° 2k,

Evidently the (positive energy modes of the) field ¥ has positive (i.e. right-
handed) helicity, since the orbital angular momentum is always perpendicular
to k. Similarly ¥, has negative (i.e. left-handed) helicity. Hence the labels ‘L’
and ‘R’. Notice also that (in the Weyl representation) y° interchanges left and
right as it should since it represents the parity transformation. As anticipated,
s gives twice the helicity.

It is easy to see that when m=0 the Lagrangian (3.81) is the sum of two
contributions, one from each Weyl spinor

& =iy*0, = yhic*0,xr + xLi6* 3y, (3.124a)
where (in the Weyl representation)
W, = <X“) (3.124b)
XL
and
a*=(1,0) (3.124¢)
d=(1, —a). (3.1244)

3.5 Massless vector field theory

It is clear that Maxwell’s equations
0(0"A"— 0" A¥)=j" (3.125)

discussed in (3.12) and thereafter, do not completely specify the vector
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potential A%(x). For, if A%(x) satisfies (3.125), so does
A'*(x) = A*(x) + 0*A(x) (3.126)

for an arbitrary function A(x). (We shall see later that this is associated with a
‘local’ gauge invariance related to the global gauge invariance already
discussed.) It is clear also that both vector potentials yield the same E and B
fields, since E and B, defined in (3.14b) and (3.15b), are invariant under the
substitutions

Ay — Ag=Ap+0oA (3.127a)

A—- A'=A-VA. (3.127b)

This lack of uniqueness of the vector potential for given electric and magnetic
fields generates difficulties when, for example, we have to perform functional
integrals over the different field configurations. The lack of uniqueness may be

reduced by imposing a further condition on A4*, besides those required by
(3.125). It is customary to impose the ‘Lorentz condition’

0,A*(x)=0 (3.128)

which is clearly the unique covariant condition which is linear in A.
(Occasionally non-covariant conditions, such as ¢,4* =0, are also encountered
in the literature but we shall not have recourse to them.) Even the imposition of
the Lorentz condition does not completely fix the vector potential, since if A
and A4’ are related as in (3.126), then they will both satisfy (3.128) if

A =843,A=0. (3.129)

The imposition of the Lorentz condition (3.128) is achieved in a Lagrangian
formalism by the use of a Lagrange multiplier £&. The Lagrangian of the
electromagnetic field is modified by the addition of a ‘gauge fixing term’
—(1/2¢)(9,4%)*. Thus instead of (3.12) we have

1 1
L= -3 F, F"—j, A" % (0,4%)? (3.130a)
where

F,=0,4A,-0,A,. (3.130b)
Then the Euler-Lagrange equations yield

1
0" +30(0,A") =) (3.131)

Provided the current j is conserved, it follows that
0(0,4%)=0. (3.132)
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Thus if d, 4 and (9/0t)(0, A*) vanish at one time ¢,, it follows from (3.132) that
8,4*=0 (3.133)

for all times. Then (3.131) reduces to Maxwell’s equations, which, when (3.128)
is satisfied, may be written as

O4'=j" (3.134)

As anticipated, this equation is also satisfied by A*+ d"A if (JA =0. It follows
from (3.130) and the Lorentz condition (3.128) that

0¥ 1
————= —F"—~_ g"0,4Y)= — F~. 3.135
0,4, fg (0,4%) ( )
Under the Poincaré transformation (3.39)
x—>x'=Ax+a (3.136)

and the vector potential transforms as
A¥(x) - AM(x")=A¥, 4" (x). (3.137)

Thus A* is invariant under an infinitesimal translation and the energy
momentum tensor is

0L
=354y ¥4 47
= —F"0,A, +04F, F* (3.138)

in the free-field case j=0. Decomposing A into Fourier components gives

1
A x)= f @) ks = (a,(k) e ™" + a¥(k) &™) (3.139a)

where ko =|k|, from (3.134), and
k-a(k)=0 (3.139b)

using the Lorentz condition (3.128). Proceeding as before we find that the
energy-momentum vector

3
=Jd3xﬂ° (g ,; ! [—a*(k)-a(k)k,]. (3.140)

We cannot immediately identify (21r)“3(2k0)‘1[—a*(k)-a(k)] d3 as the
number of modes having momentum in the element dk around &, since

—a*(k) - a(k)is not obviously positive definite. However, the Lorentz condition
(3.139b) implies that

aolk) =k -a(k) (3.141)

where k=k/|k|. Thus the time component of a, equals the longitudinal
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component a-k, so that a*(k)-a(k) is given entirely by the transverse
component

H

a,=a—akk (3.142)
and
—a*(k)- a(k)= —a*(k)-k a(k) -k + a*(k) - a(k)
=at(k)-a (k). (3.143)

Thus the Lorentz condition ensures that the ‘time-like’ photons are cancelled
by the ‘longitudinal’ modes leaving a non-negative energy, as required. Now,
any function A(x) satisfying (3.129) may be written as

Alx)= f d3k3 L (A(k) e 7= + 21*(k) **) (3.144)
(2n)° 2ko
so the residual ‘gauge invariance’ allows us to replace a,(k) by
a,(k)=a, (k) —ik,A(k). (3.145)
Thus we can always ‘choose a gauge’ in which
doky=a'(k)-k=0 (3.146)

and the only non-zero components are the transverse ones. In this gauge
a k)= alk, Ne,k, D) (3.147)
A=1,2

where ¢,(k, 1), ¢,(k,2) are two orthonormal space-like vectors in the plane
transverse to k:

golk, )=0 (3.148a)

&k, 2) ek, 1) =3, (3.148b)
ak, 1) natk,2) =k (3.148c)
k- s(k, 1) =0. (3.148d)

Then substituting into (3.140) we find
P, = &’k Y a*(k, Aatk, Dk (3.149)
v ) al ) ve .
(2”) 2ko i=1,2
Under an infinitesimal Lorentz transformation
xt o x""=x"+e"x, (3.150a)
with the infinitesimal satisfying

€= —Epye (3.150b)
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Then, using the notation of (3.20) and (3.21)
0A*(x)=¢"A4,(x) (3.151)
and
@, =0,4,-04A,. (3.152)
The angular momentum density tensor is thus
My, =x,T;—x,T)+F*(g,,A, —9vwA,). (3.153)

Asin (3.109) the total angular momentum is composed of both orbital and spin
contributions. With the gauge choice (3.146) it is easy to see that the total spin
of the field

S, = JdaxFO"(gv,, As—giA,)

(g;fa 51; [a}(k)a,(k) —a¥k)a,(k)]. (3.154)
Then the spin vector
S =4S, (3.155)
may be expressed entirely in terms of the transverse modes defined in (3.147).
S= ((213;‘3 L [a*(k, Va(k, 2) —a*(k, 2)a(k, 1))k
d*k

1
W—[b"‘(k +)blk, +)—b*(k, —)b(k, —)1k (3.156a)

where
b(k, i)E:}E [a(k, 1) +ia(k, 2)]. (3.156b)

Clearly the modes associated with b(k, +) have positive (negative) helicities.

Problems

3.1 Under an infinitesimal scale transformation (dilatation) dx*=ax* and
d¢(x)= Dag(x), the « is infinitesimal and D is constant. Show that the action
for the massless real scalar field ¢(x) is dilatation invariant (in four space-time
dimensions) provided D= —1.

3.2 Generalise the result of problem 3.1 to the case of d space-time
dimensions, and for a spinor field y(x).
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3.3 Identify the Noether current associated with the dilatation invariance of
a massless real scalar field theory, and verify that it is divergenceless using the
field equations.

3.4 Show that the action for a massless spinor field is invariant under the
‘chiral transformation’, in which dx*=0 and dy(x)=1iays¥(x), with a an
infinitesimal. Find the Noether current associated with this transformation.

3.5 Repeat the analysis of the massless vector field theory using the gauge
condition t,4*=0, where ¢ is a unit time-like vector.
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QUANTUM FIELD THEORY OF A SCALAR
FIELD

DOI: 10.1201/9780203750100-4

4.1 The generating functional W[J]

In Chapter 2, we subtracted an external source term (or driving force) J(1)Q
from the Hamiltonian, and studied the probability amplitude W[J] to find a
system in the ground state at time + co given that it was in the ground state at
time —oo. We were able to cast W[J] in the form of a path integral, and to
show that the expectation value in the ground state of a time-ordered product
of any number of operators, 0y, could be obtained from W[J] by functional
differentiations. In that chapter, the discussion was restricted to a non-
relativistic system with a single generalised coordinate Q and a conjugate
momentum P. In the present chapter, we wish to extrapolate the results of
Chapter 2 to the case of a relativistic field theory', where there is a continuum
of degrees of freedom ¢(t, x) at any given time t. In this way we quantise the
field theory. We shall assume that in making the transition from classical field
theory to quantum field theory, the classical field ¢(t, x) is replaced by an
operator field ¢(t, x) in the Heisenberg picture, just as the transition from
classical mechanics to non-relativistic quantum mechanics was made by
replacing the classical variable Q(t) by the operator Qy(?). (Since creation and
annihilation of particles goes on in relativistic systems, we must expect ¢ to be
an operator on occupation number space. In the alternative canonical
quantisation procedure, the coefficients a(k) and a*(k) in (3.47) become
operators which annihilate and create particles of momentum &, when the free-
field theory is quantised.) We may define eigenstates of ¢(t, x) denoted by
|e(x), t) such that

@(t, )|p(x), t) = @(x)|p(x), t). 4.1)
The generalisation of (2.18) to quantum field theory will be

{@"(x),t"|@(x),t"> oc J@(p f@n expin~?! J dt fd3x(n00¢ —H#(n,0) (42)
r

where # is the Hamiltonian density, 7=0%/0(0,p) is the conjugate
momentum (density) to ¢, and d,¢ denotes 0¢p/0x,. (We have set ¢ = 1, so that
there is no distinction between x, and ¢.) The path integral is over all functions
n(t, x) and over functions ¢(t, x) satisfying the boundary conditions
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o(t", x)=0"(x) o', x)=¢'(x). (4.3)

Notice that the path integral is over classical fields ¢(t, x) and =(t, x), not over
operator fields.

If an external source term J(t, x)¢(t, x) is subtracted from the Hamiltonian
density 5#(n, @), then we may discuss the transition amplitude from the ground
state at time —oc to the ground state at time + oc, in the presence of this
source. In the case of relativistic quantum field theory, we shall refer to the
ground state as the vacuum state, since creation and annihilation of particles
can occur in relativistic systems, and we would expect the lowest energy state
of the theory to contain no particles. (Of course, this lowest energy state cannot
necessarily be obtained in practice, because, for example, of baryon number
conservation in fermi systems.) We denote the vacuum-to-vacuum amplitude
in the presence of the source by W[ J]. By analogy with (2.35), we assume that

W[J]=N Ilim J@(p J@n

1" 00,t'= —

-
x exp ih~? j dt Jd3x(n o0 — H (T, )+ J@) 4.4
v

where again the path integral is over all functions =(t, x) and over functions
o(t, x) obeying the boundary conditions of (4.3). The normalisation factor N is
chosen so that W[J]=1 when J=0. Also by analogy with (2.56),

IWIJ]

(R OIT@0) - PO = 57y e ey o

4.5)

where
x;=(x?, x;) i=1,...,n (4.6)

and |0> denotes the vacuum state. We shall refer to the vacuum expectation
value of a time-ordered product of n field operators as an n-particle Green
function, and use the notation

G xy, ..., x) =<0 T(B(x,) . . . §(x,))|0>. 4.7)
Thus

5" W[J’]

=Yg x,,.. X)) = )
(ih ™ 1Y'g"(x, ) J(xy) ... 0J(x,) |10 =0

4.8)

We shall see, in Chapter 5, that the Green functions are of the utmost
importance, since the n-particle Green function defined above is directly
related to the scattering amplitude involving a total of n incoming or outgoing
spin zero particles. We can therefore calculate these scattering amplitudes by
first evaluating W[J] using (4.4) and then obtaining %(x,,.. ., x,) from (4.5).
Using (4.8) and the symmetry of ¢ in its variables, we may make the expansion
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WIJ]= Z ('h 1)" Jd“x,... j d*%, G xy, ..o x)Ixy) . (x,)  (49)

where the n=0 term is 1.
As in §2.2, we may define the continuation W;[J] of W[J] to Euclidean
space by introducing the variables

X-f——-(io, -f) = (iXOa x) (4 10)

and rotating the integration contour in the complex x, plane. (Recall that we
have set c=1, and consequently there is no distinction between x, and t.)

WelJ1=N j% j%exra[—h“ f d“i(—in(%_p+.}f—.]go>:| (4.11)
0

where the volume integration is over all four-dimensional Euclidean space,
and the path integral is over all functions 7(x), and over functions ¢(x) obeying
the boundary conditions

lim ¢(x)=¢'(x) lim - ¢(x)=¢"(x) (4.12)
where ¢'(x) and ¢”(x) may be chosen arbitrarily, as in §2.2. In particular
they may be chosen to be zero. The Euclidean space Green functions will
be given by

6"le':‘[.]]

oJ(x,)...8J(x,)

(For the Euclidean generating functional, a functional differentiation with
respect to J pulls down a factor 2™}, whereas for the Minkowski space
generating functional a factor ih~1¢ was produced.)

The corresponding functional expansion is

hGO(R,, .. %)= @.13)

J(x)=0

Wi[J]= i — d*%, .. f d*X, 9%, .., X)(E) ... J(X,) (4.14)
n=0 .

where the n=0 term is 1.
In the special case where the Lagrangian density has the form

hZ
L(9,0,0)=7 (909) +F(o, Vo) 4.15)
where F is an arbitrary function, the Hamiltonian density takes the form
-2

h
=—2- n? —F((P, V(p) 4. 16)

The path integral in (4.11) is then

~-2.2
We[J]= NJ@(pJ@nexp[ —h~ 1Jd4 (—mg(p h 21! —F(qo,V(p)—Jgo>:|.
Xo

4.17)
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The path integral over = may be carried out explicitly as follows. We have to

evaluate
-1 [gqagf i 0@ 1,5 s
I=\|%nexp| —h d*x| —in—+1h7*n% )| 4.18)
0%,

This is of the form

I= J@n exp( -1 J d*x’ Jd“fn(i’)A(i', X)n(x)+ jd“ip(f)n(f)) (4.19)
with
AX', X)=h"36%x' —x) (4.20)
and
p(X)=1h"" 0¢p/0%,. 4.21)
Using (1.14) we see that

2 2
Ioc exp[-fr1 f d“i%(%) } (4.22)
0

Returning to (4.17), the Euclidean generating functional is

We[J]=N' | Q¢ exp< —h d*x| —{ == —F(o,Vo)-Jo (4.23)
2 \0x,

and in terms of the continuation £ of (4.15) to Euclidean space
Wi lJ1=N' f@go exph~! jd‘i(yE +Jo). 4.24)

Continuing back to Minkowski space,

W[J]=N J@(pexpih“ro dtfd3x<$(¢,§—z‘>+J¢). 425)

The normalisation factor N' is to be chosen so that W[J]= 1 when J=0. This
is a simpler alternative to (4.4) when the Lagrangian is of the special form
(4.15). Otherwise, it is necessary to perform the integral over = first. W[J] may
then be cast in the form of (4.25), but with % replaced by an effective
I agrangian which in general differs from #.

4.2 The generating functional for free-field theory

In the case of the free-field theory of a scalar field it is possible to evaluate the
generating functional exactly. We shall see in Chapter 6 that in the case of the
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interacting scalar field, the best we can do is to evaluate the generating

functional approximately by expanding in powers of the coupling constant,

starting from the exact result for the free-field theory. The free-field
Lagrangian is as in equation (3.34) with 1=0
B2 e

=— 0,0 0"0 —— @2 4.26

L=50000—F¢ (4.26)

In order to perform an unambiguous calculation, we continue to Euclidean

space, evaluate Wi[J] and then continue back to Minkowski space. The

Lagrangian is of the form of (4.15) and equation (4.24) for W,[J] is applicable.

The continuation of the Lagrangian to Euclidean space is

LI
Fe= 5 0,0 0,0 -5 Q 4.27)
where
0,0 0,0 =040 0g® + 0,0 0,0+ 0,0 0,0+ 03¢ 030. (4.28)
Thus

2

n_
We[J]=N' J@(p exph™! jd“f( -3 0,¢ 6@—% @? +J(p>. 4.29)
This is of the form

W [J1=N f@(p exp( -3 J d*x’ Jd“:f(p(f’)A(f’, x)(x)

+ fd“ip(f)wf)) (4.30)

with
T P Y

A(X',x)=h 1<h 5% 6fv+# )5()( X) 4.31)

and
p(X)=h""J(x). (4.32)

Using (1.14)
-2

We[J]=exp hT J‘d"’i' fd“iJ()E’)A' Y, %)J(%) 4.33)

where the constant of proportionality has been chosen so that W;[J]=1when
J=0.
We adopt the notation

AKR =) =h"1A" (X', %) (4.34)
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and refer to Af as the Feynman propagator in Euclidean space for the scalar
field. (We see shortly that it is a function of X’ —x alone.) Thus, we write

-1
We[J]=exp hT Jd“f’ Jd“i.l (x") AE(X’ — X)J(x). 4.35)

To evaluate the inverse of A~! we Fourier transform by using the
representation for the Dirac J function

—-X)= J k) exp[ih~!p-(x' ~x)] (4.36)
where the scalar product in Euclidean space is defined by
P X=PogXo+ Py X+ PaXs+ P3Xs. (4.37)
Then
AlX', )= f—dféz exp(ih™'p- (X' =) x h™(p*> +u?) (4.33)
(2nh)
with

p*=pg+pi+p3+p3 (4.39)
The inverse is
X', X)= d’p explih'p-(x' —X)] x W(p* +p*) ! 4.40
(x,X-(znh)4 pLih™"p- (X' =) x A(p*+p7)"".  (4.40)
Returning to (4.34) we may write
AER — %)= f Gaige P05+ G2 =01  BK(p) (4.41)
with

AP =(P*+u?) " (4.42)

Now that we have evaluated W;[J] we may continue back to Minkowski
space to obtain

wiJl= exp( —_— fd“ 4 Jd‘xJ (AKX —x)J(x)) (4.43)
with
Ap(x’ _ [ ih~ip-(x' A
f(X' —x)= WCXP[“I p-(x'—x)] x A(p) (4.44)

and

Ae(p)=(p* —u?+ig) . (4.45)
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The analytic continuation in X and X’ has been made as in (4.10), and the
continuation in p has been made by writing

p=(po, P)=(—1pq., p). (4.46)

All scalar products are now defined as appropriate to Minkowski space. The
Xo,Xoand p, integrations have been rotated from the imaginary axis to the real
axis, and, in rotating the contour for the p, integration, the i¢ of (4.45), with
¢ — 07, hasbeen introduced. This is necessary to avoid correctly the polesin p,
when p?=p2

An alternative way of deriving the generating functional for the free-field
theory is to add to the Lagrangian in (4.25) a term 4igp? (with ¢ »07) to
guarantee convergence of the path integral. Thus,

d
W[J]=N’ J-9<p expih~! Jd“x(.&”((p, %) +Jo +12*is<p2). (4.47)

With % given by (4.26), the free-field generating functional is derived by
Fourier transforming. We shall not pursue this approach here since it does not
generalise to the fermion field and gauge field cases.

4.3 Green functions for free-field theory

Now that we have evaluated the generating functional for free-field theory
(equations (4.43) to (4.45)), the corresponding Green functions may be
calculated by functional differentiation as in (4.8). Thus

GA(x,, x,)=1h Ap(x; —x3) (4.48)
GO x1, X35 X3, Xg) = (A1) [Aplx; —X2) Ap(x3—x,)
+Ap(x; —x3) Ap(x; —x4)
+Aplxy = X4) Ap(x; — x3)] (4.49)

and so on, with 4™ =0 for n odd.
We may represent these results diagramatically by using a line with end
points x and y to symbolise if Ay — x).
hAfy—x)=7"="""7, 4.50)
Then
GNx,, x3)=x % 4.51)

and

+ Xyes )} v (X, <> X,) 4.52)



46 QUANTUM FIELD THEORY OF A SCALAR FIELD

From (4.44) it may be deduced directly that
(h?8,0" +u?) Aflx —x)= — 8(x — X). (4.53)

Thus, Ag(x —x') is the Green function for the operator (k2 8,0" + u?) with the
boundary conditions implied by the i¢ in (4.45). It is therefore associated with
the propagation of solutions of the Klein—-Gordon wave equation

(#* 3,0 + u®)p(x)=0. 4.54)

Since this is the classical field equation for a neutral free scalar field, we
conclude that Ag(x —x’) is associated with propagation of neutral scalar
particles from x’ to x. We should therefore expect 4¥(x,, x,, x3,x,) to be
intimately connected with the scattering amplitude for a process involving a
total of four incoming or outgoing neutral scalar particles. We shall see in
Chapter 5 that this is indeed the case.

We shall find it convenient from now on to work for the most part in units
where h=c= 1. (We are already working with ¢ = 1.) Fourier transforming the
Green functions to momentum space we write

G™py, . P21 Spy+...+Ppy)
=J‘d“x1 ... jd“x,, expli(p, "X, +...+ D, X, )] X 9" (x,,...,x,). (4.55)

The Dirac 6 function factor occurs because translation invariance implies that
%" x,,...,x,) depends only on the differences of the x;. From (4.48), (4.44) and
(4.45),

G(p, —p)=iAx(p)=i(p* —p*+ie) . (4.56)

(Because of the Dirac é function in (4.55), 9¥(p,, p,) is defined only for
p1+p2=0) N

Diagramatically we symbolise iAg(p) by a line with an associated
momentum.

G(p, —p)=iAdp)= -———=--- (4.57)

The free-field Green function symbolised in (4.52) is a disconnected object. It
is often convenient to study instead the so-called connected Green functions.
These are constructed by first introducing a generating functional X[J] for
connected Green functions, defined by writing

W[J]=eXt, (4.58)

The connected Green functions G*(x,, ..., x,) are then defined through the
functional expansion

iX[J]= Ozo: %Jd“xl ...J‘d“x,l G xq, . x ) J(x) .. J(x,). (4.59)
n=1 "
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Thus
. . o"X[J]
"G™(x4, ..y Xy)=1 . 4.60
s ) 8J(xq) .. 0J(x )|y =0 (4.60)
In the free-field case (4.43) means that
iX[J]= —% fd“x’ f d*x J(x) Ap(x’ —x)J(x) 4.61

and the only non-zero connected Green function is G'?. Thus for the free-field
theory
G'(x,, x,) =1Ap(x; —X,) =9 P(x,, x,). (4.62)

When we include interactions in Chapter 6 we shall see that there are
connected Green functions involving more than two scalar particles. We may
Fourier transform the connected Green functions to momentum space in exact
analogy with (4.55)

GO p,,. .., p)2R)* 8(py+...+py)

=J‘d‘*xl .. .fd“x,, expli(p; Xy +...+Ppp* %, )] X G™(x4,...,%,). (4.63)

44 The effective action and one-particle-irreducible Green functions

The developments of this section?® require the introduction of the quantity
@Jx), referred to as the classical field, and defined by

_8X[J]
q)c(x)————(S 7600 (4.64)
(It should be borne in mind that ¢ (x) is a functional of J.)
From (4.5),
owpJ] ..
i = <0900, 4.65)

where {0|@(x)|0), is the vacuum expectation value of the field operator in the
presence of the source J. Thus, using (4.58),

@d(x)=0|@(x)|0>,/<0]0>, (4.66)
where we have used the notation
W[Jl= (0]0) 3 4.67)

for the vacuum-to-vacuum amplitude in the presence of the source J. In the
absence of the source, ¢ (x) is just the vacuum expectation value of the field
operator.
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The effective action I'[¢_] is then defined by

IMeJ=X[J]~ f d*x J(x)g(x). (4.68)

(This equation is completely analogous to the thermodynamic equation
E=F + TS which expresses the energy E regarded as a function of S in terms of
the free energy F regarded as a function of T.)

By making a functional differentiation with respect to J(x) and using (4.64),
we see immediately that I'[¢.] depends only on ¢, as the notation implies.
Just as ¢, can be obtained as in (4.64) as a functional derivative of X[J],so0 J
may be obtained as a functional derivative of I'[¢.].

olTe.]
Sdx)

In the case of free-field theory, we may obtain ¢ (x) from (4.61). Thus

J(x)=—

(4.69)

Odx)= — f d*x’ Aglx — x')J(x). 4.70)

Since Ag(x — x') is the Green function for the operator 0,0" + u? (see (4.53)), we
have

(0,0 + 12 )px)=J(x). 4.71)

This is identical to the classical field equation in the presence of a source J, and
it is therefore appropriate to refer to ¢(x) as the classical field.

We may now calculate I'[¢_] explicitly for the free-field case, because we
already have an exact calculation of X[ /] in equation (4.6 1), and because (4.71)

allows us to eliminate J in favour of ¢.. Thus, integrating by parts and using
(4.53) we find

Mol=-% Jd“x 0 (x)(0,0” + u*)px)

=_2L Jd4x(avq’cavcpc _ﬂz(pcz) (472)

This is exactly the action for the classical free-field theory discussed in Chapter
3, thus justifying referring to I'[¢.] as the effective action.

In the case of an interacting field theory we will be unable to calculate ¢ (x)
and I'T¢_] exactly, and there will be quantum corrections to (4.71) and (4.72).
In general, we make the functional expansion

K in
[lod= ¥ o5 j4% f dhx, Txy,.. o X, )0dx) . @dx,). (473)
n=1 """

The coefficients I'™ in this expansion are referred to as one-particle-
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irreducible (op1) Green functions. We see later in the interacting field theory
that the Feynman graphs involved in the calculation of '™ are all connected,
and, moreover, cannot be made disconnected by cutting a single internal line.
They have also had any factors coming from external lines divided out.

In the free-field theory, we see from (4.72) that the only non-zero ori Green
function is

I(x’, x)=(0% 8, + u?) 8(x’ — x). 4.74)

We may Fourier transform the op1 Green functions to momentum space by
analogy with (4.55)

T(py,...,p)R20)* 8(p, +...+ D)
=jd“x1 ...jd“x,, expli(py Xy ...+ x) TAxy,...,x,). (4.75)

Thus
I(p, —p)= —(p*—p?). (4.76)

This is consistent with the above remarks about the interpretation of op1
Green functions.

Alternatively, we may expand in powers of momentum about zero
momentum. Written in position space this is an expansion of the type

Alo,)
2

INeJd= d‘x( — W)+ 0,0, 0" +. . > @4.77)
where V(o.), A(p,) etc are functions of ¢, (not functionals).

The coefficient V() is referred to as the effective potential. In the case of a
classical field ¢(x) which is constant in space and time, we may use (4.69) to
write

dv
=J. 4,78
do, @78
In particular, if we set the source term J to zero, @, has the significance of the
vacuum expectation value (vev) of the field operator, and

dv
d(pc=0.

Thus once we know the effective potential, (4.79) is an equation which may be
solved for the vev of the field operator. In other words, the vEv of the field
operator, taking account of quantum corrections, may be obtained by
minimising the effective potential. (If ¢(x) were to vary in space or time we
would instead have to calculate the vEv of the field operator from the more
general equation 6I'/8¢, =0.) Strictly speaking, (4.79) only tells us that the vev
of the field operator has to be a stationary point of V(¢.). However, it is

(4.79)
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possible to show? that ¥(g,) has the interpretation of the expectation value of
the energy density in the state for which the vev of the field is ¢.. Thus, in the
true ground state, or vacuum state, ¢, must be the absolute minimum of the
effective potential.

In the free-field case (4.72) means that

u?
o)== @2. (4.80)

In this case, minimisation of the effective potential shows that the vev of the
field operator is zero. However, in Chapter 12 we shall discuss certain
interacting field theories where a non-zero vEv occurs.

It is sometimes useful to have an expansion of the effective potential in terms
of Green functions. This is obtained by using the inverse of (4.75) in (4.73) (see
problem 4.3) and is

V(o)= — ; # £, ...,0)". 4.81)

Problems

4.1 Check in detail the analytic continuation involved in going from (4.41) to
(4.44).

4.2 Carry through the alternative derivation for the free-field generating
functional by adding a term liep? to the Lagrangian.

4.3 Derive the expansion (4.81) for the effective potential.
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5.1 Scattering amplitude in quantum mechanics

The Green functions which we have introduced in the previous chapter are not
immediately measurable in experimental processes. In a scattering process a
number of incident particles (usually two), which are initially widely separated,
enter a region in which they interact. Subsequently a (sometimes different)
number of particles emerge from the interaction region and separate. If we
assume that the forces between the particles have a finite range, then at very
early times (t — — o0) and at very late times (t — + oo0) the particles involved
are free (non-interacting). In our model field theory we have a single type of
(scalar) particle with mass u. Thus if the momenta of the incoming and
outgoing particles are denoted by p; (i=1,2,...), then

pP=u? (5.1)

and we say that the particles concerned are ‘on the mass shell’. The generating
functional W[J] is defined in (4.4) as a functional integral over field
configurations obeying the boundary conditions (4.3). These boundary
conditions (even if we take ¢’(x) = ¢"(x) =0) are not sufficient to ensure that the
particles involved are free as t - + oo. Evidently W[J] includes contributions
from amplitudes having external particles with momenta p; which do not
necessarily satisfy (5.1). Thus it is the task of this chapter to find the
prescription for writing down the transition amplitude (S-matrix element) for
states involving particles which do satisfy (5.1).

We do this first for the case of non-relativistic one-dimensional quantum
mechanics, considered in Chapter 2. So far we have only considered the
probability amplitude (2.5) for a transition between the eigenstates |¢’, ') and
lg”,¢"> defined in (2.2). The generalisation to an arbitrary initial state [iy at 7,
and an arbitrary final state |f) at t”,is immediate, using the completeness of the
above sets of eigenstates. Denoting the required transition amplitude by
Ui(t",t), we have

Ui(t", 1) = qu’ dg"{flg",t"><q", t'|q’, ¥ ><q', t]i>- (52)

The quantities

Yulg, ) =<q, t]a) (a=i,f) (5.3)
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are, of course, the wave functions corresponding to the initial and final states.
We can expand them in terms of the momentum eigenstates |p)s. Then

Yalg, )= fdp<q, tlp)ss<play= Jdp {qle 7| p>s C.(p) (5.4a)

where we have used (2.4) and denoted
{pla>=C,(p) (a=i,f). (5.4b)

We now assume that the potential V(g) has a short range and is negligible when
lg|> Ro. We are concerned with the scattering from an initial state i), which
describes a particle well outside the range R, of the potential, to another such
state |f>. The S-matrix element Sy; is defined as

Sti=Ug(+ o0, —0)

= lim de’ dq"y¥q", t")q", t'|q', U Yild', ). (5.5)
A

Since only the behaviour of y;(q, t') for ¢ — — oo and of Y(g, t") fort” — + o is

involved in calculating Sj;, and since in these limits ¥; and y; describe a particle

well outside the range R, of V{(g), it follows that we may ignore the

contribution of ¥ to H in the calculation of y(g, t) (a =i, f) and retain only the

kinetic energy term. In these circumstances as t » — o

i,
eXp 'ZTP thp
S

=Jdp C{p) e~ "™ (q|p>s

vilg, )=~ f dp Ci(p)s<q

=(Q2m)~12 J dp C(p) e~7"/ gira (5.6)

and a precisely similar expression holds for y{q, t)ast - + oc. Since only large
values of || (and |g]) are involved in these expressions, we may make an
asymptotic expansion of the wave functions®. This may be obtained as follows.
First we shift the integration variable p in (5.6) to a symmetric one. Since

p? t uq\?* pq® 4
—t—pq=§;<p——-> -5 (5.7

2u
1/2
kEGLD (;;-#) (5.8)

we define
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and then for [¢| - o0

2
R G S

1 0
a(t)={_ , Z o (5.9b)

where

For g/t=0(1) we may expand C,:

c[“‘u(ﬁ) k}~Ca<#>[l+0(|t|“”2)] for [ = o0 (5.10)

and then from (5.9a) we obtain
Y2 e (M |
Vala, )~ (I |> gha Ca(7>[1+0(|t|_1/ 2] g idtani
as |- oo (511)

after performing the k integration. Now we substitute the leading terms back
into (5.5), since the non-leading terms vanish in the limit |¢', |¢"| - co. Then

n= lm lqu dq"pjte’|” ”Zc*( )e-mqﬂm

' —o0
"~ +

x <qn’ tl/Iqi, tl> eiuq'zlzt' Cl<_li:’1_>. (5.12)

Finally we may change integration variables according to

=p". (5.13)
Then

Sﬁ= lim Jvdp/ dp/ru—llt/tnllﬂcik(pU) e—ip"zt”/lu
P

”t”
<X,
U

Thus to calculate the S-matrix element (in the momentum representation)
using the path integral method developed in Chapter 2, we must evaluate the
functional integral given in (2.23) by integrating over all functions g(t) defined

Itl e
(i t’> &P 12 C,(p'). (5.14)
"
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on — oo <t< oo and having the asymptotic behaviour

’

q(t)~£#£ as t— —o (5.15a)
and
q(t)~£”— as - +oo. (5.15b)

This should be contrasted with the fixed boundary conditions (2.19) which are
appropriate for the calculation of {¢",t"|¢’,¢'>. The asymptotic behaviour
(5.15) corresponds, of course, to the free motion of a non-relativisitic particle of
mass , since for |t| - oo (and therefore |g| — o) the contribution from the
potential energy is negligible.

These considerations make it apparent why the Green functions generated
by W[J] in Chapter 4 are not those appropriate for a physical scattering
process. The boundary conditions (4.3) are the field theory analogues of the
fixed boundary conditions (2.19). Evidently to generate physical scattering
amplitudes we have to find a generating functional S[J] in which the path
integral (4.4) is performed over all field configurations having an asymptotic
behaviour analogous to (5.15). This is the task to which we now turn.

5.2 Scattering amplitude in quantum field theory

We now wish to generalise the considerations of the previous section to the
case where we have a relativistic field theory. We have seen in Chapter 4 how to
calculate the quantum transition amplitude {¢"(x)t"|¢’(x)'>’, when we have a
real scalar field ¢(x, t) which achieves the configurations ¢’(x) at t =¢"and ¢"(x)
att=t",in the presence of a source J(x). The moral of the previous section, and
of (5.14) in particular, is that to calculate the S-matrix elements we need to
calculate the transition amplitude by performing the functional integral over
all (classical) field configurations ¢@(x, t) having free-field asymptotic behaviour.
That is to say

o(x, )~ @™(x, 1) as t— —o (5.16a)
and
o(x, t)~ @™(x, t) as t— +oo (5.16b)

where @™(x,?) satisfy the free-field equation which follows from the
Lagrangian (4.26), namely

(08, +u?)p™ " =0 (5.16¢)
(which is of course (3.35) when A=0). Now we have seen that any free field ¢,
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may be cast in the form (3.47)

— dsk 1 k ~ikx *k ikx 5.17
Polx)= Wm(a( e +a*(k)e™) (5.17)

and ¢™(x) and ¢°*'(x) are therefore special cases of this. As we can see from (5.6),
the momentum space wave function C( p) of the initial state is associated with a
factor e " where E = p?/2u is the energy of a (free) particle having momentum
p. Thus the initial state (t - — o0) is associated with the ‘positive frequency’
piece of ¢,, namely

o= J(z 77 3k, e (5-18)

Similarly, the final outgoing state (¢t = + oc) is associated with the ‘negative
frequency’ part of ¢,

@ (x)= J% %; a*(k) e~ (5.19)
This required separation may be achieved by assigning the zeroth component
of the momentum integration variable k, a small negative imaginary part
ko — ko—ie (e>0). (5.20)
This has the effect
glko! — glkot et — ( as t— —oo (5.21)

and only e~ survives as t —» — o0, as required. Similarly only the part
associated with e** survives as t - c. Thus the assignment (5.20) of a small
negative imaginary part to k, ensures that

©o(X) ~ @"(x) as x’— —ow (5.22)
and
@o(x)~ @**(x) as x%°— +oo. (5.23)

It follows that the asymptotic conditions (5.16) are equivalent to the
conditions

P(x)~ Po(x) x— +oo. (5.24)

We now wish to determine the functional which generates S-matrix
elements. For the reasons already given it is clear that we must perform the
path integral (4.25). Thus we define

S[J,00]= J@(p expi de(,? +Jo) (5.25)

but now the integration is over all field configurations having the asymptotic
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behaviour (5.24). (Without ambiguity, we now denote the space-time volume
element d*x by dx.) We shall see in §6.4 how S-matrix elements emerge from
this generating functional.

To determine S[J, ¢,] we first split £ into two pieces:

FL=Lo+L(0) (5.26)
where
Lo=H"o)0,0) —1u’0? (5.27)

isthe free-field Lagrangian density, and .Z(¢) specifies the interaction piece of
2. The only case we shall consider in detail is the example given in (3.34),
where

A
= =5 0" (5.28)

For the present, however, we shall take %, to be an arbitrary function of ¢.
Secondly, we write the integrand in (5.25) in the form

expi J dx(Z +Jo) =(exp i f dx:z,'(go))(expi j dy( L+ J(p)). (529)
We can expand the first exponential
expi fdx.?,&p) =1+i Idx,‘?l(q)) +g J'dx dy L) L) +.... (5.30)
Now, since
ip(x) expi fdz(.?o +Jo)= 5;: 9 expi sz(.?o +Jo) (5.31)

it follows that

(J‘dx.?f’l(q))><exp i sz(i”o +J qo))
é
= J dx.?”,( is e )><exp1 J dz(,%+J(p)) (5.32)

Since the operator j dx #(—i6/6J(x)) is independent of ¢(x), it can be taken
outside the functional integral (5.25). Then we have

o
SU, «po]=expifdx z( o ))so[ 0] (533)

where

SolJ, 0ol = f@(p expi de(,% +Jo) (5.34)
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is the generating functional with only the free-field Lagrangian (5.27) in its
integrand. The integration, of course, is still over fields having free-field
asymptotic behaviour. Next we change the functional integration variable
from ¢ to @, where ¢ satisfies

P(x)= G(x) + @o(x). (5.39)
Then (5.24) shows that
@x) -0 as x%- + 0. (5.36)
Substituting (5.35) into the integrand of (5.34) gives

J‘dy(i"o +J@)= | dy[HOP)0,§) —31’P* + J($ + 9o)

—$0"0,00 — 2 PPo —3000"0,00 —3p*03]  (5.37)
after integrating by parts and dropping surface terms. Now since ¢, is a free
field

(@8,+1%)po=0 (5.38)

and a number of terms drop out of (5.37), which then gives

SolJ, @0l = chﬁ expi jdy(éa”cﬁavfﬁ —u*¢*+J9)

x expi jdz J(2)p2). (5.39)

Remember the functional integral is now over paths which satisfy (5.36).
However this is a special case of the fixed boundary condition considered in
the previous chapter. In the present case we have

¢'(x)=¢"(x)=0. (5.40)

So the first factor in (5.39) is just the functional W,[J] which generates the free-
field Green functions ¥9(x,, ..., x,). We saw in (4.43) that

Wo[J]=N exp( -3 fdx dy J(x)iAp(x — y)J(y)) (5.41a)
where
elPtx=y
Ap(x —y)= J(27t)“ m (5.41b)

Now differentiating W,[J] gives

W]
8J(x)

= — | dyiAdx — I)W,[J]. (542)



58 SCATTERING AMPLITUDES

It follows from (5.41b) that

d4p .
(020, + 1) Aplx — )= — J (—Zﬁ &P = _ 5(x —y). (5.43)
So
oW,
O+ 1) J"(Ef)]=u(x)wom. (5.44)

This means that we can recast (5.39) in the form

é
SolJ, o] = eXP( f dx @o(x)(0x05, + 1) ——) WolJ]. (5.45)
oJ(x)
We substitute this back into (5.33) and interchange the order of the two
functional differentiations. This gives

0
S[J’ (Po] = exp(J~ dx (pO(x)(a;axv + ”’2) m)

]
X exp[i de Zl(—i 5J(y)):| Wo[J]. 5.46)

The last two terms may be combined, if we choose, to give the functional W[J]
which generates the Green functions 4™(x,,..., x,) of the interacting field
theory. This is because we can reverse the steps from (5.25) to (5.33) for the
functionals W[J)] and W,[J], since the only difference is in the boundary
conditions on the integration variable, and this was not used in the derivation.
Thus finally we obtain?

SIJ, pol = exp (f 0 Po() (220, + 112 —‘5—) Wl (547)
oJ(x)

This gives the (asymptotic-state-to-asymptotic-state) transition amplitude
in the presence of a source J(x). In the actual physical processes with which we
are concerned there is no source, so the quantity of physical interest is obtained
by setting J(x) to zero:

S[e] =500, @] | (548)

(Of course, if there really were a physical source Jo(x) in this system, we should
want to evaluate S[J,, @¢l.) '

We shall address the task of calculating W{[J] and hence S[g,] in the
following chapter. For the moment we shall content ourselves with observing
how the first factor in (5.47) fulfils the task assigned to it. Recall that ¢,(x)is a
free field, so its Fourier components k in (5.17) all satisfy the mass shell
condition k? = u?. If we perform the x integration in (5.47) by parts, we can pull
the Klein-Gordon operator d.0,,+ u? back on to @.(x) and hence obtain a
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factor u? —k? from each Fourier component k. Unless the contribution from
W[J] has a compensating factor (k? —u2) ™1, its contribution to S[J, @] will
vanish, since u?> —k?=0 for all Fourier components in ¢,, as we have said.
Thus the effect of the pre-factor in (5.47) is to project off-mass-shell
contributions to zero, and to retain the on-shell contribution, as required.
Setting J zero, as in (5.48), ensures that all external lines of W[J] are subjected
to this treatment.
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6.1 Perturbation theory

We have seen in Chapter 4 that the functional W[J] generates the Green
functions of the theory, and we have seen in Chapter S how W[J] may be
related to the functional S[¢,] which generates the S-matrix elements of the
theory. Thus all that is required for the evaluation of the scattering amplitudes
is the evaluation of W[J]. Unfortunately this is more easily said than done.
The path or functional integral which we are required to evaluate is

W[J]=N f@(p expi jd‘x(,?((p, 0,0)+Jp) (6.1)

where we have set =1, N is the undetermined constant of proportionality,
and it is understood that the space-time integral is over all space with the time
integrations along the real axis from —oc to +oco. W[J] can be evaluated
exactly only in the trivial case of a free-field theory. In this case

L =%y =%0,0)0"0) —iu*¢? (6.2)

for a free scalar field ¢. Then, as we saw in (4.43),

WLJ1=WolJ]=N exp( -3 f dx dy J(x) Ar(x — y)J(y)) 63)

where (without ambiguity) we now denote the space-time volume element d*x
by dx, and
d4p eiPtx=y)
Afx =V =g 55 .
F(x y) -[(21[)4 pz __“2 +ie (6 4)
is the Feynman propagator for the scalar field.
The best that can be done for interacting fields is to develop a perturbation
series for W[J]. If

L =%+ L) (6.5)

and %, is proportional to a parameter A, we can expand W[J] asa power series
in A. To do this we recall the result (5.33) from the previous chapter which
expressed the generating functional S[J] for the interacting field theory, in
terms of S,[J], the generating functional of the free-field theory. Clearly a
precisely similar relationship may be derived between the functionals W[J]
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and W,{J]:

. . 0
WLJ]= exp[l J' dx .Sﬁ(—l 6J(x)>] WylJ] (6.6)

since the only difference between the functionals W[J} and S[J] derives from
the different classes of field configurations which are integrated over, and this
feature was not used in the derivation of (5.33). The perturbation series comes
from expanding the exponential operator as a power series:

. . 0 . . 0
explfdx -71<—1m>=1+1 de Yl(—lm>

¢ dxdy #| —i i £\ —i o 6.7
-|-5 xdy ,(—1m> (—1m>+.... 6.7)

Since %, is proportional to 4, the above expression generates an expansion of
W1{J] as a power series in 4. We illustrate this by consideration of the special
case

A
Ho)=—4 @4(x). (6.8)

In this case, substituting (6.7) into (6.6) gives
il W,

W[J]=W,[J] ~a dx 5700 +O(42). (6.9
From (6.3) and (6.4) we find
W _ -fdy i A~ )O)WolJ] (6.10)
0J(x)
and repeated differentiation gives
wWiJl= [1 - ;:—; (de 3(1Ax(0))?

—6iAp(0) | dy; dy,iAp(x — y)iAp(x — y ) () (y,)

+ j dy,dy,dy; dy, 1 Ap(x — y JIAR(x — y IAHX — y3)IARX — y,4)

X J(y ) (y2)J (y3)J (y4)> + 0(12)] WolJ]. (6.1)

The Green functions generated by W[J] are defined as in (4.8) by

"WLJ]

sn¢g (), =Ty s
PEE o X = e S )

6.12)

J=0
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and it is clear that the additional terms in (6.13), generated by the interaction,
change the Green functions from the values derived in Chapter 4. If the
normalisation N is chosen so that

W,[01=1 (6.13)
as in Chapter 4, then
4O =mwW0]=1-4il fdxiA,{x — XJAx —x) + O(A?). (6.14)
Also
G x,,x) =GP x,,x,)—4iA J dxiAg(x; — x)IAg(x — X)IAK(x — x,) + O(A?)
(6.15)
where
GP(xy, x,)=1Adx, —x,) (6.16)
is the free-field Green function derived in (4.48). Similarly

GOxy, X2, X3, X) =G (xy, X35 X35 X4)

- %il(g‘oz’(x 1 X2) | dxiAg(x3 — x)IAR(x — x)iAx(x — x,)

~

+%G P x5, x4) | dxIAHx, — XJIAR(X — x)iAp(x — X ,)

LY

+GP(x,, x3) | dxiAp(x, — x)JIAR(x — X)IA(x —x,)

+GP(x,, x4) | dxiAp(x; —x)iAp(x — x)IAR(x — X ;)
"
+GP(xy, x4) | dxiAp(x, — X)IAF(X — X)IAR(x — X 3)

L%

"
+%D(x,, x3) | dxiAp(x; = x)IARx — X)iAp(x — x4)>

o/

—iA fdxiAF(x 1 — XNAR(x, — X)IAR(x3 — x)iAg(x, — x) + O(A?) (6.17)

where 95Y(x,, x5, x3,x,) is the free-field Green function given in (4.49).
Evidently we may extend the diagrammatic notation developed in Chapter 4
to include the additional terms generated by the interaction. We write

77N

G (x,, x,)= v N , (6.18)

<
0 4 b et e b

2
X X2 X3 X2
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where the first term is just the free-field propagator given in (6.16), and the
second term is the O(4) part of (6.15). If the internal vertex is at x the three
propagators iAg(x; — x)iAg(x — x)iAg(x — x,) arise from the rule already given
associating a line with a propagator. In addition, it is apparent from (6.15) that
we must associate a factor —il with the vertex:

g © —id (6.19)

and weare to integrate over the coordinates x of any internal vertex. Using this
notation

g“)(xl’ X3, X3, Xg)=

X4 Xy X4 X, X X3
L e d —————— - ——————— -
+ *

X3 X, X X X X,
O e — 0 ————— e e ————— — 8
+* +
d X2 X oon X3

—_—————e i e e -
+;— /"\ + 7N + /"\
a7 o N %o \ ) x
-~ - o ——— e —— = —-
+ +
X1 X2 X _):k :ﬁ_ ’.(3
*~— — - — = ——— — — -——
7\\ = /7 N\ ,/v;
\ { \ { |
» \\// + \\*’/ + \\//

X3 X, X3 X Xy X,
——— - - —————— ———————e
N 2%

AN s
AN e
N

. '
RN
4 AN
Vil N\
N\,
X" *x, (6.20)

As before, it is easier to work with the connected Green functions
G"(x,,...,x,). These are generated by

iX[J]=In W[J]. (6.21)
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Thus from (6.11) we find

iX(J]J=InN -3 de1 dy,iAx(y, — y2)J(y ) (y2)

—% dx(?![iA..-(O)]2 -6 J‘dh d'.VZiAF(y 1—X)
X 1Ap(x — X)iAs(x — y)J (y M (y2)

+ Jvdh dy, dy; dy,iAp(y; — x)IAKy, —x)

X1Ap(y; — X)AKYs — XM () (y2)I (y3)] (y4)> +0(4?).

With the connected Green functions defined by (4.60):

"X [J]

() T ST
"G (Xla-"’x") 5J(x1)6-,(xn)

J=0
we find
—
2) { )
( —_ \
G (xl’xz)— e 4+ L e el
X1 X; X X
X, X.
1 \\ // 2
N\ yd
“ N7
Gxy, X2, X3, Xg)= />\
/ AN
4 AN
/s N
v ~
X3 x,

6.22)

(6.23)

(6.24)

(6.25)

Thus, as anticipated in Chapter 4, the interaction generates additional terms in

G? and makes G non-zero even when n>2.

6.2 Momentum space Feynman rules

It is apparent from (6.4) that the propagator has its simplest form in
momentum space. For this reason it is the custom to evaluate the Fourier
transforms of the Green functions with which we have so far been concerned.

Thus, as in (4.55), we define

FNpy,...,p)20)*(py +... +p) = |dx,...dx,F(x,,. .., x,) e Prat-trx)

(6.26)
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with a similar definition to (4.63) for the connected Green functions. Thus
using (6.16) and (6.4) we find the Fourier-transformed free-field Green function
i

—_— 6.27
pP—ut+ie (6.27)

gi)z)(l’, '—p)=

while the connected Green function in the presence of interactions is
i
GMp, —p)=5——
v pP—u*+ie
iA [d% i i i
2 1@2n)* p?—p?+iek? —u®+ig p? —p +ie

+0(A2).  (6.28)

These too may be represented diagrammatically. For example

Kk~
GD(p, — p) = @ (6.29)

———————t 4 1? PRNER. FOUASNP 0()\2)

p -p
and the Feynman rules are as follows:

1 With each line carrying momentum p we are to associate a factor

i(p?—p?+ig!
i

—_—————— - 6.30

P p*—p*+ie (6.30

2 With each vertex of four lines carrying momenta p,, p,, p3, p, We associate

a factor —il, constraining the momenta so that there is overall

conservation:

p\\ A’: : —id (P1+p2+p3+p,=0).  (6.31)

3 Integrate over each independent internal loop momentum k with weight
d*k@2m)~4.
Using this notation it is readily verified that

3

P
C¥py, P2y P3s D)= ™ (6.32)
N4
)(\ + 0N
/p pA Y

Notice that the Green functions have propagator factors on every external
line.
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6.3 One-particle-irreducible Green functions
The notation and techniques of the previous two sections may also be used to
develop a perturbative expansion of the op1 Green functions in the presence of

interactions. It follows from (6.22), and the definition (4.64) of the classical field
@(x), that

Odx)= — fdy Ap(x—y)J(y)
+34 fdy dzi Ae(x — y)i Ay — Wi Ay — 2)J(2)

—&4 Jd)’ dz, dz, dz;31 Ap(x — y)i Ap(z; — )i Ap(z; - y)
x 1Ap(z3 — ) (2)H(2,)0(z3) + O(A?). (6.33)

Thus the generating functional I'[¢_] (or the effective action) of the opr1 Green
functions

IMod=X[J]- | dxJ(x)px)
=—ilnN+} deI dy; Ax(yy —y2)J (1) (v2) — 4 de[i A0)]?
-1 fdx dy, dy, 1 Ap(y; —X) i Ap(x — X) i Ap(x — y,)J(v,) I (¥2)

+34 fdx dy;dy,dy;dy,iA(y; —x)i Ap(y, —x)iA(y; —x)
X1 A(yq — ) (y )y (y3)I (v4) + O(A3). (6.34)

We may solve (6.33) for J(x) perturbatively, and after performing integrations
by parts using (4.53) we find

J(x)=(9,0" + u*)px) + 311 A0)9(x) + AL x)]° + O(2?). (6.35)

Note that ¢ (x) satisfies an equation similar to (3.35) derived in classical field
theory. The differences are first the source term J(x), which would have
appeared in (3.35) had we included such an interaction, and second a term
involving i Ag(0) which is a quantum correction. If we were to restore the
factors of # which we have set to unity it would be apparent that this term is
proportional to h. Substituting (6.35) into (6.34) gives I' explicitly as a
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functional of ¢(x):

IMe]=—~iln N—44 f dx[i Ax0)]?
-3 de XN, + u?)pdx) — 44 AL0) | dx[od(x)]?

~73A de[wc(x)]“+0(lz). (6.36)

Thus the momentum space op1 Green functions defined in (4.75) satisfy

iT(p, —p)=i(p* —u*) —$i2iAe(0) + O(2?)

) 6.37)
= - (0——-—>—-—~—-¢)_1 + L v-v—-\*'L—q——o L X
top -p
and
. AN
if9%py,p2pspd= X (6.38)
N\
AY
(S

using the Feynman rule given in (6.30), (6.31), (6.32). Note that unlike the
connected Green functions, given in (6.29), (6.32) for example, the opi Green
functions have the propagators associated with the external legs divided out.

6.4 Scattering amplitudes

In §6.1 we have seen how to evaluate the Green functions 4™ (x,, . . ., x,) of the
interacting field theory, at least as a perturbation series in A. The Green
functions are generated by the functional W[J] using the formula (4.8)

"WIJ]
J(x,)...8J(x,)
We have also seen in §5.2 how the functional W[J] is related to the functional

S[p,] which generates scattering amplitudes. Assuming there is no external
source in the system, we find from (5.47) and (5.48) that

"GO (x,, ..., x,)= (6.39)

J=0

(6.40)

8
Slpol = exP(de(Po(x)(a;axv +u%) SJ_(X—)> wiJ1

J=0



68 FEYNMAN RULES FOR 1¢* THEORY

Thus by expanding the exponential,

0
v 2
eXp Jvdx(pO(x)(axaxv +“ ) 5J(x)

del - dx,00(%y). .- @o(x)K, ... (6.41)

K 0J(xy)...8J(x,)
we can express S[@,] in terms of the Green functions ¥*(x,,... x,).
In (6.41) we are using the notation

K, =050+ u® (6.42)
to denote the Klein—-Gordon operator. Substituting (6.41) into (6.40) gives

Sleol= Z dx, ... dx,@(xy)... 0o(x)K,, ... K, 9"™(xy,...,x,). (643)
n=0M

Thus, as anticipated at the end of Chapter 5, every external line of
%"(x,,...,x,) has attached to it a Klein—-Gordon operator K and a free field
@o(x;). It is therefore natural to associate the contribution from the term
involving 4™ with the physical process involving a total of n incoming or
outgoing free particles. In physical scattering processes these free particles are
usually momentum eigenstates. It is therefore useful to have the momentum
space representation of the right-hand side of (6.43). To find this we substitute
for 4™ in terms of its Fourier transform ¢ defined in (4.55). Inverting (4.55)
gives

GNx, ., X,)

= dpl dpn ei(plxl+...+p,,x,,
@em* " 2n)

“(P1s- s PYRT*(py +... 4 P,). (6.44)

Each Klein-Gordon operator K, in (6.43) acts upon 4 and produces a factor
u?—p?, and we find

d d
S[eol= }: D P nys(p,+... 4 py)

Qn)* " (2n)*
x(u2=pd... > —p)9"(py,.... ) J.dx1 .dx,
x glerxite ey ()L Qo). (6.45)

@o(x) has already been given in (5.17) in terms of its Fourier components.
Using this we find

f dx 7% py(x) = f d3k [a(k)é(p k) + a*(k)3(p + k)] (6.46a)
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where
ko=(k?*+u?)t2 (6.46b)

It therefore follows that the only momenta p; which can contribute to S[¢,]
must satisfy p;= £k, which, since k?=p?, ensures

pi=p> 6.47)

Thus the only Green functions, #™(p,, ..., p,) which can contribute to S[¢]
are those with all external lines ‘on the mass shell’, as required of a physical
scattering process. Also, even when (6.47) is satisfied only one of the two terms
in (6.46a) can contribute; if p;, is positive (and therefore equal to + k) only the
first term can contribute, while if p;, is negative only the second term
contributes. This reflects the fact that in any such physical process some of the
momenta are associated with incoming particles while others are associated
with outgoing particles. As explained in (5.18) and (5.19), we associate the
‘positive frequency’ part of ¢, (involving a(k)) with an incoming particle, while
the negative frequency part (involving a*(k)) is associated with an outgoing
particle. (The overall energy-momentum conservation, ensured by the ¢
function in (6.44), guarantees that not all p;, can have the same sign.) For these
reasons the term involving a(k) is associated with an incoming particle having
momentum k, and the term involving a*(k) is associated with an outgoing
particle of momentum k.

Now consider a scattering process with m particles in the initial state (i)
having incoming momenta q,, ..., g,,, and n —m particles in the final state (f)
having outgoing momentum q,, , ¢, ..., g, Since all momenta g, are momenta
of physical particles, they satisfy

2

2=u (r=1,...,n) (6.48)

and also

@t ..t qm=qn+1+...+4, (6.49)

because of overall energy—-momentum conservation. Then the scattering
amplitude (S-matrix element) S;; for this process is given by the part of S[¢,]
involving the m factors a(q,). .. a(q,,) and the n —m factors a*(q,,+,) ... a*(q,).

Thus

_ ; 5S[o] |
R L PRI TR L7 P T n NP
where
p(g)=(2m)~*(2q,) " (6.50b)

is the (covariant) momentum integration weight function. (The reason for
putting a =a* =0 after the functional differentation is to ensure that only
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contributes to n-particle processes.) Substituting (6.46) into (6.45) and
performing the differentiation gives

Si=Q2n)*0lg; +...+Gn—Gm+1—---—aMs (6.51a)

where

Mi=(=)"g? —p?)... @ = 1% G, .. .. G — G 15++ > —d)- (6.51b)

In deriving this we have used the invariance of #"(p,,..., p,) with respect to
the interchange of any p; and p;.

Thus to obtain the (Lorentz invariant) amplitude M, from the associated
Green function 4™ one merely has to multiply each leg, carrying momentum
q,, by the factor —i(g? —u?), which is just the inverse of the propagator (6.30)
for a line having momentum g¢,. Having done this there is the further
multiplication by (2n)* times an overall energy-momentum conserving &
function to get the S-matrix element. We have observed earlier that the
connected Green functions G all have a propagator factor associated with
each external line, and the same is clearly true of the full Green functions Z,
Thus the multiplication by —i(g? —u?) cancels each of these propagators
leaving a finitelimit as g2 — uZ. So the S-matrix elements are obtained from the
complete Green functions by deleting the external line propagators and
supplying an overall (2m)*(.. ). It follows that the Feynman rules for S-matrix
elements are similar to those for the opr1 Green functions, discussed in §6.3, in
having the propagators associated with the external lines divided out.
However, the diagrams to be considered differ in two respects from the op1
Green functions. First, the external lines in S-matrix elements are constrained
to be on the mass shell, and second we have to include all contributing
diagrams, disconnected and one-particle-reducible ones as well as the
connected and opI ones.

In certain special cases (some of) the disconnected diagrams do not
contribute to the actual scattering process. For example, in the case of two
incoming and two outgoing particles, energy-momentum conservation
ensures that (in this case, all of) the disconnected diagrams only contribute
when the initial and final states are identical, which is the case only if there is no
actual scattering. The scattering cross section (by definition) measures
processes in which the initial and final states differ. For this reason the
disconnected diagrams do not contribute to the two-particle cross section, as
we shall see in the following section.

6.5 Calculation of the scattering cross section
Finally we show how the results of the foregoing sections may be used to

calculate the scattering of two incoming particles having momenta g, g, to a
final state of two particles having momenta g;, q,. So energy—-momentum
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conservation (6.49) gives

9:t92=q3tq, (6.52)
and then from (6.51a) the S-matrix element is
Si=(2n)*0(q, +9,— 43— q)M;; (6.53)

where M; is obtained from 4*(q,, 4., — 43, —q,) in the manner described in
the previous section. The contributing diagrams are

M= b . DS - | B,
1 . )
oYy T (6.54)
B, % BN W % %
9 % 4% _ __ 4% o, .l
1 ~ 1 7 \\’

+ 9-2- // \ 4-7 \\-/
92 %5 % N % 9 Rk}
& 9, ] % 4 -9

— ﬁ—’—
1 [
+ t7 ,'\\ + N
i
95 9% 6N % 6 "
q1\ /QB
N /
4
\\ y
+ 4
i N
r4 N
N
4 A
9, 9,

Since q,, and q,, are both positive, g, # —q,, and the first six (disconnected)
diagrams can only contribute to My if ¢, =g; or q,, which corresponds to no
actual scattering. By definition the scattering cross section is only concerned
with final states which are different from the initial one. Thus with g, #4g; or
q., My is given by the last diagram

Mﬁ = - 1).. (6.55)
Now Sj; gives the transition amplitude, so the probability is
Pi=|Si|*>=(21)°5(0)d(q, +q, —q3 — 94> (6.56)

The appearance of the (infinite) 5(0) stems from the fact that we are integrating
plane wave functions over an infinite space-time volume. Since

(2n)*8(P)= J d*x e (6.57)
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putting P=0 gives

(2m)*8(0)= Jd“x =VT (6.58)
where V is the (infinite) spatial volume and T the (infinite) extent of time.

Dividing p; by VT therefore gives the transition probability per unit volume
per unit time:

Wi=(2n)*0(q, + 4, —q5—4.)7> (6.59)
The (infinitesimal) cross section do(i — f) is defined by
doli - f)= 9’_(‘?19 (6.60)

where dN = the number of particles scattered into a particular element dQ of
solid angle by a single target particle, and F = the flux of projectiles incident
upon the target. The covariant momentum integration measure
(2m)3(2k,) ! d3k which we are using requires the state normalisation

Ch|k' Y =(2m)* 2k, Ok — k') (6.61)

which corresponds to 2k, particles per unit volume. Thus if we regard particle
1 as the target particle, we have to divide W;; by 2q, , to obtain the transition
probability per unit time for scattering from a single target particle. Then

w44 dq,
29,0 f (21)*(2930) 27)*(240)

The incident flux F is given by the density of projectiles multiplied by their
velocity relative to the target (at least when the target is at rest or moving along
the same line as the projectiles). So

dN(i - f)=

(6.62)

F=2q,40,,

where v, , is the relative velocity. Putting all this together gives

1 3 3
do(i — f)=(2n) "2 "—"“—"—(quo)vl 200) 228(qy +4:—43—q4) czi_q%z ng: .
(6.63)
The contribution ¢, oq,0v; ; May be written in a ‘covariant’ form due to Meller:
q10V12920=[q; " 42)* —p*1"? (6.64)

provided ¢, and ¢, are collinear; and we may perform the g, integration
trivially, using the J function, if we write

d3
= 0003 = 1)da0) 44 (665)
da0
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Thus
. A2 2 ,27-1/2 2,2 d’q,
do(i > N=75-3[(g:" 92" —7] olg, +92—g3)* —u*1——. (6.66)
n 930
From now on it is easier to work in this centre-of-mass frame, in which
9, =(E,p) (6.67a)
q,=(E, —p). (6.67b)
We write
8 _ =110 12 dlg.] 42 = |ga| dgso 40 6.68
@30 =430 l‘lal I‘Isl 3"|qsl 30 U323 (6.68)
and use the ¢ function
(g, +92—93)* —1n*1=0(4E* —4Eq;,) (6.69)
to perform the g5, integration. Finally we obtain the differential cross section
do(i-f) A?
&, ek (6.702)
where
s=(q, +q2)* =4E* (6.70b)

is the (Lorentz invariant) total centre-of-mass energy squared.

Problems

6.1 Derive the O(A?) contributions to W[J] in (6.11).
6.2 Derive the O(A?) contributions to X[J] in (6.22).

6.3 Derive the O(A?) contributions to ¢, in (6.33), and hence determine the
O(A?) contributions to I'(¢,) in (6.36).

6.4 Draw the O(1?) contributions to I'®(p, —p) and T'*(p,, p,, ps, p) and
determine their weight factors.

References

The books and review articles which we have found most useful in preparing this

chapter are

Iliopoulos J, Itzykson C and Martin A 1975 Rev. Mod. Phys. 47 165

Ramond P 1981 Field Theory: A Modern Primer (Reading, Mass.: Benjamin-
Cummings) Chapter IV
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7.1 Physical motivation for renormalisation

We have already noted that the classical field ¢ (x) satisfies an equation (6.35)
which, although similar to that derived in classical field theory (3.35), differs
from it in one important respect. When the source J is put to zero (6.35) may be
cast in the form

[0,0" +u* +41AA0)]o(x) = —$A[9(x)]* + O(2?) (7.1

where the extra term i1AAg(0)¢,. is a quantum correction arising when the field
interacts. Writing it in this way makes it apparent that the interactions have
had the effect of shifting (‘renormalising’) the mass squared from its value u?,
when there are no interactions, to the ‘renormalised’ value

U2 =2 +41AAH0) + O(12). (12)

Thus the parameter 2 which appears in the Lagrangian is only the physical
mass squared in the classical (i.e. non-quantum limit). The same is true of the
coupling constant 1. As would have become apparent had we calculated the
O(A%) on the right of (7.1), the interactions have the effect of generating
(quantum) corrections which shift the coupling constant from its ‘bare’ value A
to a renormalised value Az. Now the only quantities which we can measure are,
of course, the renormalised quantities, since we are not able to turn the
interaction on and off at will. For example, we might measure the four-point
function T(p,, p,, 3, p,) for a particular choice of momenta p;, and define
this to be the renormalised coupling constant Az. We could then, in principle,
calculate I, or indeed any Green function I"™, using the Feynman rules, for
arbitrary momenta as a function of the (input measured) renormalised
parameters Az, pg. Obviously we should expect any perturbative
approximations we make to be more successful in predicting I'™ at (say) GeV
values of the momentum variables if we use renormalised parameters defined
at (particular) GeV scale momenta, rather than those defined at eV or TeV
momentum scales, for example. This notion, that we may vary the energy scale
at which we choose to define our renormalised parameters Ay, u2, is the key to
the renormalisation group equation which will be derived in Chapter 12.
The essence of the above discussion is that the Lagrangian we have been
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using is given in terms of the ‘bare’ or ‘unrenormalised’ quantities, hereinafter
denoted ¢g, uz, As. The objective is to calculate cross sections, and other
observable quantities, as functions of the renormalised quantities, which
henceforth will be denoted u2, A. Thus the Lagrangian of the scalar field theory
with which we have been concerned hitherto is

1 1 1
% =§ (a,“PB)(a" ©s) ) ﬂﬁ‘l’g “a 13‘/’{;‘ (7.3)

and the Green functions calculated in Chapter 6 are ‘bare’ ones, denoted Gy,
I, etc. The choice of the coefficient 4 of the derivative term amounts to an
arbitrary choice of field strength normalisation, and we shall also introduce a
renormalised field denoted ¢ differing from the bare field by an overall
multiplicative constant.

We have seen how renormalisation of the parameters u3, Ay occurs as a
(quantum) effect of the interactions, and why it may be desirable for
computational reasons to express any cross sections, for example, which we
calculate in terms of suitably chosen renormalised parameters u?, . However,
there is an additional reason why renormalisation is necessary, and not merely
desirable. This is because the shifts of u2, A, caused by the interactions are
actually infinite, as we shall see shortly. Since any (measured) renormalised
parameters are, by definition, finite, it follows that the bare parameters are
infinite. Thus the use of renormalised quantities is necessary if we are to avoid
the appearance of infinities in our calculations of cross sections etc. This raises
the question of whether all infinities may be expunged from the theory by the
use of renormalised mass squared u?, coupling constant 4,and field ¢. In fact,
for the theory (7.3) the renormalisation of mass, coupling constant and field is
sufficient to render the cross sections, Green functions etc of the theory finite. A
quantum field theory is said to be renormalisable if it is rendered finite by the
renormalisation of only the parameters and fields appearing in the bare
Lagrangian. Not all field theories are renormalisable, but in this book we shall
be concerned only with those which are. The central problem facing particle
physicists is whether all interactions occurring in nature may be described by
renormalisable quantum field theories. At present we have renormalisable
theories which are candidates to describe the strong, weak and
electromagnetic interactions, and we shall discuss all of them in the succeeding
chapters. To date, there is no such theory which could provide a quantum
theory of gravitation.

The main object of this chapter is to show how the theory (7.3) is
renormalised. Before embarking on that enterprise let us first verify that the
bare theory is indeed infinite, as we have claimed. The infinity associated with
mass renormalisatiion occurs in (7.2) because Ag(0) is infinite, which in turn
derives from the divergence of the internal momentum integration in the
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second diagram contributing to I'3® in (6.37):

LAREN
I )

ApAH0)= -~
d*k .
—ABJ(Z )4( 2 uly+ie)” L (7.4a)

The i¢ in the propagator makes the poles in the k, integration lie just above
and below the real axis of the complex k, plane at +[(k%+u2)!/2 —ic] as
shown in figure 7.1.

Figure 7.1 Poles at + [(k2 + pud)'/? —iel.

Since there are no other singularities in the k, plane, we may perform the
(Wick) rotation of the contour in an anticlockwise direction to lie along the
imaginary k, axis, running from —ioo to +ico. Next we change integration
variables according to

ko=i%k,
k=k
so that the k, integration runs from — oo to + co. Thus
ApAp(0)=ily Ii‘% (=& —pd)™! (7.4b)
@m)
where
kr=k+k3 (7.4¢c)

and d*% is the Euclidean volume element. (Effectively all we have done is to
perform the continuation back to the Euclidean form from which we obtained
Ag(x) in the first place.) Since d*% is proportional to | k| d|%], it is clear that the
integral diverges for large values of | k| —we say that it is ‘ultraviolet divergent’.
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Similarly, had we evaluated I'{Y to order A2, we would have encountered the
diagram

-
AN \>/p, (7.5a)
/N
7 S —_ e \\
P, - e,

According to the Feynman rules derived in Chapter 6, this represents the
expression

d*k
(@2m)*

A3 (k?—pg +ie) ' [(py +py +K)* —pg +ig] ! (7.5b)
and itis clear that it too is ultraviolet divergent. For large (Euclidean) values of
k each propagator behaves as |k| 2, while the volume element contributes
[#>d|#|. We say that this contribution to [{" diverges ‘logarithmically’,
because if we cut off the | | integration at a value | k| = A, then the integral (7.5)
has a dominant contribution proportional to In A. Similarly the integral (7.4),
and I'{ are said to be ‘quadratically’ divergent.

Having considered these two simple cases it is clear how to generalise the
argument to identify which Green functions are divergent. The naive
superficial ‘degree of divergence’ D of a diagram is given by

D=4L-2I (1.6)

where L is the number of independent loop momenta, and I is the number of
internal lines. This is because each loop momentum k has a volume element
d*k associated with it, while each (scalar) internal line is associated with a
propagator which for large |k| behaves like |k|~2. If D=0 the diagram is
logarithmically divergent, while if D=2 the diagram is quadratically
divergent. The number of independent loop momenta L is less than the
number of internal lines I because of momentum conservation at each vertex.
In fact for a connected diagram

L=I-V+1 (1.7

where V is the number of vertices. (Only V—1 of these conservation
requirements constrain L because of overall momentum conservation.)
Substituting into (7.6) gives

D=2I—-4V -4, (7.8)
The combination 4V —2[ is just the number of external lines E, since each

vertex has four lines emerging and each internal line removes two of these.
Thus

E=4V-2I. (1.9)
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Hence
D=4—E (7.10)

and we see that the degree of divergence is independent of how many vertices
there are in the diagram. Since in this theory E must be even, the only Green
functions which are superficially divergent are I, I"® and ¥,

This does not of course prove that the diagrams with E >4 are convergent-—
this is why we called D the ‘superficial’ degree of divergence. In fact, it is rather
easy to see that there are many contributions to Green functions with more
than four external lines which are indeed divergent. Consider the following
two-loop contribution to [©:

Although it has six external lines (E = 6), it is evidently divergent, because the
integration over the loop momentum k, diverges. But this divergence of the k,
sub-integration, while k, is fixed, is just the divergence already encountered in
I%* and written down in (7.5). So this divergence is not a ‘new’ divergence as it
stems from one which we might have anticipated, since I{" has D =0. Clearly
there will be a divergent contribution to every Green function arising (at least)
whenever in a particular diagram we make the replacement:

What we can say is that if the overall degree of divergence D of a diagram is
negative, and if the degree of divergence of all of its subgraphs is also negative,
then the Feynman diagram is convergent. This is Weinberg’s theorem?. It
holds for any field theory, not just the Ap* field theory with which we are
concerned in this chapter. The above conditions are sufficient for the
convergence of a diagram, but not always necessary; it may happen that some
invariance of the theory makes a diagram more convergent than the degree of
divergence would lead one to suppose. This does not happen in the 1¢p* theory,
but it does occur in QED, for example, because of gauge invariance or charge
conjugation invariance. If the theory is to be renormalisable, the only
divergences which occur are those which arise from mass, coupling constant
and field renormalisations.
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7.2 Dimensional regularisation

To study the renormalisability of the Ap* theory which we are considering we
must be able to manipulate the divergences which, we have seen, certainly
occur. Thus we are required to devise some procedure which renders the
divergent momentum integrations finite but leaves the convergent diagrams
unaffected. The simplest method is to cut off the radial Euclidean momentum
integration at || =A, as discussed in connection with (7.5). If A is large enough
the convergent diagrams receive a negligible contribution from the region with
|k| larger than A, so they will be unaffected, while diagrams which are
quadratically or logarithmically divergent will have dominant terms
proportional to A% or InA respectively. Alternatively, and until 1972
commonly, we may use a ‘covariant cut-off’. In a loop integration over k we
insert one (or more) factors

._.AZ

oA+ 710

where, again, A is large. Then for values of || small compared with A the
integrand is unaffected. Since convergent diagrams receive a negligible
contribution from the region where | 4| is large, they are again unaffected by the
cut-off procedure. On the other hand, diagrams which were divergent are now
convergent because of the extra |k|~2 supplied by the factor for |[%|>A.
However, both of the above methods have a drawback if they are used in the
gauge theories which are the leading candidates to describe the known
interactions. They both destroy the local gauge invariance from which the
theories were deduced. Thus although they may be used quite satisfactorily in
the renormalisation of the Ap* theory, they are inadequate for the theories
with which we are ultimately concerned.

The insertion of the cut-off factor (7.11) into the integrand of (7.5), for
example, makes the integral finite (‘regularises’ it) by increasing the powers of
|| in the denominator of the integrand. Another way to regularise the integral
is to decrease the powers of || deriving from the (Euclidean) volume element.
In (7.5) we have d*k because of the four-dimensional space-time continuum. To
decrease the contribution from the volume element thus requires us to work in
a space-time continuum of 2 dimensions with

w<2. (7.12)

So in the method of ‘dimensional regularisation’ we consider the whole theory
in 2w-dimensional space-time?. This makes the Green functions depend upon
w. Those corresponding to divergent Green functions in four dimensions
typically have poles in w—2. Consider, for example, the divergent integral
d%k L
1 y(pp)= W(kz—#g'*'lﬁ) ! (7.13)
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contributing to ¥ and appearing in (7.4). In the dimensionally regularised
theory we evaluate instead

dzwk 2 2 sy —1
l(, pg)= W(k — U +ie)
. [d*% -
= —i | G () (7.14)

performing the Euclidean continuation/Wick rotation as before. Since the
integral is spherically symmetric we may write

42k =20 VQw)|/k{>*~* d|4| (7.152)
where
Vow)y=—" (7.15b)
=T+ :

is the volume of the 2w-dimensional unit sphere. The radial integration may be
cast into standard form by the substitution

|%|? = pax (7.16)
and for w < 1 it reduces to a Beta function. Then
Hw, pg)= —ipg® ™ *(4m) ~“T(1 - ) (7.17)

for w< 1. This expression may be used to define I(w,uy), by analytic
continuation in w, in regions where the original definition (7.14) does not exist.
The I'(1 —w) has polesat w=1,2, 3, ... and we are obviously interested in the
neighbourhood of the pole at w=2. We may not expand the factor u2*~ 2 in
powers of w—2, as it stands, because it is dimensionful. To be general we
express the dimensions of I(w, ug) in terms of an arbitrary mass scale M, which
may be chosen according to convenience, taste, or, more likely, the

renormalisation scheme which is adopted (see §7.5). Thus we write

AV
pa® i =pg(M3)°~ 2(W>

and expand only the last (dimensionless) factor. This gives

Ho, pg)= 2)‘"~2<2 L iry+1-0-"2 40— 2)) (7.18)

4M2

showing that I(w, ug) has the anticipated pole at w =2, together with a piece
which remains finite as w — 2.

A similar treatment may be applied to other integrals. By differentiating
(7.14) with respect to u3, or else directly (for non-integral n), we can show that
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dZw 2w 2 M(n —
(2 = +ie) " =i(— 8T

(2 )Zm (47'[)0) r(n) (7- 19)

If n>2 the right-hand side is regular at w=2 and the left-hand side is also
convergent in four dimensions. Thus dimensional regularisation has the
desired property of regularising the divergent integrals while leaving
convergent integrals unaffected when w — 2.

For future reference we shall need some further integrals which may be
derived easily from (7.19). By changing the integration variable to

it is clear that

[ d2k T(n—w) @3 +p?)° "
k2 +2p-k—pi+ie) ™" =i(—1)" 2 7.20
J ( )Zw( D .uB 18) ( ) l-(n) (47'[)0’ ( )
Differentiating with respect to p,, p, ... yields more formulae:
[ d*k : T(n—o) (g +p*° "
——k (k*+2p-k—pd +ig) " =i(—1)" ? - 721
J (27!)2“, Il( +2p UB +1£) l( 1) r(n) (47'[)“’ ( pp) ( a)
r dZw 5
e )zluk,,k (k2 +2p-k—pE+ig)™"
o T—o—1) (@ +p)° " L
= 1( 1) F(n) (47'[)‘” [pu p\n—w— 1) Zguv(ﬂB +p )] (7'21b)
Contracting both sides with g*', and remembering
99, =20 (7.22)
gives
d*k
k2k2 2p-k— 23R
2 (k*+2p-k—pg +ic)

Tin—w—1) u3+p*°""

T(n) Gy 20— —aug]. (7.23)

=i(—1y

7.3 Evaluation of Feynman integrals

In the previous section we showed how to calculate the Feynman diagram
(7.4a) which contributes to I, All other single-loop diagrams involve more
than one propagator, and additional technology is needed to evaluate them.
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Forexample, we shall need to calculate the diagram (7.5a) which contributes

to I®

pZ \\/\/// \\‘(//P3

VAN 7/
N TN (7.52)
A P

In 2w-dimensions this is proportional to the integral
d*k

J= (21[)2'”

(k?—pd+ie) M{(P+ k) —pug +ie] ! (7.24a)

where
P=p,+p2=-pP3—Pa (7.24b)

The technique we follow is that proposed by Feynman® which combines the
denominators in (7.24a) into a single quad;atic using the identity

1
i:f dx[ax+b(1-x)] 2 (7.25)
ab 0
Taking
a=(P+k)?—ps+ie (7.26a)
b=k*—pd +ie (7.26b)

and substituting into (7.24a) gives
dZwk 1
= |5 | dx[(k+Px)*+P*x(1—x)—p+ie] =2 (7.27)
2m)* Jo

Next we interchange the loop momentum (k) integration and the ‘Feynman
parameter’ (x) integration. For w <2 the k integration is convergent and we
may legally shift the integration variable by the substitution

k' =k+ Px. (7.28)

Then the k integration is performed easily, using (7.19), to give

! i TQ2-
J:J; dx (471’:)(” (F(Z)w) D‘B Pz 1 x)]m 2 (729)

As before, we expand in the neighbourhood of the pole at w =2 using the mass
M to carry the overall dimensions. This gives

i (MZ)m—Z ldx 1
1672 o 12—

J=

, ua P2
w+r(l)—ln4nM2—ln<1 —#—gx(l—x))+0(w—2)].

(7.30)
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The maximum value of x(1 —x)is 1/4,s0 provided P2 <4u2 the argument of the
logarithm is always positive. Then it is easy to perform the final integration,
and we obtain finally:

i

1 Ma
= (MY —— (1)
I= o™ [2—w+ D pRVE:
4ﬂ2_P2 1/2 _ P2
_2<_1§2__> tan - W—_PZ)H +0@-2). (131)

We leave it as an exercise (problem 7.2) to find the appropriate expression for
P?>4u2.

The loop integral we have just considered has the property that after the
ultraviolet divergence has been regulated by dimensional regularisation, the
remaining Feynman parameter integration is convergent when @ — 2. This is
always the case in any diagrams encountered in Ap* theory. However, it is not
a property which is invariably true in the gauge theories which are our
principal concern. The gauge fields characteristic of these theories are
associated with particles having zero mass; for example, the photon, which is
the gauge field of quantum electrodynamics, has zero mass. The presence of
zero-mass particles generates additional divergences in the Feynman integrals,
which stem from the small k (infrared) behaviour of the integrand. This can be
illustrated in the Ap* theory when we set uy=0. If we consider (7.24a), for
example, and set w =2 (and pz =0), then the integral is ultraviolet divergent for
all P2 It is also infrared divergent when P?=0. The ultraviolet divergence is
the origin of the I'(2 — w) in the dimensionally regularised integral (7.29), while
the infrared divergence is apparent in the remaining factor of the integrand;
since 2 =0, the remaining factor is proportional to (P?)* ~ 2 which is divergent
(when w <2) as P2 —0. These infrared divergences are less serious than the
ultraviolet ones, since they do not contribute to observable quantities*, at least
in quantum electrodynamics. (The situation is not so clear-cut in quantum
chromodynamics®, but we shall not pursue this topic in this text.) Nevertheless
it is desirable that they are regulated, since, if they are not, certain (on-shell)
renormalisation schemes are not well defined. One option is to introduce a
mass A for the massless particle. (In our illustration this would mean restoring
up #0.) Then everything is well defined and, since observables are independent
of A, the limit A —» 0 can be taken at the end with impunity. This is a less
fashionable option than it used to be, since in gauge theories a massive gauge
field is often forbidden by gauge invariance and certain (Ward) identities will
no longer be valid. The preferred option these days is to maintain w#2 in the
Feynman parameter integration. After the ultraviolet divergences have been
removed by renormalisation (in a manner to be detailed in the following
section), we are free to continue from w<2 to w>2, which regulates the
remaining infrared divergences®; after the parameter integration they appear,
for certain values of the external momenta, as poles in w —2.
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Integrations involving more propagators and/or more loops require more
general identities than (7.25). These follow from an extension of (7.25):

1 Te+p * x* Y 1—-x)f!
P TP Jo * [ax+b(1—0T""

(a, >0). (7.32)

This follows from a standard form of the Beta function after we change the
integration variable to t=(1—x)/x. Using this we can prove

1 1 Xy Xy~ 2
=l"(n)J dxlf dxz...J dx,
100y 0 0 0

x[ay(1=x,)+axx; —x)+...+ax,-,]" (7.33)

by induction. For, assuming that (7.33) is true for some n, it follows from (7.32)
-.-with a=n and ﬁ= 1 that

n+l)j dyJ dxlf dx, ..
al(az

f dx,_ iy~ [a(1—p+D) v (3%
0
where
DEaz(l—x1)+a3(x1 —x2)+..~+a"+1xn.‘1- (7.34b)
Now change integration variables to
n=y (7.35a)
Vi1 =% @i=1,...,n=1). (7.35b)
The Jacobian gives
dy,...dy,=y""'dydx,...dx,_, (7.36)
and the integration region is clearly
1>y,>9,>...>¥,-1>,>0. (7.37)
Thus
1

1 3 1
—F(n+l)f dylf dy,...
] [\]

a,a,...4,.,

Yn-1
J dy,La;(1=y)) +ay(yy = y2) +...+ a9 (7.39)

0

which is just (7.33) with n replaced by n+ 1. The result for n=2 is just (7.25),
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which is trivially verified. A similar treatment generalises (7.32) to

1 l"(oz1+...+oc,,)J‘l J’"' r‘"-z
= dx dx,... dx, -
ada%...a» T)...Tw) Jo “Jo 2 " Jo !

X(L=x ) ey —x )2t xit

X [a,(1=x)+ay(x; —Xp)+..cFax, (] @+ -+, (7.39)

We leave the proof as an exercise (Problem 7.3). This may be used, together
with the identities derived in the previous section, to prove the general results
contained in Appendix A.

74 Renormalisation of i¢p* theory at one-loop order

We have seen in §7.2 how the use of dimensional regularisation enables us to
define our Green functions in 2 dimensions, and that, when w — 2, I{? and
I diverge. In this section we shall show how renormalisation, which is
necessary in any interacting field theory, enables us to remove the infinites by
absorbing them into the renormalisation constants.
We start from the Lagrangian % given in (7.3) and define a renormalised
field p(x) by
@) =Z""¢(x) (7.40)

where the ‘wave function renormalisation constant’ Z differs from unity
because of quantum corrections. Thus we write

Z=1+06Z. (7.41)

Similarly quantum effects lead to mass and coupling constant renormalisation
because of the interactions. We define the renormalised mass u by

Zug=p*+op® (7.42)
where du? is a quantum effect, and the renormalised coupling constant A by
Z2g=A+064 (743)
with 84 arising from quantum effects. In terms of these parameters
H=L+0L (7.44a)
where
1 1 ,, 1 .,
L =500~ 10"~ Ao (7.44b)

and the ‘counter term’ Lagrangian

1 1
oL =51 8Z(0* )" o) -3 oule? = SAp*. (7.44¢)
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The Feynman rules deriving from . are precisely those written down in §6.2.
However the additional piece §.% generates extra vertices. To see this we note
that

PP =L+ &, (7.45)

where %, is given in (6.2) and now the interaction is given by
|
= @ Ap*+8% (7.46)

Then following the analysis given in §§6.1 and 6.2 for this interaction rather
than that given in (6.8), we find that the Feynman rules are those given in §6.2
augmented by the following additional rules:

4 There is a vertex involving two lines. Momentum is conserved and the
vertex is associated with a factor i(6Zp* —éu?):

e i(0Zp® - o). (7.47)

5 There is an additional vertex involving four lines, conserving momenta,
which is associated with a factor —id4

\, //
pz\\ /’@
/ .
X n T (tpatpatp=0). (7149)
4
A
/)l{ P\

Rule 5 in any case follows immediately from rule 2, and we can check that rule
4 is correct by setting A=J1=0 temporarily. Then we have a non-interacting
field theory in which clearly

GA(p, —p)=i[p*(1+6Z) —(u* + ou*)+ie] 1. (7.49)
Expanding the right-hand side to lowest order in Z and du? gives

i i

3(p, —p)= _, — i(52p% - p%) g+
o (P» —D) pz—u2+18 pz—y2+1g (0Zp u )pz—-y2+i8
=z -—-—-;———‘ + 0--——;——-*——‘;_ —e e (7.50)

as required by rule 4. The quantities éu? and 6Z are non-zero because of
quantum effects due to the interactions. Thus we may expand them as power
series in A with leading terms of order A:

ou? = Z ou? (7.51a)
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6z=Y 0Z, (7.51b)

where du? and 8Z, are proportional to A'. Similarly since 64/A is a quantum
effect caused by the interactions, we may expand o4 as a power series starting
with a term proportional to A%

51="Y 84, (1.52)

i=2

We may now calculate the (or1) Green functions of the renormalised theory
I as functions of the external momenta, the renormalised parameters u?, A,
and the counter term parameters 6Z, du?, 61. For example ['® is given in
leading order by

‘/ \I
e - N
T2, —p)= = T s e
¢ e — 0N (7.53)

2 -p

The first two diagrams are given in (6.37) for the bare theory (u2, A were
subsequently relabelled u3, 4g), while the additional term derives from the
counter term Lagrangian. Hence

T p, —p)=p*(1+0Z,) ~ (1 +34AK0) + ) + O(A?). (7.54)
The quantity iAg(0) is given in our dimensionally regularised theory by

agae-a M 1 C(h+1—1 LZ_ —
AAHO) =AM 16n2(2_w+ (W+1-InEmr0w-2)) (.59

using (7.13) and (7.18). It looks as though our dimensions have gone awry.
However it must be borne in mind that 1 is only dimensionless in four
dimensions. Since the action

S= J d*x (7.56)

is dimensionless, the field ¢(x) and the coupling constant 1 have (mass)
dimensions given by

[pl=M"""! (1.57a)
[A]=M*"2 (7.57b)

So AM?*~ 4% is dimensionless and we define

IM*4=] (7.58)
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where 1 depends implicitly on the mass scale M. Thus
T'p, —p)=p*(1+0Z,) —p? - b}

. AT+ -t Ow=2)). (7.59
22 \2—w FETYER s

The quantities du? and 6Z, are fixed by a ‘renormalisation scheme’, which is
essentially a boundary condition on I'®. We shall discuss the most commonly
used schemes in the next section. However, the essential point, shared by all
schemes, is that, since [*? is an observable quantity (at least in principle), it
must be finite in four dimensions. So as w — 2

2 e’ constant (7.60:
—_——— K
M —w 2)
and
dZ , — constant. (7.60b)

Clearly, since the constants have not (yet) been fixed, the finite parts of Su? and
dZ , are unconstrained.
Similarly we may evaluate I'® to order 1%

L4 _
iFYpy, p2» P3> Pa)= N N
[ZAEAN R /// -~ 7
2 AN 3 o 1 pZ \/ \>{p3
7/ N 7w
/ \\ ~ SN 7 N
Vs . A A
A A
N 5
\p3 //‘_'“\ ,pz \pk PN P} \ //
, AN LN N N
P \/ + = > + X
! // AN il ¢ s AN //\ 7N
N\ / ~ N
Py T A, A —=-" 5 / \\
/p‘I ‘Z

(1.61)

The integration needed to calculate the second, third and fourth diagrams was
performed in §7.3 and the result given in (7.31). Then

).ZMZ‘”_4< 3 2

T (p,, Py, P3s Pa)=—1A — 43r() -3t
(P1> P2s P3> Pa) + 12 2_w+ () 3ln47rM2

+ A(s, u?)+ A(t, p?)+ A(u, /12)) — 04, +0(4% (7.62a)
where

4 2 1/2 4 2 -1/2
A(P?, #2)22—2(%—1) tan“<%~l> (7.62b)
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and
s=(p, +p,)* t=(py +p3)° u=(py +pa)>. (7.62c)
Since ¥ is finite in any renormalisation scheme
341 1
2 —a dA, — constant (7.63)

as w — 2. As before, the finite part of 61, is arbitrary. It too is fixed by the
particular renormalisation scheme which is adopted. Evidently different
schemes correspond to different choices of the finite parts of the counter terms,
and therefore to different choice of the renormalised parameters.

Wesawin §7.1 that the only bare op1 Green functions which are divergent (in
one loop order) are I'{? and I'{", so it is of some interest to relate these to the
renormalised Green functions I*® and I®, which we have shown in (7.60) and
(7.63) are finite in one-loop order. To do this we note that (7.40) and (7.44)
imply that

L +0F + J(x)p(x)= Ly + Ja(x)@s(x) (7.64a)
where
Ja()=2Z V2 J(x). (7.64b)

We may use this to relate the generating functionals of the bare and
renormalised theories. We denote by W[ Jg] the generating functional defined
in (4.25) where now & is %, J(x) is Jp(x) and the functional integration
variable is @g(x). We now denote by W[ J] the generating functional when & is
£ +0%, J is J and the functional integration variable is ¢(x). Then (7.64)
shows that

W= Ws[Jpl=We[Z~12J]. (7.65)

This may be used to relate the Green functions of the bare and renormalised
theories. Let us denote by G*™ the Green functions (ordinary or connected)
generated by W[J], and by G¥" those generated by W;[J5]. Then, using (7.65)
and (4.8), we find that

GNpy,-. . P =2 GYp1s . p) (7.66)

gives the relationship between (the Fourier transforms of) the Green functions.
The generating functionals of the opi Green functions may be related
similarly. In an obvious notation, it follows from (7.65) that

X[J])=Xsl[Js] (7.67a)
so that

‘SX[J]=Z—1/2 _‘SX_B=Z—1/2

(PC(X) = 6.]()&') 5-]9(35) (pcB(x) (767b)
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and hence that

I'le]=Tslpsl=Ts[Z'*¢c]. (7.67¢)
Using (4.73) and (4.75) it follows that the relation between the Green functions
is
T™pys..., 2)=Z" TPy, -, Po)- (7.68)
For n=2 the right-hand side is

Taug (1 ,
zlip2 —pi+ 3;” (——+r(1)+1 4#:42+0(w 2)>+0(/1§)] (7.69)

which is easily seen to equal I*?, as calculated in (7.59), using (7.42) and
remembering that 6Z is of order A.

Thus the divergence in I’ has been absorbed into the renormalisation
constants, and the same is true of I"®. We have thereby verified that ip*
theory is renormalisable at one loop order, as claimed. The proof that this is
true in all orders is more difficult, and therefore beyond the scope of this book.
The interested reader is referred to reference 7.

7.5 Renormalisation schemes

The precise way in which the parameters 54, du? and 6Z of the counter term
Lagrangian are fixed is called a ‘renormalisation scheme’. The simplest such
scheme, which is also particularly suited to gauge theories, is one which
emerges naturally from the dimensional regularisation which we are using. Itis
called the ‘minimal subtraction’ (Ms) scheme®. In it the counter terms remove
just the divergence and no more.

Let us state this more precisely. With dimensional regularisation the bare
Green functions develop poles and higher order singularities in w —2, as we
have seen. In any renormalisation scheme these singularities are removed by
the counter terms, which have the form

SA=M*" 2‘°<a0(,1 My, w)+ Z _(_'1_1!’_@) (7.70a)
b4, M/#)
¢4, M/u)
0Z =co(A, M/p, w) + Z _(TE)T (7.70¢c)

where a,, by and ¢, are regular as w — 2. Since a,, b, and c, are dimensionless,
they can only depend on the dimensionless parameters M/u and A= AM?*~4,
as indicated. In the Ms scheme these counter terms remove only the
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singularities in w —2, so
afS=biS=cy*=0. (7.71)

The beauty of the Ms scheme is that the remaining coefficients a,, b,, ¢, turn out
to be mass-independent. That is to say

a4, M/py=a ) etc. (7.72)

We can verify this in lowest order using the results derived in §7.4. Comparing
(7.63) with (7.70a) and using (7.71) we find

334 1
MS _
o4 =Pni7o (7.73a)
and
372

ays =T +0(23) (7.73b)

so that a, is mass-independent to order 42, as claimed. Similarly, we find

w1 yi
2MS _ ,12 bMS 2 i

op =1 +O( ) L =5 77— +0(4%) (7.74a)
6ZMS=0(1?) cS=0(12). (7.74b)

This mass-independence of the counter terms permits a ready solution of the
‘renormalisation group equation’ in this scheme, as we shall see in Chapter 12.

Having fixed the counter terms, the Green functions are now finite
unambiguous functions of the renormalised parameters, and we may take the
limit @ — 2. Then in the Ms scheme

2 2

4M2

Tp,, b2, P, P)=—A+ (31“’(1) 3In——

+ A(s, u?) + Alt, u?) + A(u, y2)> +O0(4%) (7.75a)

2

l 2
{(2) )= n2 2
I®(p, —p)=p*—u +32 . Mz
using (7.59),(7.62),(7.73a), (7.74). In (7.75) there is an implicit dependence of the
parameters 4, u? on the renormalisation scheme.

The Ms scheme is just one of a class of mass-independent schemes, in all of
which a, etc are independent of M/y, but in which a, etc are not necessarily
zero, as in (7.71). One such scheme, the MS scheme?, is clearly related to wms, as
the name suggests. It derives from the observation that the factors I"(1) and
In 47, appearing in (7.19), (7.31) etc, appear as a result of expanding the
quantity (4m)?> " “I'2—w) which occurs naturally in the dimensionally

<F ‘DJ+1-In )-{— 043 (7.75b)
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regularised theory. In the MS scheme these (finite mass-independent) quantities
are also subtracted by the counter terms. So, for example,

= 31/ 1
MS _ 4 3
oA = (——2_w+l"_(l)+ln 41t)+0(1 ) (7.76)
instead of (7.73a); and

— 312

ays T +0(4%) (7.77a)
;'1; 32'2 v 3

4 =353 [I'(1)+1n 47] + O(4). (7.77b)

In the MS scheme then, taking w — 2,

'12 2
'p,, 2, p3, p4)=—i+32n2( 3ln~+A(s 12

+ A(t, u?)+ Alu, uz)) +0(A%) (7.78a)

o )= p? — L p +0(1?) (7.78b)
P15 P2; P3> Pa)=P 321.[2 M2 ) :

In the two remaining schemes which we shall mention the counter terms are
determined incidentally, by imposing boundary conditions on I'"® and I'®,
Clearly three conditions are needed to fix the three quantities 64, du?, 6Z. In
the ‘momentum scheme’*® the boundary conditions are imposed at a point
where the external momenta are characterised by a single scale m. The
conditions are that at the (Euclidean) point p?>= —m?

T(p, ~p)= —p? —m? (7.79)
and
iz I'p, —p)=1. (7.79b)
op
In other words, the conditions require that ‘
[p, — p)=p> — > + O[(p* + m?)]. (7.80)
Referring back to (7.59) we see that these require .
0Z™™ = O(1?) (7.81)

and

Sy mom = A L+r'(1)+1—1n w +0(2%) (7.82)
# 32n2\2— 4nM? ' '
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64 is fixed by a similar boundary condition on [, namely

Fpy, pa, P, p)=—2 (7.83)
at the ‘symmetric point’
pi pj=m*(5—%0;) @,j=1L...,4). (7.84)
At this point
s=t=u= —4m? (7.85)
so from (7.62) we find
M3 2
S Amom =302 <§———a; +30'(1)=31n # +3A(—3m?, ;42)) +0O(2%).
(7.86)

Thus in the momentum scheme, taking @ — 2,

[ p, —p)=p*—p>+0(1?) (1.87a)
,12
Fpy, p2, P31 P)=— A+—3—2;5 [A(s, 3+ A(t, u?)

+ Ay, p?)—34(—3m?, p?)]+O(A. (7.87b)

In this scheme, therefore, the mass scale M has disappeared from the Green
functions, but the counter terms du?, A are manifestly not mass-independent.

In all of the schemes so far discussed the quantities u and A, which are called
the ‘renormalised mass’ and the ‘renormalised coupling constant’, have been
merely the parameters which we chose to characterise the Green functions. In
the ‘on-shell’ or ‘physical’ scheme, u and A are ‘the’ mass and ‘the’ coupling
constant. That is to say, they have the values which are actually measured. The
physical massis defined as the position of the pole in G'®, or equivalently of the
zero in T®. Thus the boundary conditions on I® are that at p?>=p?

F@(p, —p)=0 (7.88a)
%2 o, —p)=1. (7.88b)

Comparing these with (7.79) we see that the on-shell scheme is merely the
special case of the momentum scheme in which m?= —u% The Green
functions in this scheme are therefore trivially obtained from (7.87) by making
this substitution. The only mass parameter appearing in the Green functions is
u, but the counter terms remain mass-dependent.

Finally, we remark that any Green function has a unique value, no matter
which scheme has been chosen to define the parameters. This means that the
values of the parameters differ by finite amounts which depend upon the
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scheme adopted. For example, comparing (7.77) with (7.87) we find

zmon_ 2wl 4 A (0B ) |4 o 7.89

u =n +§51t_4 DW— +O( ) (7.89a)
— SAZE /"ZE . —

mom __ j’MS +__3_2;2~ (ln F _ A( _‘_;mz’ “2 MS)) + 0(13 MS). (789b)

Problems

7.1 Identify the Green functions I"® which are superficially divergent in a
Ag? field theory.

7.2 Evaluate the Feynman integral J, defined in (7.24), when P*>4u3.
7.3 Prove (7.39).
7.4 Verify the formulae quoted in Appendix A.
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QUANTUM FIELD THEORY WITH
FERMIONS

DOI: 10.1201/9780203750100-8

8.1 Path integrals over Grassmann variables

As discussed in Chapter 3, it is necessary to interpret the classical field theory
of a spinor field in terms of fields which are Grassmann (anticommuting)
variables rather than ordinary commuting variables. It will therefore be
necessary when we quantise the field theory of a spinor field to introduce path
(or functional) integrals over Grassmann variables!-2. In this section, we shall
introduce Gaussian path integrals over Grassmann variables by generalising
integrals over a finite number of (Grassmann) degrees of freedom (much as we
did for ordinary variables in Chapter 1).

Let us consider first the case where the variables are real Grassmann
numbers. When there is only a single Grassmann variable 6, then as discussed
in Chapter 3,

{6,0}=0 (8.1)

so that 62=0. Suppose we want to evaluate a Gaussian integral involving 6.
Then, expanding the exponential

de exp(—1a6?) = fd(? =0. 8.2)
To obtain a non-trivial integral we must go to more than one variable.
For n Grassmann variables 6,,...,0,, we have
{6,6;}=0 i,j=1,...,n 8.3)

so that #? =0, and consequently any function f(6,,.. ., 6,) may be expanded in
a power series in the 6; which terminates when there are at most n factors,
6,0,...0,. As discussed in Chapter 3, integration has the properties

j d6,=0 (8.4)

j 40,0, 1 8.5

(where no summation on i is implied) and multiple integrals are interpreted as
iterated integrals. We now consider a Gaussian integral over n Grassmann
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variables
I,= J‘df)1 ...d6, exp(—1OTAG) (8.6)

where A is a real antisymmetric matrix, and @ is the column vector with
components (8,,.. ., 8,). We must not take A to be a symmetric matrix here as
we did in Chapter 1, otherwise (8.3) will immediately imply that the integral is
zero. Each non-zero term in the expansion of the exponential in (8.6) involves a
even number of factors of §; which must all differ because of (8.3). On the other
hand, when n is odd, there is an odd number of factors d6. There must therefore
be at least one factor | d6; where the integrand is 1. Thus, using (8.4),

I,=0 for n odd. 8.7)

When n is even, the only term which need be retained in the expansion of the
exponential in (8.6) is the one which involves n factors of 6. Terms with more
than n factors of 6 are immediately zero because of (8.3). Terms with less than n
factors of 6 give zero upon integration because there is at least one factorj dé,
where the integrand is 1. Thus for n even,

I=|do,...do,—(-lene "
i A T/ A

=(det A)!/2, 8.8)

One easily convinces oneself of the correctness of this last step (see Berezin')
by starting with the simple cases n =2 and n=4. We may also use (8.8) for
n odd consistently with (8.7), because the determinant of an antisymmetric
n x n matrix with n odd is zero. It is worth noting at this stage that a positive
power of the determinant occurs in (8.8) whereas in (1.2) it was a negative
power that arose.

Generalising to the case where the integration is over the continuous infinity
of components of a (Grassmann) function ¥(x), instead of over the finite
number of components of the column vector ®, we obtain the path (or
functional) integral

J dY exp( -3 de’ J dxy(x)A(x', x)¢(x))=(det A)'2=exp(} Trin A).

8.9

A useful extension of (8.8) is to include a linear term in the exponent in (8.6).
We then obtain

J'd@1 ...d0,exp(—3OTAO +p'®) =exp(3 Trin A)exp(—4p"A"1p)  (8.10)

where p is a given column vector consisting of Grassmann variables
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(P15 . -» pn)- Thus, in addition to (8.3), we have

{pup;}=0={p;, 0;}. (8.11)

Equation (8.10) may be derived from (8 8) by completing the square and
changing variables. Thus

O'AO-2p"0=(0+A 'p)/A@+A " 'p+p'A lp 8.12)
where we have used the antisymmetry of the matrix, A, and we then make the

change of variables
@=0+A"1p (8.13)

jg ¥ exp( -3 jdX' del//(X’)A(X', x)(x) + jdxp(x)'ﬁ(x))

=exp( Trin A) exp( -1 de’ dep(x’)A (e, x)p(x)) (8.14)

where p(x) is a given (Grassmann) function.

So far we have been discussing real Grassmann variables 6, ,.. ., §, or a real
Grassmann function y(x). In the case of complex Grassmann variables, the
generalisation of (8.6) and (8.8) is

fdof de, ... f d6* d6, exp(— ©'A@)=det A (8.15)

where A is a skew Hermitian matrix and we define integration over complex
variables by

.

do* d6,=2 f d(Re 0,)d(Im 0)). (8.16)

LY

The corresponding path integral is

f@w@w exp( - f dx’ [ dxy*(x)A(x', x)n//(x)) =detA=exp(TrinA). (8.17)
If a linear term is included in the exponent, the generalisation of (8.14) is

f@ll/*@l// exp( - de’ fdxw*(X’)A(x', X(x) + de[p*(x)l//(ﬂ - w*(X)p(X)]>

=exp(Trin A) exp( - f dx’ fdxp*(x’)A‘ Yx', k)p(x)). (8.18)

In the next sections, we shall find it convenient to work in four-dimensional
Minkowski space. In that case, (8.17) is replaced by

f@l//*@t// exp(i Jd“x’ Jd‘xw*(x’)B(x’, x)w(x)) =det(iB)=exp Tr In(iB) (8.19)
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where B is Hermitian, and (8.18) is replaced by
f DY* DY cxp(i Jd“x' fd“xw*(x’)B(x’, X)r(x)
+i J Lo N0+ 41 )

=exp Trin(iB) exp( —1 f d*x’ jd‘xa*(x’)B' Y, x)a(x)). (8.20)

8.2 The generating functional for spinor field theories

In analogy with (4.47) we write the generating functional
Wlo,6]=N’ J@\}i@lﬁ expi Jd“x(.‘é’ +yo+ay) 8.21)

where o(x) is an external source which is a Grassmann variable, and the
normalisation factor N’ is to be chosen so that W= 1 when ¢=0. We have not
added a small term quadratic in the field as in (4.47), because for integration
over Grassmann variables this does not provide a convergence factor. The
ambiguity arising from the definition of the path integral will be discussed
later.

Green functions may be defined by

GOty ey X5 Vise e s Vo)

=0 TW(x,) - - - Y )P(31) - .. PDIO> (8.22)

where { denotes a field operator, and the time ordering operation T is defined
for Dirac fields so that it not only reorders the fields in chronological order (as
for scalar fields), but also introduces a minus sign each time two Dirac fields
have to be transposed in the reordering. (This is necessary because of the
anticommuting nature of Grassmann variables.) The Green functions are
related to the generating functional W{a, ] by

§*"W(o, d]
8a(x,) ... 8a(x,) da(y,) ... da(y,)

1 M(X ey Xy Vs e e vs Vi) = (8.23)

%2 is antisymmetric in the indices x;, and in the indices y; (as appropriate for
fermions) because
62 82
da(x) do(x;)  b0(x;) da(x,)

(8.24)



100 QUANTUM FIELD THEORY WITH FERMIONS

8.3 Propagator for the Dirac field

It is possible to evaluate exactly the generating functional for the free-field
theory of a Dirac field, much as for the free-field theory of a scalar field. From
(3.81), the appropriate free-field Lagrangian is

L = Plx)(iy"d, —m(x). (8.25)

This Lagrangian must be substituted in (8.21) to obtain the generating
functional. This is of the form

Wlo,6]=N’ J DYDY exp<i fd“x’ Jd"xtﬁ(x’)B(x’, X)P(x)

+i J d*x[Y(x)a(x) + &(x)n/z(x)) (8.26)
with
B(x', x)=(—iy*3} —m)o*(x' — x) 8.27)

where 0% signifies that the differentiation is on x rather than x'. Using (8.20),
W(o,d]=exp —i jd“x’ j d*xé(x')B~(x', x)a(x) (8.28)

where we have chosen the constant of proportionality so that W[es,5]=1
when 6 =0. (It is easy to check that replacing y* by y*y® and ¢* by 6=0"" in
(8.20) does not affect the result.) Thus

Wio, 5] =exp —i fd“x’ f d*xG(x')Se(x’ — X)o(x) (8.29)
with
SHx' —x)=B~1(x',x) (8.30)

the propagator for the Dirac field. We may construct the inverse B~(x’, x) by
Fourier transforming:

B ’ = d4p e—ip-(x'—x) ﬂ_ 8 31
(x', x) 2n)® @—m) (8.31)
implies that
d*p ey M)
—1( — —ip(x'—x)
B 1(x',x) J%(2n)4 e ———pz—mz' (8.32)

Thus,

el —x)= j Ep e EHm) (8.33)

27‘[)4 2 __m2
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We notice that an ambiguity has arisen because of the pole at p?>=m?. This
ambiguity may be resolved by analogy with (4.45) for the scalar case by
introducing ic. Thus we write

d* -
Se(x —x)= f (21:4 e~ " =95 (p) (8.34)
with
§F(P)=?%";2m—_i)_is=(lf—m+ie)'l. (8.35)

It is possible to justify this prescription by continuing to Euclidean space to
carry out the evaluation (as for the scalar case).

8.4 Renormalisable theories of Dirac fields and scalar fields

As is discussed in Chapter 7, for a field theory to be renormalisable it is
necessary that there should be only a finite number of primitively divergent
diagrams. When this criterion was applied -to scalar field theories in four
dimensions we were restricted to terms involving not more than four powers of
¢ in the Lagrangian. We shall now apply the criterion to theories of a Dirac
spinor field Y and a scalar field ¢.

Consider a theory in which there are interaction vertices (not involving
derivatives of fields) with various numbers of fermion and scalar boson lines.
In general, let an interaction vertex have Ny boson lines and N fermion lines.
The (superficial) degree of divergence D of a Feynman diagram with I internal
boson lines, I internal fermion lines, and L loops is

D=4L-2Ig—1I¢ (8.36)

(with the fermion propagator as in (8.35)). We shall express D in terms of the
number of external lines and the number of vertices. Let a given Feynman
diagram have V(Ny, Ny) vertices with Ny boson lines and Ny fermion lines
attached, let there be Eg external boson lines and Ep external fermion lines, let
the total number of internal lines be I, the total number of external lines be E,
and the total number of vertices be V. Then the following relations hold:

Ey+2Iy= Y V(Ng, NNy (8.37)
Ng.Nr

Ec+2I;= ¥ V(Ns, NpNg (8.38)
Ng.Np

V=Y V(Ng,Ny) (8.39)

Ng,Nr
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I=Iz+1; (8.40)
E=Eg+E; (8.41)

and as before (Chapter 7)
L=1-V+1. (8.42)

Using (8.37)«8.42) we see that

D=4—Ey—3Ec+ Y V(Ng,Np)3Np+Ng—4). (8.43)
Np.Nf
For a renormalisable theory we want to avoid interaction vertices which lead
to the degree of divergence of a diagram growing with the number of vertices.
We must therefore restrict ourselves to interactions for which

3N+ Nz —4<0. (8.44)
The solutions of (8.44) are
N=0 Nz<4 (8.45)
as in Chapter 7,
Ny=0 Np=2 (8.46)
and
Ny=1 Ne=2. 847

(The apparent solution Ng= 1, Ny =2 is inconsistent with angular momentum
conservation.) There are thus no renormalisable pure fermion interactions.
(The solution (8.46) is just a mass term.) The only renormalisable interactions
of fermions with scalars are given by (8.47). For a Dirac spinor field , and a
scalar field ¢, the explicit interactions allowed are Yukawa interactions of the
form Yy and Yy . In either case we represent the interaction vertex as in
figure 8.1.

>

Figure 8.1 Yukawa interaction vertex.
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If we were to allow derivatives of fields in the interaction vertices, this would
only lead to a degree of divergence growing more rapidly with the number of
vertices, and there are no renormalisable derivative interactions of Dirac fields
and scalar fields.

8.5 Feynman rules for Yukawa interactions

In §6.1, Feynman rules have been developed for a theory involving only scalar
fields. Now that the theory involves both Dirac and scalar fields, a slight
generalisation of the formalism of Chapter 6 is required. The generating
functional depends on both scalar and spinor sources

WlJ,a,6]=N’ f DODYDY expi de(g +Jo+Po+ay) (8.48)

where £ depends on ¢ and ¥. The normalisation factor N’ is to be chosen so
that W=1 when J=0, ¢=0. In the free-field case, it follows from (4.43) and
(8.29) that

i

WiJ,e,6]1=W,[J,0,6]= exp( —= fdx dyJ(x)Ag(x —y)J(y))

2
X exp< —i de dyo(x)Se(x — y)a( y)). (8.49)
In (8.48), we separate % into a free-field part and an interaction part:
=%+ L@ ¥, ¥). (8.50)
Then
expifdx(f+.l(p+l/70+&¢)

= exp(i J‘dx,?,((p, v, (F)) exp<i J'dx(,% +Jo+yo+ 61//)). (8.51)

The expansion in powers of the interaction may conveniently be made by
observing that

o expi de(go +00+Yo+ay)
da1(y)

= —if(y)expi jdx(fo +Jo+Jo+ay) (8.52)
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and

— cxpijdx(.%+1(p+lﬁa+6n//)
06(y)

=ip(y) expi j Adx(%y+Jo+ o +a1). (8.53)
The minus sign in (8.53) relative to (8.52) arises because §/6c and ¥

anticommute, being Grassmann variables. Taking (8.52) and (8.53) together
with (6.7), we have

( f dx %o, ¥, J))(exp i de(i’o +Jo+yo+ 6¢)>

= J‘dx$,< —i %, —-i ‘%, i ;%)(exp i fdx(ﬂo +Jo+yo+ 6|//)>. (8.54)

From (8.54), (8.51) and (8.48) it follows that

. .0 .0 .0
WwiJ, o,&]=exp[1 fdx.?}(—lg, —1307,15;):,%[1, o,6]. (8.55)

The perturbation series is now obtained as in Chapter 6, by expanding the
exponential. We need to know the functional derivatives of W, with respect to
the sources. These are obtained from (8.49). Thus

oW, _
56(::) =( - fdy‘SF(x - y)a(y)> Wo (8.56)
oWy o

So(x) (fdy GMNSHy ~ x)> Wo (8.57)

and 6W,/dJ(x) is given by (6.12). It is important to notice that there is an extra
minus sign in (8.57) arising because J/6c and & anticommute, being
Grassmann variables. Proceeding in strict analogy with Chapter 6, we obtain
the additional momentum space Feynman rules for diagrams involving spin
1/2 particles with Yukawa interaction

Li=gie A (8.58)

with y=1 or ys.

1 With each fermion line carrying momentum p there is associated a factor
igF(P)

}/ © P +m(pt—m? +ie).
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2 With each vertex there is associated a factor —igy

:
e
I

e/\pz

where p3=p, —p,. . .
3 For each closed fermion loop there is a factor — 1.

—igy

Because the fermion propagators and vertices are matrices we must be
careful to maintain the order of the lines and vertices in the diagram. The rules
for scalar lines and vertices involving only scalar particles are as in Chapter 6.
It should be noted that a theory of scalar and spin 1/2 particles interacting
through a Yukawa interaction will also necessarily involve a ¢* interaction.
This is because there are diagrams like figure 8.2 contributing to the
renormalised ¢* vertex.

7/
AN
// \\
7/ N

Figure 8.2 Contribution to renormalised ¢* vertex.

The way in which the Feynman rule assigning a minus sign to closed
fermion loops arises may be illustrated by considering the scalar meson two-
point function, G®(p, — p). This has a contribution from the diagram of figure
8.3. The relevant terms in W[J, 0, ] for the derivation of this diagram are
given by

—— -t

q-p
Figure 8.3 Contribution to scalar meson two-point function.
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(8.55) and (8.58) as

g by é 0
WiJ,0,6]= -7 f dx dY<5a(x) 7 5600 6J(y))

é 5 8
g (56(y) ’ da(y) 5J(y))W°[J 0,6}, (8.59)

Using (8.56), (8.57) and (6.12), we obtain

W[J,a,d] =5 fdx<5a(x) ¥ SG(x) 5J(J’))

X fdy deI dy, dy;d(y )L —iSe(y, — )L —iSHy — y)]o(y,)

x [—iAxy - y3)}J(y3)WolJ, 0, 6]. (8.60)

A crucial extra factor of —1 arises because of the difference in sign between
(8.56) and (8.57). The diagram in which we are interested corresponds to two
external boson lines, but no external fermion lines. We are therefore interested
in the terms in W[J, o, 6] with two factors of J and no factors of a, . The
derivatives d/da(x) and §/66(x) must therefore be allowed to act on the fermion
sources a(y,) and 4(y,) rather than on W,[J, ¢, ] in (8.60). The term we want is
therefore

2
W[J,o,6] =97 J.d)"s dy,[—1Ax(x — y)I[ —iA(y — y3)1J (y4)J(¥3)

X [ISF(X _y)]uﬂ‘)’ﬁy[ _lSF(y - x)]'y&)’éa I/V()[J’ o, 6:] +.... (8'6 1)

No further minus signs arise at this stage from 6/d0(x) and /66(x) because o
and ¢ are already in the correct order for immediate differentiation. To
proceed from (8.61) to the momentum space Feynman rule for this diagram is
now exactly along the lines of Chapter 6. The effect for this diagram of the
anticommuting nature of the Grassmann fields has been an overall minus sign,
as required by the third Feynman rule above.

8.6 Massless fermions

As we have seen in Chapter 3, massless fermions such as the neutrino which
possess only a single helicity state may be described by two-component Weyl
spinor fields. For a left-handed Weyl spinor field y; we may write the
generating functional

Wiog,ok]=N’ f@ LDy exp i fd“x(ﬂ +xlor+akx) (8.62)
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where the source gp(x) is a right-handed Weyl spinor. In the free-field case the
Lagrangian is
L =ixlé*d,xn 8.63)
where
g*=(l, —a). (8.64)

Following steps exactly analogous to those of §8.3 we obtain the momentum
space propagator

"

S,(p) = (p: J’: v 5= @Rt i) t (8.65)
where
a"=(l, 0). (8.66)
For a right-handed Weyl spinor field yg the free-field Lagrangian is
& =iyho"d,xx (8.67)
and the momentum space propagator is
SR(p)=G%M_€“T8)=(a“p“+is)'l. (8.68)

An alternative procedure for massless fermions is to use the propagator of
(8.35) in the zero mass limit. For m —» 0,

Sep) - =(f+ie)~ L. (8.69)

(p*+ie)
For calculations at zero temperature and density this procedure is satisfactory
because the vertices involving neutrinos in electroweak theory always involve
a factor 4(1 —y5) which projects out the left-handed part of the propagator in
any neutrino loop. However, at finite temperature (or density) the use of a
massless Dirac propagator for the neutrino can lead to errors corresponding
to the thermal (or Fermi) energy of unphysical right-handed neutrinos. In such
cases, it may be safer to use Weyl spinors for massless fields.

8.7 Scattering amplitudes with fermions

By analogy with §6.4 for scalar fields, we obtain a (Lorentz invariant)
scattering amplitude involving fermions by calculating a (momentum space)
Green function with the appropriate external legs. (See problem 8.3.) The
propagators associated with external lines should be divided out as for o1
Green functions, but all connected diagrams, not just one-particle irreducible
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ones, should be included. The only essential difference from the scalar case is
that incoming external particle (antiparticle) lines for fermions will have
associated factors u( p, s)#(p, s)) and outgoing lines will have associated factors
u(p, s)(v(p, 5)). These arise because in the analogue of (6.45) and (6.46), the free
fermion fields contain factors of u(p,s), u(p,s), u(p,s) and &p,s) from the
expansions in Fourier components (3.87) and (3.93). These factors remain after
carrying out differentiations with respect to a(p, s), b*(p, s), a*(p, s) and b(p, s)
in the analogue of (6.50). Because of the antisymmetry of Green functions
under interchange of identical fermions, the scattering amplitudes have this
antisymmetry when external fermion lines are interchanged, as one should
expect.

As an example of a scattering amplitude calculation, consider the scattering
of two identical fermions with a Yukawa interaction given by (8.58). At lowest
order, the two contributing diagrams are as in figure 8.4, where 1, 2, 3, 4 label
the momentum and spin degrees of freedom of the fermions. The contributions
of these two diagrams to M, , .. differ by a-sign because of the antisymmetry
of the amplitude under interchange of the two final fermions.

N/

Figure 8.4 Contributions to fermion—fermion scattering.

4
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The invariant amplitude is
M, o 0= —1g*{#(D3, S3)YU(P1, S)H(Pas Sa)yU(P 2, 5) (P35 — p1)* —p?] 71
—U(py, Sa)yulpy, $1)U(p3, 53)7U(P2, 52) (P4 ‘Pl)z _‘uz] B l} (8.70)

As in §6.5, the differential cross section may now be calculated (see problem
8.4) using the usual gamma matrix trace theorems of relativisitic quantum
mechanics®, and being careful to include a factor of 4 to allow for identical
fermions in the final state.
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Problems

8.1 Derive (8.8) for n=2 and n=4.

8.2 By analogy with Chapter 6, derive the Feynman rules for fermion Green
functions, listed after (8.58).

8.3 Carry out in detail the derivation of the Feynman rules for scattering
amplitudes involving fermions described in §8.7.

84 Calculate the differential cross section in the centre-of-mass frame for
scattering of identical fermions by a Yukawa interaction (with y=1 or y;),
taking the incident fermions to be unpolarised.
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9
GAUGE FIELD THEORIES

DOI: 10.1201/9780203750100-9
9.1 Abelian gauge field theory

So far we have been dealing with field theories involving only spin zero and
spin 1/2 particles. We now wish to include spin 1 particles. We shall restrict
attention to massless spin 1 particles. The reason for this is that it turns out for
the non-Abelian case (Yang—Mills theories?) that renormalisability of the field
theory requires the vector fields to be massless in the first instance. The masses
of the vector fields are generated at a later stage through certain scalar fields
(Higgs scalars) acquiring vacuum expectation values, as we shall see in
Chapter 12.

The earliest field theory involving massless vector fields is quantum
electrodynamics (QED), the theory of the electromagnetic interactions of
particles. For the interaction of a Dirac field with the electromagnetic field, the
Lagrangian density takes the form

£ =y(iy"0, —my —34F,,F*" —qyy*y A, 6.1

where we have used (3.81) and (3.118), and have inserted the electromagnetic
current (3.112) for a spin 1/2 particle of charge q.

It is possible to arrive at this form of Lagrangian using a principle called
gauge invariance which is fruitful in suggesting generalisations. Suppose we
start from the Lagrangian for the free Dirac field

&, = Yliy"d,—my. 9.2)

As discussed in §3.4, this Lagrangian is invariant under the phase
transformation

Plx) = e Y(x) ©-3)

where A is an arbitrary real number, the same for all values of x. We might
generalise this global symmetry of the Lagrangian to a local symmetry, if we
could arrange invariance under the transformation

Y(x) = e Y(x) -4

where A may now depend on x, i.e. we have an independent phase
transformation for each point of (four-) space. This is referred to as Abelian
gauge invariance. (Abelian because there is no non-trivial group theory
involved.) The Lagrangian of (9.2) is not, however, invariant under this local
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symmetry. In fact under the transformation (9.4),
L - L+ qPyty 0,A. 9.5)

If we wish to insist on gauge invariance it is necessary to add more terms to the’
Lagrangian. This may be done as follows. The derivative in (9.2) is replaced by
a covariant derivative D, defined by

D, y=(d,+igA W 9.6)

where A, is a vector field referred to as the gauge field. The vector field is then
required to have the transformation property

A,~ A, +0,A 9.7)

under the gauge transformation which acts on ¥ according to (9.4). We then
see that D,y transforms in the same way as ¥

D,y —e ' D,y. 9.8)
Thus, the Lagrangian
&, =Y(iy*D,—mpy (9.9)

is gauge invariant.
It remains to include gauge invariant terms for the vector field A4,. It follows
immediately that

F,=08,4,—0,4, 9.10)

is invariant under the gauge transformation (9.7). Thus, we may write the final
gauge invariant Lagrangian

&L =liy*D,—mWy —F, F* (9.11)

where we have build a Lorentz scalar from F,,, and included a factor of  to
give a conventional normalisation of the field. With the definition of the
(gauge) covariant derivative given by (9.6), this is just the Lagrangian density
for the interaction of a Dirac field with the electromagnetic field, as in (9.1).

This Lagrangian density describes a massless vector field. We might ask
whether it is possible to give the vector field a mass, while maintaining the
gauge invariance. The answer is ‘no’, because the mass term A4,4* is not
invariant under the gauge transformation of (9.7). Thus a gauge invariant
Lagrangian describing the interaction of a vector field with a spinor field
necessarily means a massless vector field. However, we shall see later that there
is a way round this, by introducing scalar fields, some of which develop
vacuum expectation values.
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9.2 Non-Abelian gauge field theories

Suppose we want to construct a theory of a number of Dirac spinor fields y;,
i=1,..., pinteracting with a number of vector fields 4%, a=1,...,r. It will be
convenient to assemble the Dirac fields.into a column vector which we shall
denote by ¥. A gauge invariant theory may be set up by giving each of the
Dirac fields a ‘charge’ for its coupling to each vector field A%, and proceeding
exactly as in the last section. This is then a theory of r Abelian gauge fields.

It is natural to ask whether there might not be generalisations*:? of the
principle of gauge invariance which differ from simply having r distinct
Abelian gauge field theories, as above. To explore this conjecture, we first
generalise the gauge transformation of (9.3) to

Y(x) = e Y(x) 6.12)

where the T, are p x p matrices which act on the column vector ¥(x), the A (x)
are arbitrary functions of x, a sum over a is understood, and g is eventually
going to be a coupling constant. (If the matrices T, are all multiples of the
identity, then we will simply have a succession of Abelian gauge
transformations like that of (9.4).) More succinctly, we write

Y(x) - e Y(x) (9.13)
where
T A(x)=T,A(x). (9.14)
By analogy with (9.6), we write
Dy =(*+igT - A*). (9.15)

(As before, each function A,(x) is replaced by a vector field 4%, to define the
covariant derivative.) The development is easier if we now consider an
infinitesimal gauge transformation

Y(x) = (1=igT - Ay(x). (9.16)
Under this infinitesimal transformation
"y - (1—igT-A)o"y —ig(T - OAY. 9.17)

We now adopt a gauge transformation property for the gauge fields
Al = AL+ 0PN, + gf Ny AY ‘ (9.18)

where f,,. are some constants. This is analogous to (9.7) except for the last
term, which has been introduced to give the gauge fields an opportunity to
fulfil their role of cancelling out the unwanted terms in (9.17). We want the
covariant derivative of ¥ to transform in the same way as y.

DAy — (1—igT - A)DAy. (9.19)
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This will occur provided
[T A, T-4*]=1f,, T.A,AL 9.20)
Consequently,

[Tb’ Tc] = iﬁzbcTa' (92 1)

If we assume that the coefficients f,;, are antisymmetric in all indices, then this
may be written as

[Tb’ Tc] = ifbcaTa' (922)

Thus, the matrices T, give a representation of the Lie algebra with structure
constants f,,.. (The assumption of antisymmetry of f,, in its indices is
necessary to obtain invariant terms for the gauge fields. Antisymmetry in the
indices b and c is evident.) If we take a gauge transformation with constant
A (x)in (9.18), we see that the gauge fields transform as the adjoint (or regular)
representation of the Lie group.

It is sometimes convenient to use the finite gauge transformation of (9.13)

Y(x) > U(x)y(x) (9:23)
where
U(x)=e T, (9.24)

The corresponding finite gauge transformation on the gauge fields may be
developed from the infinitesimal transformation of (9.18). We first introduce
the p x p matrix

A*=A'T,=A*T. (9.25)

Multiplying (9.18) by T,, and using (9.21), the infinitesimal transformation
becomes

Af > A*+T-“A—ig[T- A, A*]. (9.26)
This corresponds to the finite transformation
A¥(x) > U(x)(A*(x) —ig~10")U " *(x) 9.27)

taken to linear order in A,.

Next we construct a gauge invariant Lagrangian for the gauge fields
themselves. To do this we shall need an object F4" with two Lorentz indices
which transforms in a covariant way under the gauge group. This may be
constructed directly from the covariant derivative of (9.15) by defining

F*=F¥T,= —ig~'[D* D"]. (9.28)
Thus
Fr=0"A"— 9" A* +ig[A*, A"] (9.29)
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where we have dropped a total derivative, or equivalently
Fi'=0"A,— 0" A% —gf AL AL (9.30)

where we have used (9.21). We notice that (9.30) is independent of the fermion
representation chosen in (9.25).

The transformation property of F** under the gauge group derived from
9.27) is

F¥(x) - U(x)F"(x)U ~1(x). (9.31)

A gaugeinvariant Lagrangian %y, for the gauge (or Yang-Mills) fields may
now be written down. It is usual for this purpose to use the generatorst, for the
fundamental representation of the gauge group in (9.25). Then, correctly
normalised,

Lym=—3 To(F, F*) 9.32)
or equivalently .
L= _%-F:INF:v' (9.33)

The equivalence of these two forms follows from the conventional
normalisation of the generators of the gauge group, which gives for the
fundamental representation

Tr(t,ty) =400 (9.34)

Summarising, we may write down gauge invariant Lagrangians, for Dirac
spinor fields interacting with vector gauge fields, of the form

&L =y(iy*D,—m)y —% Tr(F, F*) 9.35)
or equivalently
&L =y(iy*D, —m)y —LF5F4". (9.36)

Here, the covariant derivative D,, is given by (9.15), and the covariant curl F,,,
(or F;) by (9.29) and (9.25), with T, replaced by ¢,, the generators of the
fundamental representation, (or (9.30)). The gauge fields transform as the
adjoint representation of some Lie group (referred to as the gauge group), and
the spinor fields transform as some representation of the gauge group with
matrix generators T,. We may, of course, include further Dirac spinor fields,
transforming as chosen representations of the gauge group, in the same
fashion. As for the Abelian case, it is not possible to construct gauge invariant
mass terms, and the gauge fields are necessarily massless. However, we shall
discuss in Chapter 12 a method for generating masses for the gauge fields, if
required, by using scalar fields some of which have non-zero vacuum
expectation values. We shall also discuss situations where the left- and right-
handed components of Dirac fields transform as different representations of
the gauge group.
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If the gauge group is a simple Lie group (e.g. SU(N)) then there is a single
gauge coupling constant g. However, if the gauge group is a semi-simple one,
which can be written as a product of simple factors (e.g. SU(2) x SU(2)) then
there are independent gauge coupling constants for the various simple factors.

9.3 Field equations for gauge field theories

The Euler-Lagrange equations corresponding to the Lagrangian (9.36) are
0¥ 0%

0 FEDR) =6_A‘; (9.37)
and
Y —ai =a;{. (9.38)
Ay oY
It is easy to check that (9.37) leads to
Fp—farc AL F =gy T 0. (9.39)
This can be written neatly in terms of the covariant derivative of a gauge field,
D*AY, =" A, —gf . AL AL (9.40)
which arises from (9.15) with the replacement
(Tadoe = —ifanc (941)
for the adjoint representation to which the gauge fields belong. Thus, (9.39) is
D*Fj,= gy T . 9.42)
The other Euler-Lagrange equation (9.38) leads immediately to
(iy"D,~my=0 (9.43)

where D, for the fermion fields is as in (9.15).
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10.1 Quantum chromodynamics

We shall see later that quantum electrodynamics (QED) can be unified with the
weak interactions leading to a gauge field theory (electroweak theory) based
on the non-Abelian group SU(2) ® U(1), with independent coupling constants
for the SU(2) and U(1) factors. For electroweak theory, it is necessary to
generate masses for the gauge fields, through scalar fields with non-zero vEvs.
This is discussed in Chapter 12.

The theory of strong interactions, quantum chromodynamics (Qcp), is based
on the colour SU(3) group. This is a group which acts on the so-called colour
indices of the quarks. Each flavour of quark u, d, s, ¢, b,... comes in three
‘colours’ labelled 1, 2, 3 which form a basis for the three-dimensional
representation of colour SU(3). The colour degrees of freedom were
introduced, in the first instance, to allow three quarks to be in an s-wave
ground state, consistently with Fermi statistics, by having a colour singlet
wave function antisymmetric in the colour indices. It was later observed that if
this group were gauged, it might provide a theory of the strong interactions,
while the flavour degrees of freedom are more closely related to the gauge
group of the weak and electromagnetic interactions. In the case of Qcp, it has
been thought possible to live with massless gauge fields. This possibility rests
on the hypothesis of colour confinement, namely that colour degrees of
freedom are never observed, and all observed particles are colour singlets (at
least at low density and temperature). We shall have more to say about this
later. In what follows in this chapter we shall discuss a general simple gauge
group with the example of Qcp, where the gauge group is colour SU(3), in
mind.

In Chapter 15, the possibility will be discussed of combining electroweak
theory and Qcp into a single gauge theory, referred to as a grand unified theory.

10.2 Problems in quantising gauge field theories

The simplest guess to quantise a (non-Abelian) gauge field theory would be to
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write for the generating functional
W[Ji) J@A“ expih™! J d*x[Lym(AL) + JEA,,] (10.1)

where the x° integration is from —oo to oo, and a continuation to
Euclidean space is expected to make the path integral well defined. The
Lagrangian %y, is as in (9.33), and | 24* is used as shorthand for [ [, [ 24%
Unfortunately (10.1) is unsatisfactory for several reasons.

First, if we proceed with this generating functional in the free-field case,
g — 0, we arrive at

WLJE] = exp( —4in! f d*x’ fd“xJ auXIDEL(X, x)T ,,v(x)> (10.2)

where
D', X) = 0,5DF (', X) (10.3)
with
_ d4p . .«
DE(x', x)= j We ol =x) DY p) (104)
and
[DE(p)]~' = —p*g" +p'p". (10.5)

In order to invert (10.5) we have to separate in terms of the transverse and
longitudinal projection operators

P(p)=g"" —p"p’/p? (10.6)
and
P(p)=p*p'/p*. (10.7)
Thus
[DE(p)]~* = —p*P¥(p)+ OPL(p). (10.8)
Inverting gives
De(p)=—(p*) " 'P(p)+ O PL(p) (10.9)

where it is understood we will have to introduce the usual ie in the
denominator. The second term in (10.9) is infinite, and so the Feynman
propagator for the gauge field theory makes no sense.

Second, we should not really have expected a sensible resuit because (10.1) is
overcounting degrees of freedom. In (10.1) we are integrating over all A4(x)
including those that are connected by a gauge transformation. Consider the
case J“=0 for all g. Then because %y, is invariant under gauge
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transformations, the integral is constant over the infinite surface in gauge field
space obtained from a given A% by applying all possible gauge
transformations. The contribution to the path integral corresponding to
integrating over this surface is therefore infinite. We must find some way of
separating out this infinity.

Another closely related way of looklng at the problem is to say that the
action does not depend on all the components of the gauge field. In the free-
field case g — 0, we may Fourier transform the gauge fields to obtain

d4
fd4ngM =% J.(z )4 A”(P)( p guv + pupv)’qa( p) (10 10)

where we have written

d*p
A¥(x)= J (2n’)”4 e=x Z4(p). (10.11)

In terms of the transverse and longitudinal projection operators of (10.6) and
(10.7)

d%p -
f d*xLym= -1 J o 154 AYp)P(p) AL~ p). (10.12)
Thus the action depends only on the transverse components of the gauge field
A, (D) =PL(p)A:(D) (10.13)
and not on the longitudinal components
AL(p)=PL(p)A(p). (10.14)

The path integral integrates over all the components of 44. Since the action
does not depend on some of these components, an infinity is bound to arise.

10.3 An analogy with ordinary integrals

Before showing how to overcome the problems discussed in §10.2, we discuss
an analogous situation which arises in connection with ordinary integrals
rather than path integrals. This illuminating analogy has been particularly
emphasised by Coleman®. Suppose that S is given as a function of m+n real
variables x; (i=1,...,m+n) but that S depends on the last n variables
Xpyt1s-+-2Xm+n DUt not on the first m variables x,,...,x,. The variables
X+ 1s++- Xm+n Model the transverse components of the gauge fields, the
variables x,,...,x, model the longitudinal components, and S models the
action. Write

W= fdxl J dx, ., €5. (10.15)
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This would model the generating functional of (10.1) for zero sources, and
would be infinite because S does not depend on all the variables of integration.
(The integrations are understood to be from — oo to c0.) Suppose we consider
instead

VV:J‘dx,,,ﬂ...J‘vdx,,,ﬂI e's (10.16)

which integrates over only the variables on which S depends, and which we
assume is finite (at least after continuation to Euclidean space in some sense.)
This can be recast as an integral over all the variables x,,..., X, ,, by using
Dirac 6 functions.

Let

X=X s 1oy Xman) (i=1,...,m) (10.17)

define an arbitrary surface. Then we may rewrite (10.16) as

W del dem+ne H 5[X (m+la m+n)]' (1018)

If instead we are given (10.17) in the implicit form
FiXqseeosXpms Xma1seevs Xmen) =0 (i=1,....,m (10.19)

for more appropriate functions F, then we can recast (10.16) in terms of the F;
as follows:

W=fdxm+l,...fdxm+,, del ...de,,, e ﬁ F) (10.20)
i=1

changing variables from F,,..., F, to x,,...,x,, gives
15 aF
W= |dx,...|dx,., e det[ —L . Hé(F) (10.21)
k

The determinant is for derivatives of F,,. .., F,, with respect to x,,..., x,, and
because of the Dirac & functions we need evaluate the determinant only on the
surface defined by (10.19). The Faddeev—Popov quantisation procedure for
gauge fields is the analogue of (10.21).

10.4 Quantisation of gauge field theory

A procedure which overcomes the difficulties discussed in §10.2 has been
devised by Faddeev and Popov?. We shall be considering how to amend (10.1)
so as to make it well defined and, for simplicity, we shall discuss the path
integral for zero source terms. There are some additional difficulties when the
sources are included which we shall mention at the end. As discussed in
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Chapter 9, the action
S[4,,] =Id‘*x-¥’m(Aa,‘) (10.22)

is gauge invariant, where %y, is as in (9.33). Let us denote by 4}, the gauge
fields obtained from A,, by the finite gauge transformation specified in (9.24),
(9.25) and (9.27). The gauge invariance of the action means that

S[AY1=5[4,,] (10.23)

The difficulties discussed earlier arise because we overcount degrees of
freedom by integrating over gauge fields which are connected by a gauge
transformation. If we could factor out, from the path integral, a path integral
over gauge transformations, then we might resolve the problem. The general
guage transformation is associated with

U(x)=e~97A® (10.24)

asin (9.24) and is determined by the gauge parameters A (x). We shall adopt the
notation | 2U to denote an integration over the gauge group elements in some
sense, and we shall try to factor out this path integral. It is possible® to define
{ 2V in such a way that

J 2Uf[U]= f PUSIUU] (10.25)

where f[U] is any functional of U(x), and U'(x) is a fixed gauge
transformation. In the case where the integration is restricted to an
infinitesimal region we may take

29U =[] 2A.. (10.26)
To check the correctness of (10.25) is to check that
J@ U f[U"]= J'@U F{U"] (10.27)
where
U’'=uv. (10.28)
This is indeed the case for infinitesimal regions with the U of (10.26) because
aA”
2 1=1+0O(A"?). 10.29
det<aAb) +O(A"?) (1029)

(See problem 10.1.)
In the end we want to replace (10.1) by a path integral that does not integrate
over gauge fields which are connected by a gauge transformation. In other
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words, we want to have a path integral which remains in a definite gauge. Thus,
we want to be able to introduce a gauge fixing term as in (3.130a) for the
Abelian case. Generalising (3.128) a little, we may think of a choice of gauge as
a set of conditions

F(4%)=0 (10.30)
which may involve the derivatives of the gauge fields. The gauge choices in
which we shall be particularly interested are given by

F(Ap)=0,45—f,(x)=0 (10.31)

where the f,(x) are some given functions of x. With a view to importing the
required gauge fixing term, consider the functional

AlA4,,]= f DUI[F (45,)] (10.32)

where a functional delta function has been introduced, and for compactness of
notation we write

SF1=[]o[F.] (10.33)
The functional A is invariant under gauge transformations:
A[A45]1=A[A4,,] (10.34)
The proof is brief:
A[AY] = f DUS[F (A5Y)]. (10.35)

Using (10.25) the result follows. The inverse of A will have the defining
property
A™'[A,,]A[4,,])=1. (10.36)

With the aid of (10.36) and (10.32) the path integral we want may be recast as

J DA* exp(i fd“xQYM(Aa“)) = f P A* ¢S4al

= j DAA™[A,,] j@Ué[Fa(A},’,‘)] iS4l (10.37)

Using the gauge invariance of the action and of A, as in (10.23) and (10.34),

f DA Ml = f 2A*A7'[A,,] f DUG[F,(A5)] 51441, (10.38)
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Observing that | 24Y is the same path integral as | 24,, we now see that

I DA SHu) = f 2V f DAPA [ A,,16[F (A,,)] €4, (10.39)

Theintegral over gauge transformations | 2U has now factored out,as we had
hoped, and the gauge is being fixed by the functional & function, as we had also
intended. Thus if we write

J DA 5140l o f DA [ A, J8(F (A,,)] €51 (10.40)

then the difficulties of §10.2 should have been removed.

It is necessary to be able to evaluate A~ ! in (10.40). This is done by changing
the integration variablesin (10.32)from QU to [ |, 2F,. We may use the 2U of
(10.26) because the functional J functions in (10.40) and (10.32) restrict U to an
infinitesimal region around the identity. Thus

_ ~ SA(x)
j@u = f 1‘[ DA, = J 1‘[ 9F, det(éFa(x,)) (10.41)

where the functional differentiation is in the sense of (1.18).
Now

5(%)
A[Aall] J\l—[ @F d t<5F ( )>5[Fa]

e 30
=det (m) fmo ( 1042)
The inverse is
oF
A™'[4,]=de t( : Ab((’; ;) (1043)

Thus, we have the explicit expression (analogous to (10.21) for the case of
ordinary integrals),

) OF (x' ‘
24 expli |d*xLym(4,,) |= | 24* €Sl oc | D 4* det ox) S[F,] e5tad
* OA(x)

(10.44)

where

F(x)=F (A5(x)) (10.45)

and A}, is the gauge field obtained from A4,, by the gauge transformation
defined in (9.24),(9.25) and (9.27). The generalisation when the source terms are
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non-zero is

. b gog OF)
WIJ4] oc -[ 24 det( > Ab(x)>a[F,,]

X exp [i f d‘x(ZYM(Aﬁ) +J ,’,‘Aa”>]. (10.46)

That this generalisation is correct is by no means obvious because the
derivation we have given depends on the gauge invariance of the action, and
this is broken by the source terms. However, it can be shown that (10.46) is
indeed correct provided we are in the end going to use the generating
functional to calculate S-matrix elements. This point is discussed in Taylor>.

10.5 Gauge fixing terms and Faddeev-Popov ghosts

If we are to use the generating functional for gauge field theory to develop a
perturbation theory, we need to convert the functional J function and the
functional determinant in (10.46) into exponentials.

First, we use the functional é function to obtain a conventional gauge fixing
term in the exponent. With the choice of F, of (10.31),

O[F,]=0[0,4; - f(x)]. (10.47)
Multiplying the generating functional by

f(n ch)exp< —Z_if d“xfﬂx))

simply multiplies by a constant which can be absorbed into the overall
normalisation. But

~-i

J l:[ Df, exp (;—g j d*x ,,z(x)>5[Fa] =exp (53 Jd“x(@u Aﬁ)z) (10.48)

Consequently, the generating functional of (10.46) becomes

” . OF (x")
W[J4] o J P4 det( : A,,(x))
X exp [i J d*x <ZYM(A:,‘) +J4A,, _2_16 @, Aﬁ)’)]. (10.49)

Secondly, we convert the determinant in (10.49) into an exponential by
introducing the Faddeev—Popov ghost fields. These do not correspond to
physical particles but are simply a mathematical device to enable a
perturbation series to be developed. Using (8.19) for complex Grassmann
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variables 7,(x) we have

J@n*@n exp (i Jd“x fd‘x’n:(x’)Bab(x’, XM l,(x)) oc det(—B) (10.50)

where
D*Dn En DnEam,. (10.51)

(We have absorbed det(—il) into the constant of proportionality for later
convenience.)
Taking

OF ,(x)
OA(x)

det(ii“:é)) > o f Dn*Dn exp(—i f 4x J‘d“x’n;"(x’) (;i“:()i)) n,,(x)).
(10.53)
Using the infinitesimal gauge transformation specified in (9.18) we have
SAUX) _
OA(x)

The functional differentiation is in the sense of (1.18). Thus, with the F, of
(10.31)

B yx', x)= — (10.52)

gives

8,50 64X — X) + gf, p. AH(X)5%(x — X). (10.54)

OF ((x')
OA(x)

The required determinant (10.53) now becomes (after integration by parts)

OF (x'
det ) o | e expl(i | d4xd,ne@n, +a s (1056
OAx) ’

=0, {[Bas? + Wope ALXN]FK — X))} (10.55)

In the covariant gauge of (10.31), the final generating functionalfor a general
gauge field theory is

W] oc f@A“ f Dn* Dy exp [i f d*x (z’m —% (0,452 + Lrp+ Jg(A,,)a)].
(10.57)

where

Lrp= 0,1 N, + AancpAL) (10.58)
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and, as in (9.33),
L= —FiFop. (10.59)

A gauge fixing term has appeared, and, additionally, Faddeev—Popov ghost
terms. In the Abelian case of QED, the Faddeev-Popov ghost Lagrangian
reduces to J,n*@n. There is no coupling of the ghost fields to the gauge field,
and the ghosts simply contribute a multiplicative constant, which may be
absorbed into the normalisation of the generating functional. Thus, in the
covariant gauges used here, there is no need to introduce Faddeev—Popov
ghosts into Qep. However, the ghosts play an important role in the non-
Abelian case of QCD.

Other choices of gauge are possible. For example, we may choose a gauge
by writing

F(Ap)=t,4;—1(%)=0 (10.60)
where ¢, is a four-vector with

t,th=1 (10.61)

These non-covariant gauges are referred to as axial gauges. They have the
advantage that Faddeev—Popov ghosts decouple from gauge fields even in the
non-Abelian case. However, there is the (more than) compensating
disadvantage that the gauge field propagator turns out to be very complicated
in these gauges. (See problem 10.3.) We shall not use these gauges here.
Finally, we may include fermion fields ¢ transforming as an arbitrary
representation of the gauge group, by adding to % the fermion Lagrangian

Le=Y(iy*D, —my (10.62)
with the covariant derivative D, as in (9.15):
Dy=(0,+igT-AN. (10.63)

10.6 Feynman rules for gauge field theories

Our experience in Chapter 6 of deriving Feynman rules from a Lagrangian will
allow us to read off the Feynman rules for gauge field theory. We shall want the
Feynman rules in momentum space, so we first Fourier transform the fields as
in (10.11):

d4 ~ip 'x
A(x)= f (27;74&: »x A4(p) (10.64)

and similarly for 7,(x) and (x). The terms quadratic in the fields in the action
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of (10.57) yield

Id“xff (quadratic)

1{d%

=3 am AP - P, +(1 =&~ p.p14i(— ) +ghost terms.

(10.65)

Corresponding to (10.5) we now have the inverse propagator
[DF (]~ = —p’g" +(1 =" Hp'p’ (10.66)

and in terms of the transverse and longitudinal projection operators of (10.6)
and (10.7)

[D¥(p1~ ' = —p*PE(p)— &~ p2PL(p). (10.67)

Now that we have the gauge fixing term, it is possible to invert (10.67) to obtain
a sensible answer in contrast to (10.9). Thus

DE(p)=(p*+ie) ' [—g" +(1-O)p"p"/p?] (10.68)
where we have introduced the usual ic¢ in the denominator, to resolve
ambiguity in the meaning of this expression. The two most frequently used
gauges are Feynman gauge, £=1 and Landau gauge, £ =0. The propagator
takes its simplest form in Feynman gauge, but in Landau gauge the
propagator is purely transverse and this can sometimes have calculational
advantages. As we shall see later, the Landau gauge also has advantages in
theories with Higgs scalar mesons, because the scalars decouple from the

Faddeev—Popov ghosts in this gauge. (This is related to the transverse nature of
the gauge field.) For Feynman diagrams we shall use a wiggly line

v p Tap 1 i6,D™(p).  (10.69)

The quadratic terms for the Faddeev—Popov ghosts are those of a massless
complex scalar field (though the Faddeev-Popov ghost fields are Grassmann
variables). Correspondingly, the propagator is (see problem 4.1)

AE5 (p)=0u(p® +ig) 1. (10.70)

For Feynman diagrams we shall use a dotted line.

....... - e

bR e iAEe(p). (10.71)

Because Faddeev—Popov ghost fields are Grassmann variables, the closed loops
in Feynman diagrams involving them will each attract a minus sign. To obtain
the Feynman rules for the various interaction vertices in the theory, we next
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Fourier transform the remaining terms in (10.57) and (10.62). For the gauge
fields this leads to
j d*x.Z (interaction)

d%p d%g d*¢ - -
= —igﬁ,.,c< Q—n%@;%ﬁp,gh x 6(p+q+r)Aﬁ(p)Az<q)Z:(r>)

Iy d*p [d*q [ d* [ d*s
47 JabcJade\ | omy* | 2m)* | 2m)* | 2n)*

X (P +q+7+5)919,, A p)fii‘(q)f?.ﬁ(r)ﬁ‘é(s)). (10.72)

The trilinear term is antisymmetric under interchanges of (p, 2),(g, p), (r, v) in
the coefficient of 4%(p)A%(q)A.(r) as a result of the antisymmetry of f,,. in its
indices. We may make this antisymmetry explicit by making the replacement

. 1.
—19fabc Pu2y —3r! bl — 9,9, +(@—D)g3, +(P—1)9.,].  (10.73)

It is easily checked that each of the six terms on the right-hand side of (10.73) is
identical to the original term on the left-hand side. Thus the replacement does
not change the value of the integral. (See problem 10.4.) Since we now have an
expression which treats A%(p), A¢(q) and A(r) on the same footing, we may read
off the Feynman rule (including the usual factor of i for vertices).

[AY

Yorelr — @39, + @ —D)g2u +(q—P).gs +(p—1)9.,,] (10.74)

a\ b.u
with
p+q+r=0. (10.75)

The quadrilinear term is symmetric under interchanges of (b, 4), (c, 1), (d, v),
(e, p) in the coefficient of Af(p)A*(q)A4(r)A%(s). The symmetry becomes explicit
on making the replacement

1 1
~Z ng;bcf;deglvgpp - _?E gz[f;bc.f;lde(glvgpp —gpvglp)

+j;dcf;be(gvlgup - gylgvp)
+f;zbd ace(glugvp - guvglp)]' (1076)
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Again each term on the right-hand side of the equation is identical to the
original term on the left-hand side. We now have an expression which treats
Ai(p), A¥(q), A}(r) and A%(s) on the same footing, and we may read off the
Feynman rule:

e, dyv
- igz[ftl:bcf:zde(glvgup - g;‘vgﬂ.p)

+f;1dc abc(gv/'.gpp - gu).gvp)
+f¢.1bd./;zce(g).ygvp —gvyglp)] (1077)

b\ (AN
with four-momentum conservation at the vertex
p+q+r+s=0. (10.78)

In the case of QED, where the gauge group is Abelian, f, =0, neither the
trilinear nor the quadrilinear vertex in the gauge field occurs.
For the (ghost)(gauge field) interaction, the relevant Fourier transform is

f d*xZp (interaction)

: d*p [d*q (d* o~
abe (21:4 (21:;14 (21r;“ PuO*(q+r—pIn¥(pInyla) AL(r)

(10.79)
giving the Feynman rule
o
% :
Y ~dfanePu (10.80)
£q  ps
5 P
with
q+r—p=0. (10.81)
Again this vertex does not occur for QED.
As in Chapter 8, we denote Fermion propagators by a solid line.
i iB ot i0[Se(plp  (10.82)

where o and f are spinor indices. The (gauge field){(fermion) interaction may
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be read straight off from (10.62) and (10.63):

a,u

—~ig()plTo);  (10.83)

K3 JcB
with
p+r—q=0. (10.84)

For Qep, ig T, is simply replaced by iq, where q is the charge of the fermion and
the Feynman rule is

—ig(y)es-  (10.85)

10.7 Scattering amplitudes with gauge fields

By analogy with §6.4 for scalar fields, we obtain a (Lorentz invariant)
scattering amplitude when there are gauge field external legs, by calculating a
(momentum space) Green function with the appropriate external legs. Again
the propagators associated with external lines should be divided out, as for op1
Green functions, but all connected diagrams, not just one-particle irreducible
ones, should be included. The only difference from the scalar case is that
incoming (or outgoing) external gauge field lines will have associated factors
g*(k, 2) (or e"*(k, 1), as defined in §3.4, where A specifies the helicity of the vector
particle, and u is a Lorentz index. These factors arise from the expansion in
Fourier components of the free massless vector field, (3.127) and (3.135),
substituted in the analogue of (6.45) and (6.46). After carrying out
differentiations with respect to a(k, 4) in the analogue of (6.50), these factors
remain.

Problems

10.1 U, U’, U” are infinitesimal gauge transformations satisfying UU’'=U"
as in (10.28), with gauge parameters A,, A,, A, respectively. Obtain an
expression for A/ correct to second order A,, A, and check (10.29).
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10.2 Show that the right-hand side of (10.44) is independent of the choice of
gauge. (One way of doing this is to follow the analogous step in §10.3.)

10.3(a) Derive the gauge field propagator for the axial gauges specified by
(10.60) and (10.61). (b) Show that in axial gauges there is no coupling of the
Faddeev-Popov ghosts to the gauge fields.

104 Check directly that each of the terms on the right-hand side of (10.73)
and (10.76) is identical to the original term of the left-hand side, and that the
various claims made about symmetry and antisymmetry for these two vertices
are correct.

10.5 Derive the Feynman rules for the Lagrangian

&L =40,0)0" o)1+ 90)* —3up*(1+1g9)* + Jo(1 +4g0)
(Coleman p. 48).
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RENORMALISATION OF QCD AND QED
AT ONE-LOOP ORDER

DOI: 10.1201/9780203750100-11
11.1 Counter terms for gauge field theories

In the covariant gauges discussed in Chapter 10, the gauge field propagator of
(10.68) has a high momentum behaviour ~(p?~! just like the scalar
propagator. Thus, the (superficial) degree of divergence of a Feynman diagram
involving gauge fields will be given by a slight generalisation to include
derivative interactions of the expressions derived in §8.4. (See problem 11.1.)
The gauge field interactions in (10.58), (10.59), (10.62) and (10.63) all satisfy the
criterion to avoid the degree of divergence increasing with the number of
vertices

3Ng+Np+Np—4<0 (1L1)

where Ny is the number of boson lines, Ny is the number of fermion lines, and
Np is the number of derivatives for a particular type of vertex. Consequently,
we expect a renormalisable theory, and we should be able to generate all
necessary counter terms for the renormalisation from a bare Lagrangian
which involves the same types of vertices as the renormalised Lagrangian.
However, at first sight there could be rather a lot of counter terms because
there are two different vertices involving only gauge fields, one involving gauge
fields and ghost fields, and one involving fermion fields and a gauge field for
each type of fermion field. Fortunately, the situation is simpler than this,
because it is possible to prove! that if the bare Lagrangian is gauge invariant so
is the renormalised Lagrangian. There is thus just a single bare coupling
constant and a single renormalised coupling constant for a simple gauge
group. We shall not prove that this is true to all orders of perturbation theory
here, but shall simply assume that it is true. However, even if we were not to
assume this general result, we would be able to prove its correctness at one-
loop order by computing all the vertices. (See problem 11.2.)
The renormalised Lagrangian for a general simple gauge group is

g —_— 1 F}lVFﬂ 1

T4 g
+0,m3(0" N4+ dfapcpAL)

+Yliy*D,—m)y (11.2)

(0, 42)*
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where
Fi=0"'A;, — 0" AL — gf AL AL (11.3)
and
Dy=(0,+igT - AW (11.4)

for a fermion field transforming according to the representation T, of the
gauge group. We write for the bare Lagrangian

Pp=L+A¥ (11.5)
where AZ is the counter term Lagrangian.

We assume that the bare Lagrangian takes exactly the same form as the
renormalised Lagrangian but with the bare quantities g, (4%)s, (1.)s, €5, M3
and g replacing the corresponding renormalised quantities. Then the counter
term Lagrangian is of the form

K,

28
+AZ, 0¥, +AZ iy o,y
—mK i +gK 30, A fabe
—gK Uy T Y AL+ 9K fone AR ALDH(A,),

gz

1 ,
A =~ AZ FyF ~o 5 (0,4L)°

— % KataseSoae Ay AL Aa) (A, (11.6)

The relationships between bare and renormalised fields and masses are
(A =(1+AZ ) P AL =2} 4, (11.7)
e =(1+AZ,)*n,=2Z,"n, (11.8)
Yp=(1+AZ,)" >y =2}y (11.9)
Ll=¢ I+ KYZ ' =872, 20 (11.10)
my=m(l+K,)Z; ' =mZ,Z;} (11.11)
ga=g(1+K1)Z;‘Z;"2=gZIZ;‘Z;”2' (11.12)
gs=g(1+K,)Z; Z 2 =gZ,Z; ' Z '/ (11.13)
gp=9g(1 +K3)Z 2 =gZ,Z ' ' (11.14)
93=9"(1+K)Z;*=¢*Z,Z;* (11.15)

where we have defined
Z,=14+AZ, (11.16)
Z,=1+AZ, (11.17)
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Z,=1+AZ, (11.18)
Z,=1+K, (11.19)
Z,=1+K, (11.20)
Z,=1+K, i=1,...,4. (1121)

There are four different expressions for the bare coupling constant (11.12) to
(11.15) depending on which vertex we consider. Thus, there are the
relationships amongst renormalisation constants

Z\Z ' =Z,Z, =252 =Z P2 (11.22)

11.2 Calculation of renormalisation constants

We now evaluate to one-loop order the renormalisation constants defined in
the last section. We shall regularise the divergent loop integrations using
dimensional regularisation, and shall adopt the Ms renormalisation scheme
described in §7.5. As in Chapter 7, in 2w spatial dimensions, the dimensionless
coupling constant

G=gM° " 2=gM~? (11.23)

is introduced, where M is an arbitrary mass scale.
To compute Z , we must consider the op1 Green function for two gauge fields
['{2,(—p. p) which we denote by

J

o (11.24)

rg,)vu( —D P)

(This is often referred to ascalculating the vacuum polarisation diagrams.) The
contributions to this Green function to one-loop order are

P P
W@'\l\/\. ANNATNANNY + AN NN
apu b,v
Lo
e
+ M.O'v\, + W@V\/‘\,

(11.25)

Here we have used a cross to denote a counter term as in Chapter 7. The last
diagram is quadratically divergent with no momentum flowing into the loop
and vanishes in dimensional regularisation. This is a good thing because this
diagram has no dependence on p and could only contribute to a gauge boson
mass. The assumed gauge invariance of both the renormalised and
unrenormalised Lagrangian means that there can be no bare or renormalised
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gauge boson mass, and that there can be no mass counter term for the gauge
bosons. We evaluate the remaining three one-loop diagrams.
Consider first

p+q
d,o dx

(diagram )= _* ¢ (11.26)
au byv

g g9 oA

where we have taken advantage of the Kronecker delta in the colour indices in
(10.69) to write the same colour index at each end of an internal gauge boson
line. Using the Feynman rules of Chapter 10, including a symmetry factor of 4
for the two identical internal gauge boson lines,

. . d2m
(diagram 1)=3M"G%,c4fosa fﬁ; J (P, 9) (11.27)

where ‘
J (P, @) =[—(P+29),9,0 +(q— P)oFp, + 2P+ 9)s9 0]
x[—(p+29).9x+(q—Prgs+(2p+9):9.]
x Dg(p+q)Di¥(q). (11.28)
Taking the Feynman propagator from (10.68), we obtain (after some labour)
(P (P +9)* +ie]*(q* +ie)?
=[2(4w —3)q,9,+ (4w —3)q,p,+ P, 4,) + (200 —6)p,p,
+(5p*+2p-q+29%)g,,14%(p +9)*
+n*[p*q,9,+(p- 9*p,p.—(P* DP*(Puq,+4,P))]
+n(p+9)*[(q* +2p 9 —p*)q,9,+@* +3p" 9)p.4, +4,.P.)
[(¢*+2p—q—p*)4,9.,+(q*+3p 9N p.q,+4,P)
-4’p,p,—(@*+2p-9)°g,.]
+nq*[(4* —2p*)q,q,+(p* D4,P. +P,4.)
+(p*-29")p,p,— @ —P*)g,] (11.29)
where
n=1-¢ (11.30)
With the aid of the integrals of Appendix A, we find the pole in =4 —2w to be

) _ig‘zcléa,, 11 19 2
(diagram 1)= T6n%e [( ?—211 PuDv+ €+n Pgw |+... (1131)
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where the group theory factor is defined by

€10ab=facaSoca (11.32)
Consider next
p+q
(diagram 2)=  ~AET 2 (11.33)
au  C*, . “......’L. b
q

With the Faddeev-Popov ghost propagator of (10.70) and the vertex of (10.80),

d*°q (p+9),4,
2m)** [(p+q)* +iel(g? +ie)

including a minus sign for the closed loop of Grassmann fields. Performing the
integral with the aid of Appendix A we find the pole term

(diagram 2)= — M*%c,4,, (11.34)

(diagram 2)="2 T ‘2“"(3p,,pv 1p%g,)+.... (11.35)
Consider finally
B
(diagram 3)= -~ . (11.36)
a.u b
1,6 /r‘~‘

Using the fermion propagator of (10.82) and the vertex of (10.83), and
including a minus sign for the closed fermion loop,

2w

. A2 ge d““q - -
(diagram 3)= —§2M*c,5,, J 2 Tr(y,Se(@y,Se(p+9)  (11.37)

where the group theory factor is defined by
0250b=Tr(TaTb) (11.38)

and Sg(g) is as in (8.35). Evaluating the Dirac gamma matrix trace gives
2w

d*q
: —_ —A2ME @
(diagram 3)= —g§*M*c,0,,2 J‘——ﬂ(h)z“’

qu(p+q)v+(p+q)”qv+(m ~ @ —p-a)g,
@-mrolprg’—mrig

The pole term in e =4 — 2w is most easily extracted by putting m=0in (11.39).
Then we may use the integrals of Appendix A to obtain

. Az
—i§%c30u

6ze (3oupH3P7gn) (11.40)

(diagram 3)=
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We may now calculate the renormalisation constants AZ, and K, from
(11.25). Thus, if we adopt the Ms renormalisation of §7.5, where the counter
terms exactly cancel the poles in ¢, and read off the counter terms from (11.6),
we have

iAZA(—ngpv+pupv) —ié- IKCP;APV

_i"z
67'[28 {(—nguv+pupv)[(_‘1§0'_rl)cl +‘§C2] —rlclpupv}' (11'41)

1
Thus
éz
AZA= -167[28 [(_13_3+6)C1 +%CZ] (11.42)
and
_g‘z
_1 —_— —
£ K=oz (19 (11.43)

where we have used (11.30). The renormalised op1 Green function of (11.24)
may now be evaluated from (11.25) using the above counter terms. (See
problem 11.3))

Consider next the opt Green function for two Faddeev-Popov ghost fields.
The contributions to this Green function at one-loop order are

p P
d"@"'b' e e a X e

(11.44)
There is only one non-trivial diagram to consider:
(di 4) L, (11.45)
iagram 4)= p .
d prqg d
Using the propagators and vertices of §10.6,
: d* :
(diagram 4)=g>M‘c,é,, Jﬁ D¥(-a)p+a),p[(p+9)*+ie] ™" (1146)
Performing the integral with the aid of Appendix A, the pole term is
i 2ig%c, 0, (3 5¢

The counter term AZ, may now be obtained from (11.44) and (11.6). In the ms
renormalisation scheme we require an exact cancellation of the pole term by
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the counter term. Then

. 2ig%c, 8, 3 5
léabpz AZ,’= _ﬁ p2<z—-z) (11.48)
and so
—2G%, (3 56
AZ, = Ton%e <4 vy (11.49)

The fermion wave function and mass renormalisation counter terms may be
obtained from the equation for the opi Green function:

D - RN A (11.50)
o B

There is only one diagram to evaluate, namely,
-q

(diagram §)= ap SV av (11.51)

ia p+q B

Using the propagators and vertices of §10.6,
2(0

d
(diagram 5)=g*M‘c;0; ,[ (2 )zw(?vSF(P+f1)7u)ﬂa DF'(—4) (11.52)

where the group theory factor is defined by

(T, T =c30j;. (11.53)
It follows immediately from the definitions of ¢, and ¢; that
03=Z_Gcz (11.54)
F

where d;; is the dimensionality of the adjoint representation of the gauge group
to which the gauge fields belong and d; is the dimensionality of the irreducible
representation to which the fermions belong. To isolate the pole term from
diagram 5, we may put m=0 in the denominator of the integrand, and use the
integrals of Appendix A. The result is

219 c35” (Eh—B+Eml)y + ... (11.55)

(diagram 5)=
where we have used the identities
?"7,=20l (11.56)

and
PP =21~ w)y,. (11.57)
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The fermion wave function and mass renormalisation counter terms may now
be derived using (11.50) and (11.6).
Thus, in the Ms renormalisation scheme,

2ig%c40;;

i(AZwi—mel)éjF- T6n% s 0t L} (EF—(B+Eml) (11.58)
and so
2@2634‘
AZ,= BETT (11.59)
and
24%c,
K, 1677 (3+9&). (11.60)

Given that there is a single bare coupling constant, it will be sufficient to
calculate one of the renormalisation constants K, i=1,...,4. The other three
are obtained from the one we choose to calculate by using (11.22), now that we
have evaluated AZ, and AZ . For ease of evaluation we should choose either
K, or K,. We select K ,. (The diagrams needed to calculate K or K, involve
more gauge field internal lines.) The contributions at one-loop order to the op1
Green function with two external fermion legs and one external gauge field leg

are
q
an (11.61)
p Prg .
ia JB
Consider first
q
ap
(diagram 6)= p p+l p+leg peg (1 1.62)

i thre JB

-1
With the propagators and vertices of §10.6,
(diagram 6)=gg*M*(T,T,T,);

d*l
f(z )2(,, Dpv(l)[ypSF(p + ! + Q)VuSF(P + l)yv]ﬂa' (1 163)
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The group theory factor is easily obtained in terms of the group theoretical
constants defined in (11.32) and (11.38)

T,T,T,=(c5~3c,)T,. (11.64)

To evaluate the pole term we may put m=0 because, as discussed in Chapter 7,
the pole terms are independent of the renormalised mass. We may shorten the
derivation further by noticing that the counter term for this vertex has no ¢
dependence, and so the pole term can have no such dependence in a
renormalisable theory. We may therefore set g=0 to calculate the pole term.
We must not, however, also put p=0, because we would then run into trouble
with infrared divergences. (An additional contribution to the pole in ¢ would
then appear which is only present at p=0. This should not be cancelled by the
counter term, whose function is to cancel ultraviolet divergences, which are
present for all values of p. The infrared divergences should remain after
renormalisation, but should cancel when physical processes are calculated.)

Carrying out the evaluation at m=0, g =0, with the aid of the integrals of
Appendix A, we find the pole term,

2igg*(cs —3c1)¢

(diagram 6)= — 6%

(Tt - - (11.65)

which is independent of p, as expected. In arriving at this result we have used
the identities for Dirac gamma matrices (11.57) and

VoY a¥uYy?’ = =207, + 22 — )7,y (11.66)

Finally, consider

(diagram 7)= (11.67)
p p+q
ia - JB
With the Feynman rules of §10.6,
(diagram 7)=igg*M Sfare(TeTo)si
dlwl 2373 A vo
x (2—7t)% [y Se(p+ Dy, s D (@ — DDF ()
X [(2[ - q)ygvp - (q + I)pguv + (2‘1 - l)vgpy]' (1 168)

The group theory factor may be evaluated in terms of ¢, of (11.32)

ST Ty= =5 ,T,. (11.69)
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Again the pole term is most easily evaluated by setting m=0, g=0. With the
aid of the integrals of Appendix A we find the pole term

3igge, (1 -
(diagram 7)=~“’i3;‘t%e—3(1',)ﬁ(y,,)ﬂa+ - (11.70)

which is again independent of p as expected. To confirm that the theory is
indeed renormalisable (at one-loop order) we should calculate the g
dependence of diagrams 6 and 7 by combining denominators in (11.63) and
(11.68) and make sure that there is no g dependence in the pole term (problem
11.4).

We may now derive the renormalisation constant K ,. Using (11.61), (11.6),
(11.65) and (11.70), we find, in the mMs renormalisation scheme,

A2

K= 5

[3¢cy +(cy +4c3)E]. (11.71)
The renormalisation constants K, K and K, are determined using (11.22).
We now have at our disposal all the renormalisation counter terms necessary
to renormalise the theory (to sufficient accuracy to carry out the
renormalisation at one-loop order).

11.3 The electron anomalous magnetic moment

In this section, we specialise to the case of QeD (Abelian gauge theory) and
derive the electron anomalous magnetic moment. For convenience we shall
work in Feynman gauge, £ = 1. To one-loop order, the contributions to the
appropriate opi Green function are

q

P SN pea é %
= + &

a B

(11.72)

The final diagram of (11.61) does not contribute here because the gauge field
self-interactions only occur in a non-Abelian theory. Thus, the only Feynman
diagram we need to study is diagram 6 of (11.62). We make the transition to the
Abelian case of QeD by the substitutions

T,=I ¢, =0 cr=cy=1 g=e. (11.73)
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Thus, for QED,

q

n
prleq p+q

» M p

-1

(diagram 6)=
p p*rl g

. dZwl - -
=eé*M* j R DEDy,Se(p+1+q)1,.Se(p+Dy)p.  (11.74)

This time we shall focus on the finite part of the Feynman integral. Combining
denominators with the aid of (7.33), we have

1 x d2wl N
: = — Y052 M 11.
(diagram 6) 2eé’M L dx J:) dyJ(Zn)z‘” 2P -1 (11.75)

where

P=(1+y—-x)p+yq (11.76)
—12=[p+q’-m*ly+(p*—m*(1-x) (11.77)

and
N=y,(f+]+d+mp*(F+]+mp*. (11.78)

One is usually interested in situations where the electron—photon vertex finds
itself sandwiched between Dirac spinors #(p + q) and u(p) associated with on-
mass-shell electrons. Then

pP—-m?=(p+q)?—m?*=p*=0. (11.79)

Also, the Dirac equation for the spinors allows us to simplify the numerator in
(11.75), leading to

~N=2(1—w)m?y, +4maw(p+1), + 2mody, +2m[y,, 4]
=20+ Dy P+ T+ ) +2R — ) B+ T+ P+ (11.80)

where we have used (11.56), (11.57) and (11.66). The d**[ integrations may be
performed with the aid of (7.20), (7.2 1a) and (7.2 1b), and simplifications may be
made by noticing that

1 X 1 X
f dxf dyo(x, y)=J dxf dyp(l—y, 1 —x) (11.81)
0 0 o

0

for any function. Everything may be expressed in terms of the covariants y, and
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[y, 7.] by using the Gordon reduction for on-mass-shell electrons:

(P' + ), i(p")u( p)=2mi( p'yy,u( p) + 3(P) [y, v, Ju(pXp' — )’ (11.82)
together with the identity

This leads to the anomalous magnetic moment term (associated with the
coefficient of 3[y,,7,] at ¢*=0):

2' 3 1 x
(diagram 6)=——lez—— [, d]'[ dxf dyfxy—(1-x)3(1+y—x)"%+....
167°m ° 0

(11.84)
Carrying out the parameter integration,
o e i
i 6)=——= .
(diagram 6) 37 7m [y, 41+ (11.85)

where the omitted terms are contributions to the coefficient of 3[7,,7,] when
q*#0 and contributions to the coefficient of y,, and

o= (11.86)

is the fine structure constant.
Thus, the anomalous magnetic moment of the electron p,yy is

a e
Hamm 5% 2m’ (11.87)

Strictly, we should define « in terms of the ‘physical’ electromagnetic coupling
constant e, which is the coefficient of —iy, when ¢=0, with on-mass-shell
electrons. However, e, only differs from e in order e, and we are working in
lowest order perturbation theory. (The relation between e and e, depends on
the scale of mass M used in the renormalisation of e.)

One may now proceed to calculate the coefficient of —iey, to order 2. (See
problem 11.5.) The result of such a calculation exhibits a pole in ¢ even after
renormalisation. The reason for this is an infrared divergence. Such
divergences, though present in individual Green functions, always cancel when
physical processes are calculated, provided all relevant diagrams are included,
and appropriate integrations over phase space are carried out. Thus, for
example, when scattering of an electron off a Coulomb potential is studied, the
infrared divergence in the electron—photon vertex mentioned here is cancelled
by contributions where the electron emits a real photon. Both types of
contributions are needed to describe the physical process, because any
experimental apparatus has a finite energy resolution and the emission of a
real photon of sufficiently low energy cannot be ruled out.
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Problems

11.1 Derive the criterion (11.1) for renormalisable inreractions involving
derivatives, where the bosons have propagators with the high momentum
behaviour (p?)~*.

112 By studying the renormalisation of all the vertices involved in a non-
Abelian gauge theory, show that at one-loop order there is a single
renormalised coupling constant if the bare Lagrangian is gauge invariant.

11.3 Derive the renormalised op1 Green function for a gauge field at one-loop
order using the counter terms (11.42) and (11.43).

114 Calculate the q dependence of diagrams 6 and 7, and check that there is
no q dependence in the pole term in &.

115 Calculate the coefficient of —iey, for the vertex of (11.78) to order g2,
and show that a pole in ¢ remains after renormalisation.
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QCD AND ASYMPTOTIC FREEDOM
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12.1 The renormalisation group equation

We have seen in Chapters 7 and 11 that renormalisation of a field theory
depends on some mass M, and that the Green functions depend on this mass.
(Of course scattering amplitudes and other directly observable quantities must
be independent of M, which has no physical significance.) A question that may
be asked is how do the Green functions of a gauge field theory change as the
renormalisation scale M is varied? This question may be answered by recalling
the connection between the renormalised and unrenormalised opri Green
functions (in 2w dimensions). Let I'™(p,, . . ., p,, §, ¢, m, M) be a normalised opI
Green function with a total of n external legs, n, of which are gauge fields and
n, of which are fermions

n=n,+n,. (12.1)

Here, § and ¢ are the dimensionless renormalised gauge coupling constant and
gauge parameter, and m is a renormalised fermion mass as in §11.1. Reference
to the Lorentz indices of the gauge fields, to the spinor indices of the fermion
fields, and to the gauge group indices, has been suppressed since these will have
no bearing on the derivation which follows. Let the corresponding
unrenormalised op1 Green function be T'{(p,,..., D, gs, &a, ms). A crucial
point to notice is that 'y’ does not depend on M, which only enters when
renormalisation is carried out. The connection between the renormalised and
unrenormalised Green functions is

r(")(pla coes Dns é9 éy m, M)=Z:A/ZZ$*IZF(BH)(p1’ LKRE) pru gB’ éBa mB) (122)

where Z, and Z, are defined in (11.7) and (11.9). If we carry out the
differentiation M(d/0M) holding gg, &5 and mg fixed, we obtain

0 ag or™ ot of™ om o™
R L) g 2 -
M o T M e M ot o M oa om
0z,
oM

=n_2‘; Z:;U’/ZZ;A/ZZA_ 574 f"gl) +ﬂ Z;A/zZ'/"A/sz‘ 197 % r‘;’n)

2
(12.3)

where M T"™/0M denotes a differentiation at constant g, £ and m, and
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similarly for 8/0§, 8/0¢ and 9/0m. Thus

0 0
(Ma—M'l'Bgag ﬂé—.—'ym ———nAYA_n\U'ylll)r( )(pls voes Pns gs éa m, M)=0

om
(124)
where the coefficients are defined by
7]
Bi=Mz g (12.5)
0
B:=M 51% (12.6)
M om
Tm=—" o (12.7)
621/2
ya=Z VM — M (12.8)
a 1/2
ye=Z; M St aZM (12.9)

In (12.5)(12.9), differentiation is understood to be holding g, &y and my
constant. The essence of (12.4), called the renormalisation group equation, is
that when the renormalisation scale M is changed, the corresponding changes
in the renormalised quantities g, £ and m are such that the unrenormalised
Green function (which does not depend on M) does not change.

The dimensionless coefficients in the renormalisation group equation
depend in general on § and m/M. However, if we adopt a mass-independent
renormalisation scheme, such as the Ms or Ms scheme, then the m/M
dependence drops out, and the renormalisation group equation is
considerably easier to use!*?. Accordingly, we shall always assume that such
a renormalisation scheme is used in what follows, so that the renormalisation
group coefficients depend only on g. These coefficients may be computed in the
Ms scheme to one-loop order from the renormalisation constants of Chapter
11 (see problem 12.1). The results are as follows:

B;=— 29 —bg® (12.10)
13 4 52
ﬁg_[<— %)CI—E;C‘Z‘]% (12.11)
3CR4?

Tn=—g3 =b,g° (12.12)
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_ 13 ¢ 4 R g2
Ya= |:< 6 z)cl 3 ; Cz] 16n2 (12'13)
and

écR"Z

yw _IW_ (1214)
where
1 (11, 4o,
b_m(?c,—ggcz). (12.15)

We have assumed that the fermions belong to irreducible representations R of
the gauge group, with values C% of the group theory factor C,, and C% of C,.
The group theory factors C,, C, and C, are defined in (11.32), (11.38) and
(11.53). In four dimensions the linear term in (12.10) vanishes. (We are
assuming here that both chiral components of a fermion belong to the same
irreducible representation R. This assumption may be relaxed when necessary,
as in problem 16.2.)

An important use of the renormalisation group equation is to discuss the
behaviour of Green functions as the momenta of the external legs are scaled,
i.e. when p,,...,p, are replaced by sp,,...,sp, where s is dimensionless. The
Green function has energy dimensions (see problem 12.2)

dr=2w+n,(1—w)+n, —w). (12.16)
Since I"™Xsp,,. . ., sp,., §, &, m, M) is homogeneous of degree dr- in p, ..., p,, m,
M, we have
0 7} 7}
— (n) 4
(Sa +ma +M6M> (SP1,~~-aSpm g, éa m, M)
=d:Tsp,, ..., sp,, G, &, my M), (12.17)

Combining (12.17) with the renormalisation group equation (12.4), we may
eliminate M oT™/0M to obtain

0 0 0 17
(—Sa—s‘*'/}g'a—gf*'ﬂcéz—(1+Ym)m5n'—"ﬁ,1—"w.p+dr)

Tsp,,..., spu, 4, &, m, M)=0. (12.18)

This equation may be solved with the aid of running coupling constant, gauge
parameter and mass §(s), &(s) and ri(s), defined as the solutions of

ﬁ@_ﬁ( i(s)) (12.19)

0
—@—ﬁf(g( 9 E6) (12.20)
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and
om(s) oy B oA -
s—= = = [1+7(g06), &)1t (1221)
with the initial conditions
gh)=gM)=g (12.22)
dy=&M)=¢ (12.23)
and
m(l)=m(M)=m. (1229
Thus from (12.5), (12.6) and (12.7), we see that
gls)=4(sM) (12.25)
&s)=¢&(sM) (12.26)
and
mi(s)=s"'m(sM) (12.27)

where §(sM), £&(sM) and m(sM) are the renormalised quantities when the
renormalisation scale is sM instead of M. The solution of (12.18) may now be
written as

T sp,, ..., sp,, §, &, m, M) =sdrexp<—f

1

'S ’

d
— [7@6), &6)

+n,y,(g(s), E(s’)]) F%p,, ..., b, 4s), &s), i(s), M) (12.28)

(see, for example, the book of Piaggio?).
With the explicit expressions at one-loop order of (12.10)—(12.12) we may
solve for g(s), &(s) and m(s). In four dimensions (¢ =0), the solution for g(s) is

gX(s)=g*(1+2bg*Ins)~! (12.29a)

or equivalently
g s)=g *+2bIns. (12.29b)

Provided b >0, we see that g*(s) decreases as s increases and tends to zero as
s — oo. The theory approaches a free-field theory (logarithmically). This
phenomenon?® is spoken of as asymptotic freedom. Referring back to (12.28),
we see that if we want to calculate Green functions at large momenta, then the
solution is given in terms of a running coupling constant g(s) which is small. It
should therefore be possible to use perturbation theory in g(s) for this purpose,
despite the fact that in Qcp we are dealing with the strong interactions, and
perturbation theory in g (as opposed to g(s)) is not expected to be useful.
Conversely, g%(s) increases as s decreases and so phenomena at small
momenta should be described by a running coupling constant which is large.
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Thus, perturbation theory is expected to be useless for gcp when long distance
behaviour is studied. In particular, we do not expect quarks, which are fields in
the free Lagrangian, to be asymptotic states of the theory before and after
scattering. Rather, we expect to have to calculate what the asymptotic states
arein a non-perturbative fashion, and hope to find the known hadrons if we do
s0. Such calculations tend to rely on lattice gauge theory methods and are
outside the scope of this book.

The restriction that b should be positive to obtain asymptotic freedom is not
a very severe one for Qcp where the gauge group is colour SU(3). With N,
flavours of quark, each belonging to the three dimensional fundamental
representation of the colour group, we find from (12.15) that

b=(11—2N,)/16n>. (12.30)

Thus, provided there are not more than 16 flavours of quark, Qcp is
asymptotically free.

However, for QED the situation is quite different. In that case, the gauge
group is U(1) with coupling constant e, the gauge field does not couple to itself,
so that C, =0, and C, is ¢ in units of e. With N generations of quarks and
leptons, each generation containing a quark of charge 4, a quark of charge —4,
alepton of charge — 1, and a lepton (neutrino) of charge 0, we have (instead of
(12.30)

4 Ng

56 Ng
27 16n*

In any case, —b is always given by a sum of squares of quark and lepton
charges, and so b is always negative. Thus, in QED é€%(s) grows as s increases and
the theory is not asymptotically free. (It appears from (12.29) that &%(s) will
become infinite as 2be? In s — — 1, but this is not the case, because lowest order
perturbation theory has broken down by this stage.) On the other hand, there
is no difficulty in deciding what the asymptotic states of the theory are since
2%(s) decreases as s decreases so that the theory approaches a free-field theory
at large distances. (There is, of course, the usual well understood problem
associated with the long range nature of the electromagnetic interaction.)
Scalar field theory resembles QED in these respects. (See problem 12.3.)
Combining (12.20) and (12.11) we see that

O&( 13 & 4 72(s)E(
s_asi)=[<z~7>cl—§§c§]g 822(3) . (12.32)

In general, &(s) will vary with s. This complication can be avoided by working
in Landau gauge. Then the initial condition is

(12.31)

E1)=0 (12.33)
and (12.32) shows that

&s)=0 (12.34)
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for all values of s. We shall always adopt Landau gauge in what follows.

Apart from the (order g*(s)) correction from y,, (12.21) shows that ri(s)
decreases like s ! for large values of s. Since mi(s) decreases as a power of s,
whereas g(s) decreases only as a logarithm, it is often a good enough
approximation to put mi(s) =0 in discussing the large momentum behaviour of
Qcb. (We shall discuss the effect of the running mass ri(s) in §16.5 in the context
of grand unified theories.)

At asymptotically high momenta, in Landau gauge, (12.28) gives for the
behaviour of the Green functions

Isp,,..., sp,, §, E=0, m, M)

'S d o _
s exp(mad [ G ) B 1 9, 89 =0 =0, M)
1

(12.35)
where we have written
Yalgls), &s)=0)= —d,g%(s) (12.36)
with (from 12.13))
d, =(16§ of —; ) C’z‘) / 1672 (12.37)

Using (12.29), we have (in four dimensions),
T™spys-.., SDy g, E=0, m, M)
2 sT(142bg? In sy 444/ 2T p, ., p,, g(s), &s)=0, i(s)=0, M).
(12.38)

The behaviour is free-field behaviour, apart from the multiplicative power of
1+2bg?In s and apart from an additive logarithmic correction if we expand
T™(p,,..., pn 4(s), &s)=0, ri(s)=0, M) about §*(s)=0.

12.2 Deep inelastic electron—nucleon scattering

An important process where tests of Qcp are possible is the inclusive process
eN — eX where N denotes a nucleon, and X denotes an arbitrary unobserved
final state. When the scattering is approximated by one-photon exchange (see
figure 12.1) then the electron—photon vertex is just iey,, but the yNX vertex
contains effects of the strong interactions. Thus, what we have to study using
Qcb is the total cross section yN — X or, because of the optical theorem, the
absorptive part of the forward scattering amplitude for yN — yN, where the
photon is off-mass-shell (g2>#0). In the case where we do not have a spin



150 QCD AND ASYMPTOTIC FREEDOM

Figure 12.1 One-photon exchange contribution to eN —eX.

polarised target, the object we need to describe eN — eX is

1 .
W.{p, Q)=E‘xz> Jd4x €4 *¢(N, plj )| X><X|j 0N, p)
1 ,
=§E ~[d“‘x el 'x<N, pl]“(x)jv(O)IN’ p>

1 )
=—2—n~ J‘d“x ¢4 (N, p|[j,,(x),;,(0)]|N, 13 (12.39)

where p and q are the four-momenta of the nucleon and off-mass-shell photon,
respectively, and j,(x) denotes the electromagnetic current operator. It is
understood that the nucleon spin states are averaged over. (A proof that the
product of currents may be replaced by the commutator may be found, for
example, in §4.2.11 of reference 6.) The structure functions W; and W, are
defined by the expansion in terms of covariants,

pq pq
4.4 (pu— q2 q;;)(pv— q2 qv)
VV;‘v(paq):(—guv"' “2 )VVI+ 2 u’z
q my

(12.40)

The forward scattering amplitude of yN — yN (the forward Compton
amplitude) is determined by

T.(p.9)=1 jd4x e (N, p|T(, () O)|N, p) (12.41)

with the decomposition in covariants

q,m)ﬂ +[Pu—(p'q/qz)q,.][pv—(p‘q/qz)qv] T, (12.42)

T;av(p9q)=<—guv"_jqi~ m]%l

where again an average over the nucleon spin states is understood. Because of
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the optical theorem, there is the connection
1
W,=; Im T, o=1,2. (12.43)

In writing down (12.41) and (12.39), we are going somewhat beyond what we
have found in Chapter 6 about scalar boson scattering amplitudes, and its
generalisation to amplitudes involving photons. Inspection of (6.43) shows
that scalar boson scattering amplitudes are obtained from Green functions by
acting with Klein-Gordon operators, or, in the case of photon scattering, by
acting with factors of [],.. Thus, essentially, scattering amplitudes are obtained
from Green functions by replacing fields by currents. Such expressions are
vacuum expectation values. What we are assuming here is that similar
expressions for scattering amplitudes exist where not all the external particles
occur as currents, but instead some external particles (the nucleons in (12.41))
occur as states in which the expectation value is taken.

The kinematical region in which we shall be able to apply asymptotic
freedom will turn out to be the region referred to as the Bjorken limit,

2

2p-q

q*—> —o0,pqg—>© X= fixed. (12.44)

As we now show, the Bjorken limit corresponds to studying the light cone in
coordinate space. To see thisit is convenient to work in the laboratory frame in
which

p=(my,0,0,0) q=4"%0,0, ¢° (12.45)

with the z axis chosen along the direction of the momentum of the (virtual)
photon. We next introduce the (light cone) variables

9.=9°+tq’ (12.46)

and
x, =x04x3. (12.47)

In terms of these variables,

’=q.q-_ (12.48)
prq=(my/2)(q++q-) (12.49)

and

—q+9-

X= . +4.) (12.50)

The Bjorken limit is thus the limit g, — oo with g _ fixed (and negative), and
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consequently, X = —q_/my. In (12.39), we may write

¢ "=exp<%(q+x_+q_x+)). (12.51)
Because the exponential oscillates rapidly as ¢, — cc the only contribution to
the integral in the Bjorken limit comes from the region
x_.=0. (12.52)
Then
x?=x,x_—x}—-x%<0. (12.53)

However, (microscopic) causality means that the commutator in (12.39)
vanishes for x2 <0. Thus, the only contribution to the integral is from the light
cone

x2=0. (12.54)

Consequently, to study deep inelastic electron—nucleon scattering in the
Bjorken limit, we must study the product of two electromagnetic current
operators on the light cone. This is a task which is facilitated by the Wilson
operator product expansion.

12.3 The Wilson operator product expansion

Wilson’ has shown that the product of two local operators A(x) and B(y) (for
example, two electromagnetic or weak current operators) can be expanded in
the form

AX)BOY)=Y. c.-(x—y)oi<";y ) (12.55)

where O(x) are the local operators of the theory with the quantum numbers of
AB, and the C,(x — y) are c-number coefficients. The result is not too difficult to
prove in free-field theory (see problem 12.4). The importance of the Wilson
operator product expansion is that the behaviour of the product A(x)B(y) at
short distances, x —y — 0, is controlled by those local operators O, for which
C{x—y) is most singular as x—y — 0. If there were no dimensionful
parameters in the theory then the coefficients C(x — y) would involve a number
of powers of x — y given by dimensional analysis and the (mass) dimensions of
0,. Then, the most singular coefficients, C;(x — y), would be those associated
with operators O, with the lowest mass dimensions, and these operators would
dominate the short distance behaviour of A(x)B(y). Our experience in §12.1
suggests that this will be true for asymptotically free theories like Qcp, apart
from logarithmic corrections which bring in the renormalisation scale. We
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shall see later that this is indeed the case, so that dimensional analysis enables
us to isolate the leading contributions to the Wilson expansion in Qcp.

The Wilson expansion may be used in applications of asymptotic freedom
to decay processes where the exchange of a heavy gauge boson requires us to
study a product of vector or axial current operators at short distances.
Examples of this are the Al =4 rule for hadronic decays in electroweak theory,
and the baryon- number-v1olat1ng decay of a proton in grand unified theory.

For present purposes, we are not so much interested in short distances,
x—y — 0, as in the vicinity of the light cone, (x — y)*> — 0. Let us choose local
operators O, of definite spin /; and let us consider for definiteness the product of
two electromagnetic currents, j,. Then the Wilson expansion (for y=0) for the
time ordered product is of the form

1T(j,(x)j.(0) = Z oy .0 (X)OF 7 4(0). (12.56)

(To reach this form we have first expanded Of*: about x=0 and then
regrouped the coefficients using the fact that the derivatives of a particular O;
are other O,’s in the series.) When O%'-*: has definite spin /;, we may write

i(,2
C;Wl “‘i(x)= —a(x )g,,vxm...xmi

+ b"(xz)gwlg%xh e Xy,
+.... (12.57)

Here, we are using the fact that O} " is traceless to drop terms involving g, ,,,
etc, and the fact that it is symmetric to condense a collection of terms into the
bi(x?) term. There are other possible covariants of the form x,x,x, ...x, and
(X, X, - - - X, + (V). However, it will be sufficient to retain only those
terms shown explicitly in (12.57) in order to identify the contributions to T;
and T, in (12.42). A term of the type &, ;x x“ Xy, is forbidden by the
symmetry of (12.41) under <« v, x <> —x. In the absence of dimensionful
parameters, the coefficients a’(x?) and b(x?) involve a single power of x2 which
is dictated by the mass dimensions of the operator O; and by the number of
factors x,, ...x, which increase the mass d1mens1ons available to a'(x?) and
b(x?). Thus the leading terms on the light cone are those for which the twist

t=d,—1, (12.58)

is smallest, where d, is the mass dimension of 0;, and /; is the spin of O,.
We now see that asymptotic freedom is relevant to the Bjorken limit. To
study the operator product of currents on the light cone, it suffices to study the
behaviour of the functions a‘(x?) and b'(x?) for x> — 0. Since a'(x?) and b'(x?)
are scalar functions of x2 alone, all we need do is study them for x - 0, i.e. at
short distances, where asymptotic freedom will allow us to do a reliable
calculation. We will be able to identify the leading contributions on the light
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cone as those of lowest twist. This is because our experience in §12.1 with
asymptotically free Qcp is that at short distances dimensionful quantities enter
only through logarithmic corrections involving the renormalisation scale M.
To derive the logarithmic corrections for the coefficients a’(x?) and b'(x?), it is
necessary to derive renormalisation group equations for Green functions
involving composite local operators built from the fundamental field
operators. This we shall do in §12.5.

124 Wilson coefficients and moments of structure functions

In this section, we establish a connection between the structure functions for
eN — eX, defined in §12.2, and the coefficients in the Wilson operator product
expansion, defined in §12.3. In the next section, we shall use asymptotic
freedom to calculate the behaviour of the Wilson coefficients in Qcp. First
rewrite (12.57) as '

Cip, .. #r.«(x) =—(-1)g,.0,, ... 6‘”‘ Al(x?)
+(—=1""%g,, 4,,0,, .. (?“liB"(xz)

+... (12.59)
where
L
(= 1)l2k d(xz)ls Ai(x2)=ai(x2) (12.60)
and
_)i-2 t.-—z__dl'_—z_ !(x2) = bi(x2 261
(—1)=22 d(xz)""zB(x) bi(x*). (12.61)

Taking the matrix element of (12.56) betwegn spin-averaged nucleon states,
and performing the Fourier transform | d*x €4 "%, to reconstruct (12.41), we see
that

TP, @=2 KL= 9.(p- 0 Aq") + P20 9 B (g)] +...

(12.62)

where

AigH= fd‘*x €1 % 4i(x?) (12.63)

B(q*)= j d*x €4 *B{(x?) (12.64)
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and
(N, p|0‘i‘""“‘r|N, p>=K,p"...pM+... (12.65)

where K is some (in general unknown) constant. In (12.65), the omitted terms
involve at least one factor of the type g*#2. As can be seen from (12.57), these
terms produce at least one extra factor of x?, and are thus less singular on the
light cone, and may be dropped. On dimensional grounds, we may write,

A(g®)=(—q>) " 4'q? (12.66)
and
Big?)=(—q») """ Bi(q? (12.67)

where A(¢g?) and Bi(g?) are dimensionless functions. (In Qcp, they will be
logarithmic functions of q2/M?2, where M is the renormalisation scale.) We
may now write (12.62) as

TP, =Y K[ -9,2X) " 4'q*) + p,pip-9) ' @X) "' BigH)] +...

(12.68)
with the variable X as defined in (12.44).
Comparing with (12.42) we see that
T(p. =Y K(2X)™"41q) (12.69)
and
vIo(p,q)=my Y K{2X) ™"+ ' Bi(g?) (12.70)
where
V=p-gq/my. (12.71)

Thus, apart from the factors A'(g?) and Bi(g?), T,(p,q) and vTx(p,q) are
functions of the variable X, alone. (This is referred to as Bjorken scaling.) In
Qcp, the factors A¥(g?) and B'(g?) produce slowly varying corrections® to
Bjorken scaling, which are logarithmic in ¢*/M? where M is the
renormalisation scale. (There will also be contributions of order m?/q? from
the operators of higher twist in the operator product expansion.)

It remains to make the connection with the structure functions W, and W,
for deep inelastic electroproduction. The connection is given in the physical
region 0 < X < 1 by (12.43). However, in this region for X sufficiently close to 0,
the series (12.69) and (12.70) diverge. It is therefore necessary to use an analytic
continuation in the variable X, and to isolate individual terms in the Laurent
series. Taking a large circular counter-clockwise contour ¢ in the X plane, we
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obtain for the coefficients in the Laurent expansion

1
dx x'- 1T—— KA' 2 12.72
21:1 y 1550 l; (q°) ( )
and
1 1-2 2
T,= KB‘ 12.7
3 «dXX vT, = 1.; (q°)- ( 3)

(In (12.72) and (12.73), the sum over i is now a sum over only those operators
which have the same spin [;=[.) The contour integrals may be obtained as
integrals along a branch cut running between X = + 1 with the discontinuity
across the cut obtained from (12.43).

Thus
1 &
dXX'"iT, =2 | dXX'"'W, (12.74)
2mi ¢ Jo
and
1 !
dXX!'""HT,=2 | dXX'"HW,. (12.75)
2mi ¢ Jo
Consequently,
! 1 -
fo dXX“l“/l:‘Z—“—‘.,Z:, K,;A(g? (12.76)
and
f dxxi-2 Wz——f Z_ (12.77)

We see that it is the moments of the structure functions (integrals with
powers of X) that are related to the Fourier transforms of coefficients in the
operator product expansion, A,(q?) and B(q?) defined in (12.66), (12.67),
(12.63), (12.64) and (12.59). There also enter the (in general) unknown
coefficients K;, which are matrix elements between nucleon states of operators
O%4#u as defined in (12.65). In an asymptotically free theory, we will expect
A{g? and {(g?) to depend logarithmically on q?/M?. In general (12.76) and
(12.77) will be difficult to test because more than one logarithmic term will be
involved, with unknown coefficients K;, whenever there is more than one
operator O% i for a given spin [;=1. We shall see later that, by studying
combinations of structure functions which are non-singlet with respect to
SU(3) of flavour, we shall be able to ensure that only a single logarithmic term
occurs®. Then experimental tests are feasible. Our next step is to calculate the
behaviour of the coefficients 4,(g?) and B,(¢?) in Qcp, using renormalisation
group equations for Green functions involving composite local operators.
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125 Renormalisation group equation for Wilson coefficients

In this section, we shall derive renormalisation group equations for the
coefficients in the Wilson operator product expansion by first obtaining
renormalisation group equations for Green functions involving some legs
which are composite operators (like j* and 0¥ *s). For succinctness, we shall
denote a composite operator 0%t *i by O,, for the moment. Green functions
with composite operator legs may be defined formally by adding source terms
J{x)O0(x) to the Lagrangian and setting up generating functionals, in the way
discussed for ordinary Green functions in Chapter 4. In general, the
relationship between bare operators (0,); and renormalised operators O; is the
matrix one, :

O)p=2;0; (12.78)

u=J

when there is more than one operator O, in the operator product expansion
with the same quantum numbers, including spin. (We shall seein §12.6 how the
renormalisation constants Z;; may be computed from Feynman diagrams for
Green functions with composite operator legs.) In exact analogy with §12.1, we
introduce the notation I§Xp,, ..., p,, §, &, m, M) for a renormalised o1 Green
function, with n external legs which are ordinary fields, n, of which are gauge
fields, and n, of which are fermions, and, additionally, one external leg with
zero four momentum which is a composite operator 0,. Such Green functions
are referred to as inserted Green functions. More than one composite external
leg introduces no further difficulties, other than notational. The connection
between the bare and renormalised inserted Green functions is

i=ggl,)(pl’ s 7pm pm ga éy ma M)=ZijZ;AIZZE"'/ng',)B(P1, .. me gBa 53, mB)'
(12.79)

Carrying out the differentiation Md/0M with gg, &5 and my held fixed, just as in
§12.1, gives the renormalisation group equation

5] d 0 0
[5ij<Mm‘*‘ﬂéég“'ﬁca—ﬁ—?mm%—n/qh‘nvp)’w)—)’i,’:l
x F§Xpyse s Pur g, &, m, M)=0  (12.80)

where
0Zy
oM

and the other coefficients are as in (12.5)(12.9).

A renormalisation group equation for the Wilson coefficients may now be
derived by utilising (12.80). We first multiply the operator product expansion
(12.56) by n , factors of gauge fields and n, factors of fermion fields, time order,
and Fourier transform to momentum space. This gives (see problem 12.5) the

V=M Zk—jl (12.31)
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relationship between inserted opi1 Green functions
lr;:)h(q’ —=4,P15-- 4 pn) z Cl(q)r {pl sy pn) (12'82)

where the left-hand side denotes an op1 Green function, as in §12.1, but with
two additional external legs which are composite operators j , and j, with four-
momenta g and —gq, respectively. On the right-hand side of (12.82) we have
suppressed the indices y, v and 4, ..., ;. (The relationship is, in the first
instance, one between ordinary Green functions, but can be made one between
opi Green functions because the subsets of Feynman diagrams which are
disconnected or one-particle-reducible are in one-to-one correspondence on
the two sides of the equation.) The Green function f‘ " obeys exactly the same
renormalisation group equation (12.4) as '™, because ‘the conserved current Ju
requires no renormalisation as may be checked directly at one-loop order by
calculating Feynman diagrams. Substituting (12.82) into the renormalisation
group equation for f"}"}v and using the renormalisation group equation for T‘")
we obtain

0 0 0 0
[5‘j<M5ﬁ+ ﬁéa—gn""ﬁﬁa_é"’me%)'{'y!'i:lcj(q)_o- (12.83)

This is the required renormalisation group equation for the Wilson
coefficients. It involves the so-called anomalous dimensions matrix y;; defined
through (12.81) and (12.78). Reintroducing the Lorentz indices in the operator
product expansion, and defining the independent covariants as in §12.4, we see
that 4(g®) and Bi(q?) obey the renormalisation group equations

0 0 G, 0 .
AM—+B8,—+B—~7,m— N Aiq?) = )
[5U<M (3M+Bg ag,+[35 % Y 6m>+y"J (g*)=0 (12.84)

and

0 0 0 0 .
AM—+8.— ~ ) NBita2y =
[5U<M 6M+ﬂg6é+ﬂ5 3 P 6m>+y"]B (g*)=0. (12.85)

Here, the sum over j is over operators with some fixed value of spin I;=1.

Life is particularly simple if there is only one operator 0% #: (of lowest
twist) for the given value of spin ;. (We see later that this happens if we take a
flavour singlet combination of structure functions.) Then, we no longer need a
matrix of anomalous dimensions y;; and we may write

Vi ="%0,0i- (12.86)

The renormalisation group equations are now diagonal, and have a solution,
when g is scaled by a factor s, exactly analogous to that of (12.28)

!

a *d - - =
Ai(s*q?, §,m, M )=€Xp< f S—S Y04(s), C(S))> x Ai(q?, g(s), &), m(s), M).  (12.87)
1
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(Since A’ is dimensionless, there is no factor like 5°T.) At asymptotically high
momentum, and in Landau gauge, we will have, in analogy with (12.38),
Ai(s*q*, g, E=0,m, M)
~(1+2bg? In 5)~ %/ 4i(q2, 4(s), &(s)=0, ri(s) =0, M) (12.88)
where we have defined d; by
Y09, ¢ =0)= —dig*>+O(g>). (12.89)
Thus
Ai(s*q?)~(In 5)~4/2b, (12.90)
(The dependence of A{(q?, §(s), &(s) =0, m(s) =0, M) on g(s) is additive, and gives
a non-leading term.) If g>= — M? is adopted as a reference momentum,
Ai(g?)~ [(In(—g*/M?)] 42 (12.91)

and similarly for Bi(q?). As promised in §12.4, the Wilson coefficients 4(g>) and
Bi(g?), and so the moments of structure functions, depend logarithmically on
q*/M?*. The final step, which is the content of the next section, is to evaluate the
anomalous dimensions.

12.6 Calculation of anomalous dimensions

For qQcp, when we analyse the Wilson operator product expansion for a
product of two electromagnetic currents, the gauge invariant operators of
lowest twist, d —I, have twist 2. The operators which are non-singlet under
SU(3) of flavour are

-1
Ofr# =ll_' (g A*y"D*2. .. D"y + permutations) — (trace terms)  (12.92)

fora=1,...,8, where ¢ denotes a quark field operator which is a triplet under
colour SU(3), and also under SU(3) of flavour. (The ¢, b and t quarks do not
need to be considered for moderate energies of scattering.) The Gell-Mann
matrix A* is a matrix in the flavour space, and D* is the covariant derivative

Dy = (a" +ig % A‘;)x// (12.93)

where 1% is a matrix in colour space, and A4} are the colour gluons.
There are also flavour singlet operators

d-1
Ol '=l~l'— (Yy"D*2 ... D" + permutations) —(trace terms) (12.94)
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and
il -2
Ol;-+# =G Y. (F#aD#:2 .. D*-(F ) + permutations)
—(trace terms) (12.95)

where the covariant derivative acting on quark fields is as in (12.93), the
covariant derivative acting on gauge fields is

DA = 0 A}, — gf e ALA (12.96)

and F%" is the covariant curl as in (9.30).

If we consider a combination of structure functions which is flavour non-
singlet, then we need only consider an operator of the type (12.92) and the
anomalous dimensions matrix will be diagonal. (The simplest case is to
consider the difference of vW, with a proton target and vW, with a neutron
target.) The renormalisation constant for G, , (suppressing the Lorentz indices
on the operator) will be denoted by Z, ,. It may be determined by considering
the renormalisation of the Green function I'?) with two quark external legs
and one O,, external leg. From (12.79),

9=z, 2,00, (12.97)

At one loop order, this Green function is given by

A AN
A .

where the two parallel fermion lines leaving and entering a black blob are
being used to denote an O, , external line, and a cross to denote a counter-term.
The zeroth order term and counter term are

1 .
= —l—'(y“'p“2 ... p"+ permutations)A*s;; —(trace terms)
J .

P (12.99)
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and

_—(AZ,+AZ,)
- n
—(trace terms) (12.100)

(y*'p”*>... p* + permutations)A*d;;
i
?
where we have written
Z,,=1+AZ,, (12.101)
and (as in §11.1)
Z,=14+AZ, (12.102)
Calculating the non-trivial diagrams in Feynman gauge (for this gauge
invariant® object) gives

(diagram 1)=

PPMECo; 4 1 .
e G+ VP p"+permutations)

—(trace terms) (12.103)

where g is the dimensionless coupling constant and M is the renormalisation
scale, as in Chapter 11, and the group theory factor C, is defined in (11.53).

(diagram 2)=

52MeA*Cy0, (& 4\ 1
=g——@% ( Z -) l_‘ (y*tp#2. .. p* + permutations)

s=2 s
—(trace terms). (12.104)
Also

(diagram 3)= =(diagram 2). (12.105)
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Returning to (12.98), and using (12.99)(12.105), we obtain for the
renormalisation constant in the Ms scheme

2§°Cy( 2 L
AZ,+AZ,,= —m(m-4s;2§ . (12.106)

Taking the fermion wave function renormalisation counter term AZ,, from
(11.59), we find

24°C, 2 Lo
- - 4y - 12,107
AZye 167:23( s (12.107)

and
Z,,=1+AZ,,. (12.108)

Following (12.81) and (12.86), we obtain the anomalous dimension for O, ,
from

5 .
Yo, =M 7 In(1+AZ,,). (12.109)

Thus, using (12.107), and the renormalisation mass dependence of § given in
(11.23), we find

2§°C, 2 L
—- 1- 4% -). .
Yo, 161:2( ESTRRE s> (12.110
In the notation of (12.89),
2, 2 L
it N PP .
s 161:2( a+n s;2s> (12119

and from (12.91) and (12.92) we see that

1
J dX X'~ 2vW, ~ [In( —q?/M?)] a2 (12.112)

0
with b as in (12.30), and the appropriate flavour non-singlet combination of
structure functions understood (e.g. the difference of vW, off protons and vW,
off neutrons).

Similar calculations may be carried out for the flavour singlet structure
functions® using the operators of (12.94) and (12.95). In that case, there is a
2x 2 matrix of anomalous dimensions, and, in general, the moments of
structure functions depend on two distinct powers of In(—g?/M?) with
unknown coefficients K; (as in (12.76) and (12.77)). The calculations of this
chapter may also be extended to deep inelastic neutrino production®, where
moments of structure functions which involve a single power of In(—g2?/M?)
may be found, with the aid of charge conjugation invariance, without
considering different targets.
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12.7 Comparison with experiment, and Aycp
To compare with experiment the prediction (12.112) for the variation with g2

of the moments of flavour non-singlet structure functions, it is convenient to
take logarithms. Thus

In M\(g*)= —-flz—ll';“ln(—qz/M %)+ constant (12.113)
where the Ith moment is

1
Mg = j dXX'"" 2w, (12.114)
(1]

and d,, and b are as in (12.111) and (12.30). If we now plot In M (g?) against
In M,.(q?), where | and I refer to two different moments of the structure
function, the slope of the plot is d,,/d;

In M(q*)= j”“ In M,(gq?)+ constant. (12.115)
V,a

Since the d, , areasin(12.111), thereis a clean prediction, which is in quite good

agreement with experiment.

The alert reader will have noticed that, following on from (12.91), we have
written the prediction for the structure function moment, (12.112), in terms ofa
reference mass M which is entirely arbitrary. Moreover, we have not yet fixed
the value of the Qcp coupling constant g in (12.29), defined as the value of the
renormalised coupling constant for renormalisation scale M. The reason for
this is that (12.29) is only valid when 2bg? In s is very much greater than one
(otherwise g(s) is not necessarily small, and expansion in powers of g(s) in
BJg(s)) is not valid), and then, to leading order, g? divides out.
Correspondingly, (12.112) is only valid when In( — g?>/M?) is very much greater
than one, at which stage In(—g?)>1n M2 (so to speak) and the scale M cannot
be determined reliably. However, by going to next-to-leading order in the
coupling strength g2, in performing the Qcp calculations and comparing with
experiment, it is possible to determine the scale on which g2, and consequently
the structure function moments, vary. We may introduce this scale in the
following way. In the leading order expression (12.29) take

s=M/M (12.116)
where M is some new renormalisation mass. Then,
g (M/M)=g*(M)=g*/[ 1+ 2bg* In(M/M)] (12.117)
where we have used (12.25), and
g=g(M). (12.118)
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We may rewrite (12.117) in the form

g2 (M)=[2b In(M/Aqcp)] ! (12.119)
valid for M > Aqcp Where Agcp is defined by
In(Aqeo/M)= —(2bg?)~*. (12.120)

The value of the coupling constant g(M) at the new renormalisation scale
M cannot depend on the original renormalisation scale M. Thus (12.119)
must be independent of M, and Agcp must be independent of M (the M
dependence cancelling between In M and g=g(M)). The Qcp coupling
constant at the Z mass g(m;), as determined from comparison with
experiment of next-to-leading-order QCD calculations is given by

a,(my)=0.113 my=91.18 GeV (12.121)

where
oy(M) = g*(M)/4r. (12.122)

With b as in (12.30) with 5 flavours of quark operative in the range of energy
up to the Z mass, the corresponding value of the QCD scale parameter Agcp is

Agep = 0.065 GeV. (12.123)

We may determine g?(M) for any renormalisation scale M from this value
of Agcp-
The coupling constant for QED may be treated in a similar way by writing

e*(M) = —[2b In(Aggp/M)] ! (12.124)

valid for M « Aggp. In this case b is negative, which accounts for the slight
difference in form (12.124) and (12.119), and, for M in the range of energy
up to the Z mass, we take b to be given by (12.31) with two complete
generations and the top quark contribution of 4/9 omitted for the third
generation. Then Aggp may be determined from the known value of ef,ys/4n
where epyys is the coupling constant for on-mass-shell electrons.

From §11.3, we see that e2(M) for M = m,, the electron mass, differs from
e2uys by less than 1%, so we write

a(M)~1/137~73x 1073 M=m, (12.125)
where

a(M) = e*(M)/4n. (12.126)
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Using (12.124) we then find
Agep 2.5 x 10%°m, (12.127)

This is such an enormous number that e*(M) grows exceedingly slowly with
M. Thus, for example,

e2(mz)/e*(m.)=1.09 (12.128)
so that

a~}(my,) = 126.1. (12.129)

12.8 e*e” annihilation

The total cross section into hadrons for the inclusive process
efe” =X (12.130)

where X is an arbitrary unobserved hadronic final state, provides another test!®

of Qcp. Treating the process to lowest order in the electromagnetic interaction,
what we have to study is the total cross section for a photon to produce
hadrons (see figure 12.2). One way to approach this problem is to use the
optical theorem to relate the required cross section to the op1 Green function
for two photon fields, and then to use the renormalisation group equation with
two running coupling constants, ¢ and g, because both the electromagnetic
coupling constant e, and the Qcp coupling constant g enter the diagrams. The
variation of the electromagnetic coupling constant with renormalisation scale
is extremely slow (see §12.7) and to a good approximation only the Qcp
coupling constant need be allowed to run. This approach is described in detail
in the review of Politzer!!.

Figure 12.2 Electron—positron annihilation into hadrons.

There is an alternative less rigorous approach, which has the virtue that it
can be extended to study the differential cross section for quark or gluon jets,
as well as the total cross section for e *¢~ annihilation. It can also be extended
to other situations where the operator product expansion is not applicable. In
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this approach, one calculates (zero- and) one-loop diagrams for e*e~
annihilation into hadrons of figure 12.2. We have to include not only diagrams
fore*e™ — gq (where q is a quark) but also diagrams fore e~ — gqg (where g
is a gluon), because, as a matter of principle, any apparatus used for
observations has a finite energy resolution, and there is no way of excluding
the possibility that a sufficiently low energy gluon has been emitted. Because of
the zero mass of the gluon, there are infrared divergences in the diagrams of
figure 12.2(b), (c) and (d) which appear in dimensional regularisation as poles
in ¢ which remain after the counter terms have been subtracted using the
diagrams of figure 12.4. However, after integrations over phase space have
been made to obtain observable cross sections, these infrared divergences are
cancelled by the infrared divergences in the diagrams of figures 12.3(¢) and
12.3(b). This is true in particular of the total cross section for e*e”
annihilation. Thus, when all diagrams of figures 12.3 and 12.4 are included, a
finite result is obtained for the total cross section into hadrons for virtual
photon four-momentum, namely,

2 2
olete” »X)= ‘;—7:;;— (3 ¥ Qf)(l + -————3asg;{‘7) c3) (12.131)
7

where the sum over f is a sum over the charges squared of all (active) quark
flavours, the preceding factor of 3 is from the three quark colours, and the
group theory factor ¢; (as defined in (11.53)) is for the 3 of colour SU(3), and so
has the value %. As observed earlier, the electromagnetic coupling constant
varies only very slowly with renormalisation scale, and the fine structure

(e} (F) q

Figure 12.3 One-loop diagrams for e*e~— g4 and e*e™— g4g.
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(b)

Figure 12.4 Counter term diagrams for e*e™—gg.

constant « in (12.131) may be taken to be 1/137. The QcD fine structure
constant o, must be allowed to run, and is given by (12.119). More detail
of this calculation, together with extensions of the method to eN — eX and
other processes may be found in the reviews of Pennington'? and Sachrajda*3.

Problems

12.1 Calculate the renormalisation group coefficients of (12.10)—(12.14) from
the renormalisation constants of Chapter 11.

12.2 Show that the energy dimensions of the n-point opi Green functions are
as in (12.16).

12.3 Derive the renormalisation group equation for opt Green functions in
scalar field theory with 1¢* interaction, and find the behaviour of the running
coupling constant A(s) as a function of s.
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124 Derive the operator product expansion (12.55) for two electromagnetic
currents in free-field theory.

125 Derive the relation (12.82) between Green functions with
electromagnetic currents as external legs and inserted Green functions.
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13
SPONTANEOUS SYMMETRY BREAKING

DOL: 10.1201/9780203750100-13
13.1 Introduction

We have seen in Chapter 9 that the local gauge invariance of QED requires the
vector field A,(x) —the gauge field—to be massless (since a mass term m; A4, 4*
is not invariant under the transformation (9.7)). A, determines the
electromagnetic field whose quantum, the photon, is indeed massless. So in
this respect, and in many others too numerous to detail here, experiment is
consistent with the predictions derived from gauge invariance.

This masslessness is, of course, intimately related to the long (infinite) range
of electromagnetic interactions. With the exception of gravitational
interactions, which are not discussed in this book, these are the only long-
range forces found in nature. In particular, the weak interactions are known to
have a very short range. We shall see in Chapter 14 that the fermion currents
observed in weak processes have precisely the form which follows from a non-
Abelian gauge invariance based on the group SU(2) x U(1). It is therefore
tempting to suppose that a gauge field theory may be responsible for both
weak and electromagnetic interactions. However, the gauge invariance
requires, as before, that the associated gauge fields are massless, as noted in
Chapter 9, and this masslessness implies a long-range weak interaction which
is not in accord with experiment. Some of the quanta of the weak fields have
electric charge, as we shall see, and ‘charged photons’ are simply not seen. So
the immediate obstacle to implementing gauge invariance in weak interactions
is to reconcile it with the massive gauge particles needed to generate the short-
range force actually observed. This is the objective of this chapter.

However, it is not immediately apparent that we must reconcile these two
facets of the weak interactions. Why do we not simply add the gauge invariant
Lagrangian to whatever (non-invariant) mass terms are needed to make the
interaction sufficiently short-range? The answer is that if we do, the resulting
field theory is not renormalisable. Renormalisability was discussed in §7.1, but
the essence is that in an unrenormalisable theory the infinities which occur
cannot be removed by the renormalisation of only the parameters and fields of
the bare Lagrangian. Their removal requires the introduction of an infinite
number of unpredicted but measurable quantities. Such theories therefore lack
predictive power and we shall not discuss them further. The reason why the
field theory described above is unrenormalisable is because its divergences are
‘worse’ than those which appear in the massless gauge invariant theory. The
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difference between the two stems from the form of the gauge field’s propagator
in the two cases.

We start by deriving the propagator of the massive vector field. If we simply
add a mass term to the Lagrangian for a free vector field 4,, given in (3.12), we
obtain

P=—Y0,4,—0,A A~ A +im3A, 4" (13.1)

The first term is invariant under the gauge transformation (9.7), while the
second term is not. The Euler-Lagrange equations (3.8) now give

=00 A ~ 0 A)=miA". (132)
Thus
0,A"=0 (13.3)
since m3#0, and substituting back we find
(0,0" +m3)A’=0. (134)

So A, now describes a particle of mass m,, as anticipated, and the Lorentz
condition (3.121) is a consequence of the field equations; it does not have to be
imposed, as it was in the massless case. There is therefore no necessity for a
gauge fixing term, as in (3.130). This is because the Lagrangian is no longer
gauge invariant, so the field A, in this case is uniquely specified. The derivation
of the propagator is now straightforward. We write

Id“x.? = J‘dx dx'34%(x')C,(x’, X) A°(x) (13.5a)

where

dp -
Cﬂ“(x” x)=J(27S4 € P =) [(Mi _pz)gpa+pppa]' (13'5b)
The inverse is easily found (as in Chapter 4) to be
- ’ dp —ip(x’ —x,
Cpal(x ’ x)=J‘W Achx(p) e P ) (13.68.)

where iAg,,(p) is the massive vector boson propagator

. —l(g ¢ D, pa/mi)
iAg,(p)= pr_—ele’ A
£oo(P) p*—m3+ie

(13.6b)

This may be compared with the propagator derived in (10.68) for the massless
(gauge-invariant) case:

_i[gpq +(€ - l)pppa/pz] .

iﬁFpo(p) = pz + i8

(13.7)
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The divergences which arise in the integration over loop momenta are
determined by the large (Euclidean) momentum behaviour of the propagators
and vertices appearing in any Feynman diagram. In the massless case we see
that

De(p)~|p| 2 (13.8)

whereas in the massive case we have

Ae(p)~|pl°. (13.9)

In general, therefore, we shall expect that some diagrams which are convergent
with massless vector boson propagators will be divergent when massive vector
boson propagators are substituted. This is why we say that the divergences are
‘worse’ in the massive case.

The difference is easily seen to arise from the difference between the
numerators in the two cases; the p,p, /m? term in the massive case removes the
|p|* supplied by the denominator. The numerator is in fact the sum over
polarisation vectors

3
Y, eXp)EX D)= —Gpo+D,ps /M (13.10)

i=1
where the sum is over the three orthonormal space-like vectors transverse to p:

e g = _ M (13.11a)
p-e?=0. (13.11b)

Recall that in §3.5 we showed that in the massless case the ‘time-like’ and
‘longitudinal’ modes cancel and that we may choose a gauge in which only the
two ‘transverse’ modes appear. In the massive case a third polarisation state,
with a (longitudinal) component parallel to p, exists. In fact

e (p)=m '(|pl, poh)

pp m,

—mA Po"'[P'
~p,/m, as  po, |p| — . (13.12)

Thus the p, p,/m} term in the numerator of KF,,(,( p)is just the contribution from
this longitudinal mode, at least in the large p limit.

Of course it may happen that this longitudinal mode is not coupled by any
of the interactions in the theory, in which case the massive theory is no worse
than the massless one. This happens, for example, in ‘massive QeD’, in which we
simply give the photon a mass. But in general, and for the weak interactions in
particular, this prescription leads to an unrenormalisable theory.

(L,p)
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13.2 Spontaneous symmetry breaking in a ferromagnet

In order to implement gauge invariance in weak interactions, we have to find
some method of generating gauge vector boson masses without destroying the
renormalisability of the gauge theory. Any such mass terms break the (gauge)
symmetry, and the only known method of doing so in a renormalisable
manner is called ‘spontaneous’ symmetry breaking, although it has been
observed! that the symmetry is not so much ‘broken’ as ‘secret’, or ‘hidden’.

The inspiration of the technique is to be found in the collective behaviour of
certain many-body systems, Consider, for example, a ferromagnetic material
in zero external magnetic field. Its properties are well understood in terms of
the Heisenberg nearest-neighbour spin-spin interaction model with a
Hamiltonian

H=-3J Y o0 (13.13)
Gi.)
where the sum is over all nearest-neighbour sites (i, j) and g, is the spin on the

site i. Clearly H is rotationally invariant, so the unitary operator U(R)
describing a rotation R commutes with H:

U(R)H = HU(R). (13.14)

However, the energy eigenstates are not always rotationally invariant. In fact,
it is well known that (below the Curie temperature T¢) the ground state of the
system has a non-zero magnetisation M, which is clearly not rotationally
invariant. The invariance expressed by (13.14) merely implies that the ground
state |M) and the state [M’), where

M;=R;M; (13.15)

are degenerate. That is to say that the state with magnetisation M has the same
energy as that in which M has been rotated into some other direction M’
Indeed, if the ferromagnet is heated up above T (at which point M vanishes),
and is then cooled down to the original temperature, still in zero external field,
then in general the ground state will have a magnetisation M’ M. Thus the
symmetry resides in the degeneracy of the ground state; any particular ground
state is not symmetric since the magnetisation points in a definite direction.
This direction is selected ‘spontaneously’ by the system as it cools, and this is
why the symmetry is said to be ‘spontaneously broken’.

In Landau’s mean-field theory the free energy functional F of the system has
a form reminiscent of (4.77)

F= f d3x[F (M) + 1K (MY(V - M)* +3K(MYV A M)*+..] (13.16a)
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where
T-T;
T

C

§(M)=N< M+ B(M2)2+...> (13.16b)
with N a (density of states) normalisation, T the temperature and f positive. In
(13.16a) the dots indicate terms involving more than two derivatives, while in
(13.16b) they stand for higher powers of M2, The ground state of the system has
no dependence upon spatial position

Mx)=M (13.17)

so we may drop all derivative terms, and then F is a function only of M?
(because of the rotational invariance). Clearly, therefore, if M is non-zero we
cannot predict its direction, and the symmetry will be spontaneously broken.
|M] is found by minimising

T-T¢

F= VN( T |M|2+ﬁ1M[4> (13.18)

where V is the volume of the system and we have dropped the higher powers
(M is small). It is clear from figure 13.1, or directly, that when T> T F hasa
minimum when M =0, while for T < T, the minimum is when M is non-zero.
Thus in the first case the ground state is (rotationally) symmetric, but in the
second case the symmetry is spontaneously broken.

FA

Figure 13.1 Free energy functional of a ferromagnet.

13.3 Spontaneous breaking of a discrete symmetry

The task then is to apply this technique to a (particle physics) field theory at
zero temperature, and to apply it not to break rotational symmetry but some
other (internal) symmetry. The analogue of the ground state of a many-body
system is, of course, the vacuum in particle physics>. We must take the
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Hamiltonian (Lagrangian) of the field theory to be invariant under the
symmetry, but the vacuum to be characterised by some field which is (non-zero
and) not invariant under the symmetry transformation. If the field in question
were a spinor or vector field, for example, then the vacuum would be
characterised by a non-zero angular momentum J(=1/2 or 1), and the
rotational invariance would have been broken. The particle physics vacuum is
observed to be rotationally invariant, so it is clear that the internal symmetry
with which we are concerned must be broken by a scalar field having a non-
zero value in the vacuum.

This scalar field is called the Higgs field, and, although it has never been
measured in the way that M has, we are postulating its existence in order to
break the internal symmetry spontaneously. Saying that it has a non-zero
value in the vacuum means that there is a non-zero classical field in vacuo.
Thus in the language of §4.4 we are saying that there is a scalar field operator
¢(x) having a non-zero vacuum expectation value (vev) in the absence of any
source :
<0|@(x)[0> = p(x) #0 (13.19)

where ¢ (x) is the field measured in the vacuum. Since the vacuum is observed
to be translation invariant, when there is no source, we require ¢{x) to be
independent of x:

Odx) = @.. (13.20)

It is clear from (4.5, 4.43) that the vev of ¢ is zero in every order of
perturbation theory, at least in the Ap* theory considered there. So
spontaneous symmetry breaking must be a non-perturbative effect. We saw in
(4.79) that ¢_ is determined by minimising the effective potential. Further, if we
ignore quantum effects temporarily, the effective potential is simply given by
the potential V(g). This is apparent from (6.35), which, as already noted,
reduces to the (classical) field equation (3.35) when the source J is absent and
the quantum effect 4,Ax(0) dropped. The field theory discussed in Chapters 3
and 4 is described by the Lagrangian density

&L =40,0)0¢"0)— V(o) (1321a)
with

1 1
V((p)=§ p2o? ta Ao, (13.21b)

The only symmetry of this simple model is the invariance under the discrete
transformation

o(x) > ¢'(x)= —o(x). (13.22)
Obviously V will only have an absolute minimum if

A=0 (13.23)
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and in any case this is required to ensure the convergence of the functional
integral. When y? is positive ¥ has a minimum only at ¢ =0 and u is the mass
of the field ¢. V does have a minimum at a non-zero value of ¢ provided

u2<0 (13.24)

and then
@c= £ (—6p*/A)!72, (13.25)

This, of course, does not fix which sign of ¢, is actually selected by the system,
because of the symmetry, but whichever one is chosen breaks the symmetry,
since neither is invariant under (13.22). It is easy enough to define a new field
which does have zero vev. We let

F=¢—g, (13.26a)

so that, using (13.19, 13.20),
<0|@{0y =0. (13.26b)

When % is expressed as a function of ¢ it will obviously not possess the
reflection symmetry ¢ — —@, since ¢ measures fluctuations about the
asymmetric point ¢ =¢,. Using (13.25) we find

1o P 1
z=3 [(0,9)0" @) +2pu*$*] -4 (¢*+4¢°0,) - Wl (13.27)

The cubic term @* shows that the symmetry is spontaneously ‘broken’, as
expected, although since this is the same Lagrangian as the symmetric (13.21)
we can see why some! prefer to describe the symmetry as ‘secret’; it is secret
because only with the particular coefficient of the @* term given in (13.27) can
the Lagrangian be recast in a symmetric form. Note that, since ¢, is
proportional to A~/2, the spontaneous symmetry breaking is indeed non-
perturbative, as anticipated. Also, the mass squared of the field ¢ is clearly
—2u2, which is just the second derivative anticipated in (3.38)

2
14
LA I (13.28)

134 Spontaneous breaking of a continuous global symmetry

The real scalar field theory (13.21) discussed so far has only the discrete
symmetry (13.22), whereas we are concerned with a continuous gauge
symmetry. The spontaneous breaking of a continuous symmetry exhibits
novel features which do not arise in the discrete case. For this reason we shall
discuss the complex scalar field theory introduced in (3.61). The Lagrangian

&L =(0,0)0"¢*) — Vo, 9*) (13.29)
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is invariant under a global U(1) gauge transformation

o(x) - @'(x)=e™* o(x) (13.30a)
Plx)* = @'(x)* =" p(x)* (13.30b)

(with g, A real and constant) provided
Vg, *)=Vipp™). (13.31)

If we restrict our attention to renormalisable theories, then (13.31) implies that
V has the form

Vi@, 0*) = u>pe* +1Mpe*)’ (13.32)

analogous to (13.21b). As before we require A to be positive, and then if u? is
positive ¥ has an absolute minimum only at ¢ =0. When u? is negative V
acquires a minimum at a non-zero value ¢, of ¢ which satisfies

|2 = —2u?/A (13.33)

However, in this case there is a circle of degenerate minima, since (13.33)
obviously does not fix the phase of ¢, because of the gauge invariance (13.30).
Thus we have a situation analogous to that of the ferromagnetic system
discussed in §13.2. Any particular choice of ¢, breaks the symmetry
spontaneously, since under a gauge transformation (13.30) the ground state
l@.> is transformed into a different ground state |e~**¢.>. The novel feature
which arises when we break a continuous symmetry emerges when we define a
new field having zero vev. Let the phase of ¢, be J, so that

1
— el (13.34a)

(pc=\/§

v=+(—4u*/A)!? (13.34b)

with

and similarly for ¢.
Then we may express ¢ in terms of two real fields ¢,, ¢, by

1 H id
(’Eﬁ (p; +ip,) €”. (13.35)
Since
<0|¢|0> =g, (13.36)
it follows from (13.34) and (13.35) that only ¢, has a non-zero VEv:
€0j@,|0> =vé;, (i=1,2). (13.37)

Thus we define new fields @; having zero vev

$i= ¢, — 00y, (i=1,2). (13.38)
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Figure 13.2 The gauge invariant potential (13.32).

Evidently ¢, and ¢, measure deviations from the asymmetric point P (see
figure 13.2) in the directions radial and tangential to the circle of degenerate
minima passing through P.

The quadratic terms of the Lagrangian (13.32) are diagonalised by these
variables and we find

& =4[(0,6:)(0"$,) +(0,$2)0" §2) +2u*($)*]

—TeAl($:1)* +(62)*1? — %406, [($1)* +(62)*] —§u?v>. (13.39)
Obviously the symmetry is spontaneously broken, as expected, and the field
@, has a(positive) mass squared of —2u? asbefore. Thisis because V hasa true
minimum at P in the plane ¢,=0

oV

07 = —2u2 (13.40)

(91,902)=10)

The novel feature is that the field @, is massless. This too could have been
anticipated as
otV
003
since @, (= @,) measures deviations in the direction in which V is flat, because
of the gauge symmetry. Such massless modes, which arise from the degeneracy
of the ground state after spontaneous symmetry breaking, are called
‘Goldstone bosons’.
In fact Goldstone bosons are a general consequence of the spontaneous

breaking of a continuous global symmetry>. To see this consider a general
non-Abelian gauge symmetry G, defined in (9.13), and some scalar fields

=0 (1341)

(91.02)=(v.0)
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transforming as some (possibly reducible) representation of G. Without loss of
generality we may express these in terms of n (say) real scalar fields

®4(x)
o= 2% (1342)
Pn(x)
Under an infinitesimal global gauge transformation
@(x) = @(x) = @(x) + dop(x) (13.43a)
with
8p(x)= —igT*A%p(x) (13.43b)

where g, A® are real, and T* (a=1,. .., N) are the n x n matrices satisfying the
Lie algebra (9.21); since iT® is real and T is Hermitian, T must be
antisymmetric. If % is invariant under the gauge transformation (13.43), as
shown in (3.33), there is a conserved Noether current

jn= I(x)iT“(p(x) (@a=1,...,N) (13.44a)
where
0¥
= i=1,...,n). .
Ty FEa) =1, n) (13.44b)

The Euler-Lagrange equations (3.8) give

FX%
am,;w (13.45)

and current conservation then implies that

o.\T . .
<%> T +m,iT°0"9=0. (13.46)

In the field theories with which we are concerned the Lagrangian has the form

£ =40,0)(@0)—V(p) (13.47)
“ .
n,=0,0 (13.48a)
4
Ge= 30" (13.48b)

It follows from (13.48a) that the second term of (13.46) vanishes, since T¢ is
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antisymmetric, and we deduce that V satisfies

T _.
" T@=0 (13.49)
for all ¢, as a consequence of the symmetry.

The masses of the various modes are controlled by the behaviour of ¥ in the
vicinity of its minimum. Since we are considering a spontaneously broken
symmetry, V has its minimum at some value v of ¢ which fixes the viv of the
field operators. Thus

0|@(x)|0>=v (13.50a)
where
ov
P m=0. (13.50b)

Further, the ground state described by v is not in general invariant under a
gauge transformation, which means that

(1—-igA°Tv#v (13.51)
for all choices of the infinitesimals A°. So, for at least one a,
iTv#0. (13.52)
We now define fields
P=¢—v (13.53)
having zero vev
<0]¢|0> =0 (13.54)

and express .% in terms of ¢. Then using (13.47) and (13.50b)
2

1 - - .. 0%V
&£ =§<(au¢i)(0u(pi) QP

)— V(v)+ O(@>). (13.55)

aq)ia(pj ®=0
Clearly the masses of the fields @; are the eigenvalues of the mass matrix
v
u?);= . (13.56)
’ a(pl a(pj P=0
Differentiating (13.49) with respect to ¢ and evaluating at ¢ =v, we find
u?)iTv=0 (@a=1,...,N) (13.57)

using (13.50b). It follows from (13.52) that u? has at least one eigenvector with
zero eigenvalue, and consequently that the linear combination ¢"iTé is a
Goldstone boson.

Now suppose that the ground state ]v) is left invariant under gauge
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transformations belonging to some (maximal) subgroup S of G. Then we may
choose generators T (@=1,..., N) of G such that T*(a=1,. .., M) generate S.
Since |u> is invariant under the transformations belonging to S,

Tv=0 (a=1,..,. M) (13.58a)
but
T0#0 (@a=M+1,...,N). (13.58b)

The N — M vectors T®(a=M + 1,. .., N)areclearly linearly independent, and
it follows that there are N —M Goldstone bosons.

13.5 The Higgs mechanism

We are now in a position to attack the main objective of the chapter, namely
the generation of masses for the gauge vector boson fields in a way which does
not destroy the renormalisability of locally gauge invariant theories. In §13.1
we saw that the breaking of a local gauge invariance by the addition of gauge
boson mass terms, which explicitly break the symmetry, leads in general to an
unrenormalisable theory. We have also seen, in the following sections, how the
global invariance of a field theory may be broken (or ‘hidden’) by the ground
state (vacuum) spontaneously selecting one of the degenerate minima of the
potential. This suggests that we study the effect of breaking a local gauge
invariance spontaneously, in the hope that the breaking will induce gauge
boson masses, while the (hidden) symmetry will protect the renormalisability.

In fact this is precisely what happens. We illustrate the mechanism (now
called the Higgs mechanism) by applying it to the locally gauge invariant
version of the model discussed in §13.4. This model has the Lagrangian of
‘scalar electrodynamics’, but when it is spontaneously broken it is called the
‘Higgs model’*. Thus we start with

L =(D,o)D"o*) — P oo* —5Mep*)? —4F, F* (13.59a)
where
D,p=(d,+iq4,)¢e (13.59b)
D,p*=(d,—iq4,)p* (13.59¢)
are the U(1) gauge covariant derivatives defined in (9.6), and
F,=0,A,—0,A, (13.594)

is the gauge invariant field tensor, defined in (9.10). The last term is the
Lagrangian density for the electromagnetic field (3.12) without an external
source j,. When p? is positive the U(1) invariance is unbroken and (13.59a)
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evidently describes a scalar particle of mass u and charge g interacting witha
massless electromagnetic field; hence the name scalar electrodynamics.

We are concerned with the case when u%<0, so the symmetry is broken
spontaneously and ¢ acquires a VEV

<0|¢(x)|0>=—\15ve” (13.60)

where v is given in (13.34b) and ¢ is arbitrary. As before we change variables
and use the fields @, (i= 1, 2), defined in (13.35) and (13.38), which do have zero
vevs. In terms of these variables the covariant derivative becomes:

16

. € Y m a . [
D,,(P =ﬁ [a,,(Pl +1(6,‘(P2 +qUAp)+1un(‘P1 +i¢,)]. (13.61)

Notice that the erstwhile Goldstone boson @, is inextricably attached to the
hitherto massless gauge field A,. Indeed, aside from interaction terms, ¢, and
A, enter the Lagrangian only in the combination

A=A+ 3,5,. (13.62)

In other words, because of the spontaneous symmetry breaking the gauge field
is mixed with the Goldstone mode @,, which in momentum space provides a
longitudinal degree of freedom. From our discussion at the end of §13.1 this
suggests that the field 4, has a non-zero mass. This is indeed the case. If we
eliminate 4, in favour of 4, in (13.59a), we find a mass term for the field 4, as
in (13.1), with

m(A')=qu (13.63)

and we see that the mass requires both the spontaneous symmetry breaking
(v#0) and the coupling of the gauge field to the scalar field (¢+#0), as
anticipated. We shall not exhibit the precise form of & as a function of 4;, ¢,
and @,, because @, can be eliminated from the Lagrangian. We can see this by
exploiting the gauge invariance of %, (Remember any gauge transformation
leaves & invariant.) Comparing (13.62) with (9.7) we notice that A, may be
obtained from A4, by a particular gauge transformation, namely one with

1
A(X)=— @,(x). (13.64)
qu
This suggests that the whole of the dependence of ¥ upon @, might be

absorbable into a (different) gauge transformation. From (13.35) and (13.38)
we have that

v+ @y +ig,) €. (13.65)

1
GD—ﬁ(



182 SPONTANEOUS SYMMETRY BREAKING

Under a gauge transformation

p-og'=e""o (13.66)
57(v+(p1+1<p2)e (13.67)
So by choosing
gA =arctan Z: (13.68)
v+ @,
we can arrange that
@,=0. (13.69)
In this gauge we denote @) by H, so that
1
o(x) — ¢’(x)=$ [v+H(x)] (13.70)
and using (13.61) this gives
ei6 ] )
D,o - (D‘,(p)’=ﬁ (0,H +iquA, +iqA,H) (13.71)

where now 4, is the field 4, gauge-transformed using (13.68). Since & is gauge
invariant we may evaluate it in any gauge, and in this gauge we obtain from
(13.59) using (13.70) and (13.71)

1 1
;Z’=§ (0,H)¢"H) +§ q*A, A*v+H)?

1 A 1
—-yz(u+H)2—— l(v+H)4——F’ F™ (13.72a)
where
F,=0,4,—0,4, (13.72b)
We may simplify (13.72) using the fact, expressed by (13.34b), that v/\/§

minimises the potential, and finally we have

%= [O,H\OH) + 22H?]

r,, 4
__ ____H4 4 3
4uv 16( +4vH")

1 1
~2 F:NF"‘"+5 q*A,A*(v*+20H + H?). (13.73)



13.5 THE HIGGS MECHANISM 183

The Goldstone mode has been completely ‘eaten’ by the gauge-transformed
boson 4, which has a mass qv, as in (13.63). There is one remaining scalar field,
the Higgs field H, which is real, having a mass (—2u?)!/2. Thus the total
number (four) of degrees of freedom is unaltered. Instead of a massless gauge
boson, having two (transverse) modes, plus a complex field ¢ composed of two
real fields, we now have a massive vector field 4, having three modes (two
transverse and one longitudinal), plus one real scalar field H. Clearly the gauge
invariance is completely broken, since A4, is massive and H is real. However,
the renormalisability of the theory, if it has been preserved, is not manifest,
because of the problems with massive vector bosons discussed in §13.1.

To verify the renormalisability we work in a different gauge from that
specified in (13.68). The gauge given in (13.68) is called the ‘unitary’ gauge, since
it demonstrates that the Goldstone mode may be eliminated, (13.69), while the
surviving fields H, A, are perfectly normal fields having the normal
propagators for massive scalar and vector particles. In other words the only
poles occurring in Green functions and Feynman diagrams are those deriving
from real particles. In all other gauges, and in particular in the R, gauges which
we shall shortly define, there are spurious vector and scalar poles which must
cancel from S-matrix elements since they are absent in the unitary gauge. (See
Appendix B.) In other words, the R, gauges are not manifestly unitary.
However they are manifestly renormalisable; the ultraviolet divergences
encountered are no ‘worse’ than those occurring in Qep. The R, gauge is
specified by imposing a condition in the gauge field. For example in §3.5 we
demonstrated that the addition of a gauge-fixing term to the Lagrangian

1
Lor= % (0,4")* (13.74)
ensures that the gauge field 4, may be made to satisfy the Lorentz condition

d,A4*=0. (3.116)

In the present context it is useful to use a different gauge-fixing Lagrangian,
first suggested by ’t Hooft:

1
28

This ensures that 4, can be chosen so that

Lor= —= (0,4* —Equv,)2. (13.75)

0,4*={qu,. (13.76)

Provided qu is non-zero, we see that this reduces to (13.69) in the limit £ — co.
Thus we shall expect the unitary gauge to be a limiting case of the R, gauge.
The advantage of the 't Hooft gauge fixing is that it removes the bilinear
mixing of 4, and ¢,. We recall that this derives from the D,¢D*¢* term of %,
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and from (13.61) we see that this contains a quadratic term

(0,809 §,) +2qvA*(3,$,) +(qv)> 4, 4]

=4(0,6)(9"%) - 2qu(0,4")p, + (qv)*A4, 41 +qud (A" G,). (13.77)
The total divergence may be dropped, since it does not contribute to the
action, and the cross term now cancels that in (13.75) precisely. As explained in
§10.5, there is no necessity to introduce ghost fields into this theory since it is

based on an Abelian group U(1). The full Lagrangian of the Higgs model in the
R, gauge is therefore ¥ + Zr which gives

| . |
5 [(0,6.)(¢"®,) +2u¢3] ~2 wv?

"?Higgs:
1 ~ ~ 2.x2
+§ [0, 920" @3) —Emi3]
1
+5 [(1-&71)0,4")* —(9,4)¢" &) +miA,A*]
A ~ a2 ~2 | =212
16 [4v6 (@1 + 93) + (97 + 3)*]

.o 1 L N
+qA* G, PP, +5 q*A, A" @} +q*vA, A G, (13.78a)

where

m,=qv. (13.78b)

Thus the @, field has a mass squared u? +34v?= —2u? and the (unphysical)
erstwhile Goldstone boson mode @, now has mass squared &m2. The
propagator of the vector field may be found, as in §10.6, and we find

—i gpa +(€ - l)pppa(pz _émi)*l
p*—mi+ic '

iZFpa( p ) =

(13.79)

As anticipated, this yields the ordinary propagator (13.6b) of a massive vector
boson in the unitary limit £ — oo, and the associated ultraviolet behaviour
(13.9). However for all finite values of ¢ the behaviour as the (Euclidean)
momentum p — oo is '

Aeo(p)~|p| 2 (13.80)

just as in the massless case (13.7). It is for this reason that the R, gauge is
‘manifestly renormalisable’. To demonstrate that the theory really is sensible it
is necessary to show that the poles at p?> = £m3 cancel from S-matrix elements.
This was done by ’t Hooft>.



13.6 THE HIGGS MECHANISM IN NON-ABELIAN THEORIES 185

13.6 The Higgs mechanism in non-Abelian theories

We have seen that when the local U(1) invariance of scalar electrodynamics is
spontaneously broken the gauge boson acquires a mass by ‘eating’ the
Goldstone boson associated with the global symmetry, while the
renormalisability of the theory is preserved. A similar phenomenon occurs
when a local non-Abelian gauge invariance is spontaneously broken. Since
electroweak theory is believed to be just such a theory, it is worthwhile to
explore the general case in a little detail.

As in (13.42) we consider a general non-Abelian gauge symmetry G and n
real scalar fields ¢(x). We are now concerned with a local gauge invariance so
we must replace the derivative , in (13.47) by the covariant derivative (matrix)
9.15)

D,=19,+igT°A" (13.81)

where | is the unit n x n matrix, g is the coupling constant, T* (a=1, ..., N) are
the n x n matrices satisfying the Lie algebra (9.21) of the group G,and A4 are the
gauge vector fields. Adding the (locally gauge invariant) Yang—Mills
Lagrangian (9.33) for these gauge fields leads us to the non-Abelian analogue
of (13.59a):

& =4D, ) (D*¢)— V(p) —1FiF* (13.82a)
where
Fi,=0,A2—0,4%—gf "™ AL AS (13.82b)

and V(¢) satisfies (13.49) as a consequence of the symmetry. When the

symmetry is spontaneously broken some or all of the fields ¢ acquire VEvs, as

in (13.50). As before, (13.53), we define new fields ,
¢=¢—v (13.83)

all of which have zero vEvs. Expressed in terms of these fields
(D,)" (D) = (0"$)"(0"p) + 29(0,)iT0A™
+g2 A2 AT T+ ... (13.84)

where . .. denotes cubic and quartic interaction terms. (In deriving (13.84) we
have used the antisymmetry of the matrices T deduced in §13.4.) Suppose we
choose the generators T¢, as in §13.4, so that the first M generate the maximal
subgroup S of G which is left invariant after the spontaneous symmetry
breaking. Then (13.58) is satisfied and we see from (13.84) that the N - M
Goldstone modes ¢"iT?v (a=M +1,.. ., N) are mixed with the corresponding
gauge bosons. We therefore anticipate that the vector fields A} (a=1,..., M)
remain massless, as they are not mixed with Goldstone bosons, while the
remaining N — M vector fields acquire masses. This is clear if we presume the
existence of a unitary gauge, as before, in which the Goldstone modes are
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transformed to zero. In other words, we assume that by an appropriate non-
Abelian gauge transformation we can arrange that

o(x) —~ ¢'(x) (13.85a)

where
¢ TiTv=0 (a=M+1,..,N). (13.85b)

In this gauge it follows from (13.84) that the surviving n — N + M Higgs scalar
fields are unmixed with gauge bosons. The third term of (13.84) is the vector
bosons’ mass term. The actual masses are found by diagonalising the mass
matrix

(M2 =g%™T*Th (a,b=1,...,N). (13.86)
Since the matrices T* satisfy (13.58a), it is clear that
(M3)*t=0 for (a,b=1,...,M)

so that the gauge bosons 4; (a=1,.. ., M) are indeed massless as anticipated.
Further, if we restirct a, b to values larger than M, the resulting (N — M) x
(N — M) sub-matrix (M2)®® is positive definite. To see this we note first that
(M%) is symmetric (exercise). It follows that it may be diagonalised using a
real orthogonal transformation Q. Thus

[O(M?2)07]? = 425 (no summation). (13.87)
Using (13.86) this gives

N
A=Y  (gO°riTPv)" (gO“iTW). (13.88)
pq=M+1

Since any linear combination gO“iT% of the linearly independent (real)
vectors iT? must be non-zero, it follows that A? is positive and we have N - M
massive vector particles, as anticipated. It remains only to justify the assumed
existence of a unitary gauge. The proof is elegant® but something of an aside, so
we omit it.

The unitary gauge is unsuitable for calculations because the presence of
massive gauge bosons means that the theory is not manifestly renormalisable.
It is desirable to perform calculations in a guage in which the renormalisability
is manifest, so that the divergences encountered are no worse than QED, for
example. As before, this is the case in 't Hooft’s R, gauge, analogous to (13.76).
In the general case the gauge-fixing Lagrangian is taken to be

Lop= —ilz(auA““—égﬁTiT"u)z (13.89)

so that the cross term 8, 4%g@"iT* cancels the corresponding term in (13.84),
after dropping a total divergence. Then in the quadratic terms the gauge fields
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A¢ are decoupled from the scalars. The choice (13.89) corresponds to the gauge
conditions

F,=0,A%—¢g@"iTv—f*(x)=0 (13.90)

instead of (10.31). This means that the functional derivative 6F ,(x')/0A,(x) is
different from that derived in (10.55), and consequently that the Fadeev—
Popov Lagrangian will differ from (10.58).

Before discussing these modifications we derive the Feynman rules (in the
gauge boson and scalar sectors) which follow from the addition of the gauge
fixing Lagrangian Zs¢ to & given in (13.82). Identifying the terms which are
quadratic in the gauge fields we have

1
Z(quadratic, 4;)= ) (0,40)(* A" — 0" A™)

1
—Té(aMA““)2+A;‘,(M§)“”A”“ (13.91)

where (M3)* is given in (13.86). Thus the massless gauge bosons AZ
(@=1,...,M) each have the propagator Dg,(p) given in (10.68) and the
corresponding Feynman rule (10.69). As shown in (13.88), the remaining
modes 45 (@a=M+1,..., N) yield N — M massive vector fields. We denote the

mass eigenstates by
Bi=0"4; (13.92)

where O is the orthogonal matrix diagonalising this sector M2 of the mass
matrix M2, as in (13.87). The eigenvalues 1° may be written

A=(M°)? (13.93)
since we have verified their positivity. Then the propagator for each mode By is
—Gpe +(1=E)p,p,[p* —E(M*)*] !

, M%) = - 13.94
Ava:r(p M ) pz—(M“)z+l£ ( a)
as in (13.79), and the corresponding Feynman rule
b,afW\fvxna.o : ié"bZFW( p, M%) (no summation). (13.94b)
]

The terms in the augmented Lagrangian which are quadratic in the (shifted)
scalar fields ¢ are
Z(quadratic, §)=40,9)"(?"9) — 36" (1")¢ —3g*("iT)* (13.95)

where (112) is the scalar mass matrix defined in (13.56). The scalar fields ¢ may
be decomposed into the (unphysical) Goldstone modes G and the surviving
Higgs scalars H

é6=G+H (13.96)
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as follows. Using (13.87) and (13.93) we see that the real vectors
(@ab=M+1,...,N)

¢ E% z,,: L (no summation) (13.97)
are orthonormal:
eTeb =5, (13.98)
Since
w»e*=0 (13.99)

(from (13.57)), it is clear that the set {e* a=M + L,..., N} provides a basis for
the (zero-mass) Goldstone modes. The remaining scalar mass eigenstates all
have positive eigenvalues of (1?), since ¢ =v is a minimum of V. Further, we
may choose the eigenvectors {f*: b=1,...,n~ N + M} to be orthonormal and
orthogonal to the Goldstone basis {€°}. The decomposition (13.96) is then
defined by ‘

G=) f(e"p)=) &G (13.100a)

H=Y f/(f"¢)=Y fH" (13.100b)
b b
Using the orthogonality of O, it follows from (13.97) that

#igTev=Y MP0%G® (13.101)

b

and we see that the last term of (13.95) involves only the Goldstone modes. We
may rewrite (13.95) as

Z(quadratic, ¢)=40,H"H") -4 Y (u?)’H°H®
b

+40,GN*G*) -4 Y &M*)*G°G* (13.102a)
where
WP =whf. (13.102b)
The Goldstone mode G® thus has a propagator
AP, /E M) =[p> —E(M?)* +ie] ! (13.103)

with the corresponding Feynman rule

boe—— _G'i_.._. a @ 16"AH(p, \/E M?%  (no summation).  (13.104)
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Similarly the Higgs scalar H® has a propagator
Be(p, 1) =[p* ~(W)* +ie] ™!
with the corresponding Feynman rule
c »__.5_- ~b i i8%Adp,ub).  (13.105)
The remaining terms of the augmented Lagrangian characterise the
interactions of the scalar particles and vector particles:
Zlinteraction, @, 4)=(3,¢")igT @A™ +g>¢ T Trv AL A™
+12,92¢TTaTb¢A:Abu
+49f (0, A% — 0,A2)A* A”
—i'ngabcfadeA:AiAdﬂAev
-["@)—16" )0l (13.106)
where ¥(g) is obtained from V(g) by the substitution of v+ ¢ for ¢@. This
expression can be made even more complicated by casting it in terms of the
mass eigenstates A2 (a=1,...,M), Bi(a=M +1,. .., N) defined in (13.91), G*,
H? defined in (13.100). We shall forego this pleasure until we consider the
specific spontaneous symmetry breaking required for the standard model (see
§14.2).
There remains the question of the Faddeev—Popov ghost Lagrangian which
is required by our gauge choice (13.90). This is controlled by the matrix B,
defined in (10.52). With the present gauge condition
F(x)=F(Ap,(x), $"(x)
=0,, A"V (x') — Eg@T ()i T — f*(x) (13.107)

where 42", @V are the (infinitesimally) gauge-transformed fields

AY(x)= A™(x) + 4 AUX) + gf P Ab(x) AH(X') (13.108a)
() =)
= (x') —igT"A"(x)p(x') —v
= @(x) —ig T’ A*(x)[v + ¢(x")]. (13.108b)
Thus

OF (x) _
SA(x)

0, {[0% 0% +gf * AMX)](x’ — x)}

+EgHo" + T (XN T TI(x" — x). (13.109)
Proceeding as before we find that the Faddeev—Popov ghost Lagrangian is now
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given by
FLep=(0,1"*Nn") + gf >0 ,n* )" A*
— S (MEPon g T T, (13.110)

Evidently the ghost fields #° (a=1,..., M) remain massless and have the
propagator (10.70) with the associated Feynman rule (10.71). The remaining

ghost fields have a mass matrix ¢(M3) proportional to that of the
corresponding gauge fields. Thus the mass eigenstates y* are given by the same
orthogonal matrix O as appears in (13.87)

¥ =0yt (a,b=M+1,...,N) (13.111)
and the corresponding eigenvalues are \/E M?, where M* is defined in (13.92).

The propagator for this mode is therefore
Bgs(p, JE MY =[p? — (M) +ig] ' (13.112)

and the corresponding Feynman rule is

s =
O r i0RR(p, JEMY).  (13.113)

The remaining (interaction) terms of (13.110) may be recast in terms of 5
(a=1,.. M), x*(a=M+1,...,N), 42 (a=1,...,M),B;(a=M+1,...,N), G,
H?. Again, we shall not write down the precise Feynman rules until we turnto a
specific example.

13.7 Fermion masses from spontaneous symmetry breaking

The gauge theories we have encountered so far, namely QeD and Qcp, have all
been invariant under the operation of parity, in which

P

x> —x. (13.114)

In consequence the left and right chiral components of the fermion fields must
transform in the same way under gauge transformations. To see this we group
all the fermion fields into a column vector i and then decompose  into its left
and right chiral components L and R as follows:

¥y=L+R (13.115a)
where

L=ay (13.115b)

R=azy (13.115¢)



13.7 FERMION MASSES 191

with
ak=%(1¢vs)- (13.115d)
Then L and R are eigenstates of a chirality transformation €*’s since
R —e“sR=¢€"R (13.116a)
L—e“sL=e™L. (13.116b)

Now suppose that under a gauge transformation U
L - exp(—igT{A%)L (13.117a)
R - exp(—igTgA*)R (13.117b)

with T{, Tg characterising the (possibly different) transformation properties of
L and R, and consider the kinetic part of the Lagrangian

Fe=Lyi0, —gTi ADL + Ry!(id, —g T A9)R. (13.118)

By construction %y is gauge invariant, and it follows from (13.116) that it is
also invariant under the chiral transformation. However % is in general not
invariant under the parity transformation, basically because parity
interchanges the left and right chiral components. We can see this as follows.
Under the parity transformation

" (13.119a)
with
le]=1 (13.119b)
and
A5 4™ (13.120)
Then
P
L —¢yoR (13.121a)
P
R ey,L (13.121b)

and % is parity invariant if and only if
T =Ta=T" (13.122)

In other words L and R transform identically under a gauge transformation.
Now consider the mass term

Lu=—YMgy. (13.123)
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It is never invariant under the chiral transformation (13.116), but it is gauge
invariant if (13.122) is satisfied and if

(Mg, T7]=0. (13.129)

In the case of Qcp, for example, parity invariance ensures that (13.122) is
satisfied and (13.123) requires all colours of a given flavour to have the same
mass, as in (9.35).

It is well known that the weak interactions are not invariant under parity.
Thus when we construct the electroweak gauge theory in Chapter 14 it should
come as no surprise to find that the left and right chiral components of the
fermion fields behave differently under gauge transformations, as envisaged in
(13.117). Then %), given in (13.123) is not gauge invariant. If we demand gauge
invariance, the fermions are massless and the fermionic Lagrangian is chirally
invariant. Clearly we must break these invariances, since with the exception of
the neutrinos all fermions are known to have masses.

We have seen that it is possible to break the gauge invariance
(spontaneously) by introducing scalar fields which acquire non-zero vEvs.
However this does not of itself induce the chiral symmetry breaking which is
essential if the fermions are to acquire masses. What is needed is an interaction
of the fermion which is chirally non-invariant but gauge invariant. Then, when
the gauge invariance is spontaneously broken, we shall expect fermion masses
to emerge, since both invariances will have been broken. This may be achieved
by including a Yukawa coupling of the fermions to the n real scalar fields
@1,- .., @, as follows. We take

#,=LY,Rp,+RY! Lo, (13.125)

where Y, (p=1,...,n) are matrices chosen so that %y is gauge invariant. The
chiral non-invariance follows immediately from (13.116), and the gauge
invariance requires that

1Y, — Y, Ta=(Ty),Y, (13.126)
where T¢, T% are defined in (13.117) and under the same gauge transformation
¢ - ¢ =exp(—igT,A%e. : (13.127)

When the symmetry is spontaneously broken we must re-express %y in terms
of the field ¢, as in (13.83). Then

#Ly=LY,R(v,+@,)+RY ,L(v,+,) (13.128)

and we see that the symmetry breaking has generated mass terms for the
fermions, as required and anticipated. The mass matrix M in (13.123) is given
by

Yo=Y v=—M; (13.129)
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138 Magnetic monopoles

We have now derived the techniques necessary to apply spontaneous
symmetry breaking to the case of actual interest. However, before doing so it is
irresistible to note some further consequences which arise at the classical level
when a non-Abelian gauge invariance is spontaneously broken.

As we have already said, spontaneous symmetry breaking occurs when
some scalar fields ¢(x) acquire non-zero VEvs:

<0|@(x)|0> =v (13.130)

and we argued that v is independent of x because the vacuum is observed to be
spatially homogeneous. We might therefore wonder whether other states of
finite energy might exist in which the scalar fields have spatially varying
expectation values. Let us call such a state M. Then we want

M |PX)\MD = @) (13.131)

and ¢,,(x) to describe a state of finite energy. We consider first a continuous
global symmetry, such as that discussed in §13.4. The energy density T3 for a
single scalar field ¢(x) was derived in (3.45). In the present case we have

T3 = 5(000™)(000) + 3(0:07)(0:90) + V(9) (13.132)
where to be definite we take
V(p)=4a(p @ —v?)2. (13.133)

Since we require the state |M > to have finite energy, it is clear that the density
T§ must approach zero as r=|x| - co. In particular this requires that V — 0,
)

oLy - v? as r— . (13.134)

This does not necessarily require that ¢,, approaches a constant, since (13.134)
requires only that the magnitude of ¢,, approaches a constant; its orientation
is arbitrary. We might therefore hope that it would be possible to arrange that
¢ is tied to a non-trivial topological structure as r — oo, For example in an
SO(3) symmetric theory in which the fields ¢ constitute a three-dimensional
representation we might hope to find a field configuration ¢,, in which

Py — VF as r— o0. (13.135)
Unfortunately any such field configurations have infinite energy’. We can see
this as follows. For large values of r we may approximate ¢,, by the form

Oulr, 0, @, )~v¥(0, ¢, 1). (13.136)
Then _
1"y 1 oy oy
3.0%, X0; ~Ne | —— " 7T
(G puX0:ow) r2<ae 30 " SinZ0 0¢ 6(/))

=0(r"2). (13.137)
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It follows from (13.132) that the energy is given by

E= fd3xT8> J‘d:’x-%(a,-(p}})(ai(o) =00 (13.138)

since d®>x=r? dr dQ and the radial integration is divergent.
In any case it is easy to see that any such static solution having finite energy
is unstable. The energy of a static solution is given from (13.132) by

E=T[oul+ VIox] (13.139a)
where
Tlpul= | d°xH0:00)0:0m) (13.139b)
and
Vieul= | d°xViegy) (13.139¢)

with D(=3) the number of spatial dimensions. We denote by ¢,,,(x) the scale-
transformed solution

Pui(X)= @y (Ax). (13.140)
Then
0:@uAx) = A0;pp(1x) (13.141)
and it follows, changing integration variables from x to Ax, that
Tlewl=2"""Tloy] (13.142)
and
Viewl=21""VIeu]. (13.143)
Since E must be stationary with respect to variation of A we have
%—Ij—l=l=0=(2—D)T—DV (13.144)

For the solution to be stable we also require that E is a local minimum with
respect to variation of 1. So

d’E

0<W

=@2=D)Y1-D)T+D(D+ 1)V

A=1

=(2-D2T (13.145)

using (13.144). Since T is always positive, we see that in D=3 dimensions
(13.145) is not satisfied, and any such static solution is consequently unstable.
This is ‘Derrick’s theorem’®,
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However, if we consider a local, rather than a global, symmetry, we must
amend the above argument to include the effects of the gauge fields. We leave
this as an exercise, and merely quote the results. Requiring that E is a minimum
with respect to variation of the scale parameter A now gives

2-D)T,+@4-D)T,~DV=0 (13.146a)
2-D)1-D)T,+(4-D)3-D)T,+D(D+ 1)V >0 (13.146b)

where now
E=T,+T,+V (13.146¢)
with
T,= fdbxﬂD i‘PL)(Di‘PM) (13.146d)
TAEJde!;F;',M it (13.146¢)

and V is given in (13.139c). Eliminating V and putting D=3 gives
T,>1T°>0 (13.147)

which can be satisfied.

All thatis happening is that the decrease in T, and V as Aisincreased is being
(more than) compensated for by the increase in T,,. The inclusion of the gauge
fields also enables us to avoid the infinite energy of the purely scalar
configuration. This is because we can arrange a cancellation so that although
|0:pu]|=0(r"") and |A;,|=O("") as r— oo, the covariant derivative
|D;@u|=O(r~2), which is sufficient to ensure the convergence of T,.

To see how, we consider the particular case® already mentioned when the
symmetry is SO(3) and the scalar fields ¢ transform as a three-dimensional
representation. We further assume that a spherically symmetric configuration
exists and that ¢,, is radial everywhere, not just as r — oo as in (13.138). Thus
we assume ¢,, has the form

Prlr) = vFD(r). (13.148)

Since v is the only dimensionful scale in the system it must scale the r
dependence. Further, since the r dependence is controlled by the covariant
derivative D,, it is clear that ®(r) is a function of gr. Thus without loss of
generality we may write instead of (13.148)

1
=—; H(vgr)r (13.149)

and we insist that
ETTH(E -1 as - (13.150)
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so that (13.135) is satisfied. As before, 9,9, =O(r" ') for large r, so this
potentially divergent behaviour must be cancelled by the gauge field
contribution to

Dioy=0,04—9gAiy N Pu (13.151)
where we have used (13.81) and the fact that
(T9);; =1, (13.152)

in the regular representation of SO(3). To achieve the cancellation 4;,, must
have some component perpendicular to ¢,, and we assume that

Aule)= —eu '3 (1~ K(ugr)] (13.153)
Then it follows that
D u(r)= HiogK(vgr) Oy —rir) + [ogrH (ogr) — H(vgn)] o4 usasy
and provided
ézdiié—[é“H(é)]—»o as ¢— o (13.155a)

and
EK(E) -0 as - (13.155b)

we see that D;¢;,, = O(r~ ?) for large r, as required. The gauge field tensor F? [iM>
may be calculated, directly using (13.153), or from the commutator [D;, D;]
using (9.28). We find

K =1 K K?-1
FUM g T—siﬂj+ r_Z—T (siaprprj }ap P 1) (13156)

Then substituting (13.149) and (13.156) into (13.146) gives the energy of the
configuration as a functional of H and K:

E[H, K]=ig@fm dé f‘2<% (¢H'—H)*+H?’K?
0

1
+(EK)? +5(K* - 1)2+43g- (H? -52)2>. (13.157)

Minimising with respect to variation of H and K, or directly from the Euler—
Lagrange equations, gives

ézK"=KH2+K(K2_1) (13.1583)

a
éZH”=2K2H+?H(H2_éZ) (13.158b)
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which must be solved subject to the boundary conditions (13.155). Further, in
order that the integral in (13.157) is convergent at £=0 we require the
boundary conditions

H()<0() as ¢{-0 (13.159a)
and
K& —-1<0() as ¢-0. (13.159b)

In general the functions H and K satisfying (13.158) must be found
numerically, and the energy of the field configuration (interpreted as its mass)
then has the form:

M=9Z—” f(g%—) (13.160)
where f is found to be a slowly varying function satisfying (for example)
f0)=1 (13.161a)
f(0.5=142 (13.161b)
f(10)=144. (13.161¢)

The first of these values may be verified directly, since in the limit that « —» 0
(and p? — 0, so that v+0) (13.158) has the analytic solution

H(¢)=E&cothé—1 K(&)=¢& cosech & (13.162)

discovered by Prasad and Sommerfield'®.

We should emphasise that the field configurations (13.149) and (13.153) we
have discovered are purely classical. The ‘mass’ calculated in (13.160) is just the
energy of this classical field configuration and is not (except in conjecture!?)
the mass of any field quantum. We can however think of the field configuration
as describing a localised system with the energy concentrated in a region
around the origin. In fact for large values of €, H ~ £ from (13.150), so (13.158a)
gives

K'~K (13.163)
since K — 0, from (13.155b). Thus the asymptotic form of K is
K~e t=e™"" (13.164)

and we see that the field energy is essentially concentrated in the sphere of
radius (gv) ~! centred at the origin. It is easy to see (from (13.160), for example)

that
2

g
=gv~— 13.1
my=gv M (13.165)

is just the mass of the (transverse) vector field which acquires mass by the
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spontaneous symmetry breaking. Thus the size of the field configuration we
have been discussing is just the Compton wavelength of this massive vector
field, and not the Compton wavelength associated with its ‘mass’.

At distances which are large compared with m; ! the SO(3) local symmetry
is broken, according to (13.135), and the residual symmetry is just the U(1)
group of rotations about the radial direction 7 If SO(3) had been the
electroweak symmetry, which it is not (see Chapter 14), this surviving U(1)
gauge symmetry would have been the electromagnetic gauge invariance, and
presumably g=e. In this limit the surviving gauge field tensor 7 Ff, is

P ?jM~—er—i Eigj” (evr>1) (13.166)

which corresponds to a magnetic field

1,
Thus the field configuration we have been discussing is that of a magnetic
monopole, since at large distances the field in everywhere radial. In fact the
total magnetic charge of the monopole configuration is

J B:-ndX= —A4n/e (13.168)
b

where nis normal to the surface Z enclosing the origin, all points of which have
evr> 1.

The monopole configuration(s) are of no great importance in the context of
electroweak theory, because they do not arise in what is now the generally
accepted electroweak symmetry. However, they do occur in the grand unified
theories (Guts) which will be discussed in Chapter 16. To see why this is so we
must first appreciate that the field configuration (texture) which has been
developed is important not just because it has finite energy, but also because of
its topological stability. We noted at the outset that ¢,, was tied to a non-
trivial topological structure as r — oo. This means that the asymptotic form
(13.135) of ¢, cannot be continuously deformed to the trivial texture

ou=0% (13.169)

for example. Another reflection of this is that the magnetic charge (13.168) is
‘topologically conserved’—in fact its value must be an integral multiple of
4n/e, for purely geometric reasons. We can see this as follows. For large
r(evr> 1)e(r) defines a mapping

0% M° (13.170)

where X is any closed surface enclosing the origin, and on all points of which r
is large, and #° is the manifold of all values of ¢ which minimise ¥(¢). In the
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present case V(g) is given by (13.133) and .#° is the surface of the three-
dimensional sphere

@ =0 (13.171)

Thus in this case .#°=S82 Now suppose that the points on I are
parametrised by # and w

E={r(u, w): ueU, weW}. (13.172)

This gives the mapping ¢ in terms of the parameters u, w. The normal a, to S?
is given in terms of the partial derivatives ¢, and ¢,, by

0. A0, dudw=n, dS? (13.173)
where dS? is the element of area on S2. It follows that
o o,np, dudw=0vdS% (13.174)

As (u, w) covers U x W, r(u, w) covers the closed surface X, and ¢(r(u, w)) must
also cover a closed surface which must be contained in S2. Evidently this can
only be S? itself, or an integral multiple of S2. Thus

4nv’N =f @9, A, dudw (13.175)
UxW

where N is an integer. Precisely because N is an integer it cannot be varied
continuously. Thus continuous deformation of ¢ leaves N invariant, which is
why we say that N is a topologically conserved quantum number.

Finally we must demonstrate the connection between the topological
charge and the magnetic charge. This is done by transforming (13.175) to an
integral over X. If the normal to X is &, then as in (13.173)

ndZ=r,Ar, dudw (13.176)
which implies
_ olrj, 1)
gt dX = B, w) du dw. (13.177)
Also
1 orj, 1)
(pu/\(pw—zaj(p/\aklp )’ (13.178)

Substituting these into (13.175) gives
4N =J Le.ani@+ 0,0 A O, dZ. (13.179)
z

On X we have already noted (13.171) that ¢+¢ = v?, and that D, = O(r~?). In
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fact because of the exponential fall off we can set

D;p=0. (13.180)
Then solving (13.151) we can find the component of A; perpendicular to ¢:

1 1
Ai=ﬁ(p/\6,-(p+;ai(p (13.181)

where g; is arbitrary. Then, as before, the field tensor F, is parallel to the axis ¢
of the residual U(1) symmetry and we find

1 1
;¢~ij=5)—3 @00 A0 @+ 0;a,0,a; (13.182)
and the magnetic field is
1
Bi= —% aijk(P'ij. (13.183)

Then substituting into (13.179) gives
4ny3N = —J dX n,[ B; + (curl a)]gv>. (13.184)
z

The unknown curl a does not contribute and we see that the magnetic charge

4z

J B:ndz= —N(—) (13.185)
3} e

remembering that g=e. Thus the topological charge measures the magnetic

charge in units of (—4mn/e), and the magnetic charge is conserved because of

topological reasons.

13.9 The effective potential in one-loop order

We have seen in §13.3 and the following sections that spontaneous symmetry
breaking requires that some scalar field develops a vacuum expectation value
(vev). Thisvev is determined by the minimisation of the effective potential as
was shown in (4.79). (In the case that the classical field ¢ (x) varies in space, as
was the case in §13.8, it is obtained by minimising the effective action I'[¢_].)
So far in this chapter we have ignored quantum effects, so that the effective
potential is given entirely by the potential ¥ which appears in the Lagrangian.
(It was for this reason that we minimised the expressions (13.21b) and (13.32),
for example.) We could of course include some of the neglected terms by
working to some (finite) order in perturbation theory. However, spontaneous
symmetry breaking is a non-perturbative effect, as we have already observed.
Thus some other expansion parameter is needed if we are to improve upon the
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calculations we have done so far. One of the few available alternatives is the
loop expansion.

We start with the generating functional X[J] of the connected Green
functions in a scalar field theory, defined in (4.58) and (4.25), and insert a factor
h™!, so that

W[J]=expih 1 X[J]
=N f.@(p exp ih ! fd‘*x(.qf +J9) (13.186)

where N’ is chosen so that
w[0]l=1 (X[01=0). (13.187)

(We have hitherto set h=1, so this insertion makes no differences to the
calculations we have already performed.) Since the ™! on the second line of
(13.185) multiplies the whole Lagrangian, not just the interaction part, each of
the V vertices in a diagram will carry a factor # ™!, while each of the I internal
lines will carry a factor 4. In calculating the connected Green function G'2, with
E externa lines, as in §6.2, each of the external lines has a propagator. Thus
overall we have a factor

(h)—V+l+E=(h)L+l—E (13188)

using (7.7), and any diagram in the expansion of #~* X[J] has a factor (h)* .
The one-particle-irreducible (op1) Green functions I'™ are generated by the
effective action I'[¢.] via (4.73). As we found in Chapter 6 the op1 Green
functions I"® have no propagators associated with the E external legs, so these
Green functions are multiplied by a factor (%)~ In other words the power of #1in
I® counts the number of loops. With no loops (L =0) the only non-zero opi
Green functions are

F(p, —p)=p*—u? (13.189)
and
f“(4)(171’ Pz, p3’ P4)= _Au (13.190)

Then from (4.81) we can write down the corresponding approximation to
V(e.):

1 1
Volpo) =3 Wl + 4 2! (13.191)

which is precisely the ‘classical’ potential (13.21b) which was expected. In this
connection it is perhaps worth emphasising that the insertion of # is purely
conventional. We do not have to assume that # is ‘small’, and it is introduced
merely as an expansion parameter. Indeed, we can write down I'[¢.] in the
same approximation by using (6.36). The terms involving Ag(0) derive from
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(divergent) loop integrations, so they do not contribute in zeroth order. Thus
1 2
Lolocl= =3 | dx0c(x)(0,0" +1*)odx)

1
- y) J‘ dx[o(x)]* (13.192)
since N=1 so that I'[0]=0.
We now wish to proceed beyond this approximation and to calculate the
effective potential V and the effective action I" accurate to order A, i.e. at the

one-loop order. First we shift the functional integration variable ¢ in (13.186)
by writing

P(x)= Po(x) + G(x) (13.193)
where ¢, is the zeroth order approximation to ¢.. It therefore satisfies

(0,0" + 1*)@o(x) +% @30 =J(x). (13.194)

Using the Lagrangian density given in (3.34)

1 1 1
2(9)=5 0,9)0"0)—5 u*¢? A (3.34)

and the change of variables (13.193), it follows that
f d( & +Tg)= f (L (00)+I00)

. 1, -
+ J d‘*x[(@(ﬁ)(c?"qoo) —W'Gpo—c Agoi+J] qo]

. 1 L,
+ jd‘*x[fquad(co, Po) =z 49’00 -1 lw“] (13.195a)
where
gquad(‘ﬁ’ (pO) E%(au(ﬁ)(a“@) _%#2(52 —%i(l)(z)(ﬁz (13 195b)

contains all the terms quadratic in ¢ after the shift. The term which is linear in
@ in (13.195a) vanishes by virtue of (13.194) (this merely reflects the fact that ¢,
minimises the classical action). Next we rescale the new functional integration
variable by

¢=h'e (13.196)
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and substituting back into (13.186) gives

W[J]=N expih™! J.d‘XE-Sf’(%) +J@o]

A 1
X f Do expi f d*x (.S”quad(qa,(po) _Ehl/ 2p3¢° —2—4,1h(p4).

(13.197)

The terms proportional to 7'/ and 4 in (13.197) may be neglected, if we only
want to retain the first-order corrections, and this leaves a functional
integration which may be continued to the Gaussian integral already
encountered in Chapters 1 and 4. Writing

jd4xgquad(¢s Po)= —%fd4x d* X p(x)A(X', x, po)p(x) (13.198)

where
A(X', x, po) = [—0,,0% + p? + 320%]6(x' — x) (13.199)
the result is that

WLJ]=N' expif~! f d*x[L(@o) + J9o]

xexp[—4 Trin A(x', x, ¢o)]. (13.200)
Using (13.187) we have that
W[0]=1~N' exp( —% Trln Ax/, x, 0)) (13.201)
since
©o[0]=0. (13.202)

Then comparing with (13.186) we find

Xo[J] =Jd4x[fl’ (@0) +J o) (13.203)

i

S AGES

TrIn[A(X', x, o)/ A(x', x,0)] (13.204)

where A4 is defined in (13.199). Of course, to go beyond this first-order
approximation we should have to retain the O(h'/?) and O(h) terms in (13.202).
Finally we can compute the effective action

o =Tolod +Al [oc] (13.205)
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in the same approximation of neglecting O(h?). From (4.64) we have that

oX
@) = —— = o) + O(h). (13.206)

0J(x)
Thus using (4.68) we have

Folod = X,[J] -f *xJo,
= fd4x$ (®0)

1 1 1
— 4 _ N ___ 42pn2 4
= J d x(z (0, 9N ¢°) SRR g l(Pc) (13.207)
in agreement with (13.192). Next we have

hTy [od = Xo[J]-Tolod - fd4x1¢c +hX,[J]
= fd‘x[-‘l’ (@o)+ Jpo] - fd“x[ft’(%) +Jo.]

ih
+£f Trin[A(X', x, o)/ A(X', x,0)]. (13.208)
The difference on the second line is of order (¢, — ¢ )* = O(h?) since ¢, satisfies

(13.194), and in the last term we may replace ¢, by ¢, at the required accuracy.
Hence

I [ed =% TrIn[A(x', x, @.)/A(X’, x, 0)]. (13.209)

The effective potential V(¢,) is obtained from I'[¢.] by taking ¢. to be
constant. Then

Tol=— f d“xV(,). , (13.210)

Now with ¢, constant we can evaluate I';, and thereby V. To define the
logarithm in (13.209) we must first diagonalise A(x', x, ¢.): .

A(x/, X, (pc) E( - ax’ua’; +ﬂ2 +_12-A(pcz)5(x, ’—X)
d%k Lo
=IW(—ax’ua;+ﬂ2+%l¢g) e‘k(x )

_[d%
- Jent

(=K +4+4ig2) &~
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= f d*k d*K'[(2n) 2 ¥ J[(— k2 + 2 + 4192k’ — k)]

x [(2m)~2 e~ikx], (13.211)
Thus

In A(X, x, )= | d*k d*k'[(27)~ 2 €% In(— k2 + p? +$492)5(k’ —k)

x [(2m)~2 e~ (13.212)

and
Trin A= J‘d“x d*x'8(x’ —x) In A(X', x, @)
= |d*x i‘tk—1Il(—k24—;124-%,1(;)2). (13.213)
2n)* ¢ '

Thus from (13.209), (13.210) the one-loop order contribution to the effective
potential is given by

—i [d% —k2+p+3g?
and to this order the effective potential is
V@)~ Vol + Vileo)
1 1 i d*k Lip?
e n2p2 4 At __2"Ye
=5 K22+ 77 40 2hf(2n)4 1n<1 kl-;ﬁ)' (13.215)

The last term is ultraviolet divergent, so we regularise the integral by
evaluating it in 2w-dimensional space—time, asin §7.2. Also, the parameters u?,
A, @, which appear in the expression are those of the original bare Lagrangian
(3.34). They should more carefully have been written as u2, g, @5, as we did in
(7.3) and subsequently. When we express V in terms of the renormalised
quantities defined in (7.40), (7.42) and (7.43) we obtain

1 1 1 1
=_y2mp24_ 4 - 2,2, ° 4
i, [d%k 12

where now u?, A, @ are the renormalised parameters, defined as in §7.5 by
imposing boundary conditions upon V. In the single loop order to which we
are working the & integration yields only simple poles in 2 —w. Thus in (7.70)
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we have
a,=0=b, (v>1). (13.217)
The poles in 2 —w are cancelled by taking
W=g A2 b, = 32;2 i (13.218a)
where
A=AM*—4 (13.218b)

as in §7.5. The remaining expression is finite as @ — 2 giving

1 2,2 A 3 ¢
V((Pc)—ill ¢c[1+bo“ﬂ<§+r(l)+ln4n
1 342 /3 ,
+E¢3[1+ao—@—2(§+F(1)+ln4n>:|

1 1\, (u?+3ig? 2
to [<u2+§1¢c> 1n(f‘~74%-"’—>—mln(fl—z)]. (13.219)

In the Ms scheme the counter terms remove only the poles in w—2, so
afS=pY5=0 (13.220)

and the counter terms are identical to those in (7.74a). (This could have been

anticipated, since although they were derived perturbatively the expressions

are clearly the only one-loop contributions.) In the Ms scheme we also take a;m

and b§‘§ as given in (7.76) and (7.77), so as to remove the I"'(1) +1n 4= factors.
We may also renormalise V(¢.) by expressing it in terms of the ‘physical’
mass and coupling constant. This is done by choosing a%”* and b3 such that

azv ,

ap:z' ¢c=o=[.t (132213)
vl _, (13.221b)
d(p: oc=M ’

We leave this as an exercise, and quote the result only in the case that u? is
‘small’. It may then happen that the radiative corrections significantly modify
the tree contributions to the effective potential. For example, it is possible that
the radiative corrections can generate spontaneous symmetry breaking when
thisis not present in ¥,. Clearly this requires u? to be small. Using the physical
renormalisation (13.221) we find

1 2,2 }' 4 12(/’: (Pcz 25
Vo) =510+ 7 0 +3e5(In 3 ——= (13.222a)
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where
u?<iiel (13.222b)

in the radiative corrections. The parameter M may be eliminated in favour of
the value v of ¢ at the minimum of V(e.):

V'(v)=0. (13.223)
This gives!?
., ., 1 4, .4 @l
Wp)=B 5 a0 p; —Z(a +2)el+ ¢ In e (13.224)
where
12 uz
Then the mass my; of the physical Higgs particle is given by
daxv
mi= do? ¢c=v=2sz(4—oz) (13.226)

(which is positive provided u? is small enough). For V(v) to be the global
minimum we require V(v)<O0 which is satisfied if a <2.

The foregoing example is really only of academic interest, since, if the single-
loop contributions (which are of order A2) are large enough to modify the tree
contributions to the effective potential (of order 4), then presumably the two-
and higher-order loop contributions, which have been neglected, are of equal
importance. As an example of a model which is not open to this objection we
consider next the Abelian Higgs model, which has already been explored in
some detail in §13.5.

The Lagrangian is ¥ + % where . is given in (13.59) and the gauge fixing
Lagrangian % is given in (13.75). We first shift the (complex) field ¢(x) by a
constant amount which, without loss of generality, we take to be real. Then, as
in (13.193), after the approximation (13.205), we have

9X) == [0+ () +id 001 (13.227)
V2

Next we rescale the U(1) gauge field 4, as well as the scalar fields ¢; (i= 1, 2) by
the factor #'/2 as in (13.196). In the one-loop approximation we need retain
only the terms £,,,4(¢.) in the Lagrangian which are quadratic in the rescaled
fields. Then the one-loop contribution V (¢, ) to the effective potential is now
given by

exp( —i Jd“x Vl((pc)) = j@q)@A“ cxp(i f d“xgquad((pc)). (13.228)
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The choice of F¢ ensured that there are no ¢A* cross terms so we may write

fd4x$qund(¢c) = —% Jd4x’ d4x[(pi(x,)Aij(x” X, (pc)(pf(x)

+ A, (x)B*'(x', x, 9. )A(x)] (13.229)
where A;; is diagonal and (without summation over i)
A{x', %, 9) = [~ 0., 0% + ME(9:)16,;0(x" ~x) (13.230)
with
M) =p*+340¢ (13.231a)
M3, (@) =p* +3202 +Eq* L. (13.231b)
Similarly

B(x, x, @)= [(E ™! — )0 0%+ 80,05 — 4° 02" 10(x' — x). (13.232)

(As a check, note that when we set ¢.=v and use (13.34b) we retrieve the
masses given in (13.78).) The functional integral may be evaluated as before
and we find

J d*xVi(p)= —% [TrIn A(¢.)/A(0)+Tr In B(g.)/B(O)] (13.233)

where the trace is now with respect to the internal symmetry labels (i, j) and
Lorentz labels (u, v) as well as the space-time labels (x’, x). This aspect is
easily handled by diagonalising the mass matrices and we find

2, 2_13,02__Ep2.02
ik +lnk U ;M)cz $q p;
k*—pn k*—u

i {d*% k2 —u?—3e?
Vilp)= — ( :

2 | 2n)*

2__ 2.2 k2 —Eq20?
+3In" = LI ,ff "’“). (13.234)

In the Landau gauge (¢ =0), in which we shall now work, the coefficients of the
surviving terms count the number of helicity states; one for each scalar mode,
and three for each (massive) vector mode. The integrals are all of the form
already encountered in (13.214), and if we again take u? <i¢? in the radiative
corrections we have

Loy, 1.4 of 1, @25
Vig)=5 1°¢c +¢ doc + B\ Inym —— (13.235)
using the renormalisation scheme
d2v )
Y] = (13.236
d(pcz 0. =0 ” )
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d4v 3
— ==1 (13.237
d(p: oc=M 2 )
analogous to (13.221), and now
B= ! 5).2+3 4 (13.238)
T 64n%\8 ) ’

If we assume A is of order g%, and small, it is legitimate to neglect the order A2
contributions to B, but not, of course, the order q* contribution. Thus in the
case of a gauge theory the quantum effects can easily modify the tree
contributions to the effective potential. As before, we may eliminate M in
favour of the value v of ¢_at the minimum of V(¢,). This gives the form (13.224)
with B given now by (13.238). The mass my of the physical Higgs particle is
given by (13.226), which implies

m>4By* (13.239)

since a <2. Neglecting A2 compared with g* this gives

NEY

(L Erm

my (13.240a)

where
m,=qv (13.240b)

is the mass of the vector particle. In the particular case u? =0, so 2 =0, (13.226)
yields

6

This feature, that we are able to bound, or, in the case that u? =0, to predict the
ratio of the Higgs boson to vector boson masses, is common to all gauge
theories.

The generalisation of this technique to the non-Abelian gauge theories,
which are our principal concern, is straightforward. The generalisation of
(13.227) is now

m,. (13.241)

@(x)= .+ ¢(x) (13.242)

where ¢(x) are the real scalar fields defined in §13.6. The only novelty is that the
functional integral in (13.228) must be generalised to include integration over
the Fadeev—Popov ghost fields #%, #°* which are inescapable in a non-Abelian
theory, and the fermion fields ¥, {, as well as the scalar fields ¢ and the gauge
fields A5. The upshot is that (13.233) is generalised to

f d*xVi(e)= —% [Tr In A(e.)/A(0) +Tr B(e.)/B(0)

—2TrIn C(e.)/C(0)—2 Tr In D(¢.)/D(0)] (13.243)
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where the matrices A, B, C, D specify the contributions to £,,4(¢.) from the
scalar, vector, ghost and fermion fields respectively. The extra factor of —2
from the ghost and fermion fields is because these fields are complex
Grassmann variables, as explained in (8.17) of §8. 1. It follows from (13.95) that
the (ij) element of A(x', x, ¢) is

A, x, 9)=[ — 6,0, 0% + M¥@.);16(x' —x) (13.244)
with the scalar mass matrix given by
2 an 2(Ta a
M) = 6 90 +Eg* (T o T )ij (13.245)
Pilo=o.

and V,(¢) the tree graph approximation to the effective potential. Similarly
from (13.90)

Bi(X', x, @) = [0,(8 ™ 0% 0 — 0 05 + 80,30 — 4" M (@) ] (X’ — )

(13.246)
with
Mi(@)=g"0 T'T'p.. (13.247)
The ghost contribution follows from (13.110):
Ca(X's X, @) = [ = 0ap05, 0% + EM4(9)1p1(x' —x). (13.243)
Finally the fermion contribution, from (13.118) and (13.139), is
D(x', x, @;) = [ily*d,, + Mge,)]6(x' —x) (13.249)
where | is the unit matrix and the fermion mass matrix
M:@)=Y"g.. (13.250)

Evaluating the required traces gives the following generalisation of (13.234):
d k "ms (‘pc)
ln —

mA(‘Pc) k —€M,21(‘Pc)
+Z<3 om0 a0 )

émA(tpc) k? —mi(o.)

where m(¢,), m3(¢.), m«(¢.) are respectively the eigenvalues of M2(¢.), M2(o.),
M¢(@.), and the sums are over all eigenvalues. As before, in the Landau gauge
the coefficients of the surviving terms count the number of helicity states; the
four for each spin 1/2 fermion mode is because there are two helicity states for
both particle and antiparticle. Also as before, the effective potential may be
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cast in the form (13.222) or (13.235) by writing
.= o (13.252)

where v is the value of ¢, which minimises V(¢g.), and neglecting the
contributions to mZ(¢.) which are independent of ¢.. Then

2 25
Vig)= Vo((pc)+B<pc( & 6) (13253)
with
1
= GanZs 4<Z gama—ngmF) (13.254)

where gy = 1, 3 for the scalar, vector boson modes, and gr =4 for the spin 1/2
fermion modes; ma = m2(v), m3(v) for the scalar, vector fields, and mg = mg(v). If
we again assume that the masses of the vector fields dominate B then the
bound (13.240) on the mass of the Higgs scalar is generalised to

V3 )" 13255
mﬂ/%(gm,«) . (13.255)

In the special case u”>=0 the generalisation of (13.241) is

6 5\
mﬂ—%<§ m,,) . (13256)

In this special case there is another interesting effect which we note. Since
p?=0 we may write

Volpo) = M’c (13.257)

Then V(g.) can also be written in the form (13.224) (with «=0) so

@ 1
Valp) = Bo? <1n ;;— —5) (13.258)
with B now given by (13.254). Comparing (13.253) with (13.258) gives
1 25 1 M?
Hl—z B=B<—§+ln—vz—) (13.259)
(which is just the condition (13.223)). Now if we choose the renormalisation

scale

M=v (13.260)
this gives
A 11
4~'=? 647:2 “Zm,4 (13.261)

where the last equality follows if we again assume that the vector field
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contributions dominate B. Thus we are able to eliminate the dimensionless
coupling constant A in favour of the dimensionful quantity v, with the result
that the effective potential (13.258) involves only g and v.

This phenomenom has been called ‘dimensional transmutation’ by
Coleman and Weinberg!?, and it is an inevitable consequence of symmetry
breaking in a massless theory. In its original formulation the theory was
described by two parameters (g and 1), ignoring the fermion couplings. Since
the spontaneous symmetry breakdown necessarily generates a mass scale v, we
must be able to trade in one of the original parameters in favour of v, as we
have done in (13.258).

13.10 Instantons

We have seen in §13.8 that spontaneously broken non-Abelian gauge theories
may possess topologically non-trivial magnetic monopole solutions, although
these do not arise in the standard electroweak theory. However a rather
similar (topologically non-trivial) classical gauge field configuration does
occur in QcD, which is not a spontaneously broken gauge symmetry. The
existence of these solutions seriously affects our view of the Qcp vacuum,
and this in turn is stringently constrained by phenomenology, as we shall
see. In the attempt to circumvent these constraints in a natural way we are
led to the existence of pseudoscalar ‘axion’ particles.

The gauge field configurations with which we are concerned are called
‘instantons’ and were discovered first as solutions of the classical pure gauge
field equations in four-dimensional Euclidean space'?

D, Fy'=0 (13.262)
which follows from (9.42) in the absence of the fermion fields . In

four-dimensional Euclidean space the action of the gauge field conﬁguratlon
is given, as in (4.29), by

Sg = Jd“x%F:,”F:,‘“ (13.263a)

= J d4xiFuv e (13.263b)

where the dual field strength tensor F** is given by

Fuv = Ygmoeo oo (13.264)
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with ¢#*#? the totally anti-symmetric rank 4 tensor. It follows that

Sg= %fd‘x(Ff,“’ +F?x %fd“xF“,‘"FL“' >}

Jd‘xF{,“'F;”

(13.265)

and that the bound is saturated by self-dual or anti-self-dual gauge field
strength configurations

F® = 4+ fw, (13.266)

As before in order to get a finite action we require that F** vanishes fast
enough as r = |x| — oo. It follows that the vector potential must approach a
pure (vacuum) gauge transformation, i.e.

A* = AX(x)T, ~ —ig~ U (x)0"U "} (x)
=ig~13*U(x)U~(x) (13.267)

as r — o0, using the notation of (9.27). Although such a vector potential can
always be transformed locally to zero, it may not be possible to do so globally
if it has a non-trivial topological structure. The instanton solutions have
finite and non-zero action just because they are supported topologically.
Indeed the right-hand side of (13.265) is proportional to the ‘Pontryagin
index’ of the configuration. To see this we use the notation of (9.28) to write

LR FSY — tr(FP Fr) (13.268)
where
F* = FOT, = 0F A" — 0"A* + ig[A*, A”] (13.269a)
and
Frv = Lo oo, (13.269b)
Then

tr(F* Py = 26277 tr[(0* A" + ig A" A" A° + ig AP A°)]
= 26477 ([ A*) (P A°) + 2ig(3*A")(A* A°)]

= 20Me""P? tr[A“(@"A“ + 2;_g A"A"):l

= g*K* (13.270a)
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where

K* = ¢#? tr{ A*(F*° — ig A* A°)]. (13.270b)
In deriving this we have made extensive use of the cyclic property of the trace,
as well as the total antisymmetry of &*'*°. Using Gauss’ theorem we may

then express the integral on the right-hand side of (13.265) in terms of the
integral of K* over the surface sphere S of the four-dimensional volume V

J d*x tr(F*F*) = J d3Sn*K*
v 53
= —2iggrree f d3Sn* tr(4°4°4°)  (13.271)
s!

provided we choose the sphere S* with r large enough that the contribution
from F*°S? is negligible. Then, using the asymptotic form (13.267) for the
vector potential, we get

j déx tr(F¥* F*) = — 16n%q/g* (13.272a)
v

where

1= —

guwf d3Sn* tr[U@U~H)U(@U - )U(@°U )]
s3

2472 )

r.

2472

Jd3Ss"j" tr{U(@'VU " Hu(@U - Huetu~1)] (13.272b)

is the Pontryagin index (winding number) for the map
U:s*->¢G (13.272¢)

and in the last expression the derivatives are with respect to the three
coordinates (e.g. Euler angles) used to parametrise S. It is the four-
dimensional generalisation of the three-dimensional result (13.175) used to
demonstrate (topological) conservation of the magnetic charge. To see that
q also has this property it may be shown that it is invariant under infinitesimal
(and therefore continuous, finite) deformations (problem 13.11). We may
also check that the prefactor is correct by verifying that g gives the winding
number in the case when G is the group SU(2).
The general element ge SU(2) can be written uniquely in the form

g=a+ib;s; (13.273a)
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with 7; (i=1, 2, 3) the usual Pauli matrices, a, b, real and
a?+bb;=1 (13.273b)

ensures that g is unitary and has unit determinant. Thus the parameter space
of SU(2) is the unit three-sphere. If we choose

U(x) = (x4 + ix;T))/r (13.274a)
where
r=(x? +x3 + x3 + x3)!? (13.274b)
then we have
U:s°-s3 (13.275)

maps the Euclidean space-time three-sphere S° in (1, 1) correspondence with
the elements of the group SU(2). In this case we expect the winding number
to be unity

g=1. (13.276)

To verify that our formula (13.272b) does give this value we note first that
the mapping (13.275) is spherically symmetric so gives a constant integrand
in (13.272b). To find this constant value it suffices to evaluate it at any point
of the Euclidean space-time surface S3, for example at

xt=r x'=0. (13.277)
At this point we may as well choose x, , 5 to be three coordinates, so
V@V Y= —ity/r (13.278)

and the integrand has the value —12r>. Then using the result (7.15) that the
surface area of §° is 2n%r> we obtain the anticipated value (13.276) for the
winding number.

The consequence of all this is that the self-dual or anti-self-dual solutions
which saturate (13.265) have actions

Sg = 8n’lql/g. (13.279)

It follows that the instantons (with q # 0) cannot have F** vanishingly small
inside the surface sphere S*. However at large distances they are supported
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by vacuum gauge vector potential configurations having Pontryagin index
q. In this chapter we are not especially concerned with the precise instanton
gauge field configurations which solve the (classical) field equations. The
important point for our purposes is that there are a countable infinity of
topologically distinct vacua labelled by the index g, not merely the trivial
vacuum which is globally equivalent to 4, =0.

The consequence of this observation is that we need to reconsider our
path integral treatment of QCD: our previous treatment, in chapter 9, tacitly
assumed that the ground state, the particle physics vacuum, is unique. Instead
we now find that there are infinitely many classical vacua, which we denote
by lg)>, with q an integer. The fact that the instanton configurations have
finite action means that there is a finite non-zero (quantum mechanical)
transition amplitude of order e ™t connecting the different vacua. It follows
that the true vacuum is a linear combination of the |g) vacua. Now consider
a gauge transformation U having unit winding number. Applying this to the
lg> vacuum gives

Ulgy =lg+ 1). (13.280)

Further, gauge invariance means that the Hamiltonian is invariant so

UHU'=H (13.281)

or

[U,H]=0. (13.282)

It follows that the true (quantum mechanical) vacuum |0 is an eigenstate'*
of U with an eigenvalue which we can write as e':

Ui6) =€0>. (13.283)
It is easy to check that the required linear combination is given by

10> =Y e~ in¥|g>. (13.284)

Just such a situation arises in condensed state physics when, as in a crystal,
there is a periodic potential. The true ground state (13.284) is the so-called
Bloch wave. Different values of 8, corresponding to different U, label different,
inaccessible sectors of the theory. The |0) to |6') transition amplitude (in
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the presence of a source J) must therefore have the form

010>, = 6(0 — 6')1,(6)
= T v 9(glg,
2.9
= Z e~ ia—)0 ig'® 0)‘[(@‘4#)‘1 —r exp[ Jd“x(.Sf—i—J A“):| (13.285)
Ty

Thus
LG=Y e""’[(@A“),, expi J d*x(Z + J ,4*)
=) J (24"), exp iId‘x(.‘liff +J,4%) (13.2864)
where we have written
g’ o
e” " = exp if — |d*x tr(F*'F*) (13.286b)
1672

using (13.272a), so the effective Qcp Lagrangian is

69’

P =
off 32

(13.287)

The extra 6 term is charge conjugation (C) and time-reversal (T)
non-invariant. Although we have already shown in (13.270) that it may be
expressed as the divergence of a current, it contributes to the action because
of the topologically non-trivial instanton gauge field configurations, which
provide a non-vanishing contribution at infinity.

The actual value of 8 in our vacuum is not determined by the theory.
Furthermore, as it stands it is not even observable since it can be altered by
a global (axial) U(1) transformation of all quark fields. It is this connection
with the ‘axial U(1) problem’ to which we now turn!3,

13.11 Axions

Suppose then that we have N flavours of massless quarks. Then the QCcp
Lagrangian posesses a U(N), x U(N)g global symmetry, besides the local
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colour gauge invariance. Explicitly %, is invariant under the transformations
g = qui = (UL);jq; (13.288a)
dri — qri = (UR)ifdr; (13.288b)

where U, y are arbitrary N x N unitary matrices, and i, j label the flavours.
Besides the SU(N), x SU(N)z symmetry generated by the matrices U, g,
having unit determinant, is the U(1), x U(1)y symmetry generated by a
simultaneous phase change of all (chiral) fields

U(1):qui = e~ gy, (13.289q)
U(Dr:qri = €~ ®qpi (13.289b)
where
O=A—a (13.289c)
r=A+a (13.289d)

give the chiral phases in terms of the U(1)y and U(1), (vector and axial U(1)s):
U(l)y:q; > e~y (13.290a)
U(L)a:g; = e~ "7%g;. (13.290b)

All of these symmetries are symmetries of the classical (massless) Qcp
Lagrangian. Of course, since the quarks are not massless we do not expect
to see an exact version of the symmetry in the hadron spectrum. What we
do see is an approximate SU(N), x SU(N); symmetry, and an exact U(1)y
symmetry, corresponding to conservation of baryon number. However there
is no version of the U(1), symmetry; for example, the (light) pions are
regarded as the Goldstone bosons associated with the spontaneous breaking
of the SU(2), generated by the light u, d quarks, but there is no light n meson
associated with the spontaneous breakdown of the U(1),. The observed n
is just too heavy.

From a theoretical perspective, what distinguishes the U(1), symmetry is
that, even in the massless case, it is broken in the full quantum theory. The
way in which this occurs is analysed in §15.5, but it is this non-conservation
which relates it to the 6 vacua. We can express the non-conservation as a
divergence of the axial current

N
=Y, @iV sdi (13.291)
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with the i labelling quark flavours, as above. Then for massless quarks

Ng* .
%5 Fo Fow (13.292)

0,j*° =
is the QcD analogue of the U(1) result given in (15.175). We see that the
non-invariance of the (quantum) Qcp Lagrangian under a U(1), trans-
formation of the quark fields is controlled by a term proportional to that
which generates the 8 vacua. The change in the Lagrangian caused by the
transformation (13.290b) is given, from (15.174), by

Ng?

0¥ =u
1672

Fo Fow, (13.293)

Comparing this with the change (13.287) caused by the 6 vacua, we see that
by choosing
a=—0/2N (13.294)

the effect of the 6 vacua can be removed.

However, in reality, the quarks are not massless so the U(l),
transformation (15.290b) induces more than just the change (13.293) in the
Lagrangian. Consider first the case of a single quark flavour (N = 1). Then
the chiral transformation changes the mass term.

mgq — mg € ~%*v35q = m cos 2agq — m sin 20qiysq (13.295)
and the second term violates time-reversal invariance, just as the original 6
term did. Thus for massive quarks the T non-invariance is a real effect. A
general mass term for the quarks can be written as

Zn= —quiM;jqg; + HC (13.296)

where M is an N x N (mass) matrix. The effect of a U(1), transformation
is that

M —e %M (13.297)

SO

arg det M — arg det M — 2aN. (13.298)
We see that the combination

0=0+argdet M (13.299)
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is invariant under U(1),, and can in principle generate observable T-violating
effects. The most severe constraint on & is obtained by comparing the
theoretically predicted value of the electric dipole moment of the neutron
with that measured experimentally.

As it stands in (13.287) it is not so obvious how the 6 term contributes
to the neutron’s electric dipole moment. The result above, however, shows
that, by a chiral transformation, we can move the whole effect into the quark

mass matrix M. So suppose that the flavour g undergoes a chiral
transformation

q- e_i"q?Sq (13.300)

with the effect that, as in (13.295), the mass Lagrangian .%,, is transformed as

— %= migq— Y mycos 2,49 —iy. m,sin 20,gysq. (13.301)
q q q

We need to specify the phases a, so that the 6 term is removed. To do this
we note first that, since the 8 term is a flavour group singlet, then so too
must be the cp-violating part of (13.301). This requires that for all flavours

m, sin 20, = x (13.302)

with x a constant independent of g. Also the required U(1), transformation
has

Y 2a,= —0. (13.303)
q
It is simple to solve these in the case that «, and 6 are infinitesimal :

x= -9(2 mq")-l (13.304)

so that the cp-violating part of .%,, is

-1
Z= —ie(z my 1) Y ysq. (13.305)
q q

In the case that there are just two light flavours u, d we get

m,my

%= —if (itysu + Fysd). (13.306)

m, +m,
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We leave it as an exercise (exercise 13.13) to solve for x in the general case
that a,, 0 are finite.

It is clear now that %, will generate a cp-violating pion—nucleon interaction
described by the effective Lagrangian

Lonn = GanyNT*N7* (13.307)

where t° (@ = 1, 2, 3) are the SU(2) isospin flavour group Pauli matrices and
the coupling constant is estimated as!'®

mmg 1 mz—my

(13.308)

0
greNN = .
m, + mdfu 2ms —m,—my

This cp-violating vertex contributes to the neutron’s electric dipole moment
via the diagrams shown in figure 13.3.

N —— N n < - A
3 9
Gaw P 9w Iamw awn

Figure 13.3 Contributions to neutron’s dipole moment from cp-violating pion-nucleon
interaction.

The estimate for the dipole moment is then

d,=52x10"'%¢ecm (13.309)
whereas the experimental data'’ give

d,<12x 1072 e cm (13.310)
which shows that

16l <2x 10710 (13.311)

It is clear from our derivation that € is the vacuum angle in the basis where
all quark masses are real, positive and ys-free, which is why we have replaced
# by 8, the U(1), invariant quantity.

We need dwell no longer on the technicalities of this estimate, nor on
whether other estimates are superior. The important point is that § is
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extremely small. We have already noted that it is not predicted by the theory,
so it is only aesthetic considerations which demand that we explain why &
is so small.

The clue to understanding why, is to note that if the lightest of the quarks
(the u quark) happened to be massless then the effect would disappear, as
is apparent in (13.306). This was already clear in (13.299) since when det M
is zero its argument is indeterminate, and can be chosen to cancel arbitrary
6. However, the masses in (13.306) are the current quark masses, and the
success of chiral perturbation theory in explaining so much low energy
phenomenology points irrefutably to the fact that m, is non-zero'®, in fact
about 5 MeV. The solution of the ‘strong CP problem’ proposed by Peccei
and Quinn !? is to extend the standard model so that there is a new anomalous
axial symmetry even with non-zero masses; then the new symmetry can be
used to transform & to zero, just as described above. We shall see in the next
chapter that the quark mass terms in the standard model arise from the
coupling of the quark fields to scalar fields in a gauge invariant way; the
spontaneous breaking of the symmetry breaks it to SU(3), x U(1),,, and
generates non-zero masses for the gauge bosons and matter fermions. For
our purposes all we need is the U(1) symmetry already discussed.

The left chiral components of the quark fields belong to SU(2) doublets
Q1= (us, dp ) where f =1, 2, 3 labels the three generations. The right chiral
components are SU(2) singlets denoted Uz, D . The scalar fields also
form a doublet denoted ¢. The mass terms then arise from Yukawa coupling

—~%=071X;0Dg+ QLY YUy +HC (13.312)
(as in (14.145)) where X, Y are matrices, and
Y =it?p*. (13.313)

The first term generates masses for the down-like quarks when the scalar
doublet develops a non-zero VEV

<0lpl0y = \/—15 (v 2“,1). (13314)

Similarly the second term generates masses for the up-like quarks because

1 (v, e
oy|0> = —| ? > 13.315
<Oly0)> ﬁ( 0 ( )

with
vl = Uz 51 = '—62 (13.316)
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by virtue of (13.313). It follows that the determinant of the mass matrix M,

appearing in (13.296), is given by

1, r o,
det M =det| — v, €' X |det| —v,e* Y
ﬁ ﬁ
=¢di01+ad Ly, )3 det(X Y) (13.317)
SO

arg det M = 3(6, + 0,) + arg det(X'Y). (13.318)

In the standard model (13.316) holds, so arg det M is given entirely by the
matrices X, Y.

The solution of the strong cP problem which is proposed by Peccei and
Quinn is to drop the requirement (13.313); in other words we make a
(minimal) extension of the standard electroweak theory and introduce
independent scalar doublets ¢, . Then the vEvs are no longer related by
(13.316). Provided we are free to adjust the phases d, and 4, so that

3(6, +9,)= —argdet(XY)— 6 (13.319)

then
0=0+argdet M =0 (13.320)
and the strong cp problem is solved. Of course we have to ensure that the

required rephasing is a U(1)pp symmetry of the theory. Since ¢,y are
independent, suppose that

ialz

p—eTip Y ety (13.321)

where I, I, are the Peccei-Quinn (PQ) charges of ¢, . Under the same
transformation, suppose

Q, —»eTe Q. Ug — €T« Uy Dg —» e Dy, (13.322)
Then (13.312) is invariant under the U(1)pq, provided
Thus provided

I+ =2,—T,—T,#0 (13.324)
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is non-zero, then by a suitable choice of the angle « we can adjust §, + J,
so as to satisfy (13.319). For example, we may choose

M=L=-I,=-T=1 (13.325)

(We may not choose the Peccei—Quinn charge to be the weak hypercharge
Y, since necessarily ¢,  have opposite values of Y.) We still need to ensure
that the rest of the Lagrangian is U(1)pq invariant. It is easy to choose the
PQ charges of the leptons so that this is so. For the scalar potential, the
invariance limits the terms allowed in V(g,y). For example, a term
proportional to @ity conserves Y, but not the Peccei-Quinn charge.

The (extra) U(1)p, invariance is spontaneously broken when ¢, Y acquire
their VEvVs (13.314), (13.315). Since U(1)p, is not a gauge symmetry, the
spontaneous symmetry breaking yields a massless Goldstone boson, called
the axion and denoted a. As in §13.4 the Goldstone boson is associated with
the phase angle of the field acquiring the VEV. We write the neutral
components ¢°, ¥° of ¢ and ¥ as

@° = — (v; + p1(x)) €2 (13.3264)

L
7
Wo = —\}—5 (v2 + pa(x)) eif2(x)vz2 (13.326b)

Then the axion field is associated with the phase of ¢°y°, so

a(x) = k[6,(x)/vy + 0,(x)/v,]
= [0,0,(x) + v,0,(x)]/v (13.327a)

where
v = (v +v3)Y2, (13.327h)
The orthogonal combination
x(x)=[—v,0,(x) +v,6,(x)1/v , (13.328)
is ‘eaten’ during the spontaneous electroweak symmetry breakdown and
generates a non-zero Z-boson mass, as we shall see in chapter 14. It is now

straightforward to determine the interactions of the axion with the matter
fields. We expand the neutral fields ¢°, ¢° as

V20° =v; +p,(x) +iv" [v,a(x) — vy x(x)]+ - (13.329a)
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\/§|p° =0, + py(x) +iv " [vga(x) +vx(x)]+ - -+ (13.329b)

and then substituting into (13.312) gives the quark—axion Yukawa coupling

_ gama 19X [”—2 mdysd + 22 m,,ﬁysu]. (13.330)
v Lo, v,

We shall see in the next chapter that the quantity v is determined by the
weak interaction data to have the value

v=~246 GeV. (13.331)

In fact the axion is not massless; it acquires a mass by virtue of
(non-perturbative) instanton effects. This can be understood qualitatively as
follows. The introduction of the axion field a(x) amounts to making the §
parameter a dynamical field. Then the consequent §=0 corresponds to a
minimum of the axion’s scalar potential V(a) at a value a =0. However this
potential is non-trivial, in fact?°

V@)oc1l—cosa (13.332)

which reflects the required periodicity property of (13.284) that the physics
is invariant under

g+ 2n. (13.333)

The mass of the axion has been calculated?! as

m, = (”—‘+”—2>74 keV. (13.334)

v v

However, it seems that such a particle does nor exist. Despite extensive
searches in kaon and ¥ decays, in reactor and beam damp experiments, as
well as in astrophysics, no axion has been found?2,

Nevertheless, this is not the end of the story. The scale v which
controls the strength of the axion coupling in (13.330) is the electroweak
scale (13.331). In a grand unified theory, such as will be discussed in chapter
16, the properties of the axion may be significantly altered?®. Suppose that
in such a theory there is a complex scalar field T which is a singlet under
the SU(3) x SU(2) x U(1) gauge group. Then the scalar potential may
include a term

VE = Apit?yT + HC. (13.335)
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This is also U(1),, invariant provided X has PQ charge
L=-T-T,. (13.336)
Now suppose that  acquires a VEV

COZJ0) = — v &¥. (13.337)

NG
Then writing

1 .
I(x) = — (V + R(x)) e®®" (13.338)
J2

we can see that V' generates a mass term for a linear combination of the
fields 0,,6,,0
A 0, 0, 6\
quﬁvlsz<‘—l+_£+‘I7> . (13’339)

vy Uy

In this case the axion field @(x) must be orthogonal to this massive
combination, as well as to the combination yx(x) given in (13.328), which is
eaten by the Z. Thus

a(x) oc B(x) — ﬂv‘_”Vl a(x) (13.340)

where a(x) is the (original axion) field (13.327). The relevance to grand unified
theories is that in such theories the vev V of T is of order 10'* GeV, so that

V> uvy,0,. (13.341)

Then the axion field & is essentially aligned with 6(x), and its coupling to
the quark fields is reduced by a factor v,v,/vV. It is therefore essentially
decoupled from the light states, and has consequently been called the ‘invisible
axion’. Nevertheless it is essential that the axion can decay rapidly enough
to avoid dominating the energy density of the universe. This astrophysical
bound requires®*

V <0(10'! GeV). (13.342)
Although such a vev for X can be arranged it does require fine tuning of the

parameters of the effective potential. However this is a story which must
await another book.
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Problems

131 Prove (13.10).

13.2 Show that the N — M vectors T (a=M +1,..., N) (defined in (13.58),
are linearly independent.

13.3  Verify (13.79).
134 Verify (13.98).

13.5 Show that the mass term (13.123) is not invariant under the chiral
transformation (13.116).

13.6 Verify that gauge invariance of the Yukawa interaction (13.125) leads to
(13.126).

13.7 Verify (13.146).

13.8 Solve (13.158) in the Prasad—Sommerfield limit that A — 0, and show
that the energy of the resulting field configuration is 4nv/g.

13.9 Show that the right-hand side of (13.175) is indeed invariant under an
infinitesimal change of ¢.

1310 Find the effective potential (to one-loop order) when the
renormalisation conditions (13.221) are imposed.

13.11 Show that g, defined in (13.272), is invariant under infinitesimal
deformations 6U which may (always) be written as

oU(x) = U(x)oA%(x)T*

where T° are the matrix generators.
13.12 Verify that the configuration (13.274) has g = 1, as claimed.
13.13 Show that for two flavours and finite 6 the prefactor in equation
(13.306) becomes
m,m, sin 0
(2m,m, cos 8 + m2 + m2)V/?’
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FEYNMAN RULES FOR ELECTROWEAK
THEORY

DOI: 10.1201/9780203750100-14

141 SU(2)x U(1) invariance and electroweak interactions

The spectacular success of quantum electrodynamics (QED) in calculating the
Lamb shift and the anomalous magnetic moment of the electron and muon,
for example, stimulated many attempts to develop a quantum field theory of
weak interactions. After all, low energy weak processes are characterised by
the Fermi weak coupling constant Gg, which satisfies

Gem2=10"5 (14.1)

so we might reasonably hope that perturbation theory with this parameter
would be at least as good as perturbative QED, in which the expansion
parameter is

=———, (14.2)

Indeed, there are similarities between weak and electromagnetic interactions
which suggest how one might proceed to construct a field theory of the weak
interactions similar to Qep. The principal similarity is that between the weak
currents and the electromagnetic current. For the present we consider only the
leptons (v, €, v,, i, v,, 7). It has been known for many years that the leptons
enter the (effective) weak interaction in the combination known as the leptonic
current L,

L= Y Iy (1—ysv(x) (14.3a)

l=euz

and its hermitian conjugate

Ll(x)=l 2 Wy (1-ys)ix) (14.3b)
=e,u,

where I(x), v(x) are the fields of / and v,. It is beyond the scope of this book to
give any details of how this was derived! from the phenomenology of weak
processes. (The interested reader is referred to Bailin?, and references therein,
for a detailed account.) The currents (14.3) differ from the electromagnetic
current (3.112) in that they are ‘charged’ currents; the neutrinos v, and
antineutrinos v, are, of course, neutral, while the leptons / have charge —1 (in



14.1 SU(2)x U(1) INVARIANCE AND ELECTROWEAK INTERACTIONS 231

units of the proton charge) and their antiparticles I have charge + 1. Thus L,
hascharge 1and L} charge — 1, whereas j, in (3.112) has zero charge. It follows
that any field theory of the weak interactions similar to Qep will couple these
charged currents to charged vector fields W, so as to conserve charge. In
principle it is possible to proceed to construct a renormalisable theory of the
weak interactions alone. However this is not sensible. Although we could
calculate weak radiative corrections to arbitrary accuracy with such a theory,
they would be small, at least at low energies, compared with the
electromagnetic radiative corrections. So long as the only charged particles are
leptons we know that these latter corrections may be calculated using Qep. The
trouble is that we now have in addition the charged vector fields W} which
must also interact with the electromagnetic field. It is known that these fields
are not massless, and the result is that there are extra divergences, generated by
their electromagnetic interactions, which make the theory unrenormalisable.
Thus we would be unable to calculate the electromagnetic corrections to our
renormalisable weak theory. For this reason the only sensible course is to
construct a unified renormalisable theory of weak and electromagnetic
corrections, as we shall now proceed to do.

The weak currents involve only the left chiral components of the fields,
whereas the electromagnetic current involves both components (since both
spin states of the electron, say, have equal charge). We can make this explicit
using the left and right chiral projection operators a; and ay

a=41-y,) (14.4a)
ag=X1+7ys). (14.4b)
For any field ¢ we define
Yr=ary Yr=agy. (14.5)
Then
Y=¥lyo=¥'ayo=yar (14.6)
using (3.75), (3.80) and (3.92). Similarly
Ur=vay. (14.7)
It follows that
iL,= ; LYo (14.8a)
AL =Y vy (14.8b)

The resemblance of these currents to the isospin raising and lowering
operators suggests that we define a weak isospin, i.e. SU(2), group with the field
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components v; and /; constituting a two-dimensional representation. Thus we
define

Ep= (Vl')L =ew) (14.9)
and
T;E; EnyStEn (i=12,3) (14.10)
where t; (i=1,2, 3) are the Pauli matrices, so that
iL,=T.-iT}? (14.11a)
and
L =T} +iT2. (14.11b)

Thus the SU(2) group generates the weak currents (14.3) but not, of course, the
electromagnetic current

Ju=—y (14.12)
i

since j, involves both left and right chiral components. Thus any group which
is to include the weak and electromagnetic currents must contain at least one
generator in addition to those given in (14.10). The simplest possibility®
(which, amazingly, turns out to be correct) is therefore to enlarge SU(2) to
SU(2) x U(1) where the new U(1) is similar, but not identical, to the U(1)
already encountered in Qep. The current Y, associated with it must be
invariant under SU(2); that is what is meant by SU(2) x U(1). Thus a priori it
can be any linear combination

Y, =Y (%Eny2E+ yilzy,le) (14.13)
1

of SU(2) invariants. The first terms are SU(2) invariant because of the unit 2 x 2
matrix I,, and the second terms involve only the right chiral components
which, by assumption, are SU(2) invariant. (We adopt the view that the
components vy ({=e, 4, ) do not exist—otherwise they too could contribute
to Y,) Using the notation of (14.6) and (14.7), we now.decompose the
electromagnetic current (14.12) into isovector and isoscalar pieces

= Z [%(‘TIL)’;‘ ViL— Z;.'J’pll.)
1

— 3y, v+ I—I.y;;lL) —gy,:] (14.14)
=T +Y, (14.15)
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where T is given in (14.10) and Y, in (14.13) with the values
x=—% »=-1 (14.16)

(This is where any possible contribution from v,z would have disappeared had
we included it) The notation (14.15) is reminiscent of the Gell-Mann—
Nishijima formula, although we have dropped the conventional ‘¥’ in front of
Y,. Thus we say that v, I, have ‘weak isospin’ § with T} respectively +3%, —4,
and ‘weak hypercharge’ —1, while [, are weak isoscalars with weak
hypercharge —1.

The next step is straightforward. We have to write down a Lagrangian
which is locally SU(2) x U(1) gauge invariant, just as QeD is locally U(1) gauge
invariant. We have already seen how do to this for a general non-Abelian
gauge group in §9.2. For the U(1) gauge group we use §9.1 with the ‘charges’ of
the fermions now being the weak hypercharge. The group SU(2) has three
generators and therefore there are three gauge bosons W (a=1,2,3)
associated with it. The gauge boson of the U(1) group is denoted B, to avoid
confusion with the electromagnetic field 4,, which will be identified later. Thus
the SU(2) x U(1) gauge invariant Lagrangian containing the lepton fields with
the weak isospin and hypercharges already assigned is

£ = Z (E_lLiT”Du E,+ I—Riy“Du Ig)
1

—iwa,we —iB B” (14.17a)

where we have used (9.11), (9.36) and
D,E; =(0,+ig3t"W; —ig';B,)Ey. (14.17b)
D, lr=(3,—ig'B)lx (14.17¢)
We,=0,We—0,Wi—ge" W We (14.17d)
B,,=d,B,—0,B,. (14.17¢)

The quantities g and g’ are the coupling constants associated with the SU(2)
and U(1) gauge groups respectively, and in (14.17d) we have used the fact that
the structure constants of SU(2) are £, the totally antisymmetric rank 3
tensor in three dimensions with

e P=+1 (14.18)

The most obvious difference between (14.17) and the examples given in
Chapter 9 is the absence of mass terms for the fermion fields. It is easy to see
that the addition of any such mass terms would violate the gauge invariance.
For example

mll—l=m1(l_LlR +l—RlL) (14. 19)

violates the invariance because /g is an isoscalar while /; has weak isospin 4.
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(The reason for the appearance of such mass terms in Chapter 9 was the tacit
assumption, in (9.16), that both chiral components behave in the same way
under an infinitesimal gauge transformation.) This absence of mass terms for
the neutrino fields v, is quite acceptable, since they are thought to be massless.
However the charged leptons ] are known not to be massless, which means that
the SU(2) x U(1) symmetry must be broken. The absence of mass terms for the
gauge bosons also follows from the gauge invariance, as explained in Chapter
9. This is of course entirely acceptable for the electromagnetic field. However
we have a total for four massless gauge fields, and there is ample evidence that
no such massless weak bosons exist. Indeed the very short range of weak
interactions (not to mention the recent discovery of massive vector particles)
indicates that in this respect also the electroweak symmetry is known to be
broken.

It is easy to verify that the interaction of the leptons with the gauge fields
contained in (14.17) does indeed couple the observed currents as anticipated,
because, using (14.11)

gTeW* +g'Y,B =

2\/5
+(g sin 0y, T2 +g' cos by, Y,)4*
+(g cos Oy T2 —g' sin 6y,Y,)Z* (14.20a)

(LW +LIW*¥)

where

1
wit=—
/2
and we choose @y, so that the electromagnetic field

A, =cos Oy B, +sin 0, W3 (14.20¢)
u u ¢

(W iw?) (14.20b)

and the orthogonal combination is
Z,= —sin Oy B, +cos Oy W}, (14.20d)

The requirement that 4* is coupled to the electromagnetic current j, given in
(14.12) with strength e as in (9.1) gives

g sin Oy =g’ cos Oy =e (14.21)

and then we may rewrite (14.20) as

gTe W™ +g'Y, B =—L_(L W+ 4+ LW +¥)
M u u i

22

g
. g
te ATt cos Oy,

It is now straightforward to write down the Feynman rules for the lepton—

(T?—sin?6yj,)Z".  (14.22)
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gauge boson vertices just as we did in Chapter 10. The rules thus obtained are
those we shall eventually obtain. However at this stage it is not clear that this is
worthwhile, since the SU(2) x U(1) gauge invariant theory to which they apply
is manifestly deficient in the respects previously described. We therefore
postpone this exercise until we have a phenomenologically acceptable theory.

14.2 Spontaneous breaking of SU(2) x U(1) local gauge invariance

For the reasons discussed in Chapter 13 the only known method of breaking
the SU(2) x U(1) local gauge invariance while maintaining renormalisability is
to do so ‘spontaneously’. This requires the introduction of a scalar field which
has a non-zero vacuum expectation value (vev) and which transforms non-
trivially under the action of the group. In the present case the simplest choice,
which, again amazingly, turns out to be correct, is that the scalar field has
weak isospin 4. The group S which must be left invariant is of course the
electromagnetic U(1) gauge invariance, which in our present notation is
generated by T, + Y. Thus from (13.58) we deduce that if the field acquiring a
ViV has Ty= —4, (by convention), then the isospin 4 multiplet to which it
belongs must have weak hypercharge +4. We denote the scalar multiplet by

G* 1 .

«pE( (p°>=ﬁ (01 +ip) (14.23)
where ¢, and ¢, are real two-component column vectors. Under an
SU(2) x U(1) transformation parameterised by A%(x) (a= 1,2, 3) and A(x)

@(x) — exp[ —ightr"A%(x) —ig A ()] p(x). (14.29)

We now use the general treatment presented in §13.6. We define a four-
component column vector ® of real scalar fields

og("’l). (14.25)
\)
Then under the SU(2) x U(1) transformation (14.24)

®(x) - exp[ —igt’A%(x) —ig' YA(x) ] D(x)

where t°, Y are 4 x4 matrices generating the SU(2), U(1) groups in the
representation (14.25). It is easy to see (problem 14.1) that

Imz, Retz
=4 o e 14.
t 21(—Re 1, Im r,) (14.26)

[ 0 1,
<_|2 0). (14.27)
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Thus in this case the SU(2) x U(1) covariant derivative is given by

D,®=(0,+igt°W;+ig’'YB,)® (14.28)
and the SU(2) x U(1) gauge invariant Lagrangian analogous to (13.82) is
Z,=4D, ) (D*®) — 52 0T® —FA(DTD)%. (14.29)

(We have omitted the pure gauge field contributions, as they have already been
written down in (14.17).) As before, spontaneous symmetry breaking occurs
when u2<0. With our choice of basis we require that the field ¢° in (14.23)
acquires a VEV

1
<0]¢°(x)|0) o D, (14.30)

That is, we assume that the ground state of the theory (when u?<0) is
characterised by a non-zero value v of ¢, ,, so that from (14.25)

0
Odx|o>=o=| ° (14.31)
0
where, as before,
v=(—4u*/)'> (14.32)
The invariant subgroup S=U(1),, is generated by
T! =sin 6, Q=(t;+Y)sin 6y (14.33)
using the notation of §13.6, and we can check from (14.26), (14.27) that
Tlv=0 (14.34)

as required (by (13.58), for example). The constant of proportionality (sin 0y,) is
so that T! is coupled with strength g sin 6y, = e (from (14.21)). The remaining
three generators are, from (14.22),

T2=t1 T3=t2 T4=

e (t®cos?0y —YsinZ6y). (14.35)

We define new (shifted) fields
d=0-» (14.36)

as in (13.83), which means that the three Goldstone modes ®"iT% (a=2,3,4)
are just the fields ¢, ;, ¢,,, ¢,, which do not acquire vevs. Thus in (14.23) G*
and the imaginary piece of ¢° are the would-be Goldstone modes. They may
be removed by a gauge transformation (to the unitary gauge) as in (13.85) and
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are therefore unphysical fields. The fourth field is associated with the physical
Higgs scalar. It is easy to see that in this basis the mass matrix (13.86) is already
diagonal.

(M)*=g*"TT (a,b=1,2,3,4). (13.86)

The zero eigenvalue, for the photon mass, is associated with a=>b= 1, while
(M3)?2=(M})P=ig*’=m} (14.37a)

(M%)** =4 sec? Byg?v> =mj. (14.37b)

Thus, as anticipated, the three remaining gauge fields have acquired masses,
showing that the SU(2) x U(1) gauge symmetry is indeed broken. The gauge-
fixing Lagrangian is chosen precisely as in (13.89), so the Feynman rules for the
gauge particle propagators may be read off from (13.94). They are

pr\fvxsw'v D i(pP+ie) T [ —gu+(1-Op,p./p?]  (1438)

M‘W;Ipf!\/\”v : iAFyv(p’ mW) (14-39)

perAn~scy s R (pomy) (14.40)
with

Ap(p,m)=(p* —m? +ie) [ ~g,, +(1=E)(p*—~Em) " 'p,p,] (1441)

asin (13.93). It is easy to verify from (13.97), remembering that 0%® = §*’ in this
case, that

1 0
=] =] =] 0 (14.42)
1 0 0
0 0 1
We therefore choose the remaining basis vector
fi= (14.43)

S QO = O

and note that it is indeed an eigenvector of the matrix (4?), defined in (13.56), as
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demanded by (13.102b):

(1?)=diag(0, —242,0,0) (14.44)

where we have used (14.32). Thus from (13.104) we obtain the Feynman rule for
the Goldstone boson propagators

P
ST (PP —Emy +ig) ! (14.45)
2t _. i(p* —&mZ +ig)™* (14.46)
60

and from (13.105) the Feynman rule for the Higgs particle propagator is

,__5_-* : o i(pr—mi+ie) ! (14.47)

with
mi= —2u’=%iv (14.48)

The Faddeev—Popov ghost propagators follow immediately from (13.112).
Evidently there is a massless ghost associated with the photon mode (a=1)
and massive ghosts associated with W* and Z. Thus the Feynman rules for the
ghost propagators are

B g (14.49)
P .

S S i(p? — Emd +ig)~! (14.50)
[ . :

n,z . 1(p2—6m%+ls)_’. (14.51)

(We remind the reader that (from Chapter 10), because the ghost fields are
Grassmann variables, the closed loops in Feynman diagrams involving them
will each have a minus sign associated with it.)

Finally we have to use the spontaneous symmetry breaking to generate
masses for the charged leptons /, using the technique developed in §13.7. From
(13.128) we can write down a Yukawa interaction of the lepton multiplets E;;
and Iy with the real scalar fields ®. Thus

$y=z EILYlle(I)p+HC (14.52)
Lp

where the matrices Y, are chosen so that %y is SU(2) x U(1) invariant. This
may be accomplished by imposing the condition (13.129). However in the
present context it is more convenient to use the known transformation
properties of the two-component (complex) column vector ¢ defined in (14.23).
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Since ¢ is a doublet with weak hypercharge +4, and [, is a singlet with weak
hypercharge — 1, it follows that ¢l transforms as a doublet with hypercharge
—14 just like E;. Thus E; ¢@ly is SU(2) x U(1) invariant and we take
Ly=—) G(E ol +o'Ey). (14.53)
1

When the symmetry is spontaneously broken, we write

o(x)= G* (14.54a)
\% (v+H+iG%
E%H@(x) (14.54b)
where
UECD v=(—dp?/ A1 (14.55)
and
<0l¢(x)|0y =0. (14.56)

The fermion masses arise from the parts of (14.53) involving v. In fact using
(14.9) and (14.55) we find the mass Lagrangian to be

-G, -~ _
$M=; ﬁ' (Ivlg + Iol). (14.57)

Thus only the charged leptons acquire a mass
m =i v (14.58)

——— : (f+ie) 'ay (14.59)

—_— C i —my it (14.60)

with m, given in (14.58).
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14.3 Feynman rules for the vertices
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It remains only to extract the Feynman rules for the various vertices included
in (14.17), (14.29), (13.110) and (14.52). We start with lepton-gauge boson
vertices contained in (14.17). We have already expressed these interactions in
terms of the gauge boson fields (W3, Z,, 4,) which remain mass eigenstates
after the symmetry breaking. Thus using (14.22) and (14.8) we find the

following vertices

where

«
<
I
Nl o

<
kN
i

—2sin? 0y,

—ig
—Z y(1—
2\/5 ’Vu( YS)

— (-
2./2 Wl =)

iey,
4 cos Oy, vdl=7s)
m ?y(gv"g,q')’s)

(14.61)

(14.62)

(14.63)

(14.64)

(14.65a)

(14.65b)
(14.65¢)
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The remaining pieces of the Lagrangian (14.17) describe the self-interactions of
the gauge vector bosons. The Feynman rules may be read off directly from
(10.74) and (10.77). Evidently the only non-zero trilinear vertex involves the
fields W3, W2and W}, Itis straightforward to cast the rules (10.74) into a more
practical form involving the charge eigenstates W*, W™ and Z, A. We find
(using 14.21)) that the only non-zero vertices are

ie[(r—q),9,,+(q—phgs.,+(p—1)9,:] (14.66)

lg Ccos 0W [(r - q)).guv + (q - p)vglu + (p - r)ugvl]' (1467)

It is also clear from (10.77) that the only non-zero quadrilinear vertices involve
either four charged vector bosons or two charged and two neutrals. We find

ig2[2glvgm) - guvg,lp - gulgvp] ( 14'68)

- ie2[29vpguﬂ. _gypgvl —guvglp] (1469)

- 192 COSZ GW [2gvpg;d. - gypgvi - guvglp]

(14.70)
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- leg cos BW [zgvpg;M ~GupGvi— gpvglp]' ( 14.7 l)

Besides generating the masses (14.37) for the W*, Z gauge bosons the scalar
Lagrangian (14.29) also generates interactions between the scalar fields and
these gauge particles, as well as the self-interactions of the scalars. We can read
off the required vertices from the general formula given in (13.106), and the
generators T* given in (14.33) and (14.35). Alternatively we may rewrite £,
given in (14.29) in terms of the original complex doublet ¢ given in (14.23)

£,=(D,p)(D*¢)—1p'p —1io'p)’ (14.72a)
where ,
D, o=(3,+igiT*Wi+ig'iB)e. (14.72b)
When the symmetry is broken we make the substitution (14.54). This gives
2,=10,G* +ig ;‘;ii Z‘: Z,G* +ieA,G* +3igW, (v+H +iG°) i

+30(H +1G%) +igW, G* —4igsec 0y Z (v+ H +iGO)|?
—im2H? —3AH[G* G~ +4G°* +H?)] -4A[G* G~ +4G** + H?)]>
(14.73)
As it must, this gives the same masses for the gauge bosons (and scalars) as we
found in (14.37) from the general treatment. We may also use (14.73), instead of
(13.106), to obtain the interaction vertices involving scalars, if we choose.

Either way we obtain the same Feynman rules. We start with vertices
involving two scalars and a gauge boson.

¥
E\ : —ie(p+q), (14.74)
AN
7 N
m
; w
. cos 20y
A : —ig 3 o5 0 (p+a), (14.75)
JF AN, )
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B
w’
9(p+9), (14.76)
p 7 \\q
/’§° G
H
v
; : o —~39(p+q), (14.77)
N
/IG' E}\\
B
wt
: —3ig(p+49), (14.78)
VNN
AN
o
w- .
: —dig(p+q), (14.79)
RN
/‘f;* H\\
1
z 1 g
E * Zcos Oy (p+4),- (14.80)
PONI
L 4
//H GO\\

Notice that in the unitary gauge, in which the (unphysical) Goldstone modes
G*,G° do not appear, none of these vertices occurs. Thus these vertices are
only important when calculating radiative corrections (higher-order loop
contributions), in which it is impossible to calculate in the unitary gauge. Next
we consider vertices involving two gauge particles and a scalar. Using the mass
formulae (14.37) we can write the Feynman rules in the following form:

—a

iemwg,, (14.81)
w*y
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cl
|

—igmg sin? Oyg,, (14.82)
w2z
H v
H |
?
: igmwg,. (14.83)
Wt w*
M v

gty (14.84)
z 1 Mw
u

Note that there are no vertices involving G°. We may also derive the Feynman
rules for the vertices involving two gauge particles and two scalars. It is
possibly easier to do this from (14.72) rather than (13.106). In view of the large
number of such vertices we merely include them in Appendix C.

Finally there are the vertices involving the Higgs scalar H and the
Goldstone modes G*, G°. Using the formula (14.48) for my as well as (14.37)
the three-scalar vertices have the following Feynman rules

i
|l mé
AL . —dig m—: (14.85)
//’/G* GQ\
|
|
HI
! . mi
A D —dig— (14.86)
AN M A
7 G- G N
t
o )
m
A : g (14.87)
4 \\ My
V(LN 1AN
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t
HI

|
|
.. m
/1\\ . —-%lg m—' (1488)

There are also six vertices involving four scalars with a strength proportional
to

Jid= —yig? ™ 14.89
—3id= —3ig E (14.89)
The rules for these are relegated to Appendix C.
Next we extract the Feynman rules for vertices involving the Fadeev—-Popov
ghost particles. Their interactions are specified by the trilinear terms of
(13.110). Thus

Zrplinteraction, n°, n**, @) =g f**(0,n"*)n" 4*
— &g n"* ¢ T T . (14.90)
In the first term the constants £ are the structure constructs defined by the
matrices T*
[T, T =if T (14.91)

where T are defined in (14.33) and (14.35). We may either calculate the f°*
directly, or else observe that they derive from the algebra of SU(2) x U(1). The
SU(2) is generated by t!'=T2, t>=T? and t3=sin 0T +cos 0, T* and Y
generates the U(1). Since U(1) is Abelian, there are of course no structure
constants involving it. Thus the only gauge field combinations which can arise
are W, from t! and t2, and sin 0y 4 +cos 8y, Z, from t>. Similarly the only
ghost combinations which interact with the gauge bosons are n*, sin Oy’ +
cos Oyn”, and their conjugates. Expressing (14.90) in terms of the mass
eigenstates we find

eplinteraction, n°, n°*, ¢)
=ig(cos Oy Z*+sin Oy A*)@,n* n* —8,n* *n”)
+ig(cos Oy 0,1*Z +sin By A, ")~ W*r—n* W)
+ig(W *n** — W, 'n* ")(cos Oyn? +sin Oyn)
—3g&my H* *n~ +n*"n* +sec? Oyn*?n?)
+4gEmyiGO(r* *n™ —n*n*) —eEmy(G Tt~ +G n* )y

—igEm cos 20y,
295w cos Oy

(G*1*~ + G n* ) m” +4gém** (G~ +Gn*).
(14.92)
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This generates the following Feynman rules

u
' § D —ieg, (14.93)
p’ .9
K “v nr....
"
¥
¢ : +ieq,. (14.94)
T

The couplings to Z in place of y are obtained by replacing e by g cos Oy

n
w’
¢ : —leq, (14.95)
P a9
non-
n
W
¢ : ieq,. (14.96)
/J,';. 4 g
.'Abn

e

The couplings to #Z in place of n' are obtained by replacing e by g cos 0,.

N
w’§
p : ieq, (14.97)
ﬂ'.". ‘q
n¥ n*
N
w-
' : ~ieq,,. (14.98)
.'\
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Again couplings to #” in place of n are obtained by replacing e by g cos Oy

—3igémy,. (14.99)

e ——

. ‘o

< >
L

The H has the same coupling to n* instead of n~ and a coupling of
—Liégmy, sec? By, if 47 replaces n*

|
6!
‘!. : =1gEmy (14.100)
R
6%
|
I igémy (14.101)
/nw» n&'g
|
o
A —ielmy (14.102)
.~’}]‘ n¢
G’i
26
) L _1jg W e (14.103)
cos Oy
’nz “‘*
G*:
!
‘ ' Ligém,. (14.104)
o

The couplings with G* replaced by G~ and n* <7~ are identical. Note that

all of the scalar—ghost couplings vanish in the Landau gauge (¢ =0).
Besides generating masses for the leptons, the Yukawa interaction (14.52)

also generates (Yukawa) couplings of the scalars (G*, G°, H) to the leptons.
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Using the mass formula (14.58) the Feynman rules for these can be written as
follows.

g
, m
! % T 31—y (14.105)
vi [
i
Gf
|
—iji T 1 4y,) (14.106)
oy
|
/-/'= o
c —lig— 14.107
219 ey ( )
{ {
GO

m
/\ : %gm_wys, (14.108)
{ {

144 Tests of electroweak theory

The electroweak theory which we have developed so far is incomplete because
we still have to include the couplings of the hadrons (quarks). Thus we are not
yet able to calculate the S-matrix elements for processes such as neutron decay
or pion decay. Nevertheless there are a number of weak processes involving
only leptons which may be used to test the consistency of the theory so far.

At present we have introduced seven independent parameters into the
theory. These are g and g/, the two coupling constants associated with the
SU(2) and U(1) gauge groups, the (negative) mass squared u? and the o*
coupling constant 4, both of which appear in the scalar Lagrangian %, in
(14.29), and the three Yukawa coupling constants G, (I=e, y, 7), which
appear in (14.57). It follows from (14.21) that g and g’ are expressible in
terms of e and Oy, and of course e is very precisely determined:

e=./4na=0.302822 1 (14.109)

from data on the fine structure constant a. Thus only one of these two
parameters (fy,) is not immediately known. Also, using (14.32) and (14.48), we



14.4 TESTS OF ELECTROWEAK THEORY 249

can use the parameters my and v, instead of u? and A. Finally, from §14.58), it is
apparent that, since v is already a parameter, we can use the three masses m;
(I=e, u,7), rather than the Yukawa couplings G,, and these masses also are
rather well determined:

m,=0.5110034+40.0000014 MeV (14.110a)
m,=105.65943+0.000 18 MeV (14.1100b)
m,=1784.2+3.2 MeV. (14.110c)

Now it is clear from (14.37) that the parameters 6y, and v may be determined
from knowledge of my, and m,, since

cos By =¥ (14.111a)
Mg
2my o, 1/2
=— - . 111b
v om (mz—my) (14.111b)

Z

The discovery® of W* and Z in 1983 and the measurement of their masses
m;=92.9+4 1.6 GeV (14.112a)
my=80.8 £2.7 GeV (14.112b)

thus means that six of the seven parameters are completely determined
without any direct recourse to weak interaction data:

sin? 6, =0.2433 +0.022 (14.113a)
v=263+59 GeV. (14.113b)

The remaining unknown, my, will have to await the discovery of the Higgs
scalar H, which is the last major component of the theory needing
experimental confirmation. Nevertheless, it turns out that the weak data
available to date is remarkably insensitve to my, and it is possible to test a lot of
the theory knowing nothing about the mass of the Higgs particle.

The purely leptonic process of muon decay,

U eV, (14.114)

is an excellent illustration of this. It has been very carefully measured over
many years, and the theory which we have described makes unambiguous
predictions of both the energy spectrum of the electron in the final state, as well
as the overall lifetime of the decay.

The S-matrix element is

S(p™ —evy,)=Q2n)*o(u—e—7.—v,)H4

where without confusion we use the same letter to denote a particle and its
four-momentum. The Lorentzinvariant .# is given by the following Feynman
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diagrams

=y + Myt ... (14.115)

The ... refers to higher order diagrams, involving loops. The Feynman rules
derived in the previous section show that these diagrams give contributions
which are smaller than those displayed by a factor of at least O(«). Thus, as
a first approximation we need to calculate only the tree diagrams displayed
above. Using the Feynman rules (14.39), (14.61) and (14.62) we have

“ (2 \[)u( VL= Juli(p? = +ig) ™

X [—g,+(1=Op,pAp* —Em)~ ‘]( \/-)u(e)vv(l—ys)v() (14.116)

where, using energy—-momentum conservation:
p=p—v,=e+v,. (14.117)
Using (14.45), (14.105) and (14.106) we find

My (2 \/.)—u( v+ s)u)i(p? —Em) ~*

(2f )

Note that each term depends upon the gauge fixing parameter £. Physical
quantities, such as S-matrix elements, must be independent of &. To see how
this comes about consider the ¢-dependent part of the numerator of the W
propagator in .#,:(1—&)p,p,(p*—¢m§)~ 1. The p, is contracted with the y*
matrix and

Ve)- (14.118)

)y (1 =y s)u(pe) = d(v, ) {1 —y s )u(p)
=1(v, ) — Y )1 -y s)ulu)
=a(v,)(1+7 s)fu(p)
=m,ii(v,)(1+7 s)ulp) (14.119)

where we have used (14.117) and the Dirac equation (3.88) for both #(v,) and
u(y). Similarly

e}y (1= s)o(ve) = meti(e)(1 —y s)u(v.). (14.120)
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Substituting (14.119), (14.120) into (14.116), and combining with (14.118) gives

M= My + My=3}ig*(p* —m) ™" (ﬁ(vu))’"(l —yshulpae)y,(1—ys)(v,)

":;’2:“ (v, )(1+y shulp)ie)(1 —vs)v(v;)> (14.121)

which is independent of £, as required. Since this expression is independent of
my, all of the parameters appearing above are known, and we can proceed to
calculate the decay spectrum. The experimental values (14.110) and (14.112)
mean that we may certainly neglect the term proportional to m;m,/m%, since it
is considerably smaller than the higher order diagrams already neglected.
Similarly since p?=O(m?) we may neglect p? compared with m3,. We therefore
obtain

J/{z?_;v; iy, (1 —y i)y, (1 — 7 )o(.) (14.122)

using g2/8mg =(20% !, which follows from (14.37). Proceeding as in §6.5 we
find the transition rate for a single muon is

d3e d?v, d%,

Eo_2v,,o 2y (14.123)

dIl(u - ev,v,)=(2mn) 3 _2711,_ My —e—v,—v,)|.#|?
(]

In practice neither v, nor v, is observed, so we may integrate d*v, d*7, over all
of the available phase space. Also, the spin of the decaying muon and that of
the final state electron are usually not measured. This means that we have to
sum over the possible final spin states and average over the initial spin states.
In these circumstances we may replace |.#| by Y, . |-#|% where the sum is
over the two spin states of both muon and electron. The technicalities of
performing the phase space integration, as well as such sums are adequately
dealt with in many text books? so we shall not dwell upon them. Instead we
merely quote the results. The differential spectrum is given by

EE=—2—l—)——4-m E(E*—m2)'?3W —2E~-m2E™}) (14.124a)

dE 3Q2n)? * ¢ ¢ )
where E is the energy (€°) of the electron and W is its maximum allowed value

1 2, .2
= . 14.124b
w ™y (m?+m?) (14.124b)
The total decay rate is
5

=—2"__ (1-8y+8y3~y*—12)?1 .

T =3g5,s 18y +8y = y*—12y%In y) (14.125a)

where
y=mZ/m?. (14.125b)
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The differential spectrum is entirely consistent with the measured spectrum
shape, and using the values (14.110), (14.113) we predict the mean lifetime

Tm=I() '=(290+261)x 107%s. (14.126)
The value actually measured is
Tyerp =2-197 138 £0.000065 x 107° 5. (14.127)

Thus, while our prediction is consistent with the data, the large errors on 7,
means that this is hardly a rigorous test of the theory. These large errors stem
from those in v in (14.113), since v enters 1, via v*. It is only the recent
determinations of my, and m, which allow such a test. Previously muon decay
data was used as input leading to the determination of v. In fact using the data
(14.127) as input gives

v=246 GeV. (14.128)

14.5 Inclusion of hadrons

For simplicity, the only fermion fields we have so far included are those of the
leptons. It is now time to rectify this deficiency. We now know that there are six
quark flavours (u, d, c, s, t, b) and that their participation in electroweak
interactions is similar, but not identical, to the way in which the six leptons
participate. There are two principal differences. First, the electric charges of
the quarks are not the same as those of the leptons. In fact, in units of e (the
charge of the positron)

0,=0.=0,=3% (14.129a)
0:=0,=0,=—}% (14.129b)

Second, all six of the quarks are massive, whereas three of the leptons (v,, v,, v,)
are believed to be massless. We notice that the two distinct charge eigenvalues
differ by one unit. So

0.-Q4=0,—-Q.=1 (14.130)

The difference between Q,_and Q., say, reflects their different weak isospins; v,;
and e, have T;=14 and —} respectively. It is therefore tempting to group the
left chiral components of the quark fields into doublets, just as we did the
lepton fields in (14.9). In fact this is correct, since it has been known for many
years that the charged hadronic weak currents are ‘left-handed’, just as the
charged leptonic currents (14.3) are. However, when we attempt to construct
doublets, some of the complications due to the second difference (the fact that
all six quarks are massive) enter. The problem arises when we ask which (left
chiral) quark field is to be the Ty = —1 partner of (say) u, . It would have been
nice, from the viewpoint of model building, if the answer involved a single
quark flavour, d;, for example. However the weak decays of hadrons show
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unambiguously that the partner of 4, involves at least two flavours (d, and s ).
Thus, to be general, we shall suppose that the partner is an arbitrary super
position of d;, s, and b;. We therefore take the three left-handed quark
doublets to be

QfLE(g;)L (=123 (14.131a)
where U, labels the charge £ quarks
U,=u U,=c Us=t (14.131b)
and
D,=V,,D, (14.1310)

with D labelling the charge —4 quarks
D,=d D,=s Dy=b (14.131d)

and V is an arbitrary 3 x 3 unitary matrix®. (The unitarity is so that the field
combinations are orthogonal to one another.) As before, the suffix ‘L’ is to
denote the left chiral component of the field. The reason it is not necessary to
have such a complication in the leptonic sector is because the neutrinos are, by
assumption, massless. Therefore any superposition of them is also massless,
and v,; is defined as the partner of I;. Should the neutrinos be found to have
non-zero (and therefore presumably non-degenerate) masses, a precisely
analogous mixing will have to be involved. Since the quarks all have different
masses, the particular combinations D, of mass eigenstates which enter the
weak currents is something which can in principle be ascertained from
experiment. The other difference between the quarks and the leptons is that the
quarks are coloured, while the leptons are not. However this presents only a
trivial complication. Since the electroweak interactions are ‘colour-blind’ the
matrix V does not mix colours, and the colour label of all of the three flavours
involved in D/, is the same, and the same as that of its T = +3 partner. We
therefore leave the colour label undisplayed; where necessary a sum over
colour labels will be understood.

The extra weak isodoublets of course mean extra contributions to the weak
isospin currents. We denote these by

3-;" EQ—/LVu%TiQ " (i=1,2,3) (14.132)

(summing over the repeated index f, and the suppressed colour label). Then
the charged hadronic currents are ¢, and ¢ ;, where

Fi=2T 1 +172)=Uy,(1-y5)V,,D, (14.133a)
I =2AT =T )=Dy1-y5)V},V,. (14.133b)
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The third weak isospin current is given by
-7'3 =]2‘(L7ﬂ.')’p Up— D_}LY,‘D'}L)
=40 ,.y,Us.—Dsy, D) (14.134)
since V is unitary’. Also, from (14.129) the hadronic electromagnetic current
jﬂ(q)=-23-(7fy“ Uf “‘:!iD_f)’qu
=T+, (14.135)

where the hadronic contribution %, to the weak hypercharge current is
therefore given by

@IA:%Q_fLyHIZQfL +%UJRYuUfR"%D_fR?quR- (14.136)

Thus the first difference between the leptonic and hadronic sectors, namely the
different charges (14.129) possessed by the quarks, manifests itself in a different
structure for the weak hypercharge current; in the hadronic sector the doublets
all have weak hypercharge Y=2%, whereas the lepton doublets have Y= —1.
The hypercharges of the right chiral quark fields correspond to their actual
electric charges, since they are all singlets with respect to the SU(2), group. It
follows that the SU(2) x U(1) gauge invariant coupling of the quark field to the
gauge fields (the analogue of (14.17)) is given by

P(quark)=0,,iy*D,Q 1 + U 4iy*D,U s + D zip*D,D 1y (14.137a)

where - .
D,Q,.=(,+igyt"W;+ig'tB, )0 1 (14.137b)
D,Ux=(9,+ig'3B)U x (14.137¢)
D,Dx=(0,+ig'(—$B,)D x. (14.137d)

As in (14.22), it is more useful to express the interactions in terms of the mass
eigenstates

a a; 7 g -
g7 iW* +g %B":z—ﬁ (LW E+ gIwr)
+ej,(g)A* + (7} —sin? Oyj,(9))Z*. (14.138)

cos Oy,

Then without further ado we may derive the Feynman rules for the quark—
gauge boson vertices:

(14.139)
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v
. g
—1——= V¥l —7s)
2\/5 Selu 5
U g
H
¥
—iey,
Uf Uf
u
¥
iyey,
0, 0O,
o
4
— U_ U,
lzcosowv,l(gv g47s)
Ur U
where
gy =%—%sin? 0y gi=4%
v D__ D
5 os by Y{gv—7aVs)
where
gv=—%+%sin’ Oy gi=—%
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(14.140)

(14.141a)

(14.141b)

(14.142a)

(14.142b)

(14.143a)

(14.143b)

As before, we must also arrange that the spontaneous symmetry breaking
generates masses for the fermions. The complication is that all six quarks are
massive, which means that we must couple the doublets Q ,; to the singlets U,
and D g. To achieve this we need to use not only the scalar doublet ¢ having
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weak hypercharge +4, but also its charge conjugate y
¥ =it,e*. (14.144)

We leave it as an exercise (problem 14.5) to verify that ¥ does transform as a
doublet having weak hypercharge —4 under an SU(2) x U(1) transformation.
It follows that the most general SU(2) x U(1) invariant Yukawa coupling can
be written

Py= —(QfLng¢DgR +D-gR‘PTngQfL
+0Y, WU+ Ur¥'Y2,0,1) (14.145)
where X, and Y, are, for the moment, arbitrary matrices. When the

symmetry is broken the fermion mass terms arise from <0|¢|0)=v and
<0[y|0> =it,v. We find that the mass Lagrangian is

v 214 27 2
M= “ﬁ (DX 1gDgr+ Dyr X ¥, Dy

+ 0, Y,Upp+ U Y 5,U ). (14.146)

Thus to ensure that the states U, D, are mass eigenstates, as defined, the
matrices X, Y and V must satisfy

L v*x=i2 X'V =m(D) (14.147a)

VAN
v
NG
where m(U) and m(D) are the diagonal mass matrices
m(U)=diag(m,, m.,m,) (14.148a)
m(D)=diag(my, m,, m,). (14.148b)

The Feynman rules for the quark propagators are now trivial; for the quark
flavour gq, where g=u, c, t, d, s, b, it is

Y=m(U) (14.147b)

+ L i(f—mytig) Tt (14.149)

1t follows from (14.147) that

X =# vm(D) Xt =§ mD)\V* (14.150a)

Y=Y"=\/§m(U) (14.150b)

v
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and therefore that the interaction part of %y is

Z(interaction) = —_g( U[Vm(D)ag —m(U)Vaq, ]DG*
\/imw

+D[m(D)V'a, —Vim(U)ag] UG+ L Dm(D)DH

N

iDm(D)y DIG0 ——— Om(Uy,UG )

N

+L OUm(U)UH +—=

V2 f

(14.151)

Thus the Feynman rules are

G

-

u, o
{[m(D)V* V*m(U)]fg—ys[m(D)VT+VTm(U)],g} (14.152)
2f my
G'i
i
(VWD) ~m(UIV1,, +75[VMD) +mUV],,}  (14.153)
2\/ My

H

/\ : %[mw)],g (14.154)
0, O

2%:% [m(U)],, (14.155)
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0:
[}
| : 2 moy,,y (14.156)
2mw Ja's :
0, Of
f
6°:
-9
Ty [m(U)]y,7s- (14.157)
U, U

All of the above Feynman rules, as well as those for the interactions of the
quarks with the gauge bosons, include an implicit unit colour matrix, reflecting
the fact that the electroweak interactions are independent of the colour label of
the quarks, as already noted.

Problems

14.1 Show that the matrices representing SU(2)x U(1) in the real
representation (14.25) of the scalar fields are those given in (14.26), (14.27).
Verify that they satisfy the Lie algebra of SU(2) x U(1).

14.2 Verify (14.34) and (14.35).

14.3 Check that both (13.106) and (14.73) yield the same Feynman rule for
the G°~-H-Z vertex, for example.

144 Suppose that, more generally than (14.23), the scalar field ¢° which
develops a non-zero VEV belongs to a representation with weak isospin I and
third component I ;. Calculate my, and m; in this case and determine vlaues of I
and I such that my; cos Oy =my,.

145 Show that
lll = i‘C z(P*

with ¢ defined in (14.23), transforms under an SU(2) x U(1) transformation as
a doublet with weak hypercharge —3.

14.6 Calculate I(Z » e*e™).
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RENORMALISATION OF ELECTROWEAK
THEORY

DOI: 10.1201/9780203750100-15

15.1 Electroweak theory renormalisation schemes

The electroweak theory developed in the previous chapter has had
considerable success in predicting accurately the results of various
experiments: neutrino—electron and proton elastic scattering,e*e™ > u*u",
charge and neutral current deep inelastic scattering of neutrinos, deep inealstic
scattering of polarised electrons, atomic parity violation, neutrino and
electroproduction of pions, to name but a few. However the experimental
accuracy so far achieved means that the theory is only tested at tree level. To
check whether the theory is correct at the quantum level requires more accurate
experiments, and, of course, the calculation of the predictions to one or more
loop order. In this way it is to be expected that electroweak theory will be
subjected to the same rigorous testing as that to which QeD has been subjected
during the past 35 years.

Actually to perform the calculation of the radiative corrections requires the
renormalisation of the theory. Since the theory is renormalisable, the infinities
which occur when we evaluate Feynman diagrams may be absorbed into the
various renormalised parameters of the theory, and we obtain finite
predictions involving these renormalised parameters. We have already
observed in §7.5 that there is considerable freedom in the precise definition of
the renormalised parameters; for example, the renormalised mass x2 has a
value which is different in the various renormalisation schemes (Ms, Ms, mom,
phys), and (by definition) only in one of the schemes is u? the actual physical
mass of the scalar particle in the theory. The same arbitrariness exists, of
course, in electroweak theory, but there is a further arbitrariness in deciding
which parameters are fundamental, and which derived. We observed in §14.4
that, in the leptonic sector, the original Lagrangian involves the parameters

9.9, 1% 4, G (I=¢, u, 7). (15.1)

Because of the tree-level formulae (14.21), (14.32), (14.37), (14.58) we could
instead use the equivalent sets

€, sin Oy, v, m&, m; (I=¢, u, 1) (15.2)
or

e, my, m2, m&, m, (I=e, u, 7). (15.3)
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So long as we only make predictions at tree-level accuracy it is immaterial
which set is used since the predictions can be transformed at will using the
formulae relating the parameters. However, these formulae are in general not
true beyond tree level, and it is necessary to select one set, and stick to it.

In view of the foregoing observations it is hardly surprising that the
literature abounds’ with well-motivated but different approaches. If we were
able to calculate to infinite order then all (correct!) calculations using different
approaches must agree on the predicted value of some physically measurable
quantity. However, since the perturbation series is always truncated at some
finite order, different approaches in general lead to different numerical
predictions, even though formally they are in agreement. To illustrate this
consider a theory with just one parameter « (like massless Qep), and suppose
the physical quantity to be calculated is P: for example the magnetic moment
of the ‘electron’. We denote by «, and «, the renormalised parameter in two
different renormalisation schemes 1 and 2. The value of P is calculated to order
«?, so neglecting O(x®) the predictions from the two schemes are

P2=a2+C2a% (15.4b)

where ¢, and ¢, are independent of a. As we observed in §7.5, the renormalised
a, and a, differ by a finite amount, and so, to the same accuracy,

oy =0, +kal (15.5)
where k is a constant. Substituting into (15.4a) gives
Py =0, +(k+cy)ad +aje k(2 + kad). (15.6)

Thus the two calculations are in formal agreement provided
Cz=k+Cl. (15.7)

(If this is not satisfied one or both of the calculations must be incorrect.)
Nevertheless the numerical values P, and P, clearly differ in general:

P, —P,=o3c, k(2 +kad) (15.8)

even though the difference is formally of higher order in «. In QED the
expansion parameter o is so small as to make such differences negligible, for
most purposes. And in any case there is a consensus in favour of the on-shell
renormalisation scheme.

In electroweak theory there is as yet no consensus. The large mass scales my,,
m, mean that in principle it is possible to obtain large numbers which are
formally of order unity, although to date the calculations performed display a
remarkable consistency in their numerical predictions. Even so, it may be
thought preferable to use a ‘neutral’ scheme, in which the parameters have no

direct physical significance. The Ms and Ms schemes, described in §7.5, are
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examples; the renormalised parameters are determined by the mass scale M
which enters via dimensional regularisation, and the chosen value(s) of the
gauge-fixing parameter(s) £. It might be argued that, by adjusting M to the
characteristic energy scale of the process under consideration, one should be
able to make the numerical value of the radiative corrections small compared
with those arising in a different approach, or from an injudicious choice of M.
(The problem of minimising radiative corrections in every order has been
addressed by Stevenson?.) Even if the preceding argument is true, the logic of it
requires that the values of the various renormalised parameters should be
determined from other experiments where the same value M is also the
characteristic scale, and this is not always easy to arrange. Besides, the
renormalised parameters in such schemes in general depend upon the gauge-
fixing parameter(s) £. Since S-matrix elements are independent of £, as we
showed in Appendix B, only £-independent combinations of the renormalised
parameters can be determined from experiment or enter into theoretical
predictions of scattering amplitudes. It has therefore also been argued that it is
preferable to use an on-shell approach in which each renormalised parameter
is automatically ¢£-independent, and preferably directly ascertainable from
experiment. Another more practical consideration which may affect the
specific choice of renormalisation approach is the ease and convenience with
which it may be applied to actual calculations of physical interest.
Without necessarily denying the arguments which have been advanced in

support of the Ms and Ms schemes, we have, nevertheless, decided to present the
on-shell scheme which has been advocated by Sirlin3. The simplicity of the
scheme, besides making for ease of calculation, makes feasible a text-book
treatment of what may otherwise become an extremely complicated topic.

152 Definition of the renormalised parameters

The major simplification which characterises Sirlin’s scheme? is achieved by
working throughout with unrenormalised fields. In other words, all wave
function renormalisation constants are chosen to be unity. The immediate
objection to such an approach is that the renormalised Green functions are
then in general divergent (in the limit that the space-time dimensionality
d=2w approaches 4.) However, S-matrix elements may be rendered finite
using only mass and coupling constant renormalisations, as we shall shortly
verify. Thus provided we only wish to calculate radiative corrections to
physical scattering amplitudes, we can eliminate a large number of counter
terms, at a stroke. Although this elimination of counter terms obviously leads
to major simplification, there is a (small) price to be paid. In the competing on-
shell schemes the wavefunction renormalisation constants are chosen so as to
ensure that propagator poles have residue unity. Then S-matrix elements are
obtained immediately from the Green functions. In Sirlin’s scheme, since no
such choice has been made, the poles in general do not have unit residue. Thus



15.2 DEFINITION OF RENORMALISED PARAMETERS 263

to determine S-matrix elements it is necessary to rescale the Green functions
by an appropriate amount so that external lines do have unit residue. (This is
why the factors Zy; in (15.128) for example are not equal to unity.) The ready
determination of the renormalised parameters from experiment is achieved by
using the parameter set (15.3) as input. The masses are all the measured
physical masses of the particles and e is the measured electric charge of the
positron.

We start with the bare gauge boson mass Lagrangian which may be found
using (14.29) or (14.72):

LW, Zy=mi W, W +im2y 2, Z* (15.9)
where the suffix ‘B’ indicates that all quantities are bare. (We omit the suffix

from the fields, since they remain throughout unrenormalised, as explained
above.) The bare masses m%, and mZ, are given by (14.37):

mis="4g5v3 (15.10a)
mz=4gs +g)vg =sec? Oypmiy (15.10b)

and the bare weak mixing angle 0y is defined by
tan Bws =ga/gs (15.10c)

so that the mass Lagrangian is diagonalised by the combinations defined in
(14.20). Counter terms are generated by the substitutions

mipg=m%+Am}=m3(1+Ky) (15.11a)
mZz=m2+Am2=mi1+K;) (15.11b)

but no field renormalisations. Then
LNW, Z)= PNW, Z)+ APNW, Z) (15.12a)

where the renormalised Lagrangian
LMW, Z)y=mG W, W™+ +3m3Z 7" (1512b)

and the counter term Lagrangian

ALMW, Z)=KymiW," W™+ +1K,m2Z Z* (15.12¢)

The renormalised quantities my, and m; are so far unspecified, but we now
identify them with the physical masses* of the observed W and Z particles,
given in (14.112):

My, = My oy = 80.8 2.7 GeV (15.13a)

My =Mz, =929+ 1.6 GeV. (15.13b)
Thus these particular (combinations of the) renormalised parameters are
guaranteed to be independent of £, and have already been ascertained from

experiment.
The form of the renormalised mass Lagrangian (15.12b) is the same as that
of the unrenormalised mass Lagrangian (15.9) with the replacement of the bare



264 RENORMALISATION OF ELECTROWEAK THEORY

masses by the renormalised masses. Thus when combined with the
(unrenormalised) kinetic energy terms in (14.72) and those in the gauge-fixing
Lagrangian, they lead to the same form of propagators (14.38)(14.40), but
with my, and m; now having their renormalised values (15.13). The counter
term Lagrangian, A#™ generates additional vertices having the following
Feynman rules:

WY g, Kymg (15.14a)
VTS L g Komd (15.14b)

The gauge fixing Lagrangian also contains mass terms for the Goldstone
modes G*, G°, with
mi(G*)=Emy (15.15a)

mi(G%)=EmZ,. (15.15b)

Thus the renormalisation (15.11) also renormalises the masses of these
Goldstone particles. When combined with the (unrenormalised) kinetic energy
terms for these particles, which are contained in (14.73), these renormalised
mass terms generate propagators having the same form as (14.45), (14.46), but
with my, and m, now having their renormalised values (15.13). The counter
term Goldstone mass Lagrangian generates additional vertices with the
following Feynman rules:

&5 . —iKyém (15.16a)
TTETTT L —iKgmi (15.16b)

We turn next to the fermion—gauge boson interactions contained in (14.17).
Using (14.22) and remembering that all parameters are bare, we write the
interactions with the electromagnetic field 4, as

Fhlem)= —eyj, A" (15.17a)

where
s =gpgnlgs +gv) '/ (15.17b)
and the electromagnetic current j, is given in (14.12) for the leptons and in

(14.145) for the quarks. As before, the counter terms are generated by the
substitution

eg=e+Ae=e(1+K,) (15.18)
(and no field operator renormalisations). Then .
Fhem)= #'(em)+ AL (em) (15.19a)
where the renormalised Lagrangian
ZLem)= —ej, A (15.19b)

and the counter term Lagrangian
AL em)= —K ¢j, A" (15.19¢)
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The renormalised parameter e is how identified with the measured physical
electric charge of the positron given in (14.119):

e=03028221. (15.20)

Thus this parameter too is guaranteed to be independent of £, and has already
been ascertained from experiment.

The remaining fermion—gauge boson interactions given in (14.17), involving
the W and Z bosons, are expressed in terms of gy and Oy, or equivalently gg
and gg. This gives (for the leptons)

AW, Z)= —L”z (LW + LIW**)

22

gy .
—(gz+g’2)“2<T3 — )Z“ (15.21)
e "R g
where the currents L, L,'{ anf T2 are defined in (14.3) and (14.13). Using (15.10)

and (15.17) we can equivalently express it in terms of eg, myg and mzg. Since we
have now completely specified the renormalised parameters e, my and m,, it
follows that the corresponding renormalised and counter term Lagrangians
Z(W, Z)and AL (W, Z) are also determined. The renormalised Lagrangian is

LW, Z)= ——% (LW + LIW+¥)

W

2
—(g*+ gfz)1/2<T3 _ ?f_w_,zju>zﬂ (15.22a)

where
g=emzmZ—m3) /2 (15.22b)

g =emy/my, =g tan (15.22¢)

and the counter term Lagrangian is

K
AL(W,Z)= _—gz (LW +LIW*H)

2/2

'—K3(gz +g,2)1/2T32“ +K4

12

where
(1+ K)? =(1+ K.)*(1 + K7) sin? fy(sin? Oy + K, —cos? ByKy) !
(1+K3)?=(1+K) (1 +K)*(1+Ky) !

x sin? @y(sin? Oy, + K; —cos? Oy Ky) !

(1+K)?=(1+K)*(1+ Ky) " cosec? Oy (sin? By, + K, —cos? 0y Ky). (15.24)
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In (15.22) and (15.24) we have defined the angle 6y, by

tan Oy, =g'/g. (15.25)
Thus it follows that in Sirlin’s scheme
sin? Oy, =(mZ —mZ)/m2=0.243 +0.022 (15.26)

asin (14.113). Note that 6y, is not the weak mixing angle; the (unrenormalised)
fields are mixed with mixing angle Oy, given in (15.10c), which is not equal to
0w.

As before, the forms of the renormalised Lagrangians #'(em) and #(W, 2)
are the same as the forms of the bare Lagrangians with the replacement of the
bare coupling constants eg, g3 and gy by the renormalised values given in
(15.20), (15.22). Thus the corresponding Feynman rules are also those given in
(14.61) to (14.65) but with g now given by (15.22b) and 6y by (15.26). The
counter term Lagrangians generate additional vertices with the following
Feynman rules:

—iKg
_— 1—

—iKg

g1 (15.28)
2\/5 n )’5)
u
¥
iK.ey, (15.29)
{ {
—iK
39 5 (1=75) (15.30)

4 cos By,
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K; . 5 K,
- -5 | 15.31
/& 2 o 9 ( 2 2K4 s O 2 Y5> ( )

As before, g and 0, are given in (15.22b) and (15.26). The constants K, K, and
K, are given in terms of K., K,, Ky, in (15.24).

The treatment of the quark—gauge boson interactions proceeds similarly.
Again the Feynman rules for the vertices deriving from the renormalised
Lagrangian have the same form as those in (14.149) to (14.153), but with g
given by (15.22b) and 0y by (15.26). The counter term Lagrangian generates
vertices with the following Feynman rules

)\ > 73 (1532)

5K ey, (15.35)

)\ . —i3K.ey, (15.34)
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m
Z .

o719 (K 4y nre, Ko 15.36
)\ : 2cos6wy"<2 3 Kasin® Ow——>7s (15.36)
U Uy

M
z .
-1 Ky 2 ) K
: m%—v,.(—-2—3+§K48m20w+-2—3?5). (15.37)
w
o, O

The constants K, K, K, are given in terms of K, Ky, and K; in (15.24).
Other pieces of the bare Lagrangian are also expressible in terms of gy, g5
and vg, or equivalently myg, mzz and e, So, just like LW, Z) the
corresponding renormalised and counter term Lagrangians are also
completely specified. For example, the self-interaction of the gauge bosons is
expressible in terms of gy, g3, When the fields corresponding to the mass
eigenstates W*, Z, A are used. Thus, as before, the Feynman rules for the
renormalised Lagrangian are those given in (14.66) to (14.71); again with g and
Ow given in (15.22b) and (15.26). Proceeding as before we find that the counter
term Lagrangian generates vertices with the following Feynman rules:

[} v

- I(Kez + 2Ke)e2[2gvpgi.u —gppg).v —guvglp] ( 1538)

—1(K§ + 2K5)g2 COSZ GW[ngpglu _gypglv —guvglp]
(15.39)

- I(K SKe + KS + Ke)8g cos OW[ngpglu _gupg).v - guvglp]
(15.40)
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iKee[(r - q)/lguv + (q - p)vg/\u + (P - r)ugv,l] (154 1a)

iK 5g cos Oy [(r—q):9,,+@—p)g:,+(P—1),9,] (1541b)

where K 5 is given by
(1+K5)*>=(1+K )1+ Ky) sin? Oy [sin? Oy + K, —cos? Oy Ky]™ ! (15.42)

and g and 6, are given in (15.22b) and (15.26).

We turn next to the renormalisation of the scalar Lagrangian (14.73). The
first two terms, arising from the covariant derivative of the scalar doublet, are
again expressible in terms of ey, my; and mgg, and so their renormalised
Lagrangian leads to the vertices (14.74) to (14.94) with g and 6, given in
(15.22b) and (15.26), and there are corresponding vertices generated by the
counter term Lagrangian. Proceeding as before we find that the Feynman
rules for these vertices are as follows:

m
]
: —ieK{p+q), (15.43)
P // AN
JSG6 6N
n
z ) cos 20y
i ~iKgg——=(p+4q), (15.44)
SN cos Oy,
LN
/6t G*\\
®
A 1 3Kg(p+a), (15.45)
P N4

VA TN AN
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g

v ~3Kg(p+9), (15.46)
ba” NG
/76t G0N
B
w‘
—i4Kg(p+9), (1547)
P// \\q
H G
1
w
—i}Kg(p+9), (15.48)
LSRN’
// G* H\\
N
z
é : 3Ki(p+g), (15.49)
Y AR
AH GO\
I
'
iK ,emwg,, (15.50)
Wt g
[ v
i
.
t
' —iK ggm; sin® Oyg,, (15.51)
wt 7
u v
|
|
Hi
|
iKogmyg,, (15.52)
W' oW
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i
|
|
H!

/’*&\ : iK\ 0gMzG, (15.53)
Z 2

u v

where K is defined in (15.24), and
Ke=(1+K;) ™! sec 20y [(K5—Kz) cos 20y +2 cos? Oy(1+ K 3)(Kw ~ K2)]

(15.54a)

14 Ky=(1+K)(1+Ky)'? | (15.54b)
(1+Kg)*=(1+K.)? cosec? Oy [sin” Oy, + K, — Ky cos? Oy]  (15.54¢)
14Ky =(1+K)(1+Kw)'? (15.54d)
14K, o=(1+K)(1+Kz)" (15.54e)

with K; as defined in (15.24).

The remaining terms in (14.73) all involve the (bare) scalar self-interaction
coupling constant Az, or equivalently the (bare) Higgs particle mass. We start
with the Higgs mass Lagrangian

Ly(H)= —3miH? (15.55)
and renormalise in a manner directly analogous to (15.11):
mis=mi(1+Ky) (15.56)
with no field renormalisation. Then
LYNH)=LMH)+ALMH) (15.57)
where the renormalised Lagrangian
PMH)= —imiH? (15.58)
and the counter term Lagrangian
AFLMH)= —iKymi H. (15.59)

As before, the renormalised mass my, is now identified with the physical mass of
the (so far unobserved) Higgs particle:

My =my ... (15.60)

Assuming that the Higgs particle is eventually discovered, the renormalised
parameter my will be directly ascertainable from experiment, and is
guaranteed to be gauge-parameter independent. As before, this means that the
Higgs particle propagator has the same form as (14.47), but now my has its
renormalised value. The counter term Lagrangian generates an additional
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vertex having the Feynman rule

———— e ——

o : —iKym}. (15.61)
Since
mip=4A503 (15.62)

we may express Ag in terms of myg and the parameters eg, myyg, mzg, whose
renormalisation has already been defined. Thus the renormalisation of the
remaining (interaction) terms in (14.73) is completely specified. The
renormalised Lagrangian is

Z,(G,H)=-3[G*G™ +4G°*+H*]H

—3[G*G™ +HG**+HY]? (15.63)
where
2,042,102
)»E#f%n—% (15.64a)
2
l”Em—w(,%iimzﬁﬁ (15.64b)
and the counter term Lagrangian is
AZ,(G,H)y= —3K, w[G* G~ +¥G** +H)]H
—iKA[GTG™ + 4G+ HY)? (15.65)
where
1+ K, =(1+K)*(1+ Kg)(1+Kz)(1+ Ky) ! sin? Oy,
x (sin? @y + Kz — Ky cos? 0y) ! (15.66a)
14K, =(1+K)1+Kg)(1+Kz)Y*(1+ Ky) ™2 sin Oy
x (sin? Oy, + K — Ky cos? 6y,) /2, (15.66b)

Clearly the renormalised Lagrangian gives vertices having the Feynman rules
(14.95) to (14.98), but now with renormalised parameters. The counter term
Lagrangian generates analogous vertices for the (three-scalar) vertices with the
substitution
gmi/mé — K, gmé/m3,. } (15.67)
(Note that, using (15.22b), gm& /my, = Av.) The counter term four-scalar vertices
are obtained by the substitution
A=1g’mi/mg — K ig°’mim3,. (15.68)

We have seen in (14.49) and (14.50) that the ghost particles n*,4%, and their
conjugates, have squared masses ¢m% and ¢m? respectively. Thus the
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renormalisation (15.11) of the gauge particle masses also renormalises the
masses of the ghosts. As before the effect is to give ghost propagators of the
same form, but with renormalised masses, and to generate counter term
interactions with Feynman rules

........... ;(]t . _leém‘Zv (15.69)

The previously introduced renormalisations of eg, myjg, mzp also renormalise
the interaction part (14.102) of the Faddeev—Popov Langrangian. The
renormalised Lagrangian generates vertices having Feynman rules of the same
form as (14.103) to (14.114), but with renormalised parameters e, g, Oy, my, m;
(the renormalised values of g and 0y, are defined in (15.22b) and (15.26)). The
counter term Lagrangian generates analogous vertices for which the Feynman
rules are obtained by the following substitutions:

e—>Kce (15.71a)
Egmy — Kolgmw (15.71b)

cos 20y 12 cos 20y
Egmy, 0 O = [(1+Kg)(1+Ky)' 2 —1]Egmy, cos Oy, (15.71¢)
&gmz — K oCgm; (15.71d)

where K, K¢, Ko, K, are defined in (15.24) and (15.54). (Since the ghost
particles only arise in closed loops, these ghost counter terms contribute first
only in two-loop order.)

Finally we renormalise the Yukawa sector of the theory. The (bare) lepton
mass Lagrangian (14.57) may be written in the form

Lyh= =) mpll (15.72)
!

using the relation (14.58). We generate counter terms by making the
substitutions
mp=m(1+k) (U=e,u,7) (15.73)

where the renormalised masses are identified with the physical masses (14.120)
of the observed leptons. Evidently these renormalised parameters are
guaranteed to be gauge-parameter independent, and have already been
ascertained from experiment. As before these renormalisations ensure that the
renormalised lepton propagators have the same form as (14.59) and (14.60),
but with m, now the renormalised mass. The counter terms lead to the
following Feynman rules

———

/ : —ik;m,. (15.74)
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The renormalisation of the remaining Yukawa interactions in (14.57) is now
completely specified by the above renormalisation of m,; and the previously
introduced renormalisations of ey, myy and mzg. The renormalised vertices are
given by (14.115) to (14.118), but with g, m;, and my, now having their
renormalised values. The corresponding counter terms are obtained by the
substitution

m, _ m
— S [+ K)(1+k)A+Ky) 12 =1]g =+ 15.75
9 e = [+ KN+ )1 +Ky) ™2 - 119 (1575)

in all four vertices.

The inclusion of the quarks is only slightly more complicated. The (bare)
quark mass Lagrangian (14.146) may be written in the form

L¥(q)= —[D,;myD),;,D, + Ufmgn( U),,U,] (15.76)

using (14.150). The matrices mgz(U), my(D) are the diagonal quark mass
matrices given in (14.148). The renormalisation is achieved by the
substitutions '

my(D)=m(D)[1+k(D)] (15.77a)
my(U)=m(U)[1+k(U)] (15.77b)

where m(D), m(U), k(D), k(U) are all diagonal. Then the quark propagators
have the same form as (14.149), but with m, now the renormalised mass. As
before, this is chosen to be the ‘physical’ mass of the ‘observed’ quark. The
counter term vertices are

——p

p : —ikm, (15.78)
where k, is the appropriate element of the matrix k(U) or k(D). Then the
renormalised Yukawa vertices are given by (14.152) to (14.157), but with g,
m(U), m(D) and my, now having their renormalised values. The corresponding
counter terms are obtained by the substitutions

I m(D)—{(1+K)[1+k(D)I(1 + Ky) "2~ 1} L m(@D) (15.79a)
My - My

mim(U) - {(1+ K)[ 1+ k(U))(1+ Ky) 12— 1};9— m(U) (15.79b)
w W

in all six vertices.

15.3 Evaluation of the renormalisation constants

In the previous section we gave precise definitions of the fundamental
renormalised parameters (e, my, mz, my, m;, m;) which characterise Sirlin’s
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electroweak renormalisation scheme. Each fundamental renormalised
parameter has an associated counter term vertex, given in (15.16), (15.29),
(15.61), (15.74), (15.78), and all other counter term vertices generated by the
renormalisation are expressed in terms of the constants K., Kw, Kz, Ky, k;, k,.
Thus in order to calculate S-matrix elements it is necessary to evaluate the
renormalisation constants. In this section we shall indicate how to determine
them to one-loop order.

We start with K, defined in (15.11), and consider the S-matrix element for
the process in which a single (physical) incoming Z boson of momentum p,
goes to a single outgoing Z of momentum p,; momentum conservation of
course ensures that p, =p,. To one-loop order

Sﬁ= Wf/\/\ + '\M\; *’\JNQW¢
zZ Z

(1 2) 3)

TN
’V\O\/\/ * »\r\.('::}rw + f\/\.&-—)\/\; +

(&) (5) (6
R SN & W
W A+ AU r(./zkm

o~ 8 S (10)
H pa HY
IV Vo v+ AnAA P A2 a YY)
] {12) (13) (15.80)

The large number of diagrams which contribute even at one-loop order has
necessitated some economy of notation. In the above equation the external
lines are all (physical on-shell) Z boson lines, but the internal lines are to be
understood to include all allowed particles with the convention that
continuous lines —— represent fermions, wavy lines ~~~~ represent
gauge vector boson, dashed lines ———— represent scalars (Goldstone and
Higgs), and dotted lines ---=------ represent ghosts. Thus in the above example
the first fermion loop diagram represents the contribution from all three
colours of all six quark flavours, plus all six leptons. It follows from the
Feynman rules given in (14.115) to (14.118) that in the last four (‘tadpole’)
diagrams the exchanged scalar must be a Higgs particle (so in the fermion
tadpole there is no contribution from the neutrinos assuming they have zero
mass). The first diagram represents the no-scattering contribution which is
present in all S-matrix elements. Since there is no scattering for the process
Z — Z this must give the entire contribution. So

Si=54(1) (1581)

by definition. It follows that the remaining contributions to S; must sum to
zero:

§ Si(n)=0. (15.82)
=2

n
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Thus the counter term contribution S;(2), proportional to Kz, must be
adjusted so as to cancel the remaining contributions which, as explained in the
previous section, are completely determined by the (physical) parameters e,
My, mz, my, my, m,. We denote the sum of the contributions from diagrams (3),
4, (5), (6), (7), (8) and (9) without the external polarisation vectors and for a
general momentum p by

PuPy

nzm,(p)E Az(p2)<g#v - Pz )+Bz(pz) M

p2
Thus I1,,(p) is essentially the o1 two-point function I'2)(p, — p). Similarly let

us denote the sum of the tadpole contributions (10), (11), (12), (13) without the
external polarisation vectors and for general p by

TZuv( p) = TZguv’ ( 15‘84)

The form (15.83) is the most general allowed by Lorentz covariance and the
form (15.84) follows from the form (14.84) of the ZZ H vertex. The requirement
(15.82) that S-matrix element contributions (2) to (13) cancel means that

eM¥lig,, K,mZ + 5, p)+ Ty, (p)]e®’ =0 (15.86)

when p?=mZand ¢" and &'? are the physical polarisation vectors of the initial
and final Z boson. It follows from (13.3) that the polarisation vectors of a
massive vector boson satisfy

(15.83)

eV p=0=¢?-p, (15.87)
Then substituting (15)84) and (15.85) into (15.86) we find
[iKzm2+ Az(m2)+ T, ] @ =0. (15.88)

Since this must be satisfied for all choices of ¢” and &? (including ¢ = £'?), we
see that K is determined by the (calculable) quantities (4,m2) and Ty:

Ky=imz *[Am2)+ T,]. (15.89)

Thus ‘all’ that is required to evaluate K is the calculation of the loop diagrams
in (15.80). Before discussing the details of these calculations we note that a
precisely analogous argument can be presented for the S-matrix element for
the process in which a single incoming W boson goes to a single outgoing W
boson. Then the renormalisation constant Ky is given by

Kw=imy *[Aw(m%) + Ty] (15.90)

where Ay(p?) and T, are defined in exact analogy to 4,(p?) and T in (15.83),
(15.84).

The loop diagrams displayed in (15.80) all have divergent momentum
integrals, in four dimensions, and it is necessary to regulate them. As in
previous chapters we use the dimensional regularisation introduced in §7.2.
This involves performing the integrations in 2w-dimensional space-time.
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Then the divergence of the four-dimensional integrals is reflected by the
appearance of poles at e=2—w=0 in the corresponding 2w-dimensional
integrals. Also, the diagrams in general depend upon the gauge fixing
parameter(s) ¢ which enters via the Feynman rules for the propagators and
vertices given in Chapter 14. We are only concerned with S-matrix elements,
which we have demonstrated in Appendix B are independent of £. Thus we
may choose any convenient value of the gauge parameter. We always use the
‘Feynman gauge’ in which

E=1. (15.91)

Using the techniques of Chapters 7 and 11, the evaluation of the loop diagrams
displayed in (15.80) is now straightforward in principle. However in practice it
is tedious and very protracted. General formulae for the various types of
Feynman integral which are encountered have been given by Aoki et al.®, but
even so the sheer complexity of the results makes a complete and detailed
treatment impossible within the limited space of a single chapter. For example,
Aoki et al.® find that the quantity A,(p?), defined in (15.83), is given by

2y —ié? ar_ 1,202 2

—2mZ(m3 +2mZmd, —4m$) —4pH(m3 —2mZm, — 18m{‘v))(£‘ '+ T'(1) +1n4n)

+ Z ’n‘Z‘[("n2 + l)sz(mi’ m;, pZ) —miZFO(mi, m, Pz)] “%Pz(mg“zmvzvm% +4m{‘fv)

+mg(mi —4mZm + 16m) In mZ, /M2 +im¥mZ In m2/M?
+m} In m3/M?) — 10m§, p2F o(my,, my, p?) + pXm3 — 4mZm¥,
+24my)F(my, my,, PZ) + mﬁ,(3m‘z‘ “4m§m3v —16my)F olmy,, my,, Pz)

+m3[2mZF o(my, mz, p?) —mZF ,(my, mz, p?) + p*F(my, mz, p?)]

—mimzF (my,my, pz)] (15.92)

where Y ; is a sum over fermion flavours (leptonic and hadronic) and, in the
case of quark flavours, a colour sum must also be included. The constants #;
have the values

M=1 (I=e,u,7) (15.93a)
ny=(4m§, —3mZ)/m3 (I=e,pu,1) (15.93b)
Muco = (8m — Sm3)/3m3 (15.93c)

Nasp=(4mg —m3)/3m3. (15.93d)
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The functions F, (n=0, 1, 2) are defined by

1
F(my,m,, p2)=f dx x" In[m¥(1 —x) +m3x — p®x(1 —x)}/M (15.94)
0

and
F=F,-F,. (15.95)

For this reason in the remainder of this chapter we shall merely outline the
calculations which have to performed to carry out the renormalisation of the
theory. The reader who requires more precise details of these calculations is
referred to Aoki et al.’, or one of several similar treatments which appear in the
literature®. The momentum integrations occurring in the tadpole
contributions represented by diagrams (10), (11), (12), (13) of (15.80) are
essentially the same as that arising in diagram (8), and we find that the
combined tadpole contribution is

ié*ms
20,2 2 22
3271: (mz - mw )mme

T,= [( —4Y m}+32my +m3)

+-2me,(2m3v+m§+3mf,)>(e" +I'(D+Indn+1)

+4 Y mfIn m}/M?—2(2mj, + m3)
—m&(6m% +m?) In m¥ /M? —im2(6m2+ mi) In mZ/M?
—3m In md /MZ]. (15.96)

Then putting p?=mZ in (15.92) and substituting both (15.92) and (15.96) back
into (15.89) determines the renormalisation constant K.

Similar calculations may be performed to determine Aw(p?), Tw and hence
the renormalisation constant K. Because of its complexity we shall not even
quote the result for Ay(p?). However the tadpole contribution is easily found
with no extra work; the coupling of the Higgs scalar H to the W is given in
(14.93), and the momentum integrations occurring in the tadpole
contributions is precisely the same as those occurring in the Z tadpoles. Thus

Tw=(m%/m})T. ' (15.97)

Having determined Ay/(p?), and hence Ay(m%), and Ty, the renormalisation
constant K is now given by (15.90).

The renormalisation constant Ky is found in a very similar manner. We
consider the process H — H and denote the sum of the op1 contributions,
analogous to diagrams (2) to (9) of (15.80), for a general momentum pby Ay(p?).
The tadpole contributions, analogous to diagrams (10) to (13), are denoted by
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Ty. Then, as before, the on-shell renormalisation scheme requires that the
counter term contribution cancels the sum of the loop contributions, and

Ky= —img 2[Ay(md) + T\(] (15.98)

analogously to (15.89).

The determination of the fermion mass renormalisation constants is only
slightly more complicated. As before, we consider the S-matrix element for a
single incoming fermion f going to an identical outgoing fermion. Then

= f
Sﬁ ———,—p———¢—>———-—n—.—+_&_

0] @ 3)
N C? t?
L y -+ - 1 . .

{4) (5) (6}

O O

|’ |

[ !

(n (8) (15.99)

where we are using the same convention as in (15.80) with regard to the lines
appearing in the above diagrams. The contribution from diagrams (3), (4),
without the external spinors and for a general momentum p, is
T/ (p)=K{(pW+ K{(p?)ys + KJ (P + KL (05 (15.100)
and the tadpole contribution, from diagrams (5), (6), (7), (8), without the
external spinors and for a general momentum p is
t/ =TI+ Ty,. (15.101)

As before, the diagram (1) gives the entire contribution to the S-matrix
element, so the counter term contribution (2) must cancel the single loop
contributions. Thus

wf(p)[ —ik,m, +Z/(p)+ 7 Jul(p)=0 (15.102)

where p>=m? and u/(p), u§(p) are the spinors associated with the initial and
final fermion. These spinors satisfy

P’ (p)=mu/(p) (15.103a)
#{(pyysu{(p)=0 (15.103b)

so (15.102) gives
k= —im; \[K{(m?)+m KJ(m?)+T{]. (15.104)

Thus the fermion mass renormalisation constants k, (f =1, q) are completely
determined, once the calculations necessary to find Z/(p), v/ (and hence
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K{(m?), K{(m}), T{) have been performed. Again we shall not quote the
results.

It only remains for us to calculate the charge renormalisation constant K,
defined in (15.18). We consider the S-matrix element for the process in which a
single incoming electron is scattered by an infinitely heavy external source to
produce a final outgoing electron. To one-loop order

PN
BYAGNE
/&A

Sp=

,i\

+ _.L_.__*._ ’i—g
(10) (11 (15.105)

The infinitely heavy external source is represented by the dot at the end of the
external y line. Diagram (2) is the counter term contribution. Diagrams (3), (4),
(5) and (6) represent the diagrams in which there is a counter term vertex or a
loop inserted in one of the external lines; thus diagram (3), for example,
represents the contribution when diagrams analogous to (2)—(13) of (15.80) are
inserted in the external gauge field line. Diagram (4) represents the
contribution from similar diagrams connecting y and Z lines. Similarly
diagrams (5) and (6) represent the contributions when diagrams (2) to (8) of
(15.99) are inserted in the external electron lines.
The contribution from diagram (1) is

S= i (pYiey,u(p) —%;j“an)“é(p —p' —k). (15.106)

(r—

The definition of —e (that it is the physical electric charge of the electron)
means that, in the limit p—p" — 0, S;(1) gives the entire contribution to S;.
Thus

lim [S;~Sx(1)]=0 (15.107)

p—p'—0
and the counter term contribution (2) must cancel the remaining contributions
(3)«(11) (in the limit p—p’ — 0).
We may write the contribution from diagrams (7)—(11) in the form

ieu*(p )T (p, P') F@n)*(p—p —k) (15.108)

(p— )2
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where, without loss of generality,
Fy( D, P’) = Fl(kz)‘yy + FZ(kz)iauvkv + FS(kz)ky
+ G (k?)y,75+ G (k*)k,y s+ Ga(k?io, k'ys.  (15.109)

In thelimit p—p’ — 0,k — 0, so only the terms proportional to F,(0) and G,(0)
survive. The point is that F,(0) and G,(0) are well defined and calculable, once
we have decided how the divergences are to be regulated, and so, therefore, is
the contribution from diagrams (7)—(11).

The contributions from diagrams (3) and (4) are also well defined, and
calculable. Using the notation of (15.83), but now for a y line, we find

I R A SRR
Si(3)=u(p’iey,u (p)—k-z— AN ¢ =7 ) + Bk )Tz— 72 Mem)*op—p'~k)
. - i ,
=u(piey,u(p) 37 A(k?) FJ”(ZH)“é(P —p'—k) (15.110)

using the Dirac equation.
In fact, 4,(0)=0 (since the photon has zero rest mass) so A(k?)/k* — A4;(0) as
k* -0, and

§i(3)= —14,(0)S;(1). (15.111)

Clearly the effects of the insertion in the photon line will be shared between the
electron vertex and the interaction with the external source. Thus for the
purposes of determining the charge renormalisation we should halve the
contribution from this diagram (since the other half renormalises the other
vertex), at least in lowest order. Then

Su(3) = —HA(0)S(1). (15.112)

(The reader may convince himself of this by replacing the source by a heavy
charged particle, and considering the appropriate diagrams.) Using the
Feynman rule (14.65), the contribution from diagram (4) may be found
straightforwardly.

_ i —i
Si4) = TP 5 = TG =9V WP s
w Z
.k KR =i
x [Ayz(w)(g“ - >+Byz(k2) 7] T Iem*3(p—p k)
(15.113a)
where
4m? —3m?
gy=1—2 sin? Gy = W Mz (15.113b)
2m;

(15.113c)

i

ga=—
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In the limit k — 0,
2

Si(4) — u®(piey, m (gv—g 75w p)

X id Oz 2 ;—2‘ Fn*s(p—p —k). (15.114)

However the contribution from diagrams (5) and (6) is a priori ill-defined.
Consider, for example, diagram (5). The Feynman rules give

Su(5) = F(Piey, o [=ikom+ Zp)+2 (D)

x -k}‘ *n)*(p—p —K) (15.115)

where Z° and t° are defined in (15.100) and (15.101) (for a general fermion f).
We insert the identity

I=(F+m)~' Y w(p, s)i(p, s) (15.116)
where the sum is over the two possible polarisation states s=1,| of the
electron. Then

S(5)= Zt?(p)lev,‘ ﬂ ﬂ+me) Yu(p,s)

X 3(p, ) — ik, + Z¥(p)+ TTu(p) T /@) *3(p —p ~ )
(15.117a)

i
= Z ue(pl)leyy pz 2 u(p,s)

x a*(p, s)[ —ik.m, +E°(p)+r"]ue(p) 1”(2n)“5(p —p —k).
(15.117b)

The indeterminacy arises arises because p is the (physical) momentum of the
external electron, so p>—m2=0 and the first line is infinite; however, by
definition the mass renormalisation constant k, is such that (15.102) is satisfied,
so the second line is zero. Thus the value of S;(5), and similarly S;(6), is ill-
defined. The problem derives from the fact that we are concerned with S-
matrix elements, which are defined by a limiting procedure applied to (off-
shell) Green functions. Had we first renormalised the Green functions, using
non-trivial wave function/field operator renormalisation constants, we should
have avoided this difficulty. Let us investigate the ambiguous part of (15.115)
in more detail.
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Using the definitions (15.100), (15.101) and (15.104), we may write
—ikem, +Z(p)+1°= A5(P?)ys + K5,(pI)ys
+ AP (P —md)+ K (pP P —m)

(15.118a)

where
5(p?)=Ts+K5(p? (15.118b)

and

(p* —m)A(pY)=Ki(p*) - Ki(md) + m [K(p*) - K;(mD)]. (15.118¢)

Now suppose we ignore the fact that (§ —m,) is éingular, since p2=mZ; then the
contribution from the first two terms in (15.118a) to (15.115) is (fairly) well
defined since

;:l;? [A3(p%ys + K5y sIu(p) = l,_‘m [A3(m2) — K3, (mBmJy s4(p)

. [ASmE) =K mm Ty () (15.119)

and we have assumed
A (p)= fim )u( p). (15.120)

If we were to cancel the (J—m,)~! propagator against the two remaining
terms in (15.118a) we would have

d—lm [(p? ~mDA(pD) + K0 ~m.)]

=i(f+m)A(pH)+iK(p>) (15.121)

and, combining with (15.119), we would find

o ik )+ 1)

1
= i( ~m $m)ys +3K5,(ml)ys +2m A(m?) + K;(m3)>ue( . (15.122)
In the same way we would find

R

1 .
= '°(P’)( o S(m2)ys~ 3K, md)ys +2meA°(m3)+K§(m3))l- (15.123)
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Thus the combined contributions of diagrams (5) and (6) would be

Su(5+6)=u"(p)iey,i[K5,(mZ)ys + 4m A(m?) + 2K;(mZ) u(p)

( pE; #(2m)*o(p—p' ~k) (FALSE). (15.124)

Actually this last expression is not quite correct. The coefficients of K5(m?) and
of A(m?) must be halved. We can see this most easily by considering the
(hypothetical) case that the electron has zero mass, and the theory has chiral
symmetry. Then in the notation of (15.100)

Z(py=K (P +Ks(pIhs

=JIK(PY)+ K s(p)]ar + LK (p) — Ks(pH)laL.  (15.129)
The full propagator is then given by

1o i
S(p)==-4+—-X(p) - pX .
(p) d+ﬂ (p)ll [{ P)[j (p)# (15.126)

—[1-i(K, (0) + K+, ()] "ax

4

+[1—i(K,,(O)—Ks.,(O))]—laL%-i—... (15.127)

where we have retained only the pole contributions at p?=0. Evidently the
effect of the radiative corrections is to ‘renormalise’ the right (left) component
of the propagator with a factor Zy(Z,) where

Zy={1-i[K,0) £ K5 (0)]} . (15.128)
L

Thus the effect of the radiative corrections on external (electron) lines is to
renormalise their contribution by a factor Z/Z So if we scatter a right chiral
electron, for example, from an infinitely heavy source, the radiative corrections
contained in diagrams (5) and (6) have the effect of multiplying the uncorrected
contribution by a factor Z;. It follows that

and to lowest order in «

Zy - 1~i[K,(0)+ K, (0)]. (15.129b)

Since ysur = +ug, the coefficient of K, in (15.124) agrees with the correct
result (15.129) (when m, =0), whereas the coefficient of K7 in (15.124) is a factor
2 too large. A similar argument applies to A%(m?), and the correct result is

Si(5+6)=u(piey,i[K5,(m?)ys + 2m, A(m?)

+K°(m2)]u°(p) 1"(27?)45(17 p=k. (15130
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We note in passing that a similar argment could have been presented to justify
the modification (by a factor 1) of the contribution from the photon line
insertions. These have the effect of renormalising the uncorrected amplitude
by a factor [1+i4)(0)]"'. Thus the contribution to each vertex is
[1+i4;(0)] "2~ 1—4iA}(0), as claimed in (15.112). The requirement that the
counter term contribution Sg(2) cancels the contributions from diagrams (3) to
(11), in the limit p—p’ — 0, then gives

A,2(0)

mw(m% _m\%v)llz (gV_gAYS)

+i[K5,(md)y s +2m A(m2)+ K;(m2)]=0. (15.131)

K.+ F1(0)+G,QO)ys ~is40)+i}

The terms proportional to vy arise because of different contributions to the
scattering of the right and left chiral components of the electron. This derives
from the fact that electroweak theory is a parity non-conserving theory.
However, we know that the right and left chiral components have the same
electric charge. Thus the parity-violating contributions to (15.13 1) must cancel
separately. Hence

A0
2mom —m) 7 94

and substituting from (15.118c) we find
K.= —F(0) +54,(0) —iK}(m)

L A
2my(mZ ~mg)'1* >

G(0) +iKS,(m?) ~i 0 (15.132)

i2m [K{(m?) +m K5 (m2)]. (15.133)

So the electric charge renormalisation constnat K, is completely determined
once the calculations necessary to find F,(0), A,(0), as well as K3(m?), K5(m?)
and K§(m?), have been performed. Again we shall not quote the result. We
leave it as an exercise (problem 15.5) to verify that (15.132) is satisfied.

154 Radiative corrections to muon decay

We have indicated in the previous section how all of the renormalisation
constants (K., Ky, Kz, Ky, k;, k;) which fix the counter term vertices are
determined . In principle, therefore, we may evaluate the S-matrix element for
any electroweak process to arbitrary accuracy, including the effects of all
electroweak radiative corrections. We shall illustrate this by considering the
order o radiative corrections to muon decay

U~ eV,

which was computed in lowest order in §14.4. As before, we shall not actually
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evaluate the corrections, which are complicated and not in themselves
especially illuminating. Rather, we shall discuss the various contributions, and
in particular how the loop corrections and the counter term contributions
combine to give a finite, calculable result.

The lowest order contribution to the process is given by the diagrams

S(l0)= Vu Y
fi 1} 3 _’_/
W e - G~ N e
3 < (15.134)

and, as we showed in (14.118), the contribution from the second diagram is
smaller than the first by a factor of order m,m,/m%,. We shall therefore neglect
this contribution, since it is smaller than the O(x) terms we are about to
consider. The first set of radiative corrections are generated by self-energy,
tadpole, and counter term insertions into the various lines

) (2)

(3) (4)

) (15.135)

We are using the same shorthand asin (15.105), where the shaded blob signifies
the sum of the self-energy loop, tadpole and counter term insertion. As
explained in the previous section, the external line insertions are a priori
ambiguous in our approach. However, the analysis given there shows how it is
resolved. Then the contribution from diagram (3) is

Asg“<3>=i(%K;(mznmeK;'(mz)+m31<7(m3>

1
2m,

—3K5,md) —

1
T Ktmd

T;)S&O’ (15.136)

and the contributions from diagrams (1), (2) and (4) may be obtained in a
similar manner (problem 15.6). The contribution from diagram (5) is
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determined by the W self-energy, tadpole and mass counter terms. In the
Feynman gauge, the propagator of the W is

A, (p,my)=—ig,(p*~m})~! (15.137)
and the above insertions amount to the replacement
B,.(p,my) = &,(p, my)[ig” Kwmi, + T(p) + Twg” 1B, (p,my)  (15.138)
where Iy, is defined analoguously to IT; in (15.83). Using (15.90) it follows that
ig” Kwm +T14(p) + Ty g*

rp’
p2

= [Aw(p?) — Awlm)1g” + [Bw(p®) — Aw(p?)] (15.139)
The terms proportional to p’p° lead to lepton mass terms via the Dirac
equation, as shown in (14.120). Neglecting them we find

Aw(p?) — Aw(m3)

(1)) = —1
ASS)= —i =

S (15.140)

The next set of radiative corrections arises from vertex insertions and counter
terms

ASD =
‘—(;@/\<
—f&

(15.141)

m
Diagrams (6) and (7) include all three-point vertex corections, analogous to
those displayed in diagrams (7)-(11) of (15.105). The counter term vertex which

appears in diagrams (8) and (9) is that given in (15.27) with K defined in (15.24).
Thus (8) and (9) give

AS{P(8 +9)=2KS{. (15.142)

Since all of the counter terms are of order e> we may expand (15.24) accurate to
this order and obtain

K=K.+%cot? 0y(Ky —K3)

=K. +3mi(m —m}) ™ (Kw —Kz). (15.143)
If welike, Ky — K, can be re-expressed using (15.89), (15.90) and (15.97) to give
Ky — K= —i[mz > Ag(m3) —my > Ay(my)]. (15.144)

The presence of a neutrino in both of the three-point vertex corrections means
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that the analogue of (15.109) may be written in the form
T p,, p) =L 0+ S PDio,, "+ £ (PP, J(1—75) (15.145)

and we can neglect the f term, since p, leads to lepton mass terms which we
shall drop. Thus, for example, the invariant amplitude for diagram (7) is

ig?

8(p? —my)
x W)L f(pHy, + 15X pPio,, p* 11 —ys)u(.) (15.146)

and a similar expression may be obtained for .#(6).

The final set of diagrams are the four-point functions. These are too
numerous to display in full and we merely illustrate the gauge boson
contributions

M ()= w(v, (1 = s)ulp)

ASP =

(15.147)

where the exchanged lines must be W, Z or W, y. The undisplayed diagrams
include all contributions from scalar exchanges. We shall not need any details
of these amplitudes. The interested reader is referred to Sirlin® and references
therein. Suffice it to say that all of these diagrams are (ultraviolet) finite. In
other words they contain no poles in 2—w which derive from the large
momentum behaviour of the integrands. (The infrared behaviour is another
matter, which we shall not address.)

The ultraviolet divergent contributions arise from the terms already
displayed. Neglecting the masses of the leptons, the only divergent terms in
(15.136) are K; and K5, with similar divergences from the other self-energy
contributions. We leave it as an exercise to verify that when these
contributions are combined with the other divergent contributions, contained
in (15.140), (15.142),(15.146), they lead to a finite correction to the muon decay
amplitude. (This is just a verification that electroweak theory is a
renormalisable theory, as we have claimed but not proved.) Numerical details
of these calculations are contained in Sirlin, who concludes that the order «
corrections have the effect of increasing the decay rate by about 79, compared
with the tree graph prediction (14.125).

15.5 Anomalies

We have shown in Appendix B that S-matrix elements are independent of the
gauge-fixing parameter £. In consequence the ghost particles and would-be
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Goldstone scalars, whose masses depend upon &, decouple from the physical
states. This means that the physical states are complete and that the S-matrix is
unitary. The proof of this é-independence utilised the gauge (and Brs)
invariance of the functional integration measure, and this invariance may be
verified for the (non-chiral) theories envisaged in Chapters 9 and 10.

However, the electroweak theory with which we are now concerned is a
chiral theory; the left and right chiral components of fermion fields transform
differently under gauge transformations. For these theories the fermionic
integration measure is not in general gauge invariant”. In consequence the
Slavnov-Taylor identity (B.9) is violated, and (supposed) S-matrix elements
will be £-dependent, because of the appearance of unphysical particles (e.g.
Goldstone scalars) in physical processes. Clearly such a theory is nonsense; the
gauge fixing and ghost terms in the Lagrangian were merely technical devices
to permit the formulation of the guantum field theory, and nothing physical
should depend upon ¢&, if the theory is to make sense. Thus the gauge non-
invariance of the fermionic measure is a disaster for the (chiral) gauge theories
in which it appears. It means that these theories are non-quantisable®, Only
theories in which this problem can be evaded can be considered as candidates
to describe reality.

We illustrate the problem by considering first the case of ‘axial electro-
dynamics’, which is described by

&L =yiy"(0,+iqV, +igA,y ¥ —4F . F* ~4G,,G* (15.148a)

where
F,=0,V,-0,V, (15.148b)
G,=0,4,—0,A,. (15.148¢)

Clearly . is invariant with respect to local U(1), x U(1),, gauge transformations
in which

Y(x) — ¥'(x)=exp[ —igA(x) —igalx)y sy (x) (15.149a)
Vix) = V()= V(%) +0,A(x) (15.149b)
A (x) = A (x)= A, (x)+ 0,0(x). (15.149¢)

Then the left and right chiral components of ¥ transform according to
Yr(x)=a(x) - exp[ —i0(x)]Yi(x) (15.150a)
V(%)= ag(x) - exp[ — 0,00 TWr(x) (15.150b)

with

0}; =gA Fga. (15.150c)

The transformation law (15.149a) means that the fermionic measure 2y
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transforms according to
D¢ — {Det exp[ —igA(x) —iga(x)ys]} ~ 1 D¢ (15.151)

where the inverse of the determinant appears because integration over the
Grassmann variable y(x) is defined (in Chapter 3) as the left-differentiation
with respect to (x). The determinant Det, with a capital D, is taken over both
Dirac spinor indices and the space-time labels x. In the same way, since
(15.149a) shows that

Y(x) - ¥'(x)=(x) exp[igA(x) —iga(x)ys] (15.152)
the fermionic measure
DY — {Det exp[igA(x) —iga(x)ys]} 1 2¥. (15.153)
Hence _ N
DYDYy — Det exp[2iga(x)y s 12¢ Dy. (15.154)

Thus, as anticipated, the measure is not invariant, because the left and right
chiral components transform differently:

2go=0x — 6, #0. (15.155)
Formally, we may write

Det exp[2iga(x)ys] =exp Tr[2iga(x)ys] (15.156)

where, as before, the trace Tr, with a capital T, is taken over both Dirac and
space-time labels. (The trace tr will be used when the trace is only over Dirac
and any internal labels.) We may rewrite the trace by introducing a complete
orthonormal set of energy eigenfunctions ¢, satisfying

y*D,@,= 2,0, (15.157a)
Y. 0.l ()= 5(x — y)l (15.157b)

where D, is the covariant derivative

D,=0,+iqV,+igA,ys. (15.157¢)
Then

Tr[2iga(x)y s]=Tr[2iga(x)d(x — y)y 5]

=Tr<2iga(X))'5 Y <P..(X)<Pl(y))
= jdx dy o(x—y) tr<2iga(x)75 > <p..(x)<pf.(y)>

=2ig de a(x)A(x) (15.158a)
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where
AX) =Y olx)ys04(x) (15.158b)

measures the ‘anomaly’. To evaluate A(x) we need to regulate the large
eigenvalues, since as it stands the expression is only conditionally convergent.
Thus we define

A(x)=;if:0 Z @ixyy sf(gz> ?u(x) (15.159)
where f{(z) is any smooth function which rapidly approaches zero as z = —o0:
(=)= f(—w)=f"(~w)=...=0 (15.160a)

and
f0)=1 (15.160b)

so that the contribution from any fixed eigenvalue A, approaches unity as
M — oo. For example we could choose

fl)=¢". (15.161)

Using (15.157a), we can write

]DZ
A(x)= lim 2<p1<x)y5f( )«pn(x)

Mo M
d*k 2\
= A}im tr J(Zn)“ e“""ysf( —%) g~ (15.162a)
where we define
1D=y“Du (15.162b)

and we have changed from the energy eigenfunction basis ¢,(x) to a plane-
wave basis ¢**. The definition (15.157¢) of the covariant derivative D, gives ithe
identity

p?=y*D,y’D,=y*'D,D, (15.163a)
where
13“ =0,+iqV,—igA,ys
=D, —2igA,ys. (15.163b)
Then

mz = [%{y;n 'Yv} +%['y;n yv]] (D“ - ZigA“yS)Dv
=D,D*+4[y,,7.][D*, D'] —2igys4,D* —ig[y,, y,]4*ysD’
=D +(i/4)[7,, n.J@F*" +9G*ys) + 2ig Ay (15.164)
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and for any function y(x)
D, [x(x) €**] = [(ik, + D,)x] **. (15.165)

Substituting back and rescaling k gives

4 : T\ 2
A(x)=hl’i_r‘r:o tr _’-((211:4 M“ysf[<k —%)

——4_;(4‘ [),;u ’Y\'](unv"_gGmys)—% A'))s(lk"'—g):'

(15.166)

We now expand f in a Taylor series about k%, and as M — oo the only
surviving terms will be up to and including the fourth derivative of f, The
resulting expression may be simplified by noting that

trys=trly,, p]=trys[y,»]=0 (15.167)

and by using symmetric integration to eliminate odd powers of k. Even so, the
algebra is pretty horrendous, and we refer the reader to Balachandran et al.°
for the complete treatment. We illustrate the result by dropping the gauge field
A, associated with the local chiral transformation. This considerably simplifies
the algebra, and there remain some effects which are interesting in their own
right, as we shall see. We then find

2 d%
A()C) = —3_2 jw tf(')’s[)’u, ?v] [?;n ycr])F“vaaf”(kz)

d*k
= — Zlq au\qu”"FP” J(z )4 f ) (15. 168)

The momentum integration is transformed to a Euclidean one. Then, as in
Chapter 7,

k2= — k2= — |42
d*k=id*k =in?|%|? d||* (15.169a)
Integrating by parts gives
i J‘d4kf"(—|k|2)=i1tzji dxf'(—x)=in? (15.169b)
V]

using the properties (15.160) of the function f. Thus

2

Alx)= 5% Enpe PP (X)F?°(x) (15.170)

and we note that the anomaly is finite, and well defined. Substituting back into
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(15.158) and using (15.156) and (15.154), we find that the non-invariance of the
fermionic measure is given by

2
DYDY — exp(i fd“x go(x) 1—(61;;2 s,,‘.p,F“”F"">@1//@\17. (15.171)

This non-invariance indicates that the anomaly is specifically a quantum
effect, since functional integration is the ingredient required to proceed from
classical to quantum field theory. This quantum effect leads to a violation of

the classical conservation law associated with the chiral transformation.
In the absence of an associated gauge field, the Lagrangian density (and

therefore the action) is no longer invariant under a local chiral transformation.
In fact, for the (massless) Lagrangian (15.148), the non-invariance is given by

&L — L+ g@,0W"ys¥. (15.172)
However, the quantum effects we have been discussing generate an additional

variation of the generating functional W. From (15.171) we see that the total
effect of the chiral transformation in such a theory is given by

2
W - j@l//@% exp i[J‘d“x (.? + g(3,00 v ys¥ + ga %{E SWNF““F""):I.

(15.173)
We require that W is invariant under such transformations
ow =0. (15.174)
da(x)
Hence
qZ
au('p)’")’sw) = 1_6? ‘guvqu‘wF‘m (15175)

and we see that the (classical) conservation of the axial vector current,
associated with the invariance of a massless fermionic theory under chiral
transformations, is violated by the (qQuantum) anomaly.

Fujikawa’s derivation of the anomaly, which we have presented, makes it
clear that the anomaly is a non-perturbative effect, even though the original
discovery of it was noted in a perturbative context!°. In fact (15.175) indicates
that the anomaly is given exactly by the lowest order radiative corrections to
the axial vector vertex. This is illustrated in figure 15.1. Each vertex with the
gauge field V, is associated with a factor g, and we have seen that the effect is
entirely due to fermionic quantum fluctuations. Thus only the single triangle
loops illustrated contribute. All higher order radiative corrections to these are
non-anomalous. In this treatment the anomaly is associated with the (linear)
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Figure 15.1 Fermion triangle diagrams responsible for the anomaly.

divergence of the fermion loop integration. We can see this as follows: the
matrix element represented by figure 15.1(a) is

M;::;)a = (2 )4 Jvd“k tr[?u?S“ Yp(’é + kl) ya'(k + Iél + léZ) 1] (15 176)

Using the trivial identity

Ky +E=(k+E, +E)—k (15.177)
it follows that

d*k tely sk~ Ly, (6 +#.) 19,1

(ky +ky

upo = (271:)4
2

(2 m)*

fd“k telys(k+Ky) ™y K+ K+ KD 71,1 (15.178)

Both of these are divergent, but formally we may translate the integration in
the second integral (k — k—k,) which gives

f d*kteysk™"y,(K+Ky) .1

(ky + kM ft‘:))o' = (2 e

(2 7 f d*k tely sk~ 'y (K +K2) "1y, . (15.179)

The evaluation of (k, +k,)*M,, the contribution from figure 15.1(b), follows
immediately by interchanging

ki,peork,, 0. (15.180)
Since (15.179) is antisymmetric it follows that the sum M,,, of the two
diagrams formally satisfies
(ky +ky'M,,, =0 (15.181)
in accordance with the classical conservation law (15.173).
However the above arguments are purely formal, because M, is divergent.

It might be thought that one could avoid this objection by using dimensional
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regularisation, which typically has the attractive property of preserving such
conservation laws while rendering the integrals finite. In this case, however,
dimensional regularisation is complicated by the (active) presence of the y;
matrix. y 5 is specifically tied to four dimensions; by definition, it is the product
of the four gamma matrices y°, y!, y2, y3, and its anticommutation properties
with them then follows from the Clifford algebra. In a higher 2w)-dimensional
space-time, the actual definition of y; is problematic: do we take

ys=iyOpt ... .y (2w even) (15.182a)

or
ys=iy%yly2y3? (15.182b)
In the first case, the axial vector current remains an axial 2w-vector,but M, is
zero. In the second, the axial vector becomes an antisymmetric tensor of rank
2w — 3, but its divergence is non-zero because y 5 no longer anticommutes with
all of the gamma matrices. In fact, the non-zero value is precisely that already
obtained in (15.175), and the same (finite) non-zero value is obtained if we use
an old-fashioned covariant cut-off and remain in four dimensions throughout.
Itis therefore clear that the anomaly is a real effect, and not just some artifice
of the particular regularisation scheme adopted. For the reasons given at the
beginning of this section, anomalies will destroy the £-independence of S-
matrix elements, and make the theory nonsensical. The key to evading this
problem derives from noting that the anomaly is independent of the mass of
the fermion field. (The fermion in (15.148) is massless, but this was not used in
the derivation of the anomaly.) It is therefore possible to arrange that
contributions from different fermions cancel against each other, by virtue of
the group-theoretic structure of the model.
In a general (non-Abelian) gauge theory each of the vertices of the triangle
diagrams will carry an internal symmetry matrix, and the anomaly will be
multiplied by a factor

A%t = tr(ta{tbtc + t‘-‘tb}) (15.183)

where now the trace is over the internal symmetry space. Thus provided 4%
vanishes for all axial-vector—vector triangles (and all axial-axial-axial
triangles) the full theory will be anomaly-free.

In electroweak theory it is easy to see that this is what happens. The SU(2)
gauge bosons have a fermionic vertex y,[™, where

I*=ghta, (@=1,2,3) (15.184)
while the U(1) gauge boson—fermion vertex is y,I', where
I*=g'(Ya, +Qag)
=g'(Y +4taz) (15.185)

since @ =413+ Y. Note that on all four vertices y5 appears only in conjunction
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with one of the t matrices. Thus the 4-A4-A4 anomaly is proportional to
tr(z?{t’r° +1%}) {a,b,c=1,2,3)
=26 tr ¢
=0. (15.186)

The A-V-V anomaly cancellation is not automatic, because although 4 is
associated with a T matrix the V' may have a t matrix or the unit matrix. The
potentially dangerous cases are when two T matrices are involved (444, 4bc). In
this case the anomaly is proportional to

tr(r*{t’Y + Yt*})ac 6 tr Y

=0"tr Q. (15.187)

Thus to make the theory anomaly-free we need that the sum of the electric
charges of all the fermions should vanish

Y. Q,=0. (15.188)
S

Remembering that each quark flavour has three colours, we see that the above
requirement is satisfied in each family, since

Q,+0:+30y+3Q,=0. (15.189)

We have emphasised the form of the anomaly when the axial currents are
not associated with gauge fields, and also when the (vector) gauge group is
U(1). Relaxing these constraints leads to more anomalous diagrams. This is
fairly obvious from (15.175), for example. In a non-Abelian theory we should
expect that F, is replaced by its non-Abelian analogue Fj,, which has terms
linear and quadratic in the gauge fields. Thus we anticipate anomalies in the
square (AVVV, AAAV) and pentagon (AVVVV, AAAVV, AAAAA) diagrams,
besides the triangle (AVV, AAA) diagram already discussed. Also, it is
apparent from (15.166) that the axial gauge fields generate extra contributions
with a different structure from those we have kept. In fact, both of these
expectations are fulfilled; the interested reader is referred to Balachandran et
al.? for details, and also to Einhorn and Jones!! for a very clear analysis of the
opposite case considered in the text, namely when the vector gauge field ¥,
(rather than 4,) is dropped.

Problems

15.1 Verify the form of (1+ K)? in (15.24).

152 Verify the Feynman rules (15.31), (15.41) and (15.44).
15.3 Verify (15.102) and (15.104).

154 Justify (15.112) by considering the scattering of an electron by a heavy
charged particle.
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155 By calculating the quantities involved, or by using the results of
reference 5, check that (15.132) is satisfied.

15.6 Determine the contributions of diagrams (1), (2) and (4) of (15.135).

15.7 Show that the fermionic functional integration measure is gauge
invariant in QCD.

158 After dropping A4,, show that (15.168) follows from (15.166).
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16
GRAND UNIFIED THEORY

DOI: 10.1201/9780203750100-16

16.1 Philosophy

We have seen in Chapter 14 how the electromagnetic and weak interactions
may be unified into electroweak theory. This unification leaves something to
be desired. First, there are two independent coupling constants in the theory, g
and ¢', and, second, no unification with the strong interactions (Qcp) has
occurred. The aim of grand unified theory!'? is to rectify this by unifying
strong, weak and electromagnetic interactions in a grand unified gauge theory
with a single coupling constant. Once such a unification has been achieved, the
coupling constants g, g’ and g, (the Qcp coupling constant) will be related by
group theory factors to a single grand unified coupling constant. Though such
a statement flows easily from the pen, it needs some sharpening up. We have
seen in Chapter 7 that the values of the renormalised coupling constants
depend on the renormalisation scale, M, and we have discussed this
dependence in detail in §12.7, for Qcp and QED. Thus, we must decide at what
renormalisation scale M the coupling constants g, g’ and g, satisfy the group
theoretical relationships associated with the embedding of electroweak theory
and Qcp in the grand unified gauge group. Once we have fixed the
renormalisation scale Mg (the grand unification scale) it is clear that these
relationships between g, g’ and g, will not hold at lower renormalisation scales
M. This is because these coupling constants vary with M in different ways
when the extra gauge fields associated with the grand unification may be
ignored. On the other hand, these relationships will hold at higher
renormalisation scales, because for mass scales large compared with the
masses of the new gauge fields all gauge fields are on the same footing. Then
there must be a single coupling constant g developing according to the
renormalisation group equation of the grand unified theory.

A priori, the grand unification scale Mg might be an ordinary mass
(< 100 GeV). After all, (12.128) shows that for renormalisation scales of 4 or
5 GeV, the ratio of g(M) to e(M)is 5 or 6. This is the kind of number which just
possibly could be attributable to group theory factors in the embedding of Qcp
and electroweak theory in the grand unified theory. However, at least for
grand unified theories of reasonably low rank, it turns out that a ratio of g, to e
of 5 or 6 does not come out naturally from the group theory, but smaller
numbers arise. If the grand unification is to succeed, it must therefore be that
unification occurs at some larger mass scale, and the desired ratio of g, to e
arises when the renormalisation group equations are used to continue g{(M)
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and e(M) back to ordinary mass scales. (Remember that gZ(M) decreases and
e} (M) increases as M increases) Since coupling constants vary only
logarithmically with M in gauge field theories, the grand unification scale is
likely to have to be extremely large to achieve a significant deviation from the
group theoretical value of g /e in this way. We shall discuss this in detail in
§16.3. This large grand unification scale is a good thing, because typical grand
unified theories put leptons and quarks in the same multiplets and contain
baryon number violating exchanges. If the masses of the new gauge fields
which mediate baryon number violating processes were not be very large, the
proton would decay at an unacceptably fast rate. This point is discussed in
§16.6.

162 SU(5) grand unified theory

Since SU(3) x SU(2) x U(1) of qcp and electroweak theory has rank 4, it
follows that any grand unified theory will have to be based on a semi-simple
Lie group of rank at least 4. (The grand unification group has to be either
simple, or semi-simple, with a discrete symmetry superimposed, to obtain a
single coupling constant.) It turns out!-? that there is only one semi-simple
rank 4 group which allows Qcp and electroweak theory to be embedded in a
way consistent with the quantum numbers of the quarks and leptons, namely
SU(S). We shall restrict attention to SU(S) grand unified theory here, though
other grand unifications are possible with higher rank Lie groups, e.g. SO(10)
with rank 5.

The generators T, of SU(5) for the fundamental five-dimensional
representation may conveniently be represented by the natural generalisation
of the Gell-Mann matrices (see Appendix D) which we denote by 4,
a=1,...,24, and normalise in the conventional way so that

Tr(A,A,) =26, (16.1)

(A good discussion of the properties of SU(N) Gell-Mann matrices is given by
Macfarlane et al.®) Thus
a
Ta=7 a=1,...,24. (16.2)
The colour group SU(3) is conveniently identified with the A matrices which
have non-zero entries in only the first three rows and columns, viz. 4,, .. ., 4,
and the SU(2) group with the A matrices which utilise only the last two rows

and columns, viz. 4,,, 4,3 and (/10 4,4 — \/3 Ay 5)/4. Thus, the generators of
SUH3) are

2q
2

E)

TC= a=1,...,8 (16.3)
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and the generators of SU(2) are

=22 ntn o W0k oAy

2 2 8
It remains to identify the weak hypercharge, related to the charge Q and T5 by
Q=T%+Y. (16.5)

We shall see later that consistency with the charges of the quarks and leptons
requires the identification

0=—34;s (16.6)
so that

Y= -(\/1‘0/124+5\3/6 ,115> /8. (16.7)

(Q must certainly be a generator of SU(S) since the photon is a gauge field.)
The gauge fields 44 belong to the 24-dimensional adjoint representation of
SU(S), and may be written as a 5 x 5 matrix

A“EAH;:AL‘% (16.8)

as in (9.25), where T, are the generators of SU(5) for the five-dimensional
fundamental representation as in (16.2). Having regard to the identifications of
generators made above, we may write (see problem 16.1)

J2 A=
1 1 2B* 1 1 _ u
r —A+—=A——= =4 —=Af_is i Y,
NI N NG V2
Al 2B A, _ _
—IA‘l‘.,,iz -A—g_ —g:——: il X4 Yy
/2 NANGINC I
i 1 2B _ _
ﬁm:m ﬁAgm -V T x4 v
we 3
X X4 XH —i%’i W
NZIINET
y# yH yH LR
NN

(16.9)

where 4%, a=1,.. ., 8, are the colour gluons of SU(3), and W%, W* , W and
B* are the electroweak gauge fields of §14.1. In terms of SU(S) gauge fields,
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=(JE Aby—/6 A% 5)/4 (16.10)
Wh = (A4, Fidh;)/\/2 (16.11)

and
B'=—(/3 A5+ /3 A2 (16.12)

The identifications (16.10)(16.12) are made by observing that B* is the
correctly normalised field coupled to weak hypercharge etc.

The new gauge fields, X¥,i=1,2,3 and Y/, i=1,2, 3 are anti-triplets under
SUJ3), and are defined by

1 . 1 .
X’f=7-£(A'§+1A'fo) 7 (Afy +144,) Xg:ﬁ(l“'fs +141,)
(16.13)
and
. 1 . 1 .
Yi=—F% (446 +i4%;) Yh=—= (A} +i14},) Yh=—=(A% +14%,).
f V2 V2
(16.14)

They are often referred to as lepto—quark (or diquark) bosons for reasons
which will become clear shortly.

The first generation of quarks and leptons (u;,d;,e ", v,) where i=1,2,3 is
the colour index of the quarks, has fifteen helicity states, because the neutrino
is massless. These states fit into a 5 of SU(5), ¥, p=1,...,5 and a 10 of
SU®), xP, p, q=1, . . ., 5, as follows, with corresponding assignments for
further generations, (c;, s;, u~, v,, (t; b;, 77, v,) etc. (Cabibbo angles have been
suppressed, but are easily reintroduced.)

di
ds
(Y= dS (16.15)
€
Ve /L
and
0 w§ —u§ —u, —d,
| —u§ 0 W —u, -—d, (16.16)
xf"—~—2 u§ —uf 0 —u; —dj
u, u, u; 0 —e€
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where all fields are left-handed, and the right-handed components for a given
particle have been introduced as the left-handed components of the charge
conjugate field. For any fermion field ¥ the notation, as in (14.4)(14.7), is

Y=H1—ysy Ye=H1+ys¥ (16.17)
and
Ye=Cop¥p (16.18)
with C,; having the defining property
C iy*C= —(*)". (16.19)

The form of (16.16) is dictated by the fact that the 10 occurs as the anti-
symmetric part of the decomposition of the product of two 5’s. Noticing that
the generators T, for 5 are

- A¥ =
T,= —7" for 5 (16.20)
and the generators T, for 10 are
m Aa Aa
’I},=5®1+1®~2— for 10 (16.21)

where in the first term 1, acts on the index p of xf9, and in the second term
it acts on the index g, it is easy to check that the identification (16.6) for the
charge operator in the 5 leads to the correct quark and lepton charges. Using
the criteria (15.183) one sees that there is a cancellation of Adler anomalies
between the 5 and the 10.

The assignment of quarks and leptons to multiplets of the grand unified
group SU(5) explains things which were left unexplained by ocp and
electroweak theory. For instance, the third-integral quark charges are a
consequence of the fact that the charge Q is a generator of SU(5) (as in (16.6)),
and so traceless. Thus the sum of the charges of the particles in any
representation of SU(5) must be zero. For the 5 this means that

-3Q4+Q.=0 (16.22)
and for the 10
30,—Q.=0. (16.23)
Either way, we get
Q4= —Q./3. (16.24)

The 3 has arisen because quarks come in three colours.

Because quarks and leptons occur in the same irreducible representations of
SU(5), there are vertices involving the lepto—quark gauge boson X and Y of
(16.13) and (16.14) which change a quark into a lepton, e.g. those shown in
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{a) (b)
Figure 16.1 Vertices changing a quark into a lepton.

figure 16.1. Because quark fields and their conjugate fields both occur in the 10,
there are also vertices in which a pair of quarks annihilate, as, for example, in
figure 16.2. These two types of vertices may be combined to produce baryon
number violation, as, for example, in figure 16.3, where we have added a
spectator d quark. Since baryon number is known to be conserved to a very
good approximation, these processes must be suppressed by a very large mass
for the X and Y lepto—quarks. We shall see in §16.6 that this is indeed the case.

u u
{a) (b)

Figure 16.2 Vertices with two quarks annihilating.

ay

Figure 16.3 Diagram for p—n®*.

The Qcp and electroweak coupling constants, g,, g and g'may be related to
the grand unified coupling constant g (at the unification scale) by writing
down the SU(5) gauge invariant couplings of the quarks and leptons. The
appropriate terms (as in (9.36) and (9.15)) are

_gptermion _ i(q’p)L'}"‘(D"‘Pp)L +iXpIy D, x ] (16.25)
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where
\J NT . ()':zk ) pq a
DM(‘.I’P)L = ay(\Pp)L —1gg 2 (‘pq)L Ay
= aM(lPP)L - igG(A:)pq(qu)L ( 16'26)
and
. A, A,
D,xf?=0,x{" +iga 4; [(—) e (—) XKSJ
2 pr 2 qs
= 0, %[ +1g[(A4,) X1 +(A4,)gxf7] (16.27)

where A* is as in (16.8) and (16.9). (Fermion masses will be introduced in §16.5
after spontaneous symmetry breaking has been discussed.) Using the
antisymmetry of x; in its indices (16.27) simplifies to

D xtt = 0,x{* +2ig(A4,) prxt* (16.28)
when it is coupled to xP4. With the aid of the identity for any Dirac field ¢,
Jiv oL =y 0,0n (16.29)

one may easily check that the g independent terms in (16.25) are the standard
kinetic energy terms for quarks and leptons. The interaction terms in (16.25)
are

gptermion _ gG(q‘p)L')’“( AR, (P )L — 296 XPIVH(A,) Xt (16.30)

with 4, asin(16.9), (¥ ), asin(16.15),and x{? as in (16.16). It is clear from (16.9)
that SU(3) and SU,(2) are embedded in SU(5) in the natural way, so that

9s=9=4c- (16.31)

We may identify the coupling constant g’ for the U(1) of weak hypercharge by
retaining only B* dependent terms in (16.30). Then we obtain

imion = — /3 96 B, [H@IRV e + KT (W),
+Hd)H (A — ey er ~ HdDr"(d)r
—SeyreL — I yiv) , (16.32)
where we have used the identity for any Dirac field i,
iy vWE= — ¥y Ve. (16.33)
Comparing with §14.1, we see that
g=3dc (16.34)
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16.3 The grand unification scale and 0y

The scale at which grand unification occurs, with a single coupling constant
for all gauge field interactions, may be determined using the renormalisation
group equation to extrapolate*:> the known values of the Qcp and electroweak
coupling constants g (M), g(M), and g'(M) at an ‘ordinary’ renormalisation
scale. At the SU(5) grand unification scale, the coupling constants must satisfy
(16.31) and (16.34). Since g is in the first instance unknown, there are two
constraints. These may be used, for example, to determine the grand
unification scale Mg from the known values of g, and e at ordinary energies,
and to predict the ratio g’/g, and so the weak mixing angle, 8y, at ordinary
energies. Equations (12.29b), (12.25) and (12.18) with s= M/M enable us to
relate coupling constants at some ‘ordinary’ renormalisation scale M and the
grand unification scale Mg. For the U(1), SU(2) and SUc(3) factors of
electroweak theory and Qcp we have

(@)~ AM)~(g)~ (M) =2b, In(M/My) (16.35)
g~ M) —g~*(Mg)=2b, In(M/M) (16.36)

and
g5 A(M)—g; *(Mg)=2b; In(M/My) (16.37)

where, using a slight generalisation of (12.15) (see problem 16.2),

20

167%b, = ~5 No (16.38)
22 4N

16n2h,=———S 39

by =% (16.39)
4N

16n2b,= 11 ——3—0. (16.40)

We have assumed N generations of fermions (u;,d;,e 7, v,), (C;, 5;, 11, v,), (£, b;, T,
v,) etc, where i= 1, 2, 3 is the colour index, and there is the usual assignment to
multiplets of SU,(2) x U(1) as in §14.1. Possible contributions of Higgs scalar
loops to (16.39) and (16.40) have been ignored. It turns out (see problem (16.3)
that such contributions make only a small difference. From (16.31) and (16.34),

9(Mg)=g(Mg)=+/39'(Mc)=go(Mq). (16.41)
Also, from §14.21,
g(M) sin 0,(M) =g'(M) cos 0, (M) = e(M) (16.42)

where 0y (M) is the value of the weak mixing angle at the renormalisation scale
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M. Thus, (16.35)~(16.37) imply that
e~ 2(M) sin? (M) —2b, In(M/Mg)=g; AM) —2b, In(M/My)
=3[e~ ¥M) cos? 0y(M) —2b, In(M/Mg)].

(16.43)
The two results following from (16.43) are
In(Mg/M)= 8;(&;)?334_)/;’::%)22) (16.44)
and
sin? Oy (M) =g, %e* +2e*(b, — b3) In(M/M)
__3bs=b)  (ha=3b MM o

" 8b,—3(b, +b,) 8b;—3(b, +b,)

where a(M) and a,(M) are the fine structure constant and QCD fine structure
constant asin (12.126) and (12.122). With b,, b, and b, as in (16.38)-(16.40), we
see that, at this order in perturbation theory, the predictions for Ms/M and 6y,
are independent of Ng, the number of generations of fermions, and are

(1 —8a(M)/3a(M))

In(Mo/M) = ah) (16.46)
and
. _1 5aM)
sin? Oy (M) = 6+ 5 0 )" (16.47)

With the values of a,(m;) and «(m;) given by (12.121) and (12.129), we obtain

Mg =5 x 101* GeV (16.48)

and
sin® Oy (M) =~ 0.206 M=m,. (16.49)

The extremely large value of the grand unification scale Mg has arisen
from the logarithmic dependence in (16.46) with a right-hand side of order
30. The predicted value of sin? 6y, (M) at M = m, differs substantially from
the value 3 at the unification scale M = M which follows from (16.31) and
(16.34). Even when many small corrections to the equations of this section
are made, including higher-order perturbation theory, effects of quark
thresholds, and the contributions of Higgs scalars, the predicted value of
sin? @y, cannot be brought into agreement with the experimental value of
0.233 at M = m,. (However, in supersymmetric grand unified theory, which
is outside our scope here, agreement can be achieved.)
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With the value of M in (16.48) and the value of a,(m;) of (12.121) the
grand unified fine structure constant is given by

ag(Mg) = g&(Mg)/dn = g2 (Mg)/dn ~2.4 x 1072 (16.50)

where we have assumed three generations of fermions.

164 Spontaneous symmetry breaking for SU(5) grand unified theory

Since the only massless gauge fields we want are the photon and the colour
gluons, we must introduce enough Higgs scalar multiplets into the theory to
break the SU(5) gauge symmetry to SU(3) x Uy(1), where Uy(1) is the U(1) of
electromagnetism. There must therefore be Higgs scalars to give masses of
order 100 GeV to W* and Z° and Higgs scalars to give masses of order
1015 GeV to the lepto—quark gauge bosons X and Y of (16.13) and (16.14)
(because, as observed in §16.1, the masses of these new gauge bosons must be of
the order of the grand unification scale (16.48)). Since two very different mass
scales are involved, we are going to need at least two multiplets of Higgs
scalars with very different vacuum expectation values. A suitable choice is a 24
of Higgs scalars (corresponding to the adjoint representation) to break SU(5)
to SUL3)x SU(2) x U(1), and a 5 of Higgs scalars (corresponding to the
fundamental representation of SU(5) to break SU(3) x SU(2)x U(1) to
SUA3) x Ug(1).

SU(5) » SU(3) x SUL(2) x U(1) » SU(3) x Ug(1). (16.51)
9 5

The expectation values are chosen so that the 24 gives masses to the lepto—
quark bosons X and Y of order 10'° GeV, and the 5 gives masses to Z° and
W2 of order 10? GeV. (There is also a negligible contribution from 5 to the
masses of X and Y.) The SU,(2) doublet of Higgs scalars introduced in §14.2 is
contained in the 5, and it is in these components of the 5 that the vEv must
develop.

To realise this scheme of spontaneous symmetry breaking® we have to write
down a suitable Higgs scalar Lagrangian containing the 24 of Higgses, which
we write as a 5 x 5 matrix,

24
o= Y ¢.7, (16.52)
a=1

where T, are the generators of the five-dimensional fundamental
representation of SU(S) as in (16.2), and the 5 of Higgses, which we write as a
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column vector,

X
i
F

(16.53)

(It is convenient to write the adjoint representation of Higgs scalars as a
matrix, as in (16.52), just as we often write the adjoint representation of gauge
fields as a matrix, as in (16.8) and (16.9).) For simplicity, we first consider the
Higgs multiplet @ in isolation, and then the multiplet H in isolation, returning
later to the coupling between these two sectors.

For the adjoint representation of Higgs scalars @ the most general
Lagrangian (apart from coupling to fermions) is

ZLo=THD,®)? —m? Tr &2 — 1,(Tr D?)?
-2, Tr @ (16.54)

where we have imposed a discrete symmetry under @ - —® to avoid a Tr ®*
term.

Using (9.15) and (9.41) for the covariant derivative of scalar fields in the
adjoint representation,

D,$s=0,0,—gf il A)sP. (16.55)
so that
D, ®=0,0+ig[A,, D]. (16.56)
Corresponding to (16.54), the effective potential at tree approximation is
Vo=m? Tr ®¢ + 1,(Tr ®3)? + A, Trdg. (16.57)

Minimisation of this expression shows that the desired spontaneous symmetry
breaking to SU(3) x SU(2) x U(1) occurs provided

-1
A,>0 Ay>——

A
35 (16.58)

the second condition being necessary for the potential to be bounded below.
The form of expectation value corresponding to this symmetry breaking is

®C=ﬂ diag{1, 1, 1, -3, -3} (16.59)

NG

and at the minimum

be=vg=—mi/(4; +754,). (16.60)
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The covariant derivative term in (16.54) produces gauge field mass terms
Lross= —96 TH([A4,, DcT°). (16.61)

With @ at the SU(3) x SU(3) x U(1) invariant minimum given by (16.59) and
(16.60), and A, given by (16.9), one verifies (see problem 16.3) that only the
lepto—quark gauge fields acquire masses and these masses are given by
3
Lo =139503 Y, (XIXL+ YY), (16.62)
i=1

Thus all three colours of X or Y lepto—quarks have the same mass my or m,,
and

mi=mj=159%v3. (16.63)

As discussed in §16.1, the grand unification scale Mg is of the order of the
lepto—quark masses my, my. Thus, using (16.48) and (16.50), we find that the
vEv for the adjoint of Higgses is given by

_5x 10" GeV

v ~ 1.5 x 103 GeV. 16.64
* (512 (16.64)

The general Lagrangian for the 5 of Higgs scalars H is

2

To break SU(3) x SU(2) x U(1) to SU(3) x Uy(1) we must take the VEv in the
neutral, SU,(2) doublet, colour singlet component of H. With the
identification of generators for the 5 of (16.3), (16.4) and (16.6), the appropriate

component is H 5. The tree approximation effective potential corresponding to
(16.65) is

L= HTH—%% (H'H)2. (16.65)

2 A
V= % HLHo+ 73 (HLH)? (16.66)

and at the asymmetric minimum
(Hs)é=vig= —m3/1;. (16.67)

This vEv gives masses to W* and Z° as in §14.2. (In the notation of §14.23 and
§14.30, H 5 is ¢°, and vy is v/+/2.)

In the absence of cross-terms coupling ® and H, there arises the difficulty
(see problem 16.5) that there remains a massless combination of the colour
triplet components of H and ®, after taking account of the Higgs mechanism.
Such massless scalars would, amongst other things, lead to disastrously rapid
baryon number violating processes. This difficulty is overcome when the cross-
terms are included. The most general terms coupling ® to H are

Low= —AsH'H Tr &2 — A\ H'®*H (16.68)
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where we have again imposed a discrete symmetry, ® - —®. The
corresponding tree approximation effective potential terms are

Vo =AsHLH Tt ®F + A HLO2H . (16.69)

When the complete effective potential made up from (16.57),(16.66) and (16.69)
is minimised, the troublesome colour triplet of Higgses acquires a mass of
order my, and there are small corrections to the form of the vev (16.59). It is
necessary to ensure that vy, (the vev of the §) remains of order 100 GeV, while v,
(the vev of the 24) is of order 10 ° GeV, so that the appropriate mass hierarchy
for W%, Z%and X, Y is retained. This turns out to require a fine tuning of the
parameters in the effective potential to 24 orders of magnitude! This unnatural
fine tuning is readily disturbed by radiative corrections and constitutes one of
the major aesthetic objections to grand unified theories (the hierarchy
problem). The resolution of this difficulty may require the use of
supersymmetry, which produces miraculous cancellations of radiative
corrections. However, the large subject of supersymmetric gauge field theories
is outside the scope of this book.

16,5 Fermion masses in SU(5)

As in electroweak theory, it is not possible to introduce fermion mass terms
directly into the SU(5) grand unified theory consistently with the gauge
symmetry. The reason for this is as follows. For a general Dirac spinor field i,
the mass term is constructed from Y and (see problem 16.6)

Y =YY+ P ¥r= —yYICYi +he. (16.70)

where we have used (16.18), and C is the charge conjugation matrix with
defining property (16.19). With (a generation of) fermions in a 5 and a 10, as
(16.15) and (16.16), mass terms could a priori arise from 3 ® 10 and 10 ® 10.
However,

5®10=45+5 (16.71)
and
10®10=45+5+50. (16.72)

In neither case can we construct a gauge singlet, and if mass terms were
introduced directly into the Lagrangian they would break the gauge
invariance (and so spoil the renormalisability).

On the other hand, since 5 or 5is contained in (16.71) or (16.72), it is possible
to write down gauge invariant Yukawa couplings of the fermions to the 5 of
Higgses. Then spontaneous symmetry breaking can give masses to the
fermions. For the first generation of fermions (and ignoring Cabibbo angles
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which mix generations) the gauge invariant Yukawa interactions are
Py=—G5(¥ ) CxP'H} +hc)
~ G5 porss(XE)TCXPH' + hoc) (16.73)

where &, is the totally antisymmetric Levi-Civita symbol, and the
superscript e on the Yukawa coupling constants G and G5 labels the
electron’s generation of fermions. After spontaneous symmetry breaking the
first term gives mass to d quarks and electrons, and the second term gives
masses to u quarks (and similarly for other generations). Explicitly, using
{16.15), (16.16) and (16.67), we find the mass terms

pgrst

Ln=— e (i c_lidi+ée>—4G°zv,, ‘2 4,
V2 \= =t (16.74)
There are thus the masses
my=m,=Gvy//2 (16.75)
and
m,=4G50,. (16.76)

The equality of the quark and electron masses applies at renormalisation
scales greater than or equal to the grand unification scale. (The SU(5)
invariant Yukawa interactions of (16.73) presuppose that we are working at a
scale at which the grand unified symmetry group is applicable.) There will be
corresponding results for other generations of fermions so that

(16.77)
and
my=m,. (16.78)

It is possible to use the renormalisation group equation (12.21) to turn the
predictions for fermion masses (16.75), (16.77) and (16.78) at a renormalisation
scale greater than or equal to the grand unification scale, into predictions®® at
an ‘ordinary’ renormalisation scale at which we usually define renormalised
masses for leptons and quarks. From (12.21),

ri(s)im=s"" exp( - f s 9;— 7,..(9'(5')))- (16.79)

1

Using (12.19) to change the variable to g,

_ g(s) dg‘
mi(s)/m=s"1 exp( — m y,,,(g‘)) (16.80)
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and inserting (12.10) and (12.12) (for four dimensions, ¢=0),
m(s)=s"Yg*(s)/g)"'**m. (16.81)

In terms of the renormalised mass m(sM) for renormalisation scale sM, given
by (12.27),

m(sM) =(g%(s)/g*)"'**m(M). (16.82)
For
s=M/M (16.83)
we have
m(M) = [g*(M)/g*(M)]*~/**m(M) (16.84)

where we have used (12.25) and (12.118).

In the case of SU(5) grand unified theory at renormalisation scales below the
grand unification scale there are contributions to the mass renormalisation
from the gauge fields of each of the factors SU(3), SU,(2) and U(1). Thus, for
any fermion mass m,

m(M)/m(M) = (g2(M)/gH(M))>' (g *(M)/g*(M))?~/2>:
x (g (M)/g H(M))>~2b: (16.85)

with by, b,, b, asin (16.38)<(16.40),and b}, b2, b}, determined from (12.12) using
the assignment of the fermion to representations of SU(3), SU,(2) and U(1),
respectively. If, for instance, we wish to continue the prediction (16.78) to an
‘ordinary’ renormalisation scale, we require

16n%b3 =4 16n2b2 =5 16n2b} =15 for b quark (16.80)
and
16n2b3 =0 16n%bl=% 167n2bL =3 for t lepton.  (16.81)
With the aid of (16.38)-{16.40) and (16.85) this leads to
my(M)/my(M)

m(V)m (M) =(g(M)/g (M) =" g HM)/g {M))*/*Ve  (16.88)

where Ng is the number of generations of fermions. We may now obtain the
required prediction for m,/m_ at an ‘ordinary’ renormalisation scale by taking
M = Mg and, for instance, M =m,. At M = M, the relation (16.78) holds
between the masses and the relations (16.31) and (16.34) hold between the
coupling constants. The variation of g2(M) and g'*(M) with M is given by
(16.37) and (16.35). Using the empirical values

o (mz) =0.113 a”(mg)=1279 sin? Oy(mz)=0.233  (16.89)
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together with (16.42), the result for three generations of fermions, N = 3, is
my(mz)/m(mz) ~2.2. (16.90)

For a © mass of about 1.8 GeV, m,(m;) is about 4.0 GeV compared with a
value of m, from states containing bottom quarks of 5 GeV. Quark masses
m, as derived from current algebra are often defined at a scale M given by

M =2m (M) (16.91)

which corresponds to the threshold for producing quark—-antiquark pairs (if
such a thing were possible.) The continuation from M = m; as in (16.90) to
this M does not make much difference to the value of m, /m, since it involves
less than an order of magnitude in M, whereas the extrapolation to the grand
unification scale is over 15 orders of magnitude. Similar, but less successful
predictions may be made for m,/m, and m,/m..

16.6 Proton decay

It was observed in §16.2 that there are processes in the SU(5) grand unified
theory (e.g. that of figure 16.3) which can produce proton decay!. It is easy to
estimate the order of magnitude of the proton lifetime. For processes such as
this one, with low energies associated with the external legs, the amplitude may
be approximated by using a current-current four-fermion interaction
proportional to agmy? (or agmy ?) with the grand unified fine structure
constant given by (16.50), and the lepto—quark mass my (or my) given by

szMG (16'92)

with M asin (16.48). Squaring the amplitude to get the decay rate, and getting
the dimensions right using the proton mass m,, we may estimate the proton
lifetime 7, to be

1, & ag ‘mxm, >
~ 3 x 10%° years (16.93)
where the numerical values of (16.48) and (16.50) have been used. Although
more sophisticated treatments can increase t, to as much as 10°! years,
consistency cannot be achieved with the observed lower bound of 6 x 10%2
years. However, in supersymmetric grand unified theory, which is outside
our scope here, a sufficiently long proton lifetime can be obtained. The

particles into which the proton may decay are limited by symmetry principles.
For example, the amplitude of figure 16.3 obeys the selection rule

A(B—L)=0 (16.94)

where B, L are baryon number and lepton number, respectively. This is true of
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all amplitudes that can mediate proton decay in the SU(S) grand unified
theory. (See problem 16.7))

Problems

16.1 Check the assignment (16.9) of the gauge fields to the adjoint
representation of SU(5).

16.2 Show that when the left- and right-handed components of fermions are
assigned to different representations of a gauge group, then (12.15) generalises
to

11 2 2
b=(16n%)"" 5 ¢;—3 Y c7(L)—3 Y ci'(R)
3 3% 3%
where the group theory factors c3(L) and c5(R) are for left- and right-handed
fermion fields assigned to representation R of the gauge group, respectively.

16.3 Calculate the contribution of Higgs scalar loops to (16.39).

164 Verify that the Higgs scalar expectation value given by (16.59) and
(16.60) gives masses only to the lepto—quark gauge fields (as expected from the
symmetry of this expectation value).

16.5 Show that there is a massless combination of the colour triplet
components of H and @, after spontaneous symmetry breaking, in the absence
of cross-terms coupling ® and H.

166 Check (16.70) for a fermion mass term.

16.7 Show that the selection rule A(B—L)=0 applies to all amplitudes
mediating proton decay in the SU(S) grand unified theory.
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17
FIELD THEORIES AT FINITE TEMPERATURE

DOI: 10.1201/9780203750100-17
17.1 The partition function for scalar field theory

In our discussion of field theories at finite temperature we shall not attempt to
treat dynamical properties, but shall content ourselves with a study of the
equilibrium thermodynamic properties of the system!™. One of the
fundamental objects of statistical thermodynamics at finite temperature T is
the partition function Z, defined by

Z=Tre " (17.1)
where H is the Hamiltonian operator,
p=(kgT) '=T"" (17.2)

in units with the Boltzmann constant kg set equal to 1, and the trace in (17.1)
means to sum the matrix elements of e “## between all independent states of the
system. Once the partition function Z has been evaluated, the (Helmholtz) free
energy F is given by

Z=e"F. (17.3)

As usual in thermodynamics, the free energy is related to the internal energy
E and the entropy S through

F=E-TS (17.4)
and the pressure P and the entropy S are obtained from
OF
P=—— 17.5
vl (17.5)
and
oF
S=——. 17.6
aT|, (17.6)

For a scalar field theory, the partition function may be formulated as a path
integral by the following series of steps*. First, we take the independent states
of the system to be the eigenstates of the Schrodinger picture field operator. In
§.1, we introduced eigenstates |¢(x),t) of the Heisenberg picture field
operator (t, x)

B(t, X)|P(x), ) = p(x)|d(x), £. (17.7)
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The Schrodinger picture field operator is ¢(t=0,x), and the corresponding
eigenstates |¢(x), t=0) are given by
Bt =0, x)|p(x), t=0) = P(x)|p(x), t=0). (17.8)

Then the partition function of (17.1) may be written explicitly as a ‘summation’
over the eigenstates:

Z=Y ($(x),t=0{e™*|p(x),t=0). (17.9)

&(x)

Second, we make an analogy with the zero temperature field theory of a scalar
field. From (4.2), and the field theory analogue of (2.5),

(P"(), U'|¢'(x), ')
={¢"(x),t=0]e " ~¢'(x), t=0)

oc j@d) j@n expi f" dt Jd%c(n %?—.}f(n, ¢)) (17.10)

where the path integral is over all functions =n(t, x) and over functions satisfying
the boundary conditions (4.3). If, heuristically we introduce a variable

T=it=ix° (17.11)
and take the limits of integration in (17.10) to be

=0 t'=—ip (17.12)
we obtain

(@"(x),t=0]e 7| ¢'(x),t=0)

ocf@qb f@n exp JVI dr Id%(in%%——.}f(n, ¢)> (17.13)
o

where ¢ and = are now regarded as functions of T and x, and the path integral is
over all functions =(z, x), and over functions ¢(z, x) satisfying the boundary
conditions

¢(B, x)=¢"(x) $(0, x)=¢'(x). (17.14)

It should be noted that, although the introduction of the variable ¢ here is
formally similar to the introduction of the variable x° in (4.10), the
interpretation is quite different. In Chapter 4, we introduced x° and continued
to Euclidean space in order to make the path integral well defined, but at the
end of the day we continued back to Minkowski space to obtain the physical
generating functional and Green functions. Here, we introduce the variable t
to make a bridge from field theory to statistical mechanics. There will be no
question of continuing back to the variable ¢, because our goal is to obtain the
partition function, which is a thermodynamic object with no time dependence.
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The final step is to take
|¢"(x), t=0) =|¢'(x), t=0) = |$(x), 1 =0 (17.15)

in (17.13), and ‘sum’ over all eigenstates, as in (17.9). Then we obtain

VA ocJ~ D¢ J@n exp J‘ﬁ de Jd3x(in %‘1—%(17:, ¢)). (17.16)
periodic 0 T

The boundary conditions (17.14), together with (17.15), mean that the path
integral is now restricted to functions ¢(z, x) which are periodic in T with
period S,

P(r=0,x)=¢(r=4,x) (17.17)

and the fact that we sum over all eigenstates means that all such functions are
to be integrated over. The path integral over = is still over all a(z, x).
When the Lagrangian and Hamiltonian densities take the form

L($,0,8)=40:0)* + fi$,V¢) (17.18)

and
H=in?— flg, V) (17.19)

the integration over = may be carried out explicitly with the aid of (1.14) (much
as in §4.1) to obtain

zZ=N@| 2pemp- J d fds [( ) S, V¢)]
periodic

=N(p) D exp f dz Jd’x £(¢,0,0) (17.20)
periodic 0
where
Za,,qsz(i %i:i, v¢> (17.21)

and N(f) is a temperature dependent normalisation, arising from the operator
determinant when the path integral over = is carried out.

17.2 Partition function for free scalar field theory

For the free scalar field theory, the path integral (17.20) becomes a Gaussian
integral, and may be carried out exactly. The appropriate Lagrangian is

0
L. 5,8)= ——(a—"’) ~3 (V- —¢ (17.22)

where we have denoted the mass by m rather than u to avoid any possible
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confusion with the chemical potential, in the thermodynamic context.

Thus

=N(p) D¢ exp (—% fﬂ dr’ fd3x’ jﬁ dz fd%(b(i’)A(}E’,i)d)()E))
periodic 0 . 0

where
A(X, X)=(— 5;‘5“ +m?)é(xX — %)

with the shorthand notations
X —x)=(' —1)o(x’ —x)
x=(~—1it, x)
and 5,, as in (17.21). Following (1.6) we obtain
Z=N(f) exp(—LTrin A)

(17.23)

(17.24)

(17.25)
(17.26)

(17.27)

where the operator trace is to be carried out in a way appropriate to functions
¢(t, x) obeying the periodicity condition (17.17). To evaluate this trace, we first
observe that the periodicity of ¢ in 0 <t < means that it can be expressed in

the Fourier expansion

7-—2] @2n)? e~ &% B, p)

with the Matsubara frequencies for bosons,
w,=2nn/p bosons

with n an integer.
This can be made shorthand by writing

1 —ipx
#=5 3 | Gz e HD)
with
p=(iw,, p)
and

PX=w,T—pX.

Correspondingly we write (see problem 17.1)

A= e -3
3% — %)= Z f ik
and

(17.28)

(17.29)

(17.30)

(17.31)

(17.32)

(17.33)

(17.34)
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where
pr= — (@} +pd. (17.35)

Thus, setting X’ =x and integrating (and summing) over all values of x,

g 1
TrlnA=j dr fdstZf

- J d*x Y J P 102+ p2+m?) (17.36)
~ | (2n)3 " ) )

Such frequency sums are easily done. (See Appendix E)
The result is

TrinA= fd3x ff(;—;% {B/P*+m?+2In[1—exp(—B./p*+m?)]
+(y/p* +m*)-independent constant}. (17.37)
Using (17.37) in (17.27),
3
—pF=InZ=— j d3x J (;ln;,;; <§\/p2 +m? +In[1—exp(—B./p*+ mz)])

(17.38)

d3 _
( 2753 In(—p2+m?

after cancellation of the constant in (17.37) against N(p), as discussed in
Appendix E.

When the mass of the scalar field is negligible compared with the
temperature, the integral in (17.38) is particularly easy, and we find for the free
energy density & (apart from an additive temperature independent constant
corresponding to the zero-point energy of the vacuum)

—r? T4
F = = —
F 505° % T>m (17.39)
where we have written
F= fd3x Z. (17.40)

From (17.5) and (17.6), the corresponding pressure and entropy density & of
the ideal ultrarelativistic boson gas are

P=n2T*/90 (17.41)
and
S =2n>T3/45 (17.42)
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where
S= J‘d3x Y. (17.43)

From (17.4), the energy density p is
p=m2T*/30. (17.44)

17.3 Partition function for gauge vector bosons

A subtlety which arises for gauge fields is that there are only two independent
degrees of freedom for a massless vector field, but in a typical renormalisable
gauge the Lagrangian involves four degrees of freedom. The two extra degrees
of freedom are not physical and cannot be in equilibrium with a heat bath.
There are also the Faddeev—Popov ghosts, which do not correspond to physical
particles and lead to the same difficulty. The resolution of the problem is
obtained by noticing that there are gauges (for instance axial gauge) in which
each gauge field has only two degrees of freedom, and in which there are no
Faddeev—Popov ghosts. In such gauges there should be no difficulty, and the
analogue of (17.20) should be correct (with two factors of N(f), one for each
gauge field degree of freedom) and should equal Tre~#4. In other gauges, we
may continue to use this expression, with the Faddeev—Popov ansatz for &.
(These points are discussed in detail by Bernard*) However, in general Z, is
not equal to Tr e~ because the trace would involve unphysical states, which
cannot be in equilibrium with a heat bath. Thus, for gauge fields

Z=[1\7(ﬂ)]2"0f @A"f Dn*Dn
periodic periodic

B
X exp f dr J‘d3x L(A%n,) (17.45)
0

with & as in (10.57), (10.58) and (10.59) with the fields functions of X =(—ir, x),
and derivatives g, replaced by J, (as in (17.21)), and d the number of gauge
fields (the dimension of the adjoint representation of the gauge group). The
Faddeev—Popov ghost fields are treated as having the same periodicity in 7 as
the gauge fields, rather than in the way we shall treat fermion fields in the next
section. The reason is that the (unphysical) ghost fields arise from a
determinant defined in the space of gauge fields. (See (10.40), (10.43) and
(10.56).)

In the free-field limit (g — 0) we may again perform the Gaussian path
integrals exactly. For notational simplicity, we consider the Abelian case. In
the non-Abelian case we will just have to multiply by the number of gauge
fields the result for F.
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For g=0,

Z=[N(p)]? DA* exp Jdi( 1 F»F,, 1 (EuA“V)
periodic 4 25
x J Dn*Dn exp fdf o,n*o"n (17.46)
periodic
where

=34 - (17.47)

and we have adopted the notation

B
fdis f dr fd3x. (17.48)
o

Thus,
Z=[N(p)]? DA exp—3 f dx’ f dx 4,(x")B*(x’, X)A,(x)
periodic
X f an* Dy exp — fdf’di n*(xX)C(xX', X)n(x) (17.49)
periodic
where
B¥(X', %) =(g""0%:0,5 — (1 — & ~1)05.05)0(X — X) (17.50)
and
C(x', x)= 3,’;,5”6()3’ —X) (17.51)
with §(x' — x) as in (17.25). Performing the Gaussian path integrals we obtain
Z =[N(B)]? exp(—4 Trin B) exp(Tr In C). (17.52)

Fourier transforming as in (17.33) and (17.34) we write

B”V(JE’ )E)_ Z f(zn)S TPE=D

x [p*(g" —p~ PPy +p°E P20 p"] (17.53)
where we have separated into projection operators. The logarithm of B may
now be taken by taking the logarithm of the coefficient of each projection

operator. Taking the trace both in x space and in the space of Lorentz indices,
we obtain

TrlnB—ﬁJ‘deJ(2 s [3In p*>+In¢~'p~2)]

- f &xy f (2153 4 In(w? +p?) (17.54)
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where we have dropped an additive temperature independent (infinite)
constant. Also,

leading to

3
TrinC= f ) f (Czinfa In(w? + p?). (17.56)

Substituting (17.54) and (17.56) in (17.52) gives

. 1 a3
Z=[N@Pexp( —= | T | 2 2In(@2+p7) ). (17.57)
2)7 7% e
This is just what we had in §17.2 for m=0, but with the exponent doubled.
Thus, we obtain for the free energy density
F=—2m2T*/%. (17.58)

The Faddeev—Popov ghosts have cancelled the contribution from the two non-
physical degrees of freedom of the gauge field.

174 Partition function for fermions

In extending the discussion of §17.1 to fermions we recall that physical
observables always involve even powers of the Dirac field y (because ¥
changes sign under a rotation through 2=). Thus, the eigenstates |+ y/(x), t=0)
of the Schrodinger picture field operator J(t=0, x) correspond to the same
values of the physical observables and describe the same state. There is
therefore some ambiguity deriving a path integral formulation of the partition
function. To obtain a prescription which is consistent with Fermi statistics
when thermal averages are calculated, it turns out to be necessary to start from

Z=Y (Y(x),t=0]e | —y(x),t=0. (17.59)
W(x)
The analgoue of (17.20) for fermions is then
/]
Z=N'(p) DYDY exp f dr Jd3x L) (17.60)
antiperiodic 0

where in & the field ¢ is understood to be a function of t and x antiperiodic in
O<1t<p,

Y(r=0,x)=—y(t=4,x) (17.61)

and derivatives d, are understood to be replaced by J, as in (17.21). An
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appropriate Fourier expansion for y(x) is therefore

sa=1 5 [L2 c-vsgp (17.62)
g )@en? P '
where the Matsubara frequencies for fermions are
2n+1
= "; )" fermions (17.63)

with n an integer, and X, p* and p- X are as in (17.26), (17.31) and (17.32).
For the free-field case, the appropriate Lagrangian is

L) =YXy, —mP(%). (17.64)
Thus
Z=N'p) DYDY exp( - f dx f dx J(x)D(Z, f)zﬁ(i)) (17.65)
antiperiodic
with
D(x’, JE)=(iy“5“+m)6(JE’ —X). (17.66)

Performing the Gaussian path integral,
Z=N'(p) exp(Trin D). (17.67)

The trace is evaluated by Fourier transforming, much as in §17.2, except that
the Matsubara frequencies are given by (17.63) and we have to take a trace on
the Dirac indices as well as on x.

D(x’ )E)=l Y _d3p e FE-I— f+m) (17.68)
BT )en’ '
leading to (see problem 17.2)

B 1 d3p
— 3,2 2__ 52
Trln D_J:) dz fd xﬂ En I(Zn)3 2 In(m* —p?)

d3p
=2 |d3 In(w? + p* +m?). .
2f x;f@ﬂ"’ n(w? + p* +m?) (17.69)
Performing the (fermion) Matsubara frequency sum (see Appendix E) gives
d3
TrinD=2 Jd3x J‘# {B/P*+m? +21n[1+exp(—B/p*+m?)]

+(\/pz—+m—2)-independent constant}. (17.70)
Using (17.70) in (17.67)

—ﬁF=an=2fd3x Lg;; {B/P*+m*+21In[1+exp(—B/p* +mH)]}

(17.71)
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after cancellation of the constant in (17.70) against N'(8). For T'>m, wefind for
the free energy density (apart from an additive temperature-independent
constant)

F=~Tn*T*/180. (17.72)

For massless fermions (with only one helicity state) a similar calculation, using
Weyl spinors, gives half the above answer. (See problem 17.3.)

We can summarise the results of the last three sections for the free energy
density of an ideal ultrarelativistic gas (T > m) as

F=—n*THNy+$Ng)/90 (17.73)

where Ny and N are the number of bosonic and fermionic degrees of freedom,
respectively. (Ng = 1 for a neutral scalar field, Ny =2 for a neutral gauge field,
Ng=4 for a Dirac field where there are two helicity states for the particle and
two for the antiparticle, and Ny=2 for a Weyl field.) Correspondingly, using
(17.5) and (17.6), the pressure P and entropy density ¥ are

P=n2T*Ng+3Ng)/90 (17.74)
and

& =2n2T3}(Ng+3§Ny)/45 (17.75)
and, using (17.4), the energy density is

p=m2T*Ny+3N)/30. (17.76)

175 Temperature Green functions and generating functionals

For simplicity of presentation we shall restrict the discussion to scalar fields,
but the changes necessary to include gauge fields and fermion fields will be
clear from the discussion of previous sections. In Chapter 4, when we studied
Green functions and generating functionals for these Green functions at zero
temperature, the Green functions had time dependence and carried dynamical
information. Here we shall discuss generating functionals for temperature
Green functions which contain information about the equilibrium
thermodynamic properties of the finite temperature system and have no time
dependence. :

In §17.1, a path integral formulation of the partition function was obtained
by introducing the variable t =ix°, and integrating our classical fields ¢ which
were functions of 7. Temperature Green functions are defined in terms of field
operators ¢ which are also functions of =. By analogy with (4.7) we introduce
the temperature Green functions

G, ..., Xy) =CTUHE) - - - BEN)D (17.77)
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where

x=(—it,x) (17.18)

and T, means to order the fields from right to left in order of increasing 7. The
expectation value { > now means a thermal average rather than just a vacuum
expectation value.

- . Trle PAT(H(E,). .. PGy
(T By =2 ;‘;’ES?,,L] PN 1779)

where the trace means to sum the matrix elements of the operator in the square
bracket between all independent states of the system.

To see why such objects might be of interest, consider 4?(x,, x,) and
suppose we want to know the expectation value (thermal average) of some
observable A4 represented by the operator 4 in the Schrédinger picture with,
for instance,

A= f d3x ¢*(t=0, x). (17.80)
Then
. Trle [d>xd¥t= O,x)] (17.81)
A= Tr[e %]
But
d3x Tr{e #? ,
lim, ..., J dx g0, =1 9% r[;r[e«fg]xw(r )

f d3x Trle #$2(0,x)]
Tr[e*]

(17.82)

where in the last step we have used the connection (2.3) between the field
operator at time ¢ and time zero with ¢t » —ir. Thus,

(A =limy ey s f dx $ET, 3). (17.83)

A path integral representation for the temperature Green functions may be
obtained as follows. The field theory analogue of (2.50) is

(d"(x), t=0le T P(x,) ... plxy))|¢'(x), t=0)
t
ocf@cb f@n¢(xl) o lxy) exp i f dt fd3x<n %—Jf(ﬂ, (b)). (17.84)
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By the same (heuristic) steps as in §17.1, we arrive at
- - ? s f. 09
D¢ | Dnd(X,)... p(xy)exp| dr|d°x|in——#
periodic 1] a‘t

f Do f@nexpfdr Jd’x(in%%—-&f)
periodic (4]

and if & is of the form (17.18),

g(N)()El, . .,.)EN)=

(17.85)

B
DPP(X,) ... P(xn) expj0 drjd3x$(¢,3”¢)

GN(x,,. .., Xy)= L’“"“‘ 5
f D¢ exp f dr f d3x$(¢,3“¢)
periodic ]

(17.86)

By analogy with Chapter 4, we now introduce a generating functional for
temperature Green functions.

f D¢ exp(rdt Jd3x($(¢,5,‘¢)+J¢)>
periodic 0

J D¢ exp(Jw dr jd3x P, 6-,,¢))
periodic 0

where the source J is a function of x. The temperature Green functions are
obtained from W[J] by functional differentiation.

WwJ]= (17.87)

SNWLJ]

GMx,, ..., Xy )= (17.88)
Xy v 0J(%y)...0J(% )]0
and W[J] may be expanded in temperature Green functions as
- 1 _ - _ -
W[J]=~z=:om,[dXI ...defo‘N’(xl,...,xN) (17.89)
where
B
deJ de vfd"’x. (17.90)
]

Fourier transformed temperature Green functions 2> may be introduced
through

GNBy,- ., NPy +. . .+ py)27)°B

=jdf1 s J‘dx_[v eXp[i(ﬁl ')El +... +ﬁ~ '.)EN)]g(N)(x_x,. .y )EN) (17-91)



176 GENERATING FUNCTIONAL FOR A FREE SCALAR FIELD 327

where
p=(iw,, p) (17.92)
with w, as in (17.29), p-x is as in (17.32) and we use the notation
Py +...+DN)=00, 4. +ay 0Py +. ..+ Py). (17.93)

A generating functional X[J] for connected temperature Green functions
G"™ may be defined through

W[J]=e* (17.94)

with the relations

SNX[J]

G(N)()El, ey .x—N)':m o (17.95)
and
X[]= Z N f dx, .. f dsiy GN(%y, .. ., Xx). (17.96)

17.6 Finite temperature generating functional for a free scalar field

The procedure is similar to §4.2. In the case of a free scalar field, the
appropriate Lagrangian is (17.22). Thus,

f » ¢ exp(—% J dx f dx p(x)A(xX’ ')¢(x)+fdx J(x)gb(x))

j 2¢ exp( ~5 fdf’ fdf P(xXNA(x, )E)¢(JE)>
periodic

with A(X', X) as in (17.24). Using (1.14), we obtain

Wo[J] =exp<——;— f dx j d% J(X)A(X —f)J(Je)) (17.98)

UAMES

(17.97)

where we have written

ALX —x)= - A YxX, X). (17.99)

The inverse A ~! may be obtained by Fourier transforming as in (17.34). Thus,
—x)=— —ip(¥ —x)

AdX —%)= Zf(z,t)s AH(p) (17.100)

with p as (17.31), and
Adp)= — (=P +m) 1= (w2 +p*+m?)~ L, (17.101)
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17.7 Feynman rules for temperature Green functions

The approach used in Chapter 6 for ordinary Green functions is easily adapted
to temperature Green functions. The only real differences arise because p° has
been replaced by iw,, and because various factors of i no longer occur in
(17.86), (17.98) and (17.89) compared with the zero temperature case. The
resulting Feynman rules are as follows (see problem 17.4):

1 Witheach line carrying ‘momentum’ p=(iw,, p) we are to associate a factor
(I;Z _ mZ) - l‘
b o (PP-mY) = — (w2 +pP+m?) L

—— i — —

2 With each vertex of four lines carrying ‘momenta’ p,, p,, p;, P, We
associate a factor — A, constraining the ‘momenta’ so that there is overall
conservation

-\ -
A )
. Py
N : —A (Pr+P2+P3+Pa=0)
.
i\

3 Integrate and sum over each independent internal loop ‘momentum’
p=(iw,, p) with weight
7 Z J(zn)3

The corresponding modifications are made to the Feynman rules for
fermion fields and gauge fields. (No factors of i for vertices or propagators,

po — iw, and [ d*p/2m)* - (1/B) 3., d°p/2m)°)

17.8 The finite temperature effective potential

By analogy with §4.4, a classical field ¢ (x) may be defined by

X

Pe(x )-———([J)J (17.102)
From (17.87),

W]

R ={P(%), (17.103)

where { $(%), is the expectation value (thermal average) of #(%) in the presence
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of the source J. Using (17.94),

D =< X)),/ WLJ]. (17.104)
For zero source,
P9 =< J=0 (17.105)
since
w[0]=1. (17.106)
Moreover,

($(%)> =Trle "z, )/ Tr[e ]
~Tr[e " $(0,x)]/Tr[e *#] (17.107)

where we have used the connection (2.3) between the field operator at time ¢
and time zero, with r - —ir. Combining (17.105) and (17.107),

(%) =<P0, x)> J=0. (17.108)

Thus, for zero source, ¢(x) is the expectation value (thermal average) of ¢(0, x),
the Schrddinger picture field operator.
An effective action I is defined by analogy with (4.68),

Tlo1=X[J]- jdf J(X)(x) (17.109)
and the source is given by
_ —olTg.]
J(i)————sm_)—. (17.110)

One-particle-irreducible temperature Green functions, '™, may be defined by
the expansion

- 2 1 _ _ _ -
Tol= Y Ni dx, ... dxyT™(x,,...,xy)
N=1 *

X (X)) . .. Pe(Xn) (17.111)

and momentum space OPI temperature Green functions, I, by

f(N)(ﬁly e PSPy +. .. +15N)(27t)3ﬂ
=fd)€l .. .de,v expli(p, - X, ... +py - Xp)]TW(x,,.. LXy) (17.112)

with &(p, +...+py) as in (17.93). ~
The finite temperature effective potential V(¢.) may be defined by an
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expansion analogous to (4.77),

Ao
2

To]= J di( — V() + 0, 0P +. . ) (17.113)
If the classical field has no spatial (or t) dependence then only the ¥(¢_) term in
the expansion (17.113) need to be retained, and (17.110) becomes

dV/de.=J. (17.114)

If we set the source term to zero, then, from (17.108), ¢, has the significance of
the expectation value (thermal average) of the field operator, and

a7
do.

Thus, when it has no spatial variation, the expectation value of the field
operator at finite temperature may be obtained by minimising the finite
temperature effective potential.

Using the inverse of (17.112) in (17.111), the effective potential may be
expanded in terms of Fourier transformed temperature Green functions at
zero ‘momenta’. (See problem 17.5.)

0. (17.115)

Pb)=— 3 T™Q...., 008N (17.116)
N=1

17.9 Finite temperature effective potential at one-loop order

The contribution to the finite temperature effective action from one-loop
diagrams in the expansion (17.111) is obtained by exact analogy with §13.9.
Thus we have to shift scalar fields by their expectation values (which are now
thermal averages) and isolate the terms in the (z dependent) Lagrangian which
are quadratic in all (shifted) fields including fermion fields and gauge fields. The
one-loop contribution to the effective action I';[¢,] is then obtained as a
Gaussian path integral.

exp I, [¢]= DDA In* D J DYDY

periodic antiperiodic
B
X eXp f dr fd3x Lauad(P(X)) (17.117)
0

where ¢,, A%, n, and ¥, are the scalar fields, gauge fields, Fadeev—Popov ghost
fields and (Dirac) fermion fields, respectively, and &,,,4(¢(x)) is the quadratic
term in the (t dependent) fields, in the shifted Lagrangian. The one-loop
contribution to the finite temperature effective potential ¥,(¢,) is obtained by
taking ¢, to be constant, and using (17.113).
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B
exp( —J dr jd’x 171(¢c))= I DODA* Dn* D J DYDY
0 periodic antiperiodic
X expf dt -[d X Lo Pe)- (17.118)

In general, %, ,.4(¢.) takes the form
Lond ) =10,0,50: — 5IME(P:)];;0:9;
—$0" 4, — 0 AD)(9(A), — 0/ A,),)
+5IM(do))ap A2 AL —(1/26)(0, A2)
+O,n20n,+i "0,
— [Md)1,¥.Ys (17.119)

where we have adopted Landau gauge, £ — 0, so as to avoid couplings of the
scalar fields to the Fadeev—Popov ghosts. The mass matrices of the scalar,
vector and fermion fields after spontaneous symmetry breaking are MZ(¢.),
M¥¢.) and M(¢.), where ¢ is used as shorthand for the expectation values
(thermal averages) (¢;).. We may write

B
j dr f &% L= =3 f ax f 4% B2V AL, DA
0
— fdf’ fdf AS(T)BE, DAD)
- f ax f 45 n*(E)CE, D)

- de f A% §,()D,(X, XPP(X) (17.120)

with
AfX, X)=(— 50,0+ [ME(.)]; (¥ —X) (17.121)
By, ) ={(g""8% 0px — (1 =&~ 1)35,0)00p — g [M¥UP)]ap} (X —X) (17.122)
C(X, X)= —0%.0,,0(x —X) (17.123)
and R
D, (X', )=(16,9"0, + [M(¢.)],)0(x — %) (17.124)

where x and §(x’' —x) are as in (17.26) and (17.25). Performing the Gaussian
path integrals in (17.118) leads to

B
—J dz fd"’x V()= —3TriInA—-3TrinB+Trln C+TrinD.
0 (17.125)
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The traces are evaluated much as in §17.2, §17.3 and §17.4 to obtain (see
problem 17.6)

TrlnA:'[da bosons J‘(z )3 Z]n[a) +p +(M52),] (17.126)

bosons
TrlnB=J‘d3 J(Z 72 Y (3 In[w?+p*+(M),]+In[w? +p* +E(MP),]}

(17.127)
with £ — 0 for Landau gauge,

bosons d3
TrinC= fd"' 2y 2 Y In(w? +p?) (17.128)

ferrnlons
TrinD=2 fdl‘ J Gy 2 Y In[wZ+p*+(M?),]  (17.129)

where (Msz(dzc)),, (M\z,(d)c)),, and (M (¢.)), are the eigenvalues of the matrices
M¥é.), M¥(¢.) and ME(¢.),and the Matsubara frequencies @, are as in (17.29)
and (17.63) for boson and fermion sums respectively. Substituting (17.126)—
(17.129) in (17.125), and using the Matsubara frequency sums of appendix E,
gives

BVi(¢)= f e )32{13\/ P2 +(M3), +21n[1—exp(—B/p*+(M3))]}
J 2 Y {38/p* +(M3), +6 In[1—exp(— B /p* +(M3),)]

—Blp| —2 In(1 —e~#r)}
3
) j(gnfi“ Y {B/P* + (M), +2 In[1+exp(—B./p* + (M3))1}.

(17.130)

We may separate V,(¢.) into a part V%¢,) which survives at T=0,anda T
dependent part V1(¢.),

Vi(@d=T1(¢)+ Vi) (17.131)

where

=2 [L2 (5 1n(p3+ 52+ (M2
11Pc)=5 (21:)4 : Po+pP s)
+3 [3In(pé+p*+(M?),) —In(pi + p?)]

-4 In(p§+p*+(M %),)) (17.132)
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and
P6d =g || dry i Eit-exp(— /7 T0E)
+3 3 In[1~exp(—/y* + T~ *(M3),) -In(1—¢7)]
—:Zln[1+exp(—m]> (17.133)
where '

y=Blp|=T""|p|. (17.134)
In arriving at (17.132), we have used the fact that

d?3 44
J (21;3 VP +R= f (215 = In(p} + p* + R) +(constant independent of R).
(17.135)

The expression (17.132) is just the T=0 radiative correction to the effective
potential, at one-loop order. The evaluation and renormalisation of such
terms has already been studied in §13.9.

The temperature dependent part of the one-loop effective potential, V1(¢.),
is particularly simple in two limiting cases. First, for all mass eigenvalues (M?),,
(M%), and (M32),, very much greater than T2, all contributions to (17.133)
approach zero exponentially fast, and V] becomes negligible. (This is also true
of the In[1 —exp(— y)] term since if we were to carry the gauge parameter &
through to this stage we would have In[1—exp(—./y*+ T~ 2((M3),)]. We
then take the limit & — 0 after the limit (M2),T~2 — «.) Second, in the high
temperature limit, T very much greater than all the mass eigenvalues, we may
use

4

T 5 ZT“ RT? -2
ﬁi dyy In[1—exp(—/y*+RT" )]~ 24 RT™ <1

(17.136)
and
T* T7?T* RT?
— | dyy*In[1 -Jy*+R ~ - “241.
2n2f y y*In[1+exp(—/y*+RT" 3]~ 30 " 48 RT 2«1
(17.137)

Thus, for the high temperature limit,
2 4

_ T?
Vf(d%)z— (NB+8NF)+ (Z(Msz).+3z MV)a+2Z(MF)r)

11:2T4

90
2

+T— [Tr MZ(¢.)+3 Tr M¥(,)+2 Tr ME.)] (17.138)

(Ng+3N§)
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where M2(¢.), M&.) and M2(¢.) are the scalar, vector and Dirac fermion mass
matrices of (17.119). (For fermions described by Weyl spinor fields there would
be no factor of 2 in front of the last term of (17.138). See problem 17.7)) The T*
termin (17.138) is just the free energy density for an ideal ultrarelativistic gas of
(17.73), with Ny and N the number of bosonic and fermionic degrees of
freedom, respectively. If some fields are heavy and some light, on the scale of
the temperature T, then N and N; should be interpreted as the degrees of
freedom of light fields, and the traces of mass matrices should be evaluated
only for light fields, since the heavy fields do not contribute, as discussed
above.

17.10 The Higgs model at finite temperatures

The simplest model, incorporating both sca;lar and vector fields, to study at
finite temperature is the Higgs model described in §13.5. The finite temperature

(effective) Lagrangian is

& =D,¢D'¢* —m*P*$ —(1/4)*p)* —4F, F*
—(1/28)(3,4%)* + 0,n*d*n (17.139)
where m? is negative,

D,¢=(0,+ied,)¢ (17.140)
D,¢*=(0,—ied,)p*. (17.141)

F, isasin (17.47), , as in (17.21) and the fields functions of x of (17.26) rather
than x. We have included the Faddeev—Popov ghosts n because they are needed
to cancel contributions to the free energy from unphysical degrees of freedom
of the gauge field 4, as discussed in §17.3. To obtain the finite temperature
effective potential, we first shift the scalar fields by the expectation value
(thermal average)

b,
N
which has been taken real without loss of generality, because of gauge

invariance, and assumed constant. (The factor 1/\/5 has no significance, but
has simply been introduced for convenience.) Thus, we write

=(d(x) (17.142)

b=t (bt 1 +idy) (17.143)

N

where ¢, and ¢, are real (shifted) fields. The quadratic terms in the shifted



17.10 HIGGS MODEL AT FINITE TEMPERATURE 335

Lagrangian are

1 1 1 3
"?quad=§ (auqsl)z +§ (au¢2)2 "5 (mz'i'j ¢c2>¢f

12)'221_‘uv622u
—E(m +Z¢c>¢2—z F‘",F +3 ¢CA“A

—é (0,4 +3n*"n (17.144)

where we have adopted Landau gauge, £ — 0,50 as to remove an 4“0, ¢, cross-
term. In the notation of (17.119), we have

M§(¢c)=diag{m2 +37'1 ¢z, m? +§1 ¢3} (17.145)

M2(¢.)=e*¢2. (17.146)

Provided that e* < A, we may drop the zero temperature one-loop contribution
to the effective potential (17.132) compared with the tree terms,

_ 2 A
Vo(d’c):%‘ o +16 oS (17.147)

The temperature dependent one-loop contribution is obtained from (17.138),
in the high temperature limit, and is

_ 4n?T* (A+3eH)T*?
T, — <
Vilg)= 0 T n

(17.148)

where we have also assumed that T2?» —m2 Thus, the one-loop
approximation effective potential is

- m Ty , A , 4n?T*
N )=—75—d+1c ¥ ~—5 (17.149)
where we have defined a temperature dependent effective mass by
A+3e?
mA(T)=m? + +12" ) 12, (17.150)

The expression (17.149) is valid for temperatures large compared with the
masses of all shifted fields,

T?> A2, e*p2, —m? (17.151)
and
e*<l (17.152)

so that the zero temperature radiative correction may be dropped. There is no
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difficulty in relaxing the approximation (17.151), by using (17.133) instead of
(17.138), though the high temperature approximation is adequate for our
purposes in this section. When (17.152) is not satisfied, the zero temperature
radiative correction may be included, with interesting consequences, as we
shall see in §17.13.

The expectation value (thermal average) of the field is obtained by
minimising (17.149). For m*(T) negative,

oV

5¢c_0 (17.153)
has two possible solutions:
¢.=0 (17.154)
and
¢ = —4m*(T)/A. (17.155)

For m*(T) positive, only the solution (17.154) is possible. In (17.150), m? is
negative, and so there is a temperature (the critical temperature) for which

m¥T,)=0 (17.156)
namely that given by
T?= — 12m*/(A+3e?). (17.157)

For T greater than T,, m*(T) is positive and, at the minimum of the effective
potential, ¢.=0. We then say that the system is in the symmetric phase (no
spontaneous symmetry breaking). For T less than T, m*(T) is negative, the
minimum at ¢,=0 turns into a maximum, and the system is in the asymmetric
phase given by (17.155). (See figure 17.1.) The system passes in a continuous
fashion from one phase to the other at T= T and there is a second-order phase
transition.

17.11 Electroweak theory at finite temperature

The finite temperature (effective) Lagrangian is as in §14.1 and §14.2 with the
usual replacements of 9, by 0,, x by x etc. An expectation value (thermal
average) for the Higgs doublet is introduced by

o 0
{p(x)) —( b0/ \/§> (17.158)

Then a calculation exactly analogous to that of §17.10 leads to the one-loop
approximation effective potential, when the temperature is large compared



17.11 ELECTROWEAK THEORY AT FINITE TEMPERATURE 337

Vg,

5
\h

Figure 17.1 The finite temperature effective potential for the Higgs model when e* < 4.
Curves A, B, C are for T> T, T~ T, and T< T, respectively.

with all masses (see problem 17.8)
V(o) =3m™(T)pZ + (A/4)¢: — (N +3Ne)n>T*/90
+ Bo(In(¢p2/M?)—25/6) (17.159)

with Ny and N, the number of bosonic and fermionic degrees of freedom,
respectively, and

A e*(14+2cos?6y)

2
mz(T)=m2+(§+ +Z&> T? (17.160)

4 sin? 20, T 12

with the weak mixing angle 0y and the Yukawa couplings of the fermions G,
as in §14.2. The last term in (17.159) is the zero temperature radiative
correction to the effective potential, renormalised at mass M asin §13.9,and B
has the value

B

=— - G4 17.161
64 \4n sin® Oy 64n2§: 4 ( )

where we have dropped order A? contributions, which are always
perturbatively negligible compared with the tree terms.

For the case ¢* </, the T=0 radiative correction is negligible, and the
discussion is exactly analogous to §17.10, with a critical temperature T, for the

3 (é)z (2+sec*8y) 1
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second-order phase transition given by

A e*(1+2cos? by) G?
2 _p (2 €0 F2008%0w) < G 1
Te=-m /<2+ FEETR) 12) (17.162)

(The case e* = 4 is discussed in §17.13.)

For T greater than T, the system is in the symmetric phase, in which ¢, =0,
and the gauge bosons are all massless. For T less than T, the system is in the
asymmetric phase for which ¢, #0,the W* and Z° bosons acquire masses, and
the symmetry is reduced from SU, (2) x U(1) to Uy(1). The critical temperature
T, is of the same order of magnitude as the value at T=0 of ¢, at the
(asymmetric) minimum of the effective potential, and the W* and Z° masses
are of order e¢.. Thus, T, should be of the order of 100 GeV.

17.12 Grand unified theory at finite temperature

In this section we construct the finite temperature effective potential for the
SU(5) grand unified theory disucssed in Chapter 16. If we want to study the
grand unified phase transition from the SU(5) symmetric phase to the
SU(3) x SU(2) x U(1) symmetric phase, we need only retain the Higgs scalars
responsible for this particular symmetry breaking, and may drop the Higgs
scalars responsible for the breaking of electroweak symmetry. (The argument
given at the end of §17.11 leads us to expect that the critical temperature for the
grand unified phase transition will be of the order of 10! GeV and at such
temperatures the expectation values of the electroweak Higgs scalars, which
are of the order of 100 GeV, will be negligible.) Thus, we need only keep the
Higgs scalars @ belonging to the 24-dimensional adjoint representation of
SU(5)

24
o=y ¢,T, (17.163)
a=1

where T,=1,/2 are the generators of the five-dimensional representation of
SU(5) as in §16.2, and appendix D.
The finite temperature (effective) Lagrangian is
F=—m}Tr®*—1,(Tr ®*)2 -1, Tr ®*
+Tr(D,®)> -4 Tr(F,,F*")
— &7 TH(0,4*)* +2 Tr(0,n*D*n) (17.164)

where have dropped fermions (apart from their contribution to the T* term in
V(¢.)) since the masses of known fermions are negligible on the scale of
10'° GeV, and they therefore make a negligible contribution to the ¢,
dependent part of the effective potential. In (17.164), all quantities are defined
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asin §16.5, but with the fields now functions of x of (17.26) rather than x, and 4,
replaced by 9, of (17.21).

For the breaking of SU(5) to SU(3) x SU(2) x U(1) we take the expectation
value (thermal average)

(® =;;—5 diag{1,1,1, -3, -3}. (17.165)

A calculation analogous to §17.10 gives the one-loop approximation to the
effective potential for temperatures large compared with all masses (see
problem 17.9)

(4 +364)

4

_(NB +%NF)WZT4
90

- 1
P(g)=5mi(TIpe+ 0!

+B¢£‘<ln(¢3/M2)—%> (17.166)

where N and N are the number of bosonic and fermionic degrees of freedom

respectively, and

(1304, +47A,+75¢3)T?
0 .

The last term in (17.166) is the zero temperature radiative correction to the

effective potential, renormalised at mass M as in §13.9, and B has the value
(neglecting order 12%):

m{(T)=m} +

(17.167)

B=25g¢/256n>. (17.168)

In deriving (17.166), the identities for SU(N) Gell-Mann matrices given by
MacFarlane et al.> can be useful.

For g& <4,, 1, we may drop the zero temperature radiative correction, and
the discussion is exactly analogous to §17.10, with a critical temperature for the
second-order phase transition given by

T2= —60m?/(1304, +474,+75¢2). (17.169)

For T greater than T, the system is in the SU(5) symmetric phase, for which
¢.=0,and all gauge bosons are massless. For T less than T, ¢ is non-zero, the
system is in the SU(3)x SU.(2)x U(1) symmetric phase, and only the
electroweak gauge bosons are massless. By the argument at the end of §17.11,
T, should be of the order of 10'° GeV.

17.13 First-order phase transitions

In §§17.10-17.12, we have always assumed that the fourth power of the gauge
coupling constant is very much less than the ¢* coupling constant, and have
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then found a second-order phase transition. In this section we discuss what
happens for larger values of the gauge coupling constant®7-%, We shall find
two differences. First, that we cannot use the high temperature approximation,
that T is very much bigger than the masses of all fields, for the asymmetric
minimum. Second, that we cannot always neglect the zero temperature
radiative correction to the effective potential. The result of these differences is
to produce a first-order phase transition.

For definiteness we shall discuss the Higgs model, though everything we say
applies with very minor changes to electroweak and grand unified theory.
Including the zero temperature radiative correction, as in (13.253), the finite
temperature effective potential is

2 2
B Mo, Ay, 4 ¢\ 251, or
e.)= > ¢+ 6 ¢: + Bo; [ln<M2 5 1T Vilg) (17.169)
where, from (13.266) with A% negligible compared with e*,
B=3¢*/64n2 (17.170)

The temperature dependent one-loop contribution V](¢,) is given by (17.133)
with the mass matrix of (17.145) and (17.146). (We are not now necessarily
going to make the high T approximation of (17.138).) Thus

4

_ T [*®
Vf(¢c)=§1? L dy y*{In[1—exp(—/y*+ T~ Hm*+31¢2/4))]

+In[1—exp(—+/y?+ T~ 3(m? + Ap2/4))]
+3In[1—exp(—/y?+ T 2e2¢p3)] —In(1—e™%)}.  (17.171)

The first question we ask is whether it is correct to use the high temperature
approximation for ¥7(¢.) at the critical temperature, when e*> A.

From §17.10, the critical temperature for a second-order transition, T, is
given by

T2= —4m?/e* (17.172)

for e > A. However, at the zero temperature asymmetric minimum (neglecting
the radiative correction for the moment)

PZ=v*= —4m?/J. (17.173)
Thus

A
TZ>m’+7 =0 (17.174)

and

31
TZ>m+ v’ (17.175)
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but
T? <e*v? for e*> 4. (17.176)

It is therefore not correct to use the high temperature approximation to study
the critical temperature when e*>A1. At ¢.=0, the high temperature
approximation is valid, and from (17.138) we have

V,(¢.=0)= —4n2T*/90. (17.177)

However, at the asymmetric minimum ¢.=v, the contribution to ¥](¢,),
involving the gauge field mass is exponentially suppressed (because of
(17.176)), as discussed after (17.135), but the high T approximation may be
used for the other terms. Thus, dropping the zero temperature radiative
correction for the moment,

_ m* n*T*

V=)= ——— g5~
(We are working in Landau gauge. In other gauges, all termsin (17.171) except
the first one are exponentially suppressed, because of the appearance of an
additional mass term £e?¢? as can be seen from (12.262). The result is the same,
as it must be.)

The symmetric minimum is at a lower value of the effective potential than

the asymmetric minimum for

(17.178)

T> T,y = (30/n2A)*m. (17.179)

The temperature T, is the temperature for a first-order phase transition, and
the development of the asymmetric minimum with temperature is as in figure
17.2. The transition is first-order becuase of the discontinuous change in the
expectation value of the field when the phase transition occurs. (The observant
reader will have noticed that we have assumed that the value of the effective
potential at the asymmetric minimum is the same as at zero temperature, apart
from the T* term. He will be reassured to know that it can be shown that this is
correct apart from corrections of higher order in e2. See problem 17.10.)

When zero temperature radiative corrections are taken into account, it is
convenient to cast the effective potential in terms of the mass of the physical
Higgs particle. Thus, by analogy with (12.151)-(12.253),

Pi9=8(5 020212 62 g2 i) 4 P00 (17150

where the renormalisation has been carried out at the zero temperature
asymmetric minimum according to
d?v

$:.=0
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D

Vg )-Vi0)

N\ A

Figure 17.2 Development of asymmetric minimum with temperature in Higgs model
for 4n24/11> e*> A. Curve A is at zero temperature, curve B is at T, the critical
temperature for the first-order phase transition, and C and D correspond to higher
temperatures.

a*v
de?

The physical Higgs scalar mass my is given by

av
—_— =2Bv(4 — ). 17.1
g2 - Bv“(4 —u) ( 83)

The Coleman-Weinberg case of (13.286) («=0) corresponds to
mé=méy, =8B (17.184)

=31 (17.182)

=0

mj

In terms of the original parameters of the Lagrangian

oz=23“(32—B—1 ).). (17.185)
3 8

For m <méy (>0), the situation is qualitatively different from figure 17.2
because there is a (local) minimum of the effective potential at ¢.=0 due to
radiative corrections already present at T=0. Then we must take account of
zero temperature radiative corrections and the development of the effective
potential with temperature is as in figure 17.3. The present case, a>0,
corresponds to

e*>4an%i/11 (17.186)
with A defined as in (17.182).
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V (9)-710)

\L°

Figure 17.3 Development of asymmetric minimum with temperature in Higgs model
for e*>4n%i/11. Curve A is at zero temperature, curve B is at T, the critical
temperature for the first-order phase transition, and C and D correspond to higher
temperatures. '

In practice, the phase transition to the asymmetric phase may occur at a
much lower temperature than T,,, because of a very slow rate of tunnelling
through the potential barrier between the symmetric minimum and the
asymmetric minimum?®-'1. However, detailed discussion of nucleation at the
first-order phase transition is outside our scope here.

Problems

17.1 Show that 6(z’ —7), defined through (17.33) and (17.25), acts like a Dirac
delta function for functions periodic with period S.
17.2 Show that

Trln(—p+m)=2In(m? —p?)
as required for (17.69).
17.3 Calculate the free energy density for free massless spin 1/2 fermions.
17.4 Derive the Feynman rules for temperature Green functions of §17.7.

175 Derive the expansion (17.116) of the finite temperature effective
potential in terms of temperature Green functions.
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17.6 Derive the finite temperature operator traces (17.126), (17.127), (17.128)
and (17.129).

17.7 Derive the fermion contribution to (17.138) for massless spin 1/2
fermions.

17.8 Derive the finite temperature one-loop effective potential (17.159) for
electroweak theory.

17.9 Derive the finite temperature one-loop effective potential (17.166) for
SU(5) grand unified theory.

17.10 Show that the finite temperature effective potential at the asymmetric
minimum for the Higgs model is the same, apart from the additive T* term, as
at T=0, correct to leading order in €2,
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APPENDIX A

FEYNMAN INTEGRALS IN
2w-DIMENSIONAL SPACE

d*k
e (5

_i(= )" T(m +n—w)Blw—n, o —m)

(=pH°7"7" (A))

T @npe T(m)(n)

dk
20 k k3~ [k +p)*]™

(=" Tm+n—o)Bo-—n+1,0—m)  emen_
d2‘°k
(2 )Za) I‘ kZ) "[k+P)2] i

—l(_l)m+n(_p2)w—m—n

TG Temig P tnmoBeomomntd

+34g,,0°Tm+n—w—)Bw—-m+1,0—n+1)] (A3)

dk

Gt ki )Ll +p)]

=1(_ 1)m+n (_pZ)w m-—n
@dn)*  T(mI'(n)
—3p%(93.0 + 9 Pi+ gup )T M+ n—w — DBlw —n+2,0 —m + 1)]
(A4)

[—pip.p, T(m+n—w)Blw—n+3,0—m)

d*k
(2 )Zw
=l(— 1)m+n (_pZ)w—m—n
~ @n)®  T(mIm)
—.%pz(g}.upvpp+gvpplpu+guvp/lpp+glppupv+glvpupp+gypp}lpv)
xIm+n—w—-1)Bw-n+3,w—m+1)

kak,k ke (k*)~"[(k+p)*] ™™

[pip.p.p,T(m+n—w)Blw—n+4,w—m)

+32P)493900 + 909, + 93,9, Tm+n—0 —2)Blw —n+2,0 —m+2)].
(A.5)



APPENDIX B

S-MATRIX ELEMENTS ARE INDEPENDENT
OF ¢

We have seen that in order to quantise field theories possessing a local gauge
invariance it is necessary to introduce into the Lagrangian a gauge fixing term
and the associated contribution from Faddeev—Popov ghosts. Thus the effective
quantum Lagrangian is

1
$Q=$YM+$F—£(6;¢AI;)2+$FP (B.l)
where %y and Z are given in (10.59) and (10.62) respectively, and
Ler =013+ 9fancuAL) (10.58a)
=(0,M3ND21y)- (10.58b)

Since %, has been used to derive the Feynman rules with which we calculate
the Green functions, it is clear that in general a Feynman diagram will depend
upon the particular value of the parameter £ which is chosen. However, we
have attached no physical significance to £, and since it was introduced to deal
with the technical problems associated with gauge invariance, one feels that no
physical observable should depend upon &. In fact this is true. Physically
observable quantities all derive from S-matrix elements, and we can show that
S-matrix elements are independent of £. Other Green functions, which are not
on-the-mass-shell, in general depend upon &.

The proof of this statement which we shall present uses the fact that the
effective quantum action

So= Jd‘x Z, (B.2)

is invariant under certain transformations. These transformations are called
the ‘Brs transformations’, after their authors Becci, Rouet and Stora!. Under
the transformations

Ab— AL+ oA, (B.3a)
where

0AL=0D%n,. (B.3b)
The changes in the other fields are

oy = —igb.n.y (B4a)
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on¥=—¢716(0,4 (B.4b)
oMo= =190  apcoMc (B.4c)

where 6 is a constant real Grassmann number; it follows that 82 =0, so 6 is
effectively infinitesimal. The reason for introducing 6 is so that the
transformations do not alter the character of the fields being transformed. 7,
and n¥ are Grassmann-variables and their transformed fields maintain this
property. We note that (B.3) is just the usual transformation (9.18) of the gauge
field, but with

- A,=0n,. (B.5)

Since %y is independent of the other fields (Y, n,, n¥), it follows that the gauge
invariance of %y ensures the Brs invariance of #yy. Similarly % is Brs
invariant, since (B.4a) is the usual gauge transformation (9.16) of y, again with
A, given by (B.5). By design, the gauge fixing term is not gauge invariant, and
therefore not Brs invariant. In fact

( —E(a Ay) )- —&7160(0,42)0, Dyt (B.6)

The change in %y is
0Lep=8(0,nX)DspNp+ Ouma (Dayy)
= —&710[0,(0,A))D4yn, + 0,nF H(Diyny) (B.7)

and we notice that (B.6) and the first term on the right-hand side of (B.7) add to
give a total divergence 9,[(6,4;)D4yn,], so that these two terms also leave S,
invariant. We leave it as an exercise (problem B.1) to verify that §(D%;n,)=0
using (B.4a,c) and the Jacobi identity. It is essential to remember at all stages
that the order of the Grassmann variables can only be changed with the
anticommutation relation.

Now, it follows from the defining properties (8.4), (8.5) of integration over
Grassmann variables, that

I= j@A“.@!//@l/?@ﬂ*@f]n,’,“(}:) exp i<SQ + jd“y[J;,‘A,,,, +yo+ a"://]) =

(B.8)

since S, contains n and #* only bilinearly. We next perform the Brs
transformation on all field variables. Weleave it as (another) exercise (problem
B.2) to verify that the measure 2 4* Py DY Dn*Dn is Brs invariant, and we have
just shown that S, is Brs invariant. Thus the only terms which are affected are
n* and the various fields attached to the source terms. To simplify the
equations let us drop the fermions from the field theory; the essential features
of the ensuing argument are unaffected. Then the only source term which we
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keep is that attached to the gauge fields. It follows that

0=0l= JQAuQH*@ﬂ[C 10, A4(x) +iJ 12 Dy (X))

X €xp i(SQ + fd“yJ,,vAZ\). (B.9)

This is the generalised Ward-Takahashi identity first proved by Slavnov and
Taylor?. Itis a direct consequence of the Brs invariance of the quantum action
Sq» which itself follows from the (non-Abelian) gauge invariance of the original
classical Lagrangian, %yy + Z¢. (In order to define the quantum field theory,
this gauge invariance had to be broken, by the addition of the gauge fixing and
ghost contributions,) Thus the Slavnov-Taylor identity just expresses the
gauge invariance of the original theory. We shall use it to prove that physical
S-matrix elements are independent of the gauge-fixing parameter &.
So consider the generating functional associated with %, given in (B.1):

X 1
WlJ]= j D A* Dn*Dn exp 1[ J d“x<.2’m 3% (8,44?

+Lep +J:,‘A,“)]. (B.10)

If we change the parameter ¢ by the infinitesimal amount d¢, then the change
in W,[J] is

AW, [J]= f@A“@n*@r] fd“x(% (6“A‘;)2> exp i(SQ + ~[d"’y J,,‘,A,",).

(B.11)
Now we use the Slavnov-Taylor identity (B.9). First we operate on it with

0

0(x —2)0,, 5%

and then integrate with respect to x and z. The derivative acts on both the
exponential and the pre-factor. On the pre-factor we are left with a total
divergence, which integrates to zero. The remaining differentiation then gives

0= f@A@n*@n J d*x(0, A 10, A4x) +iJ 13 Dl (x)]

X exp i(SQ + J.d“ y J,,VA;,>. (B.12)
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Using this in (B.11) and then adding (B.10) gives
W [J1+AW[J]

= j DA Dn* D [(1 +g§ Jd“x(c?AAﬁ)Jum ﬁmc(x)>

X exp i(SQ + fd‘y .I,,VA{,)]
de

= f DA Dy* D expi[SQ+ j d“be#<A‘,‘,—136—(avA‘“,)n;"D‘;cnc)]. (B.13)

Thus the generating functional W, . [J] associated with the gauge fixing
parameter ¢+d¢ is just the original generating functional W,[J] with a
different field attached to the external source. In general, therefore, the Green
functions are modified by the change of gauge parameter. However, the S-
matrix elements are obtained by rescaling the Green functions so that the
propagator poles associated with the external legs have resdue unity. As we
saw in Chapter 5, all non-pole contributions are projected to zero by the factor
q* —pu? as g° - u® Changing the field associated with the external source will
change the residues of these pole terms, but this will merely alter the rescaling
necessary to arrange that the poles have unit residue. Thus the S-matrix
elements are unaffected by changing & to &+d¢.

The reader may recall that the particular choice of gauge fixing term (10.31)
was relatively arbitrary, and was also accorded no physical significance. So we
should be able to change the gauge fixing function F,[A}], not merely the
associated parameter &, and also show that S-matrix elements are unaffected
by the variation. This too can be shown using the Slavnov-Taylor identity (at
least for linear gauge functions®); in this case it is necessary to include also the
change in W[J] induced by the corresponding change in %p, which, as we
showed in (10.55), depends upon the gauge-fixing function F,. (The interested
reader is invited to construct her own proof of the more general result, and,
should she fail, look in the article by B W Lee* for assistance.)

The Slavnov-Taylor identity which we have used was for the
unrenormalised theory, and we have shown that a small variation of the
unrenormalised gauge-fixing function leaves the S-matrix invariant. The
theory we have been studying is, in fact, renormalisable. Thus the renormalised
theory has the same structure as the unrenormalised one, and consequently
there is a renormalised Slavnov-Taylor identity. It follows by the same
argument as before that the S-matrix is invariant with respect to variation of
the renormalised parameters in the gauge fixing function. Since this variation
changes the masses of the ‘unphysical’ particles (scalars, ghosts), it follows from



350 APPENDIX B

the invariance of S that these particles really are unphysical. They decouple
completely from the physical ones in S-matrix elements, and the physical states
are therefore complete. Thus the S-matrix is unitary.

Problems

B.1 Show that D%, is BRs invariant.

B.2 Show that the functional integration measures 9 A* Dy DY Dn* Dy is BRs
invariant.
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C.1 Vector—vector-scalar—scalar vertices

D igg. (CJ)
Wt wo

i49°, (C2)

D g% (C3)
W W
({)JY\L\ © i2eg, (C4
¥ ¥

. ibg?sec?f,g,, (C.5)
7z
u
. ibg?sec? Oyg,, (C.6)
7 17
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i4g? sec? Oy, cos?260yg,,

itegg,.

itegg,,

—1egg,,

Legg,.

ieg sec Oy, cos 20y,g,,

i4g? sec Oy} cos 20y, — 1)g,,
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C2 VERTICES INVOLVING FOUR SCALARS
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C.2 Vertices involving four scalars
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(C.18)

(C.15)

(C.16)

(C.17)
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X : —i2g’mE/mé (C20)
X : —i2g°md /m% (C2y

/
Y D —ikg?md/m?, (C22)
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APPENDIX E

MATSUBARA FREQUENCY SUMS

In the case of bosons, it may be shown by contour integration that

1 __ -8
;(iw,,—x) (€= (E.1)

where w, is given by (17.29). Thus
Y x _BEF+))
~ w2 +x2 2 @E*-1)

(E2)

But

d
g (z Inw? +x2)>=2 S ore (E3)

Performing the x integration we find
Y In(w? +x2)=Bx +2 In(1 —e~#*) +(x-independent constant). (E.4)

The constant in (E.4) is temperature dependent and infinite. Fortunately, it
cancels against the temperature dependent part of N(f) when we evaluate Z.
For fermions, the corresponding results are

L _ B
2fw,—0 @D (9

where w,, is given by (17.63), and

Y In(w? + x?) = fx +2 In(1 +e~7%) +(x-independent constant). (E.6)

The temperature dependent constant cancels against N'(f) when Z is
evaluated.

More details may be found in Fetter A L and Walecka J D 1971 Quantum
Theory of Many-Particle Systems (New York: McGraw-Hill) p. 248, and in
Bernard C W 1974 Phys. Rev. D 9 3312,
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Abelian gauge field theory, 110-11
Angular momentum tensor, 23, 26, 30,
37
Annihilation operators, 39
Anomalies, 272
Anomalous dimensions, 158-62
Anomalous magnetic moment, of
electron, 140-2
Asymmetric phase, 338, 340-1, 343
Asymptotic behaviour, 54-5
Asymptotic conditions, 55
Asymptotic freedom, 147
Axial gauges, 125, 130
Axial U(1) symmetry, 218
Axial vector current conservation, 217
Axion, 217
mass, 225-6
invisible, 226

Bare coupling constant, 75

Bare Lagrangian, for gauge theory, 132

Bare mass, 75

Baryon number conservation, 40

Baryon number violation, by colour
triplet Higgs scalars, 309

Bjorken limit, 151

Bjorken scaling, 155

Bottom quark mass, in grand unified
theory, 313

Boundary conditions, for path
integrals, 40-1

BRS transformations, 346

Charge, 19
Chiral theory, 273
Chiral transformation, 38
Chirality, 191
Classical field, 15, 47, 174
as solution of the classical field
equation, 48
relation to vacuum expectation value
of field, 47
Closed fermion loops, 135

Coleman-Weinberg mechanism, 212
Coleman—Weinberg transition, 342
Colour, 116
Complex scalar field theory, 24, 175
Conjugate momentum, in field theory,
39
Connected Green functions, 46
in momentum space, 47
Conserved current, 18-20
Continuation to Euclidean space, of
vacuum amplitude, 41
Continuation to imaginary time, for
ground state amplitude, 10-11
Counter term, Lagrangian, 85
Counter terms, 263
for gauge theories, 132
Covariant cut-off, 79
Covariant derivative, 185
for Abelian gauge field, 111
for non-Abelian gauge fields, 112,
115, 125
Covariant spin vector, 27, 33
Creation operators, 39
Critical temperature, 336, 338-40
Curie temperature, 172

Deep inelastic scattering, 149, 162
moments of structure functions,
162-3
structure functions, 150
Degree of divergence, 77
for Feynman diagrams with fermions,
101-3
for gauge theories, 131
Derivative interactions, 103
Derrick’s theorem, 194
Dilatation, 37, 38
Dimensional regularisation, 79-81
Dimensional transmutation, 212
Diquarks, 301, 303
masses, 309
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Dirac ¢ function, integral
representation, 44

Dirac equation, 25

Dirac field, 31

Dirac matrix identities, in 2w
dimensions, 137, 139

Divergences, 17

Effective action, 48, 201-3
for free scalar field, 48
Effective potential, 49, 20012
at finite temperature, 313-18
expansion in terms of Green
functions, 50
Eigenstates, of the field operator, 39
Electric dipole moment, 220
Electromagnetic current, 31, 216, 218
Electron—positron annihilation,
inclusive process, 165-7
Electroweak theory, 214, 232
" at finite temperature, 322-3
Energy-momentum tensor, 23, 35
Energy-momentum vector, 22, 27, 35
Euclidean space
continuation of Feynman
propagator, 44
continuation of vacuum amplitude,
41
Green functions, 41
Euler-Lagrange equations, 16-17, 26,
34, 170

Faddeev-Popov ghosts, 123-5
Faddeev-Popov Lagrangian, 187, 189
Faddeev-Popov procedure, 119-23
Fermi coupling constant, 214
Fermi statistics, at finite temperature,
306
Fermion loops, 105-6
Fermion mass matrix, 190, 192
Fermion mass terms, 217
Fermion masses
in electroweak theory, 223, 233
in grand unifield theory, 2947
Fermionic functional integration
measure, 273
Ferromagnet, 172

Feynman diagrams, 62-3
for free scalar field theory, 45
Feynman gauge, 126, 140, 261
Feynman integrals, 81-5
Feynman integrals in 2w dimensions,
329
Feynman parameter, 82-3, 141
Feynman propagator,
diagramatic representation of scalar
propagator, 46
for Dirac field, 100
for Faddeev—-Popov ghosts, 126
in momentum space for Dirac field,
101, 128
in momentum space for scalar field
theory, 44
for scalar field theory, 434
Feynman rules, 63, 187
for electroweak counter terms, 248-58
for electroweak gauge boson vertices,
224231
for electroweak gauge bosons, 221,
225-6
for electroweak ghost particles, 222,
224
for electroweak Goldstone bosons,
222, 226, 228
for electroweak Higgs particle, 222,
226, 228
for Faddeev—Popov ghosts, 126, 128
for fermion antiparticles, 107-8
for fermion—fermion scattering, 107-8
for fermion loops, 105-6
for fermion propagators, 104
for gauge field interactions, 127-9
for A¢* theory, 60
for momentum space, 64
for S-matrix elements, 70
for temperature Green functions, 312
for quarks in electroweak theory,
238, 240
for Yukawa interactions, 103-6
from counter terms, 86
Field equations, for gauge field
theories, 114
Fine structure constant, 142, 232
Finite temperature effective potential,
313-14
at one loop order, 314-19, 321, 323



Free energy, 315

Functional derivatives, 3, 13, 401, 48,

122

for fermions, 99

with respect to spinor sources, 104

Functional expansion

in terms of connected Green
functions, 46

in terms of Green functions, 41

in terms of op1 Green functions, 48

of effective action, 48

of vacuum amplitude, 41

Gauge boson mass matrix, 186
Gauge-fixing Lagrangian, 183, 186
Gauge-fixing term, 34, 121, 124-5
Gauge invariance, 170

Abelian, 110

non-Abelian, 113-14
Gauge invariant Lagrangian

for Abelian gauge field, 111

for non-Abelian gauge fields, 114

of renormalised Lagrangian, 131
Gauge parameter (&), 289, 346
Gauge transformation, 24, 30, 34
Gaussian integral, 1

for Grassmann variables, 96-9

Gell-Mann A matrices, normalisation,

299

Generating functional

for connected Green functions, 46

for Gauge theories, 123-5

for Green functions, 40-1

for Euclidean Green functions, 41

for spinor field theories, 99

in free scalar field theory, 42-5
Global transformation, 19, 24, 30
Goldstone boson, 177, 17980, 183,

185, 187-8, 218, 224

Goldstone modes, 220, 222
Gordon reduction, 142
Grand unification scale, 298, 305-6
Grand unified theory, 198, 225, 298
Grassmann variables, 28-9, 96, 210

complex, 98, 1234
Green functions, 40

connected, 46

for Faddeev—Popov ghosts, 136

INDEX

Green functions (continued)
for free scalar field theory, 45-7
for gauge fields, 133-5
for ori, 66
for spinor field theories, 99
high momentum behaviour, 149
in Euclidean space, 41
in momentum space, 46
inserted, 157
one-particle-irreducible, 47-50
unrenormalised, 144

Ground state expectation values
in quantum mechanics, 11-14
in terms of ground state amplitude,

14
Ground-state-to-ground-state

amplitude, in quantum mechanics,

8-11
Group generators, normalisation, 114
Group theory factors, 135, 137, 139

in renormalisation group equation,

146

Hadronic weak current, 252
Hamiltonian, 22
Hamiltonian density, 22, 39, 41
Heisenberg picture, 5
Helicity, 31, 33, 37
Higgs field, 174, 183, 187-9, 209
Higgs mechanism, 180

in non-Abelian theories, 185
Higgs model, 180, 207

at finite temperature, 334-6, 340
Higgs scalar, 337

breaking SU(5) symmetry, 307-8

for electroweak breaking, 309
Higgs scalar mass, 342
Higgs scalar potential

for SU(5) breaking, 308

Identical fermions, factors in
scattering amplitudes, 108

In and out fields, 54-5

Infinities, 75, 79

Infrared divergence, 83, 139, 142

Instantons, 212-3

Invariant amplitude, for fermion-
fermion scattering, 108
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Klein—-Gordon equation, 21

Lagrange multiplier, 34
Lagrangian, 15
Lagrangian density, 15, 41
Lagrange’s equations, 16
Landau gauge, 126, 148-9, 208, 210
Lepto—quarks, 301, 303

masses, 309
Leptonic current, 330
Light cone, 152-3
Light cone coordinates, 151-2
Local gauge invariance, 34, 79
Logarithmic divergence, 77
Loop expansion, 201, 207
Lorentz (gauge) condition, 34-5, 170,

183

Lorentz transformation, 23

Magnetic charge, 200
Magnetic monopoles, 193-200
Magnetisation, 172
Mass-independent renormalisation
schemes, 91
Massless fermions
generating functional, 106
propagators, 107
Matsubara frequencies
for bosons, 318
for fermions, 323
Maxwell’s equations, 17, 33
Minimal subtraction (Ms), 90, 206
in gauge theory, 133
Mms scheme, 91, 206
Momentum scheme, 92
Muon decay, 249-252, 285

Noether current, 25, 31, 178

Noether’s theorem, 18-19

Non-Abelian gauge field theory, 112-15

Non-Abelian gauge symmetry, 177

Non-Abelian gauge transformations,
112-13

Normalisation factor, for generating
functional, 42

On-mass-shell electrons, 141
On-shell scheme, 93

One-particle-irreducibility, of Green
functions, 47-50

Operator product expansion, 152-3

Optical theorem, 151

Parity, 31, 190-1
Partition function, 315
as a path integral, 317
for fermions, 322-324
for free scalar field, 317-320
for gauge fields, 320-322
Path integrals
for Grassmann variables, 96-9
for Grassmann variables in
Minkowski space, 98-100
Gaussian, 1-4
over conjugate momentum, 42
Peccei Quinn symmetry, 223-4
Perturbation series, with fermions, 104
Perturbation theory, 60
Phase transformation, 110
Phase transition
first order, 33941
second order, 336
Physical renormalisation, 206
Poincaré transformation, 21, 27
Polarisation vectors
of a massive vector field, 171
longitudinal, 171
Pontryagin index, 2134
Prasad~Sommerfield solution, 197
Projection operators, for gauge field
propagators, 117-18, 126
Proton decay, 309, 313

Quadratic divergence, 77
in gauge theory, 133
Quantum chromodynamics (Qcp), 116,
192
Quantum mechanics, 51
Quarks, 236

Radiative corrections to muon decay,
285-288

Renormalisable field theory, 75, 169

Renormalisable interactions of fermions
with scalars, 102
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Renormalisation, 74-8
of A¢* theory, 74-8, 85
Renormalisation group coefficients,
145-6
Renormalisation group equation, 145
for Wilson coefficients, 157-8
solution of, 146-7
Renormalisation scheme, 88, 90, 260
Renormalised coupling constant, 74
Renormalised field, 75, 85
Renormalised Lagrangian, for gauge
theories, 131
Renormalised mass, 74
Representations of SU(5), for fermions,
301
Rotation of contour, 10, 45, 76, 80
Running coupling constants, 146
in Qcp, 148
in Qep, 148
Running gauge parameters, 146
Running masses, 146
R, gauge, 183-4, 186

S-matrix element, 51-3, 69
S-matrix generating functional, 55-9, 60
Scalar electrodynamics, 180
Scalar field theory, 20
Scalar mass matrix, 179, 187
Scalar product, in Euclidean space, 44
Scattering amplitude, 51-9, 67, 69
for gauge fields, 129
relation to Green functions, 40
with fermions, 107-8
Scattering cross section, 70
Schrédinger picture, 5
Sirlin’s renormalisation scheme, 262
Slavnov-Taylor identity, 289, 348-9
Source terms, 8
calculation from effective potential,
49
for gauge fields, 1234
in field theory, 40
Spinor field, 25
Spontaneous symmetry breaking, 169-92
and fermion masses, 196
by radiative corrections, 206
in a ferromagnet, 172
of a continuous global symmetry, 175

Spontaneous symmetry breaking
(continued)
of a discrete symmetry, 173
of a local gauge invariance, 180
of SU(2) x U(1), 235
Strong cp problem, 222-3
SU(2) x U(1) invariance, 233
Symmetric phase, 338, 341, 343
Symmetry factors, 134

Tadpole diagrams, 275
Temperature Green functions, 324-7,
329-30
Feynman rules, 328
Time-ordered product
for spinor fields, 99
of operators, 12—13
of scalar fields, 40
Transition amplitude, 51
as path integrals, 5-8
as path integrals in quantum field
theory, 39
Hamiltonian form, 7
Lagrangian form, 8
with external source, 8
Tunnelling, at first-order phase
transition, 327
Twist, 153

Ultraviolet divergence, 76
Unitary gauge, 183, 186

Vacuum expectation value (vev), 174
of a field operator, 47
Vacuum polarisation diagrams, in
gauge theory, 133
Vacuum state, 40
@ vacuum, 216, 218-9
Vacuum-to-vacuum amplitude, 40-2
expansion in terms of Green
functions, 41
in Hamiltonian form, 41
in Lagrangian form, 42
in presence of a source, 47
Vector boson propagator, 170, 184
Vector field, 33
Vector potential, 17, 33
Vertex renormalisation, for gauge
theories, 13840
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W mass, 249

Wave equation, 17

Wave function, 52

Wave function renormalisation

constant, 85

Weak current, 226-7

Weak hypercharge, 233, 254

Weak isospin, 231-2, 254

Weak mixing angle (Ow), 234
from grand unification, 305-6

Weinberg’s theorem, 78
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Weyl representation, 32-3
Weyl spinor, 32
generating functional, 106
propagators, 107
Wick rotation, 10, 45, 76, 80

Yang-Mills fields, 114
Yukawa interaction, 102, 238, 247, 256

Z mass, 249
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