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Preface

During more than 10 years, from 1989 until 2000, the LEP accelerator and the four
LEP experiments, ALEPH, DELPHI, L3 and OPAL, have taken data for a large
amount of measurements at the frontier of particle physics. The main outcome is
a thorough and successful test of the Standard Model of electroweak interactions.
Mass and width of the Z and W bosons were measured precisely, as well as the Z
and photon couplings to fermions and the couplings among gauge bosons.

The first part of this work will describe the most important physics results of the
LEP experiments. Emphasis is put on the properties of the W boson, which was my
main research field at LEP. Especially the precise determination of its mass and its
couplings to the other gauge bosons will be described. Details on physics effects
like Colour Reconnection and Bose-Einstein Correlations in W-pair events shall be
discussed as well. A conclusive summary of the current electroweak measurements,
including low-energy results, as the pillars of possible future findings will be given.
The important contributions from Tevatron, like the measurement of the top quark
and W mass, will round up the present day picture of electroweak particle physics.

In the Standard Model, the close relationship between W and Z masses and the
electroweak couplings is a consequence of the Higgs mechanism and electroweak
symmetry breaking. This mechanism provides gauge invariant mass terms for all
known elementary particles. The spectrum of particles is however extended by a
scalar Higgs boson which has not been observed, yet. At LEP and at the Tevatron
collider, searches for this particle were up to now not successful. The hunt for the
Standard Model Higgs boson is therefore one of the main activities at future experi-
ments. A new era will begin with the operation of the LHC collider. The ATLAS and
CMS experiments have the potential to discover the Higgs boson in all theoretically
possible mass ranges.

The second part of this volume will introduce the expected electroweak measure-
ments as well as Higgs searches at the LHC. The experimental tools of the ATLAS
and CMS detectors for the various measurements are described. At the LHC, the
mass of the W boson and of the top quark will be determined with even greater
precision than today’s measurements. There is also the opportunity to improve the
knowledge about the weak mixing angle and the triple gauge boson couplings.

One of the primary goals of the LHC experiments is the search for the Standard
Model Higgs boson. The identification of the Higgs is summarised together with

vii



viii Preface

the measurement of its fundamental properties like its spin and behaviour under
CP transformation, which will possibly be subject of future research. Eventually,
conclusions and an outlook to possible future findings at the LHC will be given.

The measurements and the knowledge about particle physics presented in this
work reflect the status of Summer 2009. It is expected that there will be new, maybe
surprising findings in the near future. The electroweak data will however remain
the cornerstone of particle physics to which new theories always need to be com-
pared to.

Geneva and Dresden, September 2009 Arno Straessner
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Chapter 1
Theoretical Framework

The currently known spectrum of elementary particles consists of leptons and
quarks, which constitute the different forms of matter, and vector bosons, which
are the force carriers.' The leptons appear in three families (v,, e), (v, u), (v, 7),
as well as the quarks (u,d), (c,s), (¢,b). In the Standard Model [1, 2], forces
between these elementary fermions are due to a SU(3) x SU(2) x U(1) gauge
symmetry of the corresponding field theory. The SU(2) x U(1) symmetry is gen-
erating the electroweak forces, with the photon, W and Z gauge bosons. The
strong force is due to the SU(3) symmetry. Quantum Chromodynamics [2] (QCD)
describe the interaction of quarks and the corresponding gauge bosons, the gluons.
In the following, natural units, setting ¢ = h =1, are chosen, and the relations
ch =197.3269631(49) MeV fm [3] and ¢ = 299,792,458 ms~! may be used to
convert between energy and space-time units.

1.1 Electroweak Interactions

The electroweak part of the Standard Model Lagrangian can be divided into three
parts, a gauge boson, a fermion and a Higgs term:

L=Lc+Lr+Lu (L.1)

The SU(2) and U(1) gauge boson fields are W, and B,,. They couple to the
weak isospin 7, and the weak hypercharge Y of the fermions. Left-handed fermion
fields ¥, = %(1 — ys)Y¥ are combined to iso-doublets. The right-handed fields
Yr = %(1 + y5) are iso-singlets. The corresponding values of the third component
of the isospin, 73, and Y are listed in Table 1.1, together with the electric charge Q.
The left-handed down-type quarks, (d’, s’, b’), are related to their mass eigenstates,
(d,s,b), by the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix [4, 3] according
tod; =3 Vi]C‘KMdj~

Effects of gravity are too small to be observed in the energy ranges discussed here, and are
neglected.

A. Straessner, Electroweak Physics at LEP and LHC, STMP 235, 1-43, 1
DOI 10.1007/978-3-642-05169-2_1, © Springer-Verlag Berlin Heidelberg 2010



2 1 Theoretical Framework

Table 1.1 Quantum numbers of leptons and quarks. They are the eigenvalues of the third com-
ponent of the weak isospin, 73, of the weak hyper-charge, Y, and of the electrical charge, Q. The
doublets of the weak isospin are put in brackets

Fermion Type T; Y 0
(ve) (UH> (v,) 1/2 —1/2 0

e ), w ), T ), —-1/2 -1/2 —1
Ve,R Vu,R V. R 0 0 0
€R R TR 0 -1 —1
(u ) <c> (t ) 1/2 1/6 2/3

d L s’ L b L —-1/2 1/6 —1/3
UR CR IR 0 2/3 2/3
dr SR br 0 -1/3 —-1/3

The gauge part of the Lagrangian is given by:

1 Voo 1 v
Lo = _ZF;‘ Fi = 3 BB (1.2)

where F,, is the SU(2) field strength
Fl, = 0,W) — ,W, — g6 W] Wy (1.3)
with the coupling constant g, and B, the U (1) field strength
By = 0,B, —0,B, . (1.4)

The totally anti-symmetric tensor &;j; is identical to the SU(2) structure con-
stants. Due to the non-abelian SU(2) group structure the W' gauge fields do not
evolve independently but are coupled to each other.

The interaction between fermions and gauge bosons is most conveniently written
by means of the covariant derivate

.81 . a
D, = 8M+Z?YB,L+lg2TaWM (1.5)
yielding

Lr =) iY;Duy ¥y, (1.6)
f

where the sum extends over all fermion fields. The 7, matrices are the two-
dimensional representation of the group generators of the SU(2), which follow the
commutation relations [T;, T;] = ig;j Ty and [T;, Y] = 0.

In the Standard Model, gauge invariant mass terms for fermions and bosons arise
¢

¢1) of spin-zero Higgs fields
2

through the coupling to a complex doublet ¢ = (



1.1 Electroweak Interactions 3
and the spontaneous breaking of the SU(2) x U(1) symmetry [5]. In the minimal

version there is only one Higgs doublet. The Ly term is completed by a dynamic
term, a Higgs potential, and mass terms for the fermion fields:

Ly=Dup'D'o—V@)+ > c; (bFo'vf +Tfov]) (1.7)
f

The ground state (¢)( of the Higgs self-interaction potential

V(p) = 1?o'o + Mo'¢) (1.8)
is found for
. v2
(@) = = (1.9)
with
_[=»
=\ (1.10)

The Higgs field is rotated so that only the lower component remains and is then
developed around the vacuum expectation value:

1
<¢>o=ﬁ<fo> . (1.11)

This choice breaks the original SU(2) x U (1) symmetry but conserves the electric
charge symmetry, U(1)qgep. The energy scale v is not predicted by the model and
must be measured experimentally.

With the charged vector boson fields

Wi=1

the particle mass terms are given by

1 2
W, FiW;) (1.12)

v -
Linass = __Zcfwfwf
V25
+(@)2W+W“+U—2(W3 By) R T
2/ T T VT T —gign gt B!
+vAH? (1.13)

The Higgs boson mass depends on both v and the free parameter A:
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My = vV/22 . (1.14)

The fermion masses turn out to be

mp = %cf (1.15)

with free Yukawa coupling constants c¢ s, not constrained by the model.

The measurements of neutrino flavour oscillations [6] clearly show that neutri-
nos are not massless, opposed to the original version of the Standard Model [1].
In the given formalism, neutrinos can be treated in the same way as the charged
leptons. Like for quarks, the neutrinos are in general not identical to the mass eigen-
states and the Pontecorvo-Maki-Nakgawa-Sakata (PMNS) mixing matrix needs to
be added [7]. The resulting Dirac mass term is however not the only possibility to
achieve massive neutrinos. An alternative is a Majorana mass term:

£Majorana =—my (ILE,L 1//1}’1‘ + h.C.) (1.16)

However, this contribution does not conserve the lepton number and may give
rise to a neutrino-less nuclear double beta decay, which is not observed, yet [8].

The symmetry breaking induces a mixing of the neutral boson fields W* and B,
which can be diagonalised by

Z,, = cos 6, W, —sin6, B, (1.17)
Ay = sin0y, W, + cos 6, B, , (1.18)

where the physical photon and Z boson fields, A,, and Z,,, appear. The weak mixing
angle 6,, is defined by the ratio of the coupling constants g; and g;:

81
82

tan 6y, = (1.19)

The gauge boson masses are found to be

v v
M, =0, My= 582 Mz = 5V g +g. (1.20)

The photon is indeed massless. An important result is the relation of the ratio of
the heavy gauge boson masses to the weak mixing angle:

M
WV cosb, . (1.21)
My

This mixing angle also appears in the boson-fermion couplings which becomes
more evident when the interaction term is phrased in terms of currents:
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H“em

[:im=_e{ A JM

1

t (Wi st + w18

1
sin By, cos 6y, Zu Jﬁc} ' (1.22)

The J* denote the electromagnetic, charged and neutral current of each fermion
field v ¢

S =y (G + Y)Yy (1.23)
T = Ury™(T +iTo)yy (1.24)
Joe = Upy" Tsyry —sin 0, J2 . (1.25)

In the first term the electrical charge is identified with Q = T3 + Y. The charged
current term describes W boson production and decay into chiral fermions:

1.
e =3V — sy . (1.26)

The neutral current is usually written in a more general way to split vector and
axial-vector currents:

1-
Ke =3V (ur" = gar'vs) ¥y (1.27)
with the coupling constants

g =Ty —20sin’ 4, (1.28)
gh=Ts, (1.29)

and with 73 and Q according to Table 1.1. This relates the electromagnetic coupling
e to the electroweak couplings g; and g,

e = g1 cos by = grsinby, (1.30)
The classical Fermi interaction of charged currents

Gr
Lrermi = —EJ;CCJ{;C (1.31)
is a second order process in the Standard Model mediated by W exchange. In the
limit of small momentum transfer the Fermi constant G becomes
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g
Ggp= —————. (1.32)
42M3,
The constant Gr is determined in muon lifetime measurements to the current
world-average value of Gg = 1.16637(1) x 107> GeV~2 [3]. The W-mass can
therefore be calculated at tree level:

TTOQED
My = ————— (1.33)
v sin® QwﬁGF
with the electromagnetic agep = €*/47. This implies
1
V= —— . (1.34)
V2GE

which numerically is equal to v = 246.221(2) GeV. All mass terms in the Standard
Model are proportional to v. Apart from the gauge bosons, no other particle mass is
however fixed by only this value but involves a second free parameter.

The physical manifestation of the Higgs mechanism, the neutral Higgs boson, H,

interacts with the fermions and gauge bosons. The interaction Lagrangian is given
by:

mg - M\ZV ) 2 M% m 2
Luin = ——HY vy + W, Wy (H> +2vH) + 2 2nZ (H® +2vH)
(1.35)
and the lowest order Feynman diagrams are shown in Fig. 1.1. The Higgs couplings
to fermions and vector bosons, Hff, HVV, and HHVV, depend directly on the
particle masses:

my M} M}
guff =1— 3 8uvv =—21— guuvy = —2—. (1.36)
v v v
f v
H H

f \"
H \
H v

Fig. 1.1 Lowest order Feynman diagrams of Higgs boson couplings to fermions, f, and massive
gauge bosons, V=W, Z
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The Higgs boson has not been discovered experimentally, yet. The coupling
structure is therefore important in the corresponding searches, since it is expected to
couple to the heaviest particles that is kinematically allowed. Important production
and decay channels with massless particles, like gluons and photons, are possible
via loops, which is described later in more detail.

Indications about the energy scale of the mass of the Higgs boson can be derived
from several arguments. The unitarity bound on longitudinal gauge boson scat-
tering [9] requires new physics in the TeV energy scale. If it is the Higgs boson
that dresses the scattering amplitude to not exceed the unitarity limit, the mass of
the Higgs boson should not exceed 870 GeV (at tree level and in the high-energy
limit [10]). Furthermore, the Higgs width into vector bosons increases to lowest
order with M3 /v?. The particle character of the Higgs boson requires that the width
should not exceed My, which limits My to about 1.4 TeV [10].

Quantum effects of the Higgs self-interaction potential

Y
Ly seit = AH? + ZH4 (1.37)

lead to additional theoretical constraints. The renormalisation group equation for
the Higgs self-coupling A behaves to first order and in the limit of large momentum
transfer, Q% > 0, according to [11]

1
A(0%) = A(v) T e (1.38)
1 — 7z A (v*)log 3
4n2y?
This means that the coupling has a Landau pole at Ac = ve i , where it

becomes infinite. This typical behaviour of a ¢* theory shows that it is only an
effective theory up to the scale A¢. Thus, if A¢ is set to the very high energies of
the “grand unification” (GUT) scale of about 10'® GeV, the Higgs mass must not
exceed &~ 250 GeV for the theory to remain valid. This triviality bound is shown
graphically in Fig. 1.2. One must however keep in mind that in case of large values
of A, perturbation theory will break down. On the other hand, lattice calculations
show that this limit still stays in the range of My < 710 GeV [11].

A lower limit on My is derived from the stability of the Higgs potential [5].
Quantum corrections to HH — HH scattering with fermion and vector boson
loops tend to push A(Q?) to negative values. In the small coupling limit, one obtains:

2

4 3
{—12’% + = (2g§ + (g + g%)z)} log% (1.39)

M%) = AV + T

1672

which can become negative if A(v?) is small. The Higgs potential then develops a
new minimum V(|Q|) < V(v), which is not stable. To avoid the instability, the
Higgs mass should fulfil
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2 2

4
2 _ 24,2 v my 3 4 2 2)2 0
M}y = 20070 > —— {_IZF += <2g2 +(2+42) )}mgF . (1.40)

which depends mainly on the top quark mass, m,, and the values of the gauge cou-
plings, g;. This yields My > 370 GeV for Ac = 10'® GeV. A more accurate
calculation [12, 13] results in My > 125 GeV, depicted as vacuum stability bound
in Fig. 1.2.

However, the vacuum could also be meta-stable and the electroweak minimum
may differ from the absolute minimum of the effective theory. To avoid significant
tunnelling probability between the two vacua, the Higgs mass should also not exceed
some minimal value, which is about 10-15GeV lower than the normal stability
bound [13].

The fermion and boson loop corrections to the Higgs propagator relate the phys-
ical Higgs mass, My, to the “bare” mass, Mf_’l, of the unrenormalised Lagrangian.
The corresponding lowest order diagrams are shown in Fig. 1.3. Cutting the loop
integral momenta at a scale A one obtains in the limit of a large top quark mass at
lowest order [5]:

2

2 3A
M} = (M) + o [M{ +2M§, + M — 4m?] . (1.41)

600

500

A
(=)
QS

/ectroweak

300

Higgs mass (GeV)

200

100}

1 10 102
A (TeV)

Fig. 1.2 The theoretical bounds [14] on My from vacuum stability (lower bounds) and triviality
(upper bound) are shown as grey areas. They indicate the limiting values of My between which the
Standard Model remains valid up to the energy scale A. The hatched regions indicate where fine-
tuning at the level of 1 and 10% is necessary. The white region corresponds to the parameter range
where all constraints are fulfilled without much fine-tuning (> 10%). The analysis of electroweak
data leads to further constrains on My, indicated by the dashed area
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H H
f

W,Z H H

H H
W,z
H H H
H T
H

Fig. 1.3 Feynman diagrams of the one-loop corrections to the Standard Model Higgs boson mass

Now, if A is chosen to be at large energy scales of 10'® GeV, the parameter MI(_)I
must be tuned properly to 16 digits to get My right. Another solution would be
to avoid the quadratic divergence by choosing M2 = — (ZM&, + M% - 4mt2) [15].
This is however not valid at higher orders, and the fine-tuning problem remains. Fig-
ure 1.2 shows how much fine-tuning is needed assuming the validity of the Standard
Model up to a given scale A. Only for My ~ 200 GeV, fine-tuning is in a reasonable
range (> 10%) also at high energies. This is the most stringent theoretical constraint
within the Standard Model as a perturbative theory.

Eventually, also cosmological arguments which involve the formation of large
scale structures of the universe due to the so-called inflation model [16] can con-
strain the shape of the Higgs potential. Assuming that it is the Standard Model Higgs
field that initiates inflation and with certain conditions on the Higgs gravitational
coupling [17], a limit of My € [126, 194] GeV can be derived.

In summary, the rather general unitary bound requires new physics at the 1 TeV
scale, which in the Standard Model should appear in form of the scalar Higgs boson.
Further theoretical constraints indicate that My ~ 200 GeV if the Standard Model
shall remain valid to very high energy scales.

1.2 Quantum Chromodynamics

Strong interactions of quark fields v, and gluon fields G, are described in the Stan-
dard Model Lagrangian by the following term:

£c010ur = __FMUFSU + leli /V (8 - lg3G ) I:/fq k - (142)
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where a = 1,...,8 and j,k = 1,2, 3 denote the colour indices for gluons and
quarks, respectively. The sum extends over all quarks u,d,s,c,t,b. The gauge field
strength of the gluon fields G, is given by

F, =0,Gl —0,G5, — g3 f*" GG, . (1.43)

The constant g3 is the coupling parameter and the factors £ are the SU(3)
structure constants. The A* matrices denote the three-dimensional representation of
the group generators of the SU(3).

Since quark-gluon and gluon-gluon interactions are proportional to g% one intro-
duces the strong coupling constant ey = g7 /4. The most interesting property of
QCD is the behaviour of «;: when virtual corrections due to the gluon field are taken
into account, the strong coupling changes with momentum transfer ¢? like:

127
(33 = 20 log (42/A3cp)

as(q?) = (1.44)

with the QCD energy scale Agcp and the number of quark flavours n ; with quark
masses lower than \/? . This means that the value of «; decreases with increasing
g°. This effect is known as asymptotic freedom. However, the opposite behaviour is
seen with decreasing ¢?: the coupling strength increases. This has the consequence
that no free coloured objects are observed in nature, and quarks and gluons are
bound by the principle of colour confinement. The running of «; is nicely confirmed
in measurements which are compiled in [18].

The predictions of perturbative QCD are successfully applied when quarks and
gluons can be considered as free particles, which is usually the case in the high
energy regime where effects of colour confinement can be neglected. The transition
from coloured quarks and gluons to the colourless hadronic particles in the final
state of a physics reaction is however difficult to describe from first principles. In
theoretical calculations, Monte Carlo models are an effective approach to cover the
fragmentation and hadronisation phase of the physics process. The most common
models are described at the end of this chapter.

1.3 Electroweak Radiative Corrections

Higher-order radiative corrections need to be taken into account for the theoretical
calculations to match the precision of the measurements. They also lead to more
involved relations between the Standard Model parameters, which are

the fermion masses, m;

the electroweak boson masses, My, My,

the mass of the Higgs boson, My

the electromagnetic and strong coupling constants, cqep and o

the elements of the CKM mixing matrix and, in an extension to the Standard
Model, those of the neutrino mixing matrix.
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The coupling constants that appear in the charged and neutral current interac-
tions are in principle functions of these parameters and of the quantum numbers
of the interacting particles. The non-trivial relations between coupling and mass
measurements are tested in a combined analysis to accept or reject the theoretical
model.

The tree-level Eq. (1.33), which relates the W boson mass to the Z boson mass,
is modified in the following way:

M2 1
M2, <1 - —";) — T%QED (1.45)
M; V2Gg 1 —Ar

The Ar term is due to propagator corrections caused by loop diagrams, as shown
in Fig. 1.4. They can by split into QED corrections, Aoggp, to the photon propaga-
tor, electroweak corrections, Ap, and an electroweak remainder term, Aremainder:

cos? 6,
Ar = AOlQED - TA,O + Arremainder (146)
sin” Oy,

The QED corrections are related to the photon self-energy which change the
electromagnetic coupling for non-zero momentum transfer ¢>:

1

_ 1.47
1 — Aagep(g?) (L47)

aqen(q?) = agen(0)

where agep(0) = 1/137.035999679(94) [19]. The most interesting value is the cor-
rection at the Z-pole, g = M%, because many precision measurements are carried
out at this centre-of-mass energy.

f t
Y Y w w
f b
o H
P oHoy w w
WS AW

Fig. 1.4 Feynman diagrams showing leading order loop corrections to the vector boson
propagators
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Each fermion with mass m < /g2 contributes to Aa(M?2). The leptonic correc-
tion has been calculated to third order to be Aa;, = 0.03150 [20] with negligible
uncertainty. The corrections due to quark loops require a more detailed analysis
because there are potentially large QCD corrections to be taken into account. The
top quark term, Acp, is treated separately since it depends on the top mass. Its value
is Aayp = —0.00007(1) [21]. The light quark term, Ac’), is usually calculated
from measurements of the hadronic cross-section in e*e™ collisions at centre-of-
mass energies, /s, well below the Z pole, /s <« Mz. An experimentally driven
evaluation yields Aal(fdz, = 0.02758 £ 0.0035 [22]. This correction gives the largest
uncertainty to Aa(M3).

The p parameter is defined as

1 M3,
p = cosZ0. X M2 (1.48)
and has a value of 1 at tree level. The quantum corrections to this relation is mainly
determined by the self-energy of the W boson propagator. It is sensitive to all SU(2)
multiplets which directly couple to gauge bosons and exhibit a large mass splitting.
The mass differences in the light quark multiplets are in general small. The leading
term is therefore given by the t — b loop:

G]:I’l’lt2
—— = 0.00939 £+ 0.00014 (1.49)
872/2

in the approximation m, >> m,, and using the recent measurement of the top quark
mass, m, = 173.1 + 1.3 GeV [23], by the CDF and D@ collaborations.

Higgs boson contributions to Ap are playing an interesting role in the analysis of
measurements in the framework of the Standard Model. The corrections are

Apr =3

GrMy, 5 < M} 5)
Apy = =3 tan“ 6y | log — — — (1.50)
. 8722 £

for My > M.
Also in the remainder term Higgs and top quark contributions appear:

GpM2 2 1 2
Arppem = ——— W {3 cot? me—‘z +2 <cot2 Oy — —> log m_;
8712/2 M, 3 M2,
4 2 2 7
+§ log cos” 6, + cot” By, — ) (1.51)
V2GeMY, (11 M2 5
Arprem = ~———5 15 |log —F — = |1 . 1.52
T'H.re 1672 { 3 (Og M\ZV 6>} ( )

again for My > M.
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Radiative corrections are as well important in the determination of the Z cou-
plings to the fermions, g{, and gf\, and their effective values are defined as

v = /or (T5 — 20¢sin® 65) (1.53)
g = ol (1.54)

with an effective weak mixing angle, sin’ 6‘;&, and the pr parameter which includes
universal Z propagator and flavour specific vertex corrections. This eliminates the
dependency of the measurements on radiative corrections and reduces the measure-
ment uncertainty. Using this definition, the ratio of the effective vector and axial-
vector coupling is directly related to the effective weak mixing angle, given by

1 eff
Sin® Oogr = 4 (1 - ngf> (155)
4 8A

There is an effective angle for each type of fermion, which is proportional to the
on-shell definition of the mixing angle (see Eq. (1.21)):

sin® 0% = Ky sin® @y, . (1.56)

The factor «¢ is related to the radiative correction term Arg by the following
equation:

V2GE M2 sin? 'y cos? 0, = lni‘QZ’if . (1.57)
The quantity Ary is very similar to the one that is given in Eq. (1.46):
cos? 6
Arf = AO[QED -~ WA,O + Arfyrem . (158)
sin” 6

w

Only the last term Ary e, is defined differently and takes additional Z/y — ff
vertex corrections into account. A more detailed discussion can be found in [24].

Current calculations include electroweak radiative corrections at two-loop order
to the W boson propagator. Complete fermionic two-loop results are available for
the determination of sin” 6%;. In the limit of large m; the top contributions to Ap are
known to three-loop order.

Since precision measurements are well sensitive to these small quantum correc-
tions there is sensitivity to the mass of the Higgs boson, which is the only particle
of the Standard Model that has not been observed, yet. Other indirect determina-
tions of Standard Model parameters work out well. The derived mass of the W
boson My = 80.364 4 0.020 GeV agrees well with the direct measurement at
LEP and Tevatron of My = 80.399 £ 0.023 GeV. The indirect top quark mass
my = 179.34_1;"5'6 GeV [26] has a much lower precision than the direct measurement
by CDF and D@, m; = 173.1 & 1.3 GeV [23], but also here the agreement is very
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Fig. 1.5 Historic development of the indirect limits on the top mass, the direct search limits and
eventually the measurements at the Tevatron [25]

good. In fact, the discovery of the top quark was lead by more and more precise
model predictions. The historical development of these calculations and the first
measurements are compared in Fig. 1.5. This gives confidence that also the indirect
information on My is useful within the Standard Model framework.

From the analysis of electroweak precision measurements alone, an upper limit
of 157 GeV at 95% confidence level (C.L.) can be derived [26]. Combined with
direct searches for the Higgs boson at LEP [27], this constraint is weakened slightly
and a 95% C.L. range of 114.4 GeV < My < 186 GeV for the mass of the Higgs
boson is determined [26]. This is well in the reach of the LHC and Higgs boson
searches and dedicated analyses concentrate on the low My region.

1.4 Extensions to the Standard Model

The most attractive theoretical extension to the Standard Model is super-symmetry
(SUSY), which is introducing a global symmetry between bosons and fermions
by changing the spin by +1/2 units. The corresponding operators, Q,, transform
fermions into bosons and vice-versa:

Q|Fermion) = |Boson) ; Q|Boson) = |Fermion) (1.59)

They are spinors and follow the SUSY algebra:

{Qu, 0p) = —(g")ap Py » (1.60)
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where P, is the momentum generator of space-time translations. The particle spec-
trum of the Standard Model is preserved and extended by super-symmetric partners
of the known elementary particles. The partners of fermions are scalar sfermions,
and the gauge boson sector is mapped to spin-1/2 gauginos. Super-symmetric mod-
els overcome some of the deficits of the Standard Model. If SUSY is exact, the fine-
tuning problem is resolved due to opposite-sign loop contributions from fermions
and bosons. However, the symmetry can evidently not be exact and is broken at
some SUSY energy scale, since the not yet discovered SUSY partners must be of
larger mass than the currently known Standard Model particles.

In super-symmetric models the Higgs-sector is necessarily extended to two Higgs
doublets to avoid anomalies and to provide super-symmetric mass terms for up-
and down-type fermions. The first doublet, H;, is giving masses to the down-type
fermions and the second, H,, introduces masses to the up-type fermions. This results
in three neutral Higgs bosons, h°, H?, A°, and one charged Higgs boson, H*. The
neutral Higgs fields 2° and H® are CP even, while the A° field is CP odd. The
super-partners of the weak gauge bosons and the Higgs super-partners actually mix
and form neutralinos, 7(?,2,3. 4> and charginos, sz.

An important parameter of SUSY is the ratio of the vacuum expectation values,
tan 8 = vy /vy, of the Higgs doublet fields. Taking the splitting of the mass scale
of up- and down-type fermions into account, one can argue that tan 8 should be
in the order of m/m; ~ 40. Experimental constraints will be discussed later (see
Chap. 4).

SUSY particle production is usually studied within the gravity and gauge medi-
ated minimal SUSY models Minimal Super-Gravity (mSUGRA)) [28] and Gauge-
Mediated Super-symmetry Breaking (GMSB) [29]. Benchmark scenarios are cho-
sen to cover a wide range of experimental signatures. In both models, R-parity
defined as R = (—1)38+L+25 with lepton number, L, baryon number, B, and spin,
S, is conserved. As a consequence, SUSY particles can only be produced in pairs
and the lightest SUSY particle (LSP) is stable. This leads to typical detector sig-
natures from the SUSY decay chains since the LSP is expected to be only weakly
interacting.

Typical mSUGRA models analysed at the LHC are for example, SU1, ...,
SUS.1 [30], with different values of the universal sfermion and gaugino masses
at the GUT scale, mq and m,, of tan 8 = v, /vy, of the sign of the Higgsino mass
parameter, j, and of the universal trilinear coupling, Ay, at the GUT scale. The next-
to-leading order (NLO) total summed SUSY cross-section at LHC centre-of-mass
energies of 14 TeV varies between 6 pb (SU6) and 402 pb (SU4) [31] for these
models.

The cross-sections for SUSY Higgs production at the LHC is in the order of
1,000 pb for large tan § = 30 and small Higgs masses of 100 GeV [5], down to
0.1 pb for large Higgs masses of 1,000 GeV. An interesting fact of SUSY models
is the upper mass limit on the lightest Higgs boson, 4, which is in the order of
110-130 GeV [33], depending on the mixing in the super-symmetric top sector.
Because the couplings to up-type fermions are enhanced for tan § > 1, the largest
branching fraction of the /& boson are to b-quark and t lepton pairs (& 90% and ~
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10%, respectively). These are also the main decay channels of heavy CP-even Higgs
bosons for large tan 8. For smaller values of tan 8 and 125 GeV < My < 250 GeV,
the decays of the H boson are similar to the Standard Model Higgs boson, while for
higher masses also the decay channels to 4 boson and top quark pairs open up. The
CP-odd Higgs boson decays predominantly to bb and *z~ and for high masses to
top quark pairs. The charged Higgs decays mainly to v for masses up to My+ =~ my,
above which the tb final state is preferred. These final states are therefore the main
search channels for super-symmetric Higgs bosons. The mass spectrum of the Higgs
bosons depends mainly on the mass of the CP-odd Higgs boson, M 4, which is shown
in Fig. 1.6, together with the different Higgs bosons that can be discovered at the
LHC in different regions of the SUSY parameter space [32, 30].

In this work, however, only general aspects of SUSY will be discussed in the
framework of the precision electroweak measurements. Further details can be found
in [5, 30, 34, 35].

The Higgs sector may be enriched by adding more or higher Higgs multiplets.
Such models are all constrained by the fact that the p parameter should not deviate
too much from the measured value of 1. For a set of Higgs bosons with vacuum
expectation values v;, isospin /; and third component If, the tree-level value of p is
given by:

X fnc+ 0 - (@)}

p = 5 (1.61)
3 2
2% (Ii ) v;
a

. b

500 T — ; -
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Fig. 1.6 (a) Super-symmetric Higgs boson masses as a function of the mass parameter, M, for
the maximal top/stop mixing scenario [10]. (b) The number of SUSY Higgs bosons which can be
discovered by the ATLAS experiment for different regions of the M, — tan 8 plane assuming an
integrated luminosity of 300 fb~! [32]
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For the Standard Model and multi-Higgs-doublet models, like SUSY, one always
obtains a value of 1. If up- and down-type fermions would be of equal mass in each
generation, p = 1 would hold exactly even at higher orders in the Standard Model
since a larger SU(2);, x SU(2)g symmetry would be apparent. The top/bottom
mass splitting is however breaking this symmetry. Higgs triplet models are possible
extensions of the Standard Model and provide a mechanism for SU(2), x SU(2)g
symmetry breaking [36]. These models are also attractive because it is possible to
construct neutrino mass terms compatible with current observations. One way to
explain the smallness of the neutrino masses is the so-called see-saw mechanism
which mixes right- and left-handed neutrinos such that heavy and light mass eigen-
states evolve [37]. Mass terms of this kind can for example be constructed in Higgs
triplet models. Experimentally, one should observe in addition to a rather light neu-
tral Higgs boson [38], single- and double-charged Higgs boson, which are however
not found, yet [39].

Higgs triplets are also predicted in Little Higgs models [40] in which the Higgs
sector is dynamically generated by the interaction of originally massless scalar
fields. The Higgs is therefore a composite particle. However, new massive vector
bosons and fermions as well as additional heavy up-type quarks are predicted in the
model, which have not yet been seen in experiments.

Although the Higgs mechanism is very attractive for breaking electroweak sym-
metry and providing particle masses, there may be alternatives [41] which explain
these phenomena without a Higgs field. The strong Wi W scattering must then be
unitarized by some other states, e.g., techni-p particles in Technicolour models [42]
or Kaluza-Klein (KK) gauge bosons in Higgs-less Models [43]. A generalised
treatment of these models can be performed in terms of an effective Lagrangian
method [44], which allows the study of possible effects in electroweak boson scatter-
ing and signatures at the LHC. New resonance states as well as anomalous scattering
cross-sections can be expected in these scenarios.

A requirement of all more or less exotic extensions of the Standard Model is
the necessity to be compatible with todays precise measurements in the electroweak
sector. In the remaining part of this chapter the phenomenology of the most impor-
tant Standard Model processes will therefore be discussed.

1.5 Z Boson Production and Decay in e*te~ Collisions

The properties of the Z boson were studied in detail at LEP and SLD at energies
around the Z pole. The following paragraphs summarise the most important observ-
ables that enter into the global analysis of electroweak data. Further details can be
found in [45].

At energies below the W-pair threshold, Z bosons only decay to fermion pairs.
The diagrams that contribute to the process ete™ — ff at lowest order are shown in
Fig. 1.7. The differential cross-section with photon and Z exchange, as well as their
interference, can be written in the following way
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e* f f
Z/Y - /9( +

€ f f

Fig. 1.7 (a) Feynman diagrams for fermion-pair production in e*e™ collisions with photon and
Z-boson exchange. (b) The scattering angle, 8, between incoming electron and final state fermion

f
do (ete” — ff) = N,

2 2
d cos® 25 {la(s) Q¢ (1 + cos® 0)
—8Re (a* Qrx (5) [GveGvi(l + cos® 0) + 2GacGar cos 0])
161 ()2 [(1Gve* + 1Gac)1Gvil® + 1Gar)(1 + cos? 8)

+8Re (GveGi.) Re (GyiGys) cos 6]} (1.62)

where complex coupling constants «a(s), Gvt, Gar are used to absorb electroweak
corrections (see [45]). Their real parts are related to the real couplings gi, and gl by

gy Gvr 248
B ReZY — 1 — 4Q;sin® 0 . (1.63)
gA gAf

The polar angle 6 is the angle between the produced fermion and the incoming
electron beam, as illustrated in Fig. 1.7. The propagator term

GFM% S
825 — M2 +isTy/My

x(s) = (1.64)

is defined with an s-dependent width, I’y = Iz(s). This is the convention used for
all mass measurements at LEP. The alternative mass definition as the real part of the
complex pole corresponds to a propagator with an s-independent width:

GFM% S
STN2 s — M2 +il Mz~

x(s) = (1.65)

The two sets of variables are related by

Mz, = Mz\J1+ T2/ M2 ~ Mz + 34.1 MeV (1.66)
[z =Tz/1+T%/M; ~T7+ 0.9 MeV (1.67)

Both propagators lead to the same resonance shape o (s). For numerical results
the s-dependent width scheme is used.
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The partial width of the Z decaying into fermion pairs is given by

NfGFM
‘6427

The radiator factors Rys and Raf take into account final state QED and QCD
corrections, while by A, ocp small contributions from non-factorisable corrections
are included. To first order the R factors for axial and vector coupling are equal and
given by

I'g = (IGasl* Ras + 1Gvel* Rve) + Aew,qcp (1.68)

Rvt = Rar = Ry = Rgep Rocp (1.69)

with QED correction terms for all charged fermions

oc(Mz)
Roep = 1 + -Q% Z (1.70)
and QCD correction for quarks
«, (M )
Rocp = 1+ - (1.71)

This inclusive definition of the fermionic decay width with quantum corrections
simplifies the relation to the total decay width of the Z boson:

FZ = Fee + Fp,//, + FTT + Fhad + 1—‘inv (172)

where the hadronic width is the sum of the quark decay widths

Thaa = Y Tag - (1.73)
qF#t

The so-called invisible width sums up the contributions from neutrino decays
Ciny = NIy . (1.74)

The factor N, is the number of light neutrino generations and equal to 3 in the
Standard Model. By measuring total and partial width of the Z boson this identity
can be verified experimentally.

Furthermore, the total cross-section of the cos 8-symmetric Z production term is
written as

0 2
z_ % sly

O’_
RQep (s — M2)* + 212/ M2

Z - (1.75)
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with the pole cross-section

o 127 Tl
oMoy

(1.76)

The hadronic pole cross-section a,?ad and the hadronic to leptonic branching ratios

o _ DIhad
0=
T

(1.77)

are observables that are included in the global analysis of electroweak data.

Since the axial couplings between Z and fermion, gg, are non-zero, there is an
asymmetry in the number of events with the fermion produced in the forward (6 >
/2) and backward (¢ < m/2) hemispheres. This asymmetry is experimentally
determined as

Nr — Np

= — (1.78)
Np + Np

Arp

where Ny is the number of events with a forward scattered fermion, and N the
number of events with a backward scattered fermion. If only Z boson exchange
is assumed the differential cross-section is simplified. For the case of incoming
polarised electrons and unpolarised positrons, and averaged over final state helicities
it is given by:

dog _ E tot [(1 _ > B
dcosd  8°f [(1 = PeAe)(1 + cos? 0) + 2(Ae — Pe)Arcosf] , (1.79)

with the electron polarisation P, and the asymmetry parameter

2 f f
A = 8vEA (1.80)

2 2
(8v)" + (8h)
The forward-backward asymmetry is therefore equal to

+1 doff 0 doff
fO dcosOdCOSQ _ffl dCOSQdCOSQ __OF — 0B

+1 doff dcosb oF +O'B
—1 dcos6

Apg =

3
= ZAeAf. (1.81)

When the beam is polarised, the left-right asymmetry can be determined by
measuring the event rate difference for positive and negative polarisation P, of the
incoming electrons:

Ar=——L=A,. (1.82)
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And finally, the left-right forward-backward asymmetry is proportional to A4s:

(or —op)L —(oF —op)r 1 3
A — =2A 1.83
M or ¥ op)L + (oF +op)r (IPl) 47 (1.8

In case of the tau lepton, also the final state helicity can be measured. The corre-
spond polarisation is defined as

d(o, — o) (d(o; + o)\~
0) = 1.84
Prlcosd) dcosf ( dcosf > (1.84)
and given by
Ag(1 + cos?0) 4+ 2.A. cos O
0)=— 1.85
Pi(cos8) (1 4+ cos20) +2A.A;cos b (1.85)
and its average is
(Pr) = —Ay (1.86)

The asymmetry observables on the Z pole are defined without further radiative
corrections, unlike the Z decay widths. To extract the asymmetry from data the
measurements are corrected for radiative effects, y exchange and y — Z interference
terms. The pole quantities derived in this way are eventually

Ad = A Ar (1.87)
Alg = A (1.88)
Alprs = ZA (1.89)
(PY) = —Ar (1.90)
AR = ——A (1.91)

Since the parameter A, is measured in left-right asymmetries independently from
the forward-backward asymmetries, also the individual parameter A,,, A;, A, and
A, can be extracted. When expressing them as functions of the weak mixing angle
one finds from Egs. (1.80) and (1.55):

g{//g/fs, -2 pf 1
Af=2ﬁ=2(1—4|gf|sm 62r) —
1+ (gv/gA) 1+ (1 — 4| Q¢ sin geff) )

1 — 4| Q¢ sin® 0%

T 1 —4(Qsin? 0% + 8| Q¢ sin® 0],

(1.92)
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This shows that the determination of the asymmetry parameters is a sensitive
measurement of sin’ Ggff, deeply connected to the symmetry breaking mechanism of
the Standard Model.

1.6 W Boson Production at LEP

The production of W boson pairs in ete™ collisions gives further handles for Stan-
dard Model tests. The W mass can be measured directly from the invariant mass of
its decay products. Triple gauge boson couplings (TGC) of photon and Z to the W
bosons as well as quartic couplings (QGC) can be determined from the analysis of
the production angles and the polarisation of the W’s. The fraction of longitudinal
to transverse polarisation of the W bosons is measured as well.

To lowest order, the production of W-pairs is described by two Feynman dia-
grams, the #-channel neutrino exchange and the s-channel Z/y exchange, as shown
in Fig. 1.8. The diagram with a Higgs propagator is suppressed by a factor m./ M
and can be neglected. The s-channel graph involves the non-abelian gauge boson
couplings, which are described later in more detail.

The lowest-order cross-section for on-shell production of W-pairs near the thresh-
old is given by

do aéED 1 [
— = —F—pB |1 +4Bcosb
d2 s 4sin* 6, P P

3cos? b, — 1 + O(ﬂz) (1.93)
4cos20, — 1 ' ’

The leading term is proportional to the W velocity, B, and is from #-channel
neutrino exchange. It is the dominating term in the production threshold region,
where /s &~ 2Myy,. For the total cross section one finds

2
TR 1 5
~ — 4B+ 0 1.94
a4+ 0B (1.94)

Fig. 1.8 Feynman diagrams for W-pair production at LEP with neutrino f-channel and Z/y
exchange
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The terms proportional to 8 drop out, and s-channel and interference contribu-
tions are only proportional to 3. There is therefore no sensitivity to TGCs in the
W-pair cross-section close to the threshold.

For a more complete description of the ete™ — WW process, also the decay
of the W bosons needs to be taken into account. W bosons decay into pairs of
quarks, one up-type and one down-type quark, qq’, or a lepton and the corresponding
neutrino, £v,. Possible final states are therefore fully hadronic qqqq, semi-leptonic
qqfv, or fully leptonic £v€v. This makes W pair production part of the so-called
four-fermion processes, ete™ — ffff. They are usually denoted as charged current,
CC, and neutral current, NC, processes, depending on the boson that is exchanged
in the signal process. The number of diagrams that are contributing to each final
state in W-pair production is listed in Table 1.2. In this nomenclature, tree-level
We-pair production is a CCO3 process, while the complete description for the qgev
final state, e.g., is of type CC20.

The CCO3 cross-section takes also off-shell W-pairs into account. In a simplified
form, the double-differential cross-section aé:cm (s;84,5—) = js‘f;;i is folded with
the Breit-Wigner propagator terms py (s+) [46]:

K (Ws— /5% ?
o (s) = / dsy f ds_pw(s)pw(s_)og P (sis+.s—) ., (1.95)
0 0
where s, = ki and s_ = k2 are the squared four-vectors of the internal W bosons.

The Breit-Wigner factors are given by:

1 Mw Ty
pwiss) = — . 5
T sy — Mg, +iMwly

x BR, (1.96)

with the branching fraction BR of the corresponding decay channel. The on-shell
expression is recovered by letting the W width, Iy, go to zero:

pw(ss) — 8 (s2 — My) x BR for Iy — 0 (1.97)

In the simple analytic approach the main corrections from initial state photon

radiation (ISR) may be included as well. Photons emitted by the incoming electrons
reduce the effective centre-of-mass energy, v/s’ < /5. In the case of a single photon

Table 1.2 Number of four-fermion diagrams for the different final states in W-pair production

du sc etv, whv, Ty,
di 43 11 20 10 10
sC 11 43 20 10 10
e U, 20 20 56 18 18
wB, 10 10 18 19 9

TV 10 10 18 9 19
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of energy £, radiated parallel to the beam, Vs is given by

Vs'=4/s 1—2%. (1.98)

Photon emission with energy fractions x; from each beam can be described by
structure functions D(x;, s) which need to be convoluted

1

F(x,s)= /dxldxzé(x — x1x2)D(x1, $)D(x3, 5) (1.99)
0

The improved cross-section including ISR is then

(s/5)max

o CCOBISR oy — dxF(x,s)/dS+
0

(8"/$)min
(Vxs— /5% ’

ds_pw(sy)pw(s_)og P (s;5+,s—) . (1.100)

Figure 1.9 compares the lowest order calculations using GENTLE [47]. One

observes that both the finite width and ISR effects lead to a broadening of the
production threshold.

I I
- -- GENTLE on-shell Born
----- GENTLE off-shell Born
20 | — GENTLE off-shell Bon + QED ~__---=----~__7]
------- RacoonWW
o)
=
g
6 10 A
0 ; T . .
140 160 180 200
Vs [GeV]

Fig. 1.9 Cross-section of W-pair production in e*e™ collisions at lowest order, including W

width effects, with ISR corrections calculated with GENTLE and the full O(«) calculation with
RacoonWW
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To eventually match the precision of the LEP measurements more complete
radiative corrections need to be taken into account. The most recent predictions
available in the RacoonWW [48] and KandY [49] Monte Carlo programs contain
electroweak corrections at O(«). This brings the theoretical uncertainties on the
cross-section to the level of 0.5% at centre-of-mass energies above 180 GeV. Around
the threshold, /s &~ 2My, the precision is only in the order of 2%. The improve-
ment in accuracy in the higher energy range is due to the so-called leading or double-
pole approximations (LPA/DPA) [50] which are applied to treat the virtual radiative
corrections. In these approximations the matrix element is expanded around the res-
onant poles in powers of Iyw/(Mwf). The expansion is therefore only valid when
the velocity g is sufficiently large, i.e. well above the W-pair threshold.

Recent results with better accuracy for the threshold region are obtained in an
effective field theoretical approach [51]. In the analysis of LEP data they are not yet
applied. But they may become important when a future e*e™ linear collider will be
operated at the W-pair threshold and large statistics data samples are collected.

1.7 Z and W Boson Production at Tevatron and the LHC

At pp and pp colliders the electroweak gauge bosons are produced as a single
particle or in pairs through a parton-parton process, for example the Drell-Yann
production of W and Z bosons, qq — Z and qa — W. The total cross-section of a
certain process pp — X at a centre of mass energy ﬁ can be written as:

1 1
o=2/6,»,<§,uf,ur)/0 /0 i (x1ong) £ (2. 1) 86 — xix0) doxy dxa dS
iJ

(1.101)
The different quantities in the equation are

6;j = parton-parton cross-section i + j — X

V3 = reduced centre-of-mass energy of the parton reactioni + j — X

. . 2E,
x1 = energy fraction of parton i; x; = —

s
. ) 2E,
Xxp = energy fraction of parton j; x, = —

NG

fi(x) = parton distribution function (PDF) for parton i (same for j )
= probability to find parton i with energy fraction x inside the proton
u r = factorisation scale

i, = renormalisation scale

The partons i and j may be quarks (u,d, s, c, b, t, i, d,s,¢,b,t) and gluons
inside the two protons of the colliding beams. The delta function §(§—xx,s) ensures
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the energy conservation. In the very simplified case of the production of a narrow
resonance the parton cross-section can be written as

6,;(8) = 0,6 — M*)M? (1.102)

where M is the mass of the resonance and o;; the (constant) cross-section of the
reaction i + j — X at the peak of the resonance. The total cross-section is now
simplified to

o= oM x Ly (1.103)

ij

with the parton-parton luminosity
1
11 M?
Lij=— | —fi)fj | — | dx (1.104)
s ) x xs
u2

neglecting dependencies on factorisation and renormalisation scales in this notation.
The rapidity of the resonance X is defined as
1 E—pL

y =5 log

(1.105)
2 E+pL

with energy E and longitudinal momentum p; . It is well approximated by the more
commonly used pseudo-rapidity

1 — 0
n:—log'm—pl‘z—logtanz, (1.106)

2 T Ipl+pL

which can be directly measured in terms of the polar angle 6. The energy fraction,
x, of the partons that produce the massive decay product at rapidity, y, is given by

X = —et (1.107)

The differential rapidity distribution of X is therefore to lowest order proportional
to the product of the parton density functions:

do M?> M M
- — .. A y . -y
& (pp — X) Ei.j %ij fi <¢Ee )f, <ﬁe ) (1.108)

Figure 1.10 shows the result of a proper calculation for W+ and W~ production
at the LHC simulated with a leading-order Monte Carlo program. One can observe
a significant difference between the two charged bosons due to different quark con-
tributions to the PDFs. This difference is planned be used in the determination of
the parton luminosity at the LHC [52].
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Fig. 1.10 Rapidity distribution at Monte Carlo generator level for W+ and W~ production at LHC
energies, taken from [52]

The simplified picture must be extended by taking W and Z width effects into
account, as well as QCD and QED radiative corrections. Taking higher order correc-
tions at next-to-leading order (NLO) and beyond into account, typically reduces the
scale dependencies on u, and u ¢ of the cross-section predictions (see e.g. Sect. 6.1
and 6.3). The production of W and Z bosons accompanied by jets with large trans-
verse momentum is also an important source of background for searches for new
particles at hadron-hadron colliders.

Production cross-sections for various Standard Model processes are shown in
Fig. 1.11, including some examples for vector bosons with exclusive jet produc-
tion [53]. Exclusive W/Z+jets cross-sections for up to three jets are recently avail-
able at NLO precision [54, 59]. Higher order Monte Carlo generators apply a match-
ing of the fixed order QCD calculations to traditional parton shower models [55-58].
Thus, measurements of W/Z+jet final states at the Tevatron are reasonably well
described by the theoretical predictions [53, 59]. This gives confidence that predic-
tions for LHC energies can also be trusted at the percent level.

1.8 Standard Model Higgs Boson Production and Decay
at the LHC

At the proton-proton collider LHC the Higgs boson is produced in several pro-
cesses [10]:

gluon fusion: gg — H

vector boson fusion: gq¢ — qq + W*W*, Z*Z* - qq + H
Higgs-strahlungoff Wor Z: qg - W, Z - W, Z+ H
Higgs bremsstrahlung off a top quark: ¢¢q, gg — tt + H

The corresponding Feynman diagrams are sketched in Fig. 1.12.

Gluon fusion is the by far dominating process with the highest cross-section over
the whole Higgs mass range. Although the massless gluons do not couple directly to
the Higgs, production via triangular quark loops is well possible. The large quark-
mass coupling compensates the dynamic suppression due to the loop diagram. To
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Fig. 1.11 Standard Model cross-sections at Tevatron and LHC energies, calculated at NLO preci-
sion. The discontinuities are due to the differences in parton content between p p and pp collisions.
The lines indicated for W + 1,2 jets correspond to jets with pr > 20 GeV and || < 2.5 [53]

lowest order the partonic gg — H cross-section can be written as [60]

6ro(gg —> H) =

with

The zero width approximation may be improved by substituting

2

8My

Cyo(H y Gra’M;,
— g8) = ——1
ro 364273

Tro(H — gg)8 (§ — Mj)

2
3
: > Al)| .
q

(1.109)

(1.110)
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Fig. 1.12 Feynman diagrams for Higgs production showing gluon-gluon fusion and vector-boson
fusion processes, as well as the associated Higgs production with top quarks and weak vector
bosons

ST/ My

8 (8 —Mj) —
(6= M) (5 — M2) + G T/ My)?

(1.111)

o=

The gluonic Higgs width ' o(H — gg) is expressed in terms of form factors
that depend on the squared Higgs-to-quark mass ratio t, = M} /4m§ [10]:

2

A;I(‘L'q) = ;[‘L’q + (g — D f(z))] (1.112)
q

B arcsin’® /T 27:51 113

Fo = —i [log —t‘/;% — in] 7> 1 (1.113)

For small quark masses the form factor vanishes, and it approaches a value of %
for mg > My. This formula is also valid in extensions of the Standard Model, where
higher mass fermions may appear in the loop and further increase the production
cross-section. In the Standard Model, the main contribution is from the top quark
loop. For Higgs masses below 2m, the infinite top mass approximation m; — 00
agrees with the full result within 10%, as can be seen in Fig. 1.13.

Corrections to the leading order cross-section are necessary because higher order
QCD processes generally change the lowest order results significantly. For total
cross-section calculations the corrections are usually phrased in terms of a K factor,
which takes NLO or even higher order effects into account, e.g. K = onLo/0L0 in
case of NLO corrections. The LO cross-section can be written in the following form

dﬁgé’
o(gg — H) = aOHzHE (1.114)
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Fig. 1.13 Gluonic width of the Higgs boson including all quarks in the triangular loop, excluding
the b-quark, and in the large m, limit [10]

where d£88 /dty denotes the gg luminosity of the pp collider as function of the
Drell-Yann variable ty = M7 /s, where s is the invariant collider energy squared.
This notation is helpful when adding NLO terms, which arise through the real and
virtual contributions, as shown in Fig. 1.14. The NLO cross-section is then given
by:

d‘cgg H H H
] + A 4+ Acl 4+ Acl (1115)

o(gg — H):O'OH‘L'H [I—G—CH%
TH

T

The coefficient C¥ is the finite part of the virtual two-loop corrections [10],
which are known to order o’. The Ao terms are the hard contributions from gluon
radiation in gg and gq scattering and gg annihilation. The corresponding K -factors
for these terms are shown in Fig. 1.14. The virtual K and the K, factors are the
largest and in the order of 50%, while the others do not contribute much. The total
correction at LHC energies is between 60 and 90% for low and high Higgs mass
ranges, respectively.

Recent calculations even include NNLO, soft N*°LO and N leading-log (N°LL)
calculations [61]. It turns out that NNLO corrections are still relatively large. Only
at the following order the perturbation series starts to converge and yields smaller
contributions (see Fig. 1.14). At all orders the dependence on the Higgs mass is
large, and the gluon fusion cross-section at the LHC drops from about 60 pb for low
My to below 10 pb for large My.

For the description of the transverse momentum, pr, and rapidity, 1, dependence
of the gg — H process at higher orders Monte Carlo techniques are used. Fur-
thermore, this allows the application of more realistic phase space cuts that are
close to event selections applied on detector level. Calculations with the NNLO
program FEHiP [62] have shown that NNLO effects can change the cross-section
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Fig. 1.14 (a) K -factors for the gg — H production cross-section at NLO [10]. (b) N*LO calcula-
tions of the gg — H production cross-section [61]

within cuts by up to 5% [63]. Standard Monte Carlo programs like Pythia [64] or
MC@NLO [58], only include LO or NLO effects, but may be improved to NNLO
level by event reweighting [65].

Vector boson fusion (VBF) has a lower total cross-section than the gluon fusion
process. But it provides the additional signature of quark jets with small transverse
momentum, pr, that can be identified by the LHC detectors. In the longitudinal
vector boson approximation [66] the total partonic cross-section is calculated to
be [10]:

G2M* N, M3 3 M?
5 —>qqH)= ‘£ Y_"°C 1 H)log— —2+2—H1  (1.116
6ro(qq — qqH) = v{( + : ) gMEI + 5 ( )

where N. = 3 denotes the colour factor and My the vector boson mass. The factor
Cy contains the quark-boson coupling constants:

C,= ((g$1)2 + (g11)2> <(g%2)2 + (g?f)z) L Cw=1. (1.117)

Because of the larger charged couplings the WW fusion is one order of mag-
nitude larger than the ZZ fusion in this approximation. More complete calcula-
tions include all polarisations of the intermediate bosons, like the one displayed
in Fig. 1.15, and NLO Monte Carlo programs are available [67].
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Fig. 1.15 (a) Vector boson fusion cross-section o (qqg — V*V* — Hgqq) at leading order [10]. (b)
Pseudo-rapidity distributions of the quark jets in the VBF process. The most central jet is shown
as a solid line, the most forward one as a dashed line [68]

Especially interesting is the kinematic behaviour of the quarks and bosons in
the VBF process. The direction of the bosons emitted from the initial partons is in
general close to the actual parton direction and their energies are of the order of
the Higgs mass. Therefore the remaining parton quarks keep practically all their
initial energy of about 1 TeV (at LHC) and have small transverse momentum, pr.
This also means that the hadronic quark jets are produced in the forward region.
When expressed with the pseudo-rapidity, n = — logtan %, which is a function of
the polar angle 6 with respect to the colliding particles, values in the range 1 < n <
5 are preferred, as illustrated in Fig. 1.15. Since there is no colour flow between
the two initial parton quarks a so-called rapidity gap is expected to be observed in
VBF production, which means that the hadronic activity in the central n range is
reduced. This feature is used to reduce background, mainly from 77 events which
are produced more centrally.

In the low Higgs mass region, My < 150 GeV, also the associated production
with W and Z bosons, gqg — WH, ZH has a sizable production rate. To lowest
order the partonic cross-section is given by:

GiMy A (M2, M2, 5) + 12M2 /3
6(qq — VH) = ——"Cya!? (M, M{;.3) (M7, M3, §) . v/
e (1= 13/3)
(1.118)
with the coupling factors for V. = W, Z:
2 2
Cz=(g%)" +(gd)” . Cw=1 (1.119)

and the two-body phase space function
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2
Mx. 2, y) = (1—5—2) —42 (1.120)
Z Z Z

Since it is a two-body decay the Higgs and the vector boson are produced back-
to-back in the ¢g rest frame, which may be used in the search for the Higgs boson.
The dependence of 6(qq — V H) on the Higgs mass at the LHC is shown in
Fig. 1.16, including NNLO QCD and electroweak radiative corrections.

The associated Higgs production with heavy quarks is like the associated vector
boson production mainly important for low Higgs masses. There are ten leading
order Feynman diagrams, since not only quark annihilation ¢,q; — g — ¢ H
contributes but also gluon fusion gg — ¢»g»H with s- and z-channel graphs. A
closed expression is therefore quite involved. More details can be found in [10].
The evolution of 7 H production with My for LO and NLO calculations is given in
Fig. 1.16.

Figure 1.17 shows a summary of the different cross-sections for the various Higgs
production mechanisms. At the LHC, gluon fusion clearly dominates and VBF is
very important in all My ranges.

The decay of the Higgs boson eventually determines the search strategy at the
LHC. The gluonic decay width already played a role in the gluon fusion process.
However, due to the multi-hadronic environment caused by the underlying event
and pile-up events, purely hadronic Higgs decays are very difficult to detect.

The other loop induced decay into two real photons, H — y y, is more important
because it has a clear detector signature. The decay width at lowest order is similar

]0"'I"'I"'I"'I"'I"'

a(pp — VH) [pb] b

V5= 14 TeV

a(pp— ttH + X) [1b]

10° ys=14 TeV 3
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Fig. 1.16 (a) Higgs cross-sections for associated boson production. The solid line includes both
NNLO QCD and electroweak radiative corrections, the dashed line only includes NNLO QCD
effects. At this order of the perturbation series, also gg — ZH production contributes, which
is indicated separately [69]. (b) Predictions of the #7H production at LHC energies at LO and
NLO [70]
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Fig. 1.17 Higgs production cross-sections at NLO [10]

to Eq. (1.110), except that the coupling to the final state is electromagnetic and all
charged particles are included in the loop:

2
GFa(ZzED H
TLo(H — yy) = BTV ZN QAT (ty) + Alj(tw) (1.121)
The additional term
1
All(r) = —§[212 +37 4327 — D) f(1)] (1.122)

is from W bosons in the loop. The fermionic amplitude A? (t7) and the functions
f(7) are defined in Eq. (1.112). The colour factor, N, equals 3 for quarks and 1 for
leptons.

The photonic decay width is much smaller than the gluonic one, as shown in
Fig. 1.18. Both decrease fast with increasing Higgs mass when the decay channels
to the heavy vector bosons open. This is also the case for the decay into low mass
fermions.

The fermionic Higgs decay width at lowest order is given by

GrN.
= Mym} B} (1.123)

MH— ff)= A on
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Fig. 1.18 Higgs total decay width (fop) and branchings fractions (bottom). Two-loop QCD and

leading electroweak corrections are included [10]

with the velocity of the fermions, 8, =

/1 —4m2/M}. Since the width is pro-

portional to the fermion mass, mainly b and ¢ quarks need to be considered. In this
case, also QCD corrections need to be taken into account. If the Higgs mass is much
larger than the quark mass, My >> m,, which is the case for the b quark, one can

approximate at NLO:
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Tnio(H — qd) 3GE \1m? 1+4“3 9+310 : (1.124)
N — m —— -4 = — .
NLo a aar e 3 \a T2 M,

Also for the top quark, where the previous approximation does not hold any
more, QCD corrections are formally added by a A%, term that depends on the top
velocity S;:

_ 3Gr 4o
Ino(H — 1) = mMﬁm%ﬁf {1 + g;SA’H(,B,)} (1.125)

Due to the kinematics the branching fractions for low mass Higgs bosons, My <
150 GeV, is dominated by the bb decay, as can be seen in Fig. 1.18. Also the decay
to tau pairs is important. Top pairs are clearly only produced beyond the 2m mass
threshold. However, Higgs decays into vector boson pairs are still dominating the
branching ratio in the high mass region My > 150 GeV.

The Higgs partial decay width into two real vector bosons is given by

GrM;,

Sy 1 —4dx(1 — 4x 4+ 12x?) (1.126)
16\/571 Y (

I(H - VV)=

with 8y = 2, 6z = 1 and the mass ratio x = Zv This means that for very large
H
Higgs masses the decay width into W bosons is two times larger than the one into Z

bosons. Also interesting is the longitudinal polarisation fraction

'y 1 —4x +4x2
Iy +0p 1 —4x+12x2

(1.127)

which approaches 1 for large My >> My. The W and Z boson are therefore practi-
cally 100% longitudinally polarised in the high Higgs mass range.

When the Higgs mass is not large enough to decay into on-shell vector bosons,
off-shell production needs to be taken into account, with the subsequent decay into
lepton pairs, H — VV* — ffff. Details of this decay mode are described in
Chap. 7.

The total Higgs decay width as a function of My is displayed in Fig. 1.18,
together with the branching fractions into the various final states.

1.9 Comparison of Theory and Experiment

Theories need to be compared with physics data to either approve or falsify their pre-
dictions. An important technique is the Monte Carlo modelling of physics processes,
the subsequent simulation of their signatures in the experimental setup and the final
comparison to measured data distributions and interaction rates. Many Monte Carlo
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generators are available and each has its specific advantages and physics domains
where they are applied.

Pythia [64] and Herwig [71] are multi-purpose generator and are used to simulate
ete™, ep, and hadron collision events. In collisions involving protons, the distribu-
tion of the partons inside the proton are taken from internal or external PDF libraries,
like LHADPDF [72]. The most common PDF sets are CTEQ6 [73] and MRST [74]
which are to be matched to the proper order of the QCD perturbation series of the
Monte Carlo process. Pythia and Herwig (in combination with JIMMY [75]) also
include the simulation of beam-remnants, underlying event and multiple interactions
for pp and pp processes. Both programs are used for simulating the fragmentation
and hadronisation of quarks and gluons and can be run together with other event
generators.

At LEP, four-fermion final states are mostly generated with the programs KandY
[49], RacoonWW [48], GRC4f [76], EXCALIBUR [77], YFSZZ [78], and
WPHACT [79]. Fermion-pair production is simulated with KORALZ [80] and its
successor KK2f [81] and Bhabha scattering with BHWIDE [82] and TEEGG [83].
Hadronic 2-photon events are best described by PHOJET [84] and TWOGAM [85],
while leptonic events of the same kind are usually generated with DIAG36 [86] and
LEPA4F [87]. Photon radiation off leptons can be produced with PHOTOS [88] and
tau lepton decays are modelled in TAUOLA [89].

For proton-proton collisions at the LHC, the Sherpa [56] and Alpgen [57] pro-
grams implement parton-shower matching and are able to describe W/Z production
with up to four and five jets, as well as VBF and b-quark associated Higgs pro-
duction. Alpgen is applied in photon pair production, like the multi-purpose tool
MadGraph/MadEvent [90], which also describes vector boson and vector boson pair
production. The purpose of the AcerMC [91] package is the generation of Zbb/ Ztt
as well as top pair events.

The MC@NLO [58] event generator is one of the few Monte Carlo tools includ-
ing full NLO corrections to a selected set of processes in a consistent way, like
inclusive W or Z production, ¢ production, electroweak boson pair production, as
well as Higgs boson production and decay to W+ W™ and yy final states.

Production cross-sections of electroweak bosons at NNLO accuracy are avail-
able using FEWZ [92]. NLO calculations of the production of W and Z bosons and
two jets with or without heavy quark tag can be performed with the MCFM [93]
program and higher order corrections to yy production are commonly done with
RESBOS [94].

1.9.1 Hadronisation Models

There are three main Monte Carlo programs that are used for modelling frag-
mentation and hadronisation of quarks and gluons: Pythia [64], Herwig [71], and
Ariadne [95]. The quarks and gluons are usually the result of the preceding Monte
Carlo generation step.
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In Pythia, the leading order hard scattering process is completed by the parton
shower formalism to incorporate QED and QCD radiative leading-log corrections.
In both initial- and final-state, the showers develop according to the branchings e —
ey,q — q8,9 — qy, & — gg,and g — ¢gg. The rates are proportional to the
integral f P, pc(z) , dz, with the splitting kernel P,_,,.(z) which depends on the
energy fraction z = E;/E, carried by the splitting product b. The other particle has
energy (1 — z) after the splitting process. In the final state, Pythia is evolving the
showers from a virtuality scale scale Q% down to a lower scale Q3. Time ordering
is done either according to the mass, m, of the shower partons or in recent Pythia
versions according to pr, where p% =z(1 — )m>.

The hadronisation package of Pythia can be used independently from the main
generator. It applies the string fragmentation model to the parton shower products or
to inputs from external generators. The string picture starts from the assumption that
the energy between a colour dipole, like a ¢g pair for example, is linearly increasing
with the distance between the charges. When the charges move further apart the
energy stored in the string increases and it eventually breaks to form a new colour
charge pair. A gg pair may split into two colour singlets ¢g’ and ¢’g. This process
continues until only on-mass-shell hadrons remain. The subsequent decays of the
hadrons are also treated by Pythia.

Several parameters are available to adjust the model to measured data. Especially
the tuning of the parton shower and fragmentation are important, and in case of
hadron collisions also the underlying event structure. For the parton showers the
Lund fragmentation function is typically used for light, uds, flavours and the Peters-
son function for heavy, ¢ and b, flavours with their tuned parameters. Furthermore,
the Agcp value used for the running of the strong coupling «;, in parton showers
can be adjusted, as well as the parton shower cut-off value Q. In general, each
experiment is individually trying to obtain the best description of the hadronic data
distributions.

For LHC studies, the recent implementation of parton showering, commonly
known as pr-ordered showering, is used together with the new underlying event
model where the phase-space is interleaved/shared between initial-state radiation
(ISR) and the underlying event.

The Herwig program also treats quark fragmentation according to the parton
shower model, fragmentation is however performed differently. In the Herwig clus-
ter fragmentation model quarks and gluons from the parton showers combine locally
into clusters. They are much less extended and less massive objects than strings.
Only singlet combinations of partons are allowed to form clusters. These decay
quasi isotropically into a small number of hadrons each. Like for Pythia, measured
hadronic distributions are used to tune the Herwig model parameters, for exam-
ple the QCD scale Aqcp or the cluster mass parameters which describe the cluster
fission.

The Ariadne program applies the dipole-cascade model to the fragmentation of
quarks and gluons. The emission of a gluon g; from a quark anti-quark pair ¢g is
modelled as radiation from a colour dipole between the ¢ and the g. The two new
dipoles gg; and g;g again radiate softer gluons. Radiation from the gg dipole is
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suppressed by the colour factor 1/N?2. The strong coupling o in the differential
cross-sections do/(dx dx,) for the processes gg — q§ + g, q¢ — qg + g, and
gg — gg + g is evaluated at the transverse momentum scale, p%, of the emission.
The ordering of the gluon emission is also arranged according to the p% scale, where
Sudakov form factors describe the probability of having emissions at a higher scale.
Gluon splitting g — ¢4 is also possible and competes with the emission of another
gluon. QED photon radiation in the cascade are treated similarly to the QCD gluon
emission, however the photon emission is less probable since the electromagnetic
coupling constant is much smaller than the strong coupling. Eventually, at the end
of the cascade, the Pythia hadronisation model is applied to form the final state
hadrons. The main parameters that can be tuned in Ariadne to describe hadronic
data are, for example, Aqcp and a p, cut-off parameter.

1.9.2 Detector Simulation

The simulation of the interaction of the final state particles with the detector is
important to deduct the properties of the underlying physics processes from the mea-
surement. The experiments at LEP and the Tevatron used the GEANT3 [96] FOR-
TRAN program to calculate the particle trajectories and their energy depositions in
the detector. Effects like ionisation energy loss, multiple scattering, electromagnetic
showering and hadronic interaction with matter are implemented. The LHC exper-
iments moved to the C++ coded GEANT4 [97] software, which is an evolution of
GEANTS3. The detailed detector simulations are in general very computing time
consuming. Faster parameterisations [98] of the detector behaviour are therefore
used in some applications under the condition that their precision is sufficient for
the physics measurement.
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Chapter 2
The LEP Experiments

The LEP experiments ALEPH, DELPHI, L3, and OPAL measured e™e™ collisions
from Z peak energies between 89 and 93 GeV up to highest energies above the
W-pair threshold between 161 and 209 GeV. The goal of their experimental program
was the determination of the properties of W and Z bosons, like their mass, width
and their couplings to fermions and gauge bosons. It was also hoped to discover
new phenomena, like the discovery of the Standard Model Higgs boson or super-
symmetric particles. This was, however, not achieved. This chapter introduces the
LEP collider and the important aspect of the calibration of the collision energy. The
main features of the LEP experiments are presented.

2.1 The LEP Collider

The LEP ring [1] at CERN was installed in a tunnel of 26.7 km circumference at
50-175 m under ground and crossing the Swiss—French border. It was composed of
eight 2.9 km long arc sections and eight 210 m long straight sections. The accelerator
lattice was made of focusing-defocusing quadrupole and dipole structures, so-called
FODO elements. Each of the element was 79 m long and 31 elements were arranged
into one octant. The magnet system was built of 3,368 bending dipoles, together
with about 800 quadrupoles for focusing and defocusing, and 500 sextupoles and
further 600 dipoles for orbit correction. A bending field of up to 0.134 T created by
steel-concrete dipoles kept the electrons circulating in the LEP ring with an effective
bending radius of 3,026 m.

The acceleration of the electrons and positrons started with the 600 MeV lin-
ear LINAC injector for LEP (LIL). Both particle types were accumulated in the
Electron-Positron-Accumulator (EPA) and the particle bunches were further accel-
erated in the Proton Synchrotron (PS) and the Super-Proton-Synchrotron (SPS)
before they are eventually injected with an energy of about 20 GeV into LEP. The
bunches collided every 22 s at the interaction points (IP), where the experiments
were installed. A collimator system protected the installation from synchrotron
radiation. The CERN accelerator complex is shown in Fig. 2.1. The number of
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interactions at the IPs is proportional to the luminosity of the e* and e~ beams,
which is given by

_ N[%nbfrev (21)
47 (o*)?
where N, ~ 10" is the number of particles per bunch, n;, the number of bunches
per beam, f.., = 11,2465~ the revolution frequency and (o*)? the transverse
intersecting beam area at the IP. The luminosity is limited by electromagnetic
beam-beam interactions between electron and positron bunches. They lead to a shift
of the tune value Q, which describes the number of betatron oscillations per turn.
For LEP, Q varied between 60 and 100, depending on the beam optics. The tune shift
A Q had to be kept below 0.04 to provide stable running and optimal luminosity.
The maximisation of luminosity was achieved by increasing the number of
bunches, n,. In the first years, there were 4 bunches per beam, which was then
changed to the “Pretzel” scheme with 8 equidistant bunches. Eventually, in the last
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years of LEP, a bunch train scheme with four trains of three bunches and later four
trains of two bunches was employed.

The transverse betatron amplitude, o *, is also an important luminosity parameter.
It is usually expressed in terms of the transverse emittance ¢ and the B-function at
the IP, 8*:

o* = /ep* (2.2)

In the horizontal plane, 8* reached 1.25 m mainly determined by horizontal oscil-
lation damping due to emission of synchrotron radiation. In the vertical plane 8* was
about 4 cm. Both values were achieved by installing strong focusing superconduct-
ing quadrupoles with a high gradient of 55 T/m at the IPs.

The final luminosity achieved was 4.3 x 10°! cm™2s~! at 46 GeV beam energy
and about 10%? cm™2s~! at 100 GeV, with a beam current of 1 mA per bunch.

The record beam energy of 104.5 GeV that could be reached was limited by
synchrotron radiation. The energy loss per turn is in good approximation given by

N 47T(XQED 1 Eg

AE —
3 m*R

) (2.3)

with the electron mass, m,, the beam energy, E;, and the effective bending radius,
R ~ 3026 m. At E;, = 104.5 GeV the loss was therefore about 3.3% of the beam
energy per turn, which had to be compensated by the accelerating radio-frequency
(RF) power. The RF cavity system [2] was installed in the straight sections. For
Z pole energies in the LEP1 phase, 128 five-cell copper cavities were sufficient to
supply the acceleration power. For high energy operation in the LEP2 phase, the cav-
ities were replaced by 288 superconducting four-cell cavities running at 352 MHz,
31,320 times the revolution frequency, f,.,. To reach the highest energies 56 copper
cavities were added to finally achieve a total voltage of 3,630 MV, corresponding
to an average gradient of 7.5 MV/m. This dramatically exceeded the original cavity
design value of 6 MV/m and was only possible by special cavity conditioning.

2.2 LEP Energy Calibration

The calibration of the beam energy [3, 4] was of primordial importance during both
LEP phases to determine Mz and My with high precision. At LEP1, the Z boson
mass was derived from the measurement of the fermion-pair cross-sections mainly
at the 91.2 GeV peak of the resonance shape and at two off-peak points £1.8 GeV
above and below the peak. The contribution of the LEP energy uncertainty to the
Z mass and width error is approximatively given by [13]:
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AMy ~ 0.5A(E 2 + E,_2) (2.4)

Iy

ATy ~ AEpi2— Epa). 2.5)

Ep+2 - Ep—2

where E,_, and E ., are the two off-peak centre-of-mass energies.

The best method to measure the beam energy is by resonant depolarisation. The
Sokolov—Ternov effect [5, 6] provides the mechanism for transverse polarisation
of the beam electrons. Due to synchrotron radiation the electron spin is aligned in
the magnetic dipole field. The degree of polarisation is measured with a Compton
polarimeter using polarised laser light. The beam polarisation is disturbed by a trans-
verse oscillating magnetic field of a certain frequency, v,. Depolarisation resonance
appears if the ratio v, /v, is equal to the non-integer part of the number of spin
precessions per turn, also called spin tune, vs. For the three energy scan points,
E, », E,, E,», the spin tunes were 101.5, 103.5 and 105.5 respectively. The cor-
responding beam energy can then be determined from the relation

Vshle

Ep=———,
"7 (g —2)/2

(2.6)

where m, is the electron mass and (g, — 2)/2 the anomalous magnetic moment of
the electron. The resonant depolarisation method yields a beam energy precision
below 1 MeV. The main measurements were performed on the electron beam only,
but a few cross-calibration measurements with the positron beam showed that both
beam energies agree well within less than 0.4 MeV.

Sufficient beam polarisation could however only be achieved for E, up to
61 GeV. Also, the energy calibration could only be performed in dedicated calibra-
tion runs and not during physics data taking. The precise energy values had therefore
to be extrapolated to physics runs and to other beam energies. This is performed by
means of the strength of the magnetic dipole field B which, after integration over
the whole LEP ring, is proportional to the beam energy

ec
E,=— @ Bds . 2.7
2

A continuous measurement of the B field was therefore performed using nuclear
magnetic resonance (NMR) probes installed inside the magnets, as shown in Fig. 2.2.
In the LEP1 phase, 4 NMR probes were read out and 12 more probes were added for
LEP2. A LEP energy model [4, 7] was developed to derive the beam energy from
the NMR measurements. Many time-dependent details were taken into account, for
example the variation of the bending field due to parasitic currents flowing along the
beam pipe (the “TGV effect”), the monitored dipole temperature, corrections due to
tidal movement of the LEP ring (the “moon effect”), as well as corrections due to
the beam orbit position.

Three further and complementary measurement methods were applied to esti-
mate the uncertainty of the reference energy determination with NMR. A magnetic
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Fig. 2.2 (a) Schematic view of the LEP reference dipole magnet with NMR probe and flux loop
installed. (b) Comparison of the beam energy measurements using the LEP spectrometer, the flux
loop and the tune shift, Q;, with the measurement by the NMR probes. Also shown is the result of
the global calibration fit [4]

flux-loop was installed in one special dipole magnet. It determined the magnetic
field induced in a large copper loop during the ramping of the magnet currents.
In the last year of LEP running, a beam spectrometer made of a steel dipole and
a triplet of beam-position monitors provided a second alternative energy measure-
ment. Finally, the beam energy can be determined from the synchrotron tune, Q.
It is defined as the ratio of the longitudinal beam oscillation frequency to the revolu-
tion frequency. The longitudinal beam oscillations are a combined effect of energy
loss due to synchrotron radiation and the acceleration in the RF fields. From the
relative phase of a bunch and the RF voltage O, was measured and, knowing the
RF peak voltage, E;, could be calculated. Figure 2.2 compares the three alternative
methods to the nominal NMR energy calibration as a function of beam energy. The
methods yield consistent results.

The systematic uncertainties in the final calibration originated mainly from this
comparison, which contributes with about 20 MeV to the uncertainty on the centre-
of-mass energy at LEP2. Additional 10 MeV are from the modelling of the energy
loss between the RF stations, which is needed to determine the exact energy at
each IP and also to relate the LEP spectrometer measurements to those of the NMR
method. A special situation was in the last year of LEP running, where previously
unused horizontal correction dipoles were used. With these additional magnets the
bending field was spread over a longer trajectory which leads to an increase in
attainable beam energy. The gain was about 120 MeV per beam, which was push-
ing the discovery potential of LEP to higher particle masses. The downside was an
increased systematic uncertainty of about 30 MeV on /s, however, only for the
highest centre-of-mass energies /s > 205 GeV. Sources of smaller systematic
uncertainties were also studied like the ete™ energy difference, the beam energy
variation during the fill, the variation of the RF frequency, the precision of the



50 2 The LEP Experiments

resonant depolarisation measurement, and the additional dipole field component due
an imbalance in the current feeding the focusing and defocusing quadrupoles.

Eventually, an IP-dependent calibrated centre-of-mass energy was provided in
time steps of 15 minutes. A precision of 2-3 MeV and 3-7 MeV was reached for
each off-peak and on-peak point of the Z resonance scan, respectively. The beam
energy spread was in the order of 55 MeV. At higher energies above the W pair
threshold, the centre-of-mass energy was calibrated for most of the energy points
to better than 25 MeV, while the beam energy spread was about 250 MeV. Since
the calibration procedure applies common corrections for the energy points, also
correlations are determined and taken into account. The very good understanding
of the LEP accelerator is eventually the basis for the precise measurements of mass
and width of the Z and W bosons performed by the LEP experiments.

2.3 The ALEPH, DELPHI, 1.3 and OPAL Experiments

The four LEP detectors, ALEPH [8], DELPHI [9], L3 [10] and OPAL [11], are
multi-purpose detectors designed to measure the products of head-on ete™ colli-
sions in their centre. A schematic view of the different sub-detector systems installed
in the four experiments is shown in Figs. 2.3 and 2.4. The experiments are all
equipped with silicon tracking detectors close to the interaction point. The silicon
devices are arranged cylindrically around the beam pipe, typically at radii between
5 and 15 cm. Their main purpose is to resolve secondary vertices from B hadron
decays, which travel about 3 mm before decaying. With an impact parameter res-
olution below 100 wm, b quark decays of the Z boson can be separated from light
quark decays, and b decay modes of a possible Higgs boson can be identified. The
silicon detectors are surrounded by gas drift chambers, where different technologies
are used. ALEPH and OPAL installed a tracking or vertex chamber at smaller radii,
completed by a time projection or jet chamber used for tracking of charged particles
at larger radii up to about 2 m. L3 had a single time expansion chamber [12] with an
outer radius of 60 cm, while DELPHI used a time projection chamber. Identification
of particles was done by determination of ionisation energy loss along the tracks,
dE/dx. DELPHI used a Ring Image Cherenkov detector for separating relativistic
particles of different mass. For the measurement of track momenta, solenoids pro-
vide a magnetic bending field between 0.5 and 1.5 T, which covers at least the inner
tracking detectors.

The measurement of the energy of electromagnetic particles, like photons and
electrons, is performed by electromagnetic calorimeters. The ALEPH detector used
a lead/wire chamber sampling technique, while lead glass and bismuth germanate
(BGO) crystals were installed in OPAL and L3, respectively. DELPHI used a high
density projection chamber with lead absorber walls for electromagnetic calorime-
try. Sufficient material density of in the order of 20 radiation lengths, X, guaran-
teed that the electromagnetic showers and energy depositions are contained in the
calorimeters.
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Fig. 2.3 The ALEPH and DELPHI detectors at the LEP collider
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Jets from fragmented quarks and gluons usually traverse the electromagnetic
detectors and were registered and eventually stopped in the hadronic calorimeters.
Here, ALEPH, DELPHI and OPAL used the magnetic return yoke made of iron as
absorber, equipped with streamer chambers or tubes. L3 had a depleted uranium and
wire chamber sampling calorimeter. The minimal ionising muons are not stopped in
the inner detector and calorimeter layers and were measured in a muon detection
system in the outermost shell of the LEP experiments. The correct event timing
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and rejection of cosmic ray background was performed by scintillator time-of-flight
systems.

The tracking performance for muons from Z peak decays, Z — u* ™, reaches
a resolution between 1.5 and 2.5% for the LEP experiments. Electrons and photons
are measured with about 1-2.5% energy resolution. The uncertainty on hadronic jet
energies is in the order of 10% for 45 GeV jets.

Important for cross-section measurements of the different physics processes is
the precise knowledge of the beam luminosity, L. At LEP, small-angle Bhabha scat-
tering served as a reference process to determine L. This process is well described
by QED and has small electroweak corrections when the acceptance region is
restricted to small polar angles between 6,,;,, and 6,,,,. At lowest order the differen-
tial cross-section at small scattering angles is given by

do o 1 160% 1

—_— = ~ — . 2.8
dQ s sin*(6/2) A @9
Integrating over the acceptance angles and using d2 ~ 276 d6, yields
loma? (1 1
acc = - — 5 ] - 2.9
e O ) =

The electrons and positrons of the small-angle Bhabha process are detected
in luminosity monitors installed in the very forward regions of the detectors. To
obtain the 0.1% precision on the luminosity, the fiducial volumes have to be very
well defined. Therefore a combination of electromagnetic calorimetry and silicon
devices for exact angular measurement are used. The final uncertainties actually
fully reached the expectations, and the dominating systematic effects on Z peak
cross-section measurements were due to the limited precision of the theoretical pre-
diction for the Bhabha cross-section in the angular range [13].
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Chapter 3
Gauge Boson Production at LEP

The main research goals of the LEP program were the detailed study of the Z and W
boson properties. In the first phase of LEP, the Z line-shape was explored to exactly
determine the Z mass, width and the Z-fermion couplings. The data collected by the
four LEP experiments at energies around the Z peak consists of 17 million Z decays,
efe” — Z — ff(y), completed by 600 thousand Z decays measured by the SLD
experiment at the SLC. A short summary of the main results shall be given here.

At energies above the Z peak, single-Z production, ete™ — Zete™, and Z-pair
production, ete™ — ZZ, are kinematically accessible. The reactionete™ — Z+y
was studied as a possible calibration process for the LEP beam energy. This calibra-
tion is important for the determination of the mass of the other heavy gauge boson,
the W.

The massless photon is ubiquitous [1] in all reactions as it is radiated by charged
particles and therefore usually included in the definition of the physics process,
like in ete™ — Z — ff(y), for example. More interesting are the non-inclusive
processes, like Compton scattering, eTe~ — yeTe™ and photon pair-production
efe” = yy(y).

At LEP energies above 161 GeV, W bosons are produced in pairs, ete™ — WW
and singly in the process ete™ — Wev. The measurement of the corresponding
cross-sections gives insight into the non-abelian structure of the boson couplings
in the Standard Model. Pair production probes the WWy and WWZ vertex, while
the single-W process involves only the WWy vertex. In the following, the measure-
ments at the LEP collider are described.

3.1 Z Pole Measurements at LEP and SLD

At centre-of-mass energies around the Z pole the properties of the Z boson were
determined with high precision. At LEP, the Z mass and width were derived from the
line-shape of the Z resonance [2]. Forward-backward asymmetries of the Z decay
products as well as decay branching fractions were determined by LEP and SLD for
leptons, hadrons, and also separately for heavy quarks flavours. The polarised beam
of the SLC allowed a measurement of the left-right asymmetry in leptonic Z decays.

A. Straessner, Electroweak Physics at LEP and LHC, STMP 235, 55-110, 55
DOI 10.1007/978-3-642-05169-2_3, © Springer-Verlag Berlin Heidelberg 2010
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Fig. 3.1 Measured and predicted hadronic cross-section in ete™ collisions as a function of centre-
of-mass energy [2]

To measure the mass and width of the Z boson, the ete™ centre-of-mass energy
of LEP was varied over a range of +3 GeV around /s = Mz. At the different
scan points the hadronic and leptonic cross-sections were measured to derive the
resonance curve. The evolution of the hadronic cross-section in e*e™ collisions is
illustrated in Fig. 3.1.

By scanning the line-shape of the Z resonance, the mass and width of the Z boson
were determined by the four LEP experiments to be [2]

Mz = 91.1875 £ 0.0021 GeV
I'; =2.4952 £0.0023 GeV

3.1)
(3.2)

assuming lepton universality. The precision of the Z mass is at the ppm level and is
comparable to that of the muon decay constant G [3].

Further properties of the Z boson describe the production and decay at the reso-
nance peak. They are usually summarised in a few observables that are input to the
global electroweak analysis. The hadronic peak cross-section

0 127 Feerhad

o _ 127 Fee Zq?g; qu
had M% FZZ

oM T

(3.3)
is measured as [2]:

o, = 41.450 = 0.037 nb. (3.4)
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The analysis of leptonic decays into e*e™, u*u™ and Tt~ pairs yields the
hadronic to leptonic decay width:

I;i had

R) = = 20.767 £0.025, 3.5)

144

assuming lepton universality, which is experimentally confirmed by the good
agreement of the measurement of the individual ratios, R., R,, and R, [2].
Furthermore, the invisible Z decay width, Iy = 17— Ihad — Tee — Ty — oo,
can be derived from Rg as:

1
n 127 R\ 2
RO = z(—‘f) —R) — (3+36,), 3.6
inv F[@ o’}(l)adM% 4 ( T) ( )
where §; is correcting for the mass of the 7 lepton. From this ratio the number of
light neutrino species, N,, is extracted assuming Standard Model couplings of the
neutrinos to the Z boson:

0 Fvv
R), =N, ) (3.7)
Iee /sm
The analysis of the LEP data yields:
N, =2.9840 £ 0.0082, (3.8)

which is deviating from three by only 2 standard deviations. This is nicely illus-
trated in Fig. 3.2. A more direct determination of the invisible Z width is obt-
ained from studies of single- and multi-photon events produced in the reaction
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Fig. 3.2 (a) Measured hadronic cross-section at Z peak energies as a function of centre-of-mass
energy [2], compared to predictions with 2, 3, and 4 light neutrino generations with Standard
Model couplings. (b) Cross-sections of ete™ — vi(y) and eTe™ — viy(y) processes. The latter
is directly sensitive to the number of neutrino generations and scenarios with N, = 2, 3,4 are
compared to L3 data [4]
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ete™ — vby(y), which results in N, = 2.92 4 0.05 [3, 4], again compatible
with three light neutrino generations. The corresponding cross-section measure-
ments from which this number is derived is shown in Fig. 3.2.

Additional information on the Z coupling structure to the fermions is contained
in the asymmetry measurements. They depend on the helicity of the colliding elec-
trons and positrons and on the polarisation of the produced particles. The forward-
backward asymmetry is defined as

Nr — Ng

_ M~ N 3.9
Nr + Np 3:9)

Afp

where Np (Np) denotes the number of events in which the fermion is produced in
the forward (backward) hemisphere, with polar angles 6 < 7 /2 (6 > m/2) with
respect to the incoming electron beam. The leptonic asymmetry at the Z pole is
measured to be:

Ad =0.0171 £ 0.0010. (3.10)

For t leptons, also the polarisation can be determined by studying the kinematic
of the observed t decay products. For example, in T — mv, decays, the energy
spectrum of pions in the tau rest frame depends on the tau helicity. These measure-
ments yield

A¢(P;) = 0.1465 £+ 0.0033, (3.11)
assuming universality of taus and electrons.

The leptonic data are completed by the measurement of the left-right asymmetry
at SLD

Ny —Np 1
AR = —— K&~ (3.12)
N + Ng (Pe)
from which the leptonic asymmetry parameter is derived as
A, = 0.1514 + 0.0022, (3.13)

using Eq. (1.79). After combination with the determination of the left-right forward-
backward asymmetry, Ay g rg, the measured value of 4, is only slightly changed:

A, =0.1513 £ 0.0021. (3.14)

The leptonic asymmetry measurements rely on correct charge tagging, which,
in case of e, u and t, is rather precise, because the single-track charge confusion
is usually small and elementary leptons have unit charge. This is however not the
case for quarks and more refined methods are introduced to determine the qq charge
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asymmetry in Z decays. By weighting the charged tracks in quarks jets according
to their momentum, the forward and backward hemispheres can be assigned to the
quark jets. The combined result of these measurements is expressed in terms of the
effective leptonic weak mixing angle:

sin® 0 (Oal) = 0.2324 £ 0.0010 (3.15)
Identifying the heavy quark flavours yields additional information on the details

of the Z decays. The combination of LEP and SLD data results in the following
branching fractions and asymmetries for ¢ and b quarks separately:

R = 0.21629 + 0.00066 (3.16)
RY = 0.1721 £ 0.0030 (3.17)
A% =0.0992 + 0.0016 (3.18)
ALE = 0.0707 + 0.0035 (3.19)
Ap = 0.923 +0.020 (3.20)
A. = 0.670 4 0.027 (3.21)

The asymmetry parameters, A, depend only on the ratio of the effective vector
and axial-vector coupling constants, g{, / g};, while the square-root of their squared
sum enters the partial Z decay widths. At LEP and SLD, especially the leptonic
coupling constants are determined with high precision:

g = gv = +0.50076 £ 0.00076 (3.22)
gi = —0.50123 4 0.00026 (3.23)
gy = —0.03783 £ 0.00041 (3.24)

with an anti-correlation of 48% between g} and g, respectively gy and g%, and
only small correlations around 5% between g¢ and the other couplings. A com-
parison between the individual results of the three leptons, e, u and 7, shows the
universality of the leptonic couplings which is illustrated in Fig. 3.3. The variation
of the Standard Model prediction is also indicated, which agrees best with data if the
Higgs boson is light. The value of g differs from the tree level value of 75 = —%
by 4.7 standard deviations, showing clearly the presence of electroweak radiative
corrections.

The various asymmetry measurements allow an extraction of the effective weak
mixing angle, sin” O, independent of the value of the p parameter, when exploiting
Eq. (1.92), since only the ratio of the coupling constants, g!, /g, appears. The results
are shown graphically in Fig. 3.3, where the measurements are compared in terms of
the leptonic sin’ fof. The two groups of leptonic and hadronic measurements each
show very good agreement, while the comparison between the two is somewhat
less consistent, although not with a very strong significance. This may hint to devi-
ation in the hadronic sector, which is enhanced when looking at the right-handed
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b-coupling, as done in Fig. 3.4. This will however remain an unanswered question
until new data may become available, possibly from Z boson decays at the hadron
colliders Tevatron and LHC or from an international linear collider (ILC). For the
latter, the option of a high-luminosity running at the Z pole, called GIGAZ [5], is
discussed.
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Fig. 3.4 (a) Left and rzght handed b-quark coupling derived from LEP and SLD data. (b) Contour
curve of the pg and sin® 0%; measurements compared to the Standard Model predictions where My,

m and Aahad are varied within the given ranges [2]
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With the measured values of g{, and gf by LEP and SLC the combined lep-
tonic effective weak mixing angle and the p, parameter are extracted according to
Eq. (1.53) [2], which yields:
sin” 0 = 0.23153 £ 0.00016 (3.25)
and

e = 1.0050 £ 0.0010. (3.26)

The Standard Model predictions at tree level

1 M2
sin26y = - (1 [1— 4o (M2)\ 0008 4+ 0.00012 (3.27)
2 V2GrM?2

p=1 (3.28)

deviate from these by 2.8 and 5.0 standard deviations. This is again a clear evi-
dence for the existence of significant radiative corrections. Figure 3.4 shows the
measured and predicted values in the py-sin’ 6% plane. It is interesting to note that
best agreement between theory and experiment is achieved for light Higgs masses,
as mentioned before, but also for top masses around 174 GeV, which agrees better
with the recent m result [76] than with the slightly higher measurement used at the
time the graphic was produced [2].

3.2 Neutral Boson Production Above the Z Peak

3.2.1 Photon Production

The QED part of the neutral boson sector is tested at low energy to high preci-
sion [6]. At LEP energies, pure QED processes are as well found to be in nice
agreement with the theoretical predictions. Figure 3.5 documents the measurements
of quasi-real Compton scattering ete™—yeTe™. In this reaction, one beam elec-
tron (or positron) emits a quasi-real photon with low virtuality, Q? < 2 GeV, and
escapes along the beam pipe. The photon and the beam positron (or electron) are
scattered and measured in the detector. The effective centre-of-mass energy of this
process can be calculated assuming three-particle kinematics:

2Em:
Vs'= 1= 2 with (3.29)
N

| sin(6, + 6,)|

Emiss = . N - .
ﬁsm 0, + sinf, + | sin(6, + 6,

(3.30)
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Fig. 3.5 Angular distribution of the detected electron and total cross-section of quasi-real Compton
scattering, as measured by L3 [7]

To reduce background from Bhabha scattering the effective scattering angle,
cos 6%, is constrained to the central region

sin(0,, — 0,)

; : 0.8. (3.31)
sin 6, + sin0,

| cos 0| =

The typical backward scattering angular distribution, which is given to lowest
order by

d Qe (1 o 2
(o2 _ “qQED ( -+ cos > (332)

dcoso* s 2 + 1 4+ cos 6*

is shown in Fig. 3.5. The LEP measurement is sensitive to very high values of
/8" = 175 GeV, that were never reached before.

A similar good agreement with QED predictions is found for real photon pro-
duction ete™ — yy(y), where at least two high energetic photons are required
with strict cuts on activity in the tracking system. The cross-section measurements
at the highest LEP energies are compared to the theory in Fig. 3.6. The angular
distribution is used to test possible deviations from QED, also shown in Fig. 3.6.
The lowest order expression

do OléEDZW 1 + cos? 6
dcosd s 1—-cos?6’

(3.33)
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is extended by a term

N
4 DT (1 4 cos? ), (3.34)
Ay

which corresponds to a short-range exponential deviation from the Coulomb poten-
tial with a cut-off parameter A,. The LEP combined limits for this parameter are
Ap > 392 and A_ > 364 GeV at 95% confidence level [8], verifying the QED
prediction nearly up to the TeV range.

3.2.2 Single Z and Z-Pair Production

At LEP energies above the Z resonance, the heavy neutral gauge boson is detected
also in single Z and Z-pair production, efe~ — Z/y*ete” — ffete  andete™ —
ZZ — ftff, respectively. They can be imagined as the extension of QED Compton
scattering and photon pair-production to virtual, off-shell photons, y*, whose mass
eventually reaches the Z boson mass. The final state objects are therefore not the
massless photons but the decay fermions of the Z.

On-shell ZZ production is described by two neutral current Feynman graphs with
t- and u-channel electron exchange, the so-called NC02 set. In the fully hadronic
channel ZZ — qqqgq, likelihood-based analyses are applied to separate signal from
the most important ete~™ — qq(y) and ete~ — WW backgrounds. Variables
exploiting event shape and kinematics are combined, like, for example, the event
sphericity, jet energy differences, inter-jet opening angles, jet resolution parame-
ters, and the reconstructed Z boson masses. W-pairs are efficiently rejected by b-jet
tagging. Figure 3.7 gives an example for the discrimination between ZZ signal and
background on the basis of the b-quark content and the final probability variable.



64 3 Gauge Boson Production at LEP

DELPHI DELPHI

Number of jets
Number of events

-4 -2 0 2 4 6 0 0.1 0.2 03 04 05 0.6 0.7 08 09 1
Combined b-tag per jet Probability (ZZ— 4 quarks)

Fig. 3.7 Jet b-tagging is used to reduce W-pair background in ZZ events (left). This variable con-
tributes to the WW/ZZ separation power in the combined ZZ probability for the DELPHI signal
candidate events (right). The cross-section is derived from a fit to the probability distribution,
retaining those events with a probability of at least 0.25. The distributions are taken from [10]

In the decay channel with two neutrinos, gqvv and £7£~vv, jet and lepton pairs
are selected without any other activity in the detectors. Only electron and muon pairs
are accepted. The visible qq and £* £~ mass as well as the recoil mass are required to
be compatible with Mz. To reject qq(y) events with hard ISR photons, the missing
momentum should not point along the beam direction.

In the semi-leptonic channel, qq¢*¢~, with £ = e, i 7, similar kinematic criteria
are imposed as in the qqqq final state, for example: compatibility with the Z boson
masses, transverse momentum balance, large effective centre-of-mass energy.

The channel with the least number of ZZ candidates is the fully leptonic decay
£1¢¢* €. The sample is however very clean with the practically only background
from non-resonant ete™ £ £~ production. Z mass constraints are imposed either on
both lepton pairs, or on the better reconstructed one and its recoil system.

In general, the cross-section is derived from a fit to the final selection variable,
usually a likelihood or neural network distribution. The ZZ event rate at the highest
centre-of-mass energy of 207 GeV yields, e.g., 358 candidates selected by L3 [11]
in a data sample of 138.9 pb~!. The signal expectation is 80.4 & 0.1 events and the
background 278.4 + 0.6 events. The relative contributions to the ZZ signal from
qqqq is about 58%, 24% from qqvv, 15% from qq¢* €=, 2% from £* ¢~ vv, and only
1% from £+¢= ¢+ ¢,

The LEP combined ZZ cross-section [8] is illustrated in Fig. 3.8. It agrees very
well with the NCO2 calculation of the ZZTO [12] and YFSZZ [13] programs, which
have a 2% theoretical uncertainty. The ratio of all measurements at the different
centre-of-mass energies to the expectation is concentrated into a single number,
Rz, taking correlations into account, which yields [8]:
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Fig. 3.8 Measured cross-sections of single Z and Z-pair production [8] at LEP, compared to the-
oretical predictions. The grey band indicates the systematic uncertainty on the theory calculation.
Very good agreement is observed

RZ5™ = 0.952 4 0.052
RYS* = 0.945 £ 0.052 .

Within the 5% measurement precision, there is good agreement with the theoret-
ical predictions. The uncertainty is dominated by statistics, and the main systematic
uncertainties are from the understanding of the b-tagging, the lepton and jet energy
scale, jet rates, and background cross-sections in the ZZ signal region.

Single Z production is measured at LEP in ete qq and ete”utu~ final states.
The signal cross-section is defined as the Compton-like four-fermion process eTe™—
ete~ff with the following criteria on the phase space: Mg > 60 GeV, 6+ < 12°,
12° < 6,- < 120° and E.- > 3 GeV. The positron is assumed to have emitted
the scattering quasi-real photon, and the electron is interacting with this photon and
is scattered into the detector acceptance region. The corresponding criteria apply
similarly to the charged conjugate reaction.

The detector signal is thus a pair of jets or muons, compatible with an on-shell Z
boson, and a single scattered electron. In addition, large missing momentum point-
ing along the beam direction is required. The main backgrounds in the hadronic
channel are from single W’s, ete™ — qqev, quark pair production and W pairs. In
the e"e~ ut ™ channel, mainly muon-pair and two-photon production, ee~ ™t ™,
need to be rejected. Figure 3.8 shows the measured cross-section as a function
of centre-of-mass energy. Like for ZZ production, the measurement uncertainty is
dominated by statistics, and the main systematic uncertainties are from lepton and
jet energy measurement, selection efficiencies, background and signal modelling.
Very good agreement with the theoretical calculations using the four-fermion pro-
grams WPHACT [14] and GRC4f [15] is obtained.
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3.2.3 Z+y Production

The simultaneous production of the neutral gauge bosons, photon and Z, is inves-
tigated at LEP in the decay channels qqy and vvy which are the dominant Z+y
decays. In both final states, events containing an energetic photon with a recoil mass
compatible with the Z boson mass are selected. In the hadronic channel, the mass
of the jet-jet system must as well be close to My and there should be little energy
imbalance in the event. Figure 3.9 shows an example of the L3 measurement, with
a distribution of the photon recoil mass in vvy events, and the Zy cross-section as
a function of centre-of-mass energy.

The Zy process with an initial state photon, y;sg, escaping invisibly along the
beam pipe is of special interest as a calibration method of the LEP beam energy. In
those events, the detector signature is a jet or lepton pair, frome*e™ — Z + yp —
qq + yisg or ete” — Z + yisg — €747 + ysg, with large missing momentum
along the beam direction. The Z mass can be determined precisely from the fermion
directions, according to Eq. (3.29), if /s’ is identified with the mass of the produced
Z boson. The so-called radiative return to the Z is seen nicely in Fig. 3.10. The Z
mass determined from the radiative events, Mg, can be compared to the precision Z
mass, Mz, from the Z peak. Equivalently, this comparison can be translated into a
test of the LEP centre-of-mass energy using:

M — My
My

AVs = /s — /s gp = /s , (3.35)
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Fig. 3.9 Mass of the system recoiling to the photon in vvy events, as measured by L3 [16] (left),
and the combined Z + y cross-section (right) compared to the theoretical prediction
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Fig. 3.10 Z mass spectrum calculated from the muon production angles, as measured by
OPAL [17], for all LEP energies combined (left). Difference in centre-of-mass energy A./s mea-
sured by the four LEP experiments in hadronic and leptonic Z return events. The combined LEP
value [18] is in good agreement with the more precise standard LEP energy calibration

with the nominal value of /s, gp [19] provided by the LEP energy working group.
The LEP combined value is [18]

As = 0.054 £ 0.054 MeV (3.36)

in good agreement with no shift with respect to the more precise standard LEP
energy calibration. This is a nice confirmation of the calibration procedure and an
interesting cross-check for the precise determination of Myy.

3.2.4 Anomalous Neutral Gauge Boson Couplings

From the measurement of ZZ and Zy production, one can infer on the coupling
structure of the neutral triple gauge boson vertex. The most general ZZV vertex, with
V=7Z,y, for on-shell Z’s which respects Bose symmetry can be written as [20-22]:

2
1% §—m . o . a
7y @, Py = — S {iff 7Y (Pegh? +if 2 e gy — ), } - 337)
Z

where P is the four-momentum of the incoming V boson, while ¢; and ¢, are the
four-momenta of the produced Z boson pair. The fs coupling is CP violating while
fa is CP conserving. In the Standard Model, both are zero at tree level.
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Similarly, the Zy V vertex is described by

2
S —m
30, ¢, P) = —a (@ —a3g")
Z
14
" pe wB _ gl ph
+-—2 P (P - 28" — ¢} PP)
MZ

+h¥ SWﬁpqz,p
+h) p*e"P*7 Pogr o} (3.38)

where V = Z,y is again the incoming virtual boson in the s-channel. Terms propor-
tional to P* and ¢ are omitted because they do not contribute in e*e™ annihilation.
The couplings h{ and h) are even under parity, and &3 and h) are CP even. All
couplings are C-odd, h}/ and h%/ are therefore CP violating. Because of gauge invari-
ance for V =y both anomalous contributions vanish for s = M ‘2, In the terminology
of an effective Lagrangian, the interaction is induced by operators of dimension six
and higher.

The i} couplings are determined from the kinematic observables in Z+y events,
like the photon energies and angles and, if measured, the fermion energies and
angles. Similarly, the full ZZ event kinematics is exploited to determine the fiV
couplings. The results of all LEP data combined [8] are shown in Figs. 3.11
and 3.12. All couplings are found to be consistent with zero. The gauge boson
coupling structure in the neutral sector fully corresponds to the Standard Model
expectations.
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Fig. 3.11 Contour curves of 68 and 95% confidence level limits on the neutral triple gauge cou-
plings £, and £ [8]
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3.3 Measurement of the W-Pair Cross-Section

The three main final state categories for W-pair production at LEP are fully leptonic,
LvLv, semi-leptonic, qqfv(y), and fully hadronic, qqqq(y ), with branching fractions
of 43.5, 46.2 and 10.3%, respectively. All events may be accompanied by photon
radiation, indicated by (y ), either in the initial or final state. The events are detected
by identifying the visible W decay products, the leptons and quark jets. All lepton
flavours, including leptonic and hadronic tau decays, are considered in the selection
channels.

The LEP experiments apply different strategies to retain the signal events in data
and to reject the different backgrounds. Cut-based and likelihood-based selections
are applied, as well as neural network techniques [23-26]. They all exploit the kine-
matic properties of the events.
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The main selection criteria for £v€v events are two charged leptons and missing
energy. The leptons are required to be acoplanar to reduce the dominating back-
grounds from lepton-pair production and possible cosmic rays. The latter is further
suppressed by requiring an event timing compatible with the beam crossing. A
veto on other activity in the detector is furthermore applied. The main remaining
background is from two-photon collision processes. Figure 3.13 shows an example
for the measured acoplanarity distribution in L3 data. The purity of the event sam-
ples are around 70-80% and the selection efficiencies between 20 and 30% in the
hadronic Tvtv channel up to 60% for evev and evpuv events. The cross-efficiencies,
especially for events with W — tv, decays, can be up to 10%.

Semi-leptonic qqfv events are selected by their hadronic activity, two jets and
one energetic and isolated lepton in the final state, and high invariant masses of
the jet-jet system. The neutrino momentum is actually well reconstructed in qqev
and qquv events by identification with the missing momentum. A large £v mass is
used as selection criteria as well. The missing momentum is required to not point
along the beam direction. An example for a variable combining lepton-jet separation
and missing momentum direction is shown in Fig. 3.13. In the qqrv channel with
leptonic tau decays, a low £v mass is used to separate this decay from the qqev and
qquv events. This minimises the overlap between the semi-leptonic channels, which
is at the 5—-10% level. Hence, it reduces correlations in the measurement of the W
branching fractions. The main background in the semi-leptonic channels is from
ete™ — qq(y) and Z-boson pair production. Efficiencies are between 50 and 65%
in the tau channel and 75-90% in the electron and muon channel. The experiments
with a larger angular coverage for efficient lepton detection generally obtain higher
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Fig. 3.13 Example of W-pair selection variables used by the L3 experiment [25]: (a) acoplanarity
of ¢vfv candidates, (b) the angle between the muon and the next jet in qquv candidate events,
multiplied by the sine of the missing momentum
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efficiencies. The purity is as high as 98% and above for qqev and qquv events and
reaches 65-85% in the qqr v channel.

The selection of fully hadronic W-pair decays is based on little missing energy,
high multiplicity and four-jet topology. Jet resolution parameters, like the Durham
y34 variable [27], discriminate against quark-pair production with additional gluon
radiation, e*e~ — qqg. By applying a neural network based selection which uses
different kinematic and topological quantities the main background from ete™ —
qqgg and hadronic Z-pairs is further reduced. At a selection efficiency of 85-90% a
purity of 80% is reached. Figure 3.14 gives examples for the spherocity distribution
and the neural network output measured by L3.

Each experiment retains 700-1,000 £v£v candidates, 1,200-1,500 qqfv candi-
dates, and 5,000-5,500 qqqq candidates, from which the W-pair cross-section is
derived. The total production cross-section for W-pairs is defined as the correspond-
ing CCO3 process, which means that other diagrams that lead to the same final
state are considered as background. The efficiencies that enter the calculation are
calculated with the state-of-the art Monte Carlo programs that include full O(w)
electroweak corrections [28], like the KandY [29], WPHACT [14] and RacoonWW
[30] event generators. Cross-checks between the different calculations are per-
formed and yield consistent results.

The W-pair cross-sections are determined in each decay channel separately and
cross-efficiencies for other channels are taken into account. Systematic uncertainties
arise mainly from the modelling of the detector response to the measured leptons
and quark jets, which is between 1 and 2% of the cross-section. Smaller contri-
butions are from hadronisation modelling, where the string-fragmentation model
Pythia, and the colour-dipole models Herwig and Ariadne are compared. These
models are tuned on Z decay data depleted in bb final states, which are the most
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Fig. 3.14 (a) The spherocity in fully hadronic events is one of the inputs to the neural network
analysis of the L3 experiment [25]. (b) The final neural network output of the qqqq selection [25]
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similar to the hadronic W decays. Furthermore, there are uncertainties due to Final
State Interactions (see Sect. 3.6), photon radiation and the variation of the W mass
and width within their measurement uncertainties. Luminosity uncertainties are con-
sidered as well. Altogether, the systematic uncertainties are in the order of 1.5-2.5%,
much smaller than the statistical uncertainty for each channel and energy point.

The total W-pair cross-section is determined by combining all decay channels
at each energy points and assuming the W branching fractions to follow the Stan-
dard Model prediction. When combining data of different experiments, correlations
between systematic uncertainties are properly considered. Already with the data
close to the WW threshold, there is clear evidence for the contribution of all three
lowest order diagrams to the W-pair production, as can be seen in Fig. 3.15.

Each single contribution from 7-channel neutrino exchange, or s-channel y or
Z boson exchange, shown in Fig. 1.8, would lead to a steadily increasing cross-
section with centre-of-mass energy and would eventually violate unitarity. Only
the coupling of the W boson to the other gauge bosons, y and Z, caused by
the non-abelian nature of the SU(2) gauge group, and the interference between the
three contributions guarantees correct high-energy behaviour and agrees with the
measured W-pair cross-section.

The result of the combined LEP measurement for /s = 161 — 209 GeV is
shown in Fig. 3.15. The accuracy of the theoretical prediction increases from 0.7%
at /s = 170 to 0.4% at /s above 200 GeV. At the threshold, where the W bosons
are practically on-shell, the latest LPA/DPA techniques can not be applied and the
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Fig. 3.15 (a) Early measurements of the W-pair cross-section by the L3 experiment for centre-of-
mass energies close to the production threshold, compared to the Standard Model calculation and
predictions omitting WWZ and WWy vertices. Only the non-abelian couplings of the W boson
to the other gauge bosons and the interference between the 7- and s-channel contributions avoids
the violation of unitarity and agrees with the measured W-pair cross-section. (b) LEP combined
measurement of the W-pair cross-section as a function of the centre-of-mass energy compared to
latest theoretical predictions [8]
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uncertainty on the prediction reaches 2%. All LEP data are in excellent agreement
with the Standard Model prediction over the whole energy range.

The agreement between the theoretical prediction is summarised in a single R
parameter, which is the combined ratio of measurement to theory for the whole
energy range:

meas

O
Ryw = (3.39)
WWwW
The extracted R values are [8]:
Ryg™W = 0.994 £ 0.009 (3.40)
R{AOONYWY — 0.996 + 0.009 (3.41)

when comparing with the YFSWW and RacoonWW predictions. A very good
agreement is observed within the experimental precision of 1%, which is close to
the theoretical uncertainty of 0.5% [28].

From the measurements of the cross-sections in the individual decay channels
the W branching fractions are determined, where the total sum is assumed to be
unity. The results of the LEP experiments are shown in Fig. 3.16. The Standard
Model expectation of the hadronic branching fraction, Br(W — qq), is 67.51%.
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Fig. 3.16 Branching fractions of the W boson as measured by the LEP experiments and their
combination [8]
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The leptonic ones are expected to be all equal with Br(W — £v) = 10.83%. As it
is evident from the results of all LEP experiments, there is an excess of the branching
ratio W — tv, which is at a level of 2.8 standard deviations:

2Br(W — tv)
Br(W — ev)Br(W — nv)

= 1.077 £ 0.026. (3.42)

Assuming lepton universality, the combined results of:

Br(W — €v) = 10.84 + 0.06(stat.) £ 0.07(syst.) (3.43)
Br(W — qq) = 67.48 + 0.18(stat.) £ 0.21(syst.) (3.44)

are however in good agreement with the expectations [8].

3.4 Measurement of Single-W Production

The production of single W bosons, ete™ — Weuv, is defined as the complete
t-channel subset of Feynman diagrams leading to the evff final state [8]. To suppress
multi-peripheral graphs the process is further characterised by the following phase
space requirements on the qq mass, the lepton energy and the electron and positron
scattering angles:

mgg > 45 GeV for Wev — evqq ,
E, > 20GeV for Wev — evtv
and Wev — evuy ,
E.+ >20GeV, |cosb,+| <0.95, |cosO,-| > 0.95 for Wev — evev .

(and the charge conjugate)

The main signature of single-W production is the forward scattered electron,
which remains invisible in the detector, and the decay products of the W that can be
measured [31-33]. In L3, the hadronic W decay is therefore selected by requiring a
visible energy in the calorimeters compatible with a W decay, 0.30 < Eyi/ /s <
0.65. The missing momentum vector should not point along the beam direction,
| c0S Omiss| < 0.92, because this is the typical signature of radiative ete™ — qq(y)
events with ISR photons escaping along the beam pipe. Events with three-jet topol-
ogy from qqrv W-pair production are also removed. Kinematic criteria like the
invariant jet-jet mass and velocity are combined in a likelihood variable to suppress
ete”™ — ZZ — vvqq events. Eventually, a neural network based on visible energy,
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visible mass, single-W kinematics and 2/3-jet topology is applied to select the final
event sample.

Leptonic single-W final states have the striking signature of single leptons in the
detector without any other visible activity. The recoil mass to the lepton must be
compatible with single-W production, which also rejects e"e~ — vvy events with
converted photons.

Figure 3.17 shows two selection criteria for hadronic and leptonic W decays.
The hadronic W final states are triggered redundantly, while trigger efficiencies for
leptonic final states are about 90% for muons, 95% for electrons and close to 100%
for taus. They are determined directly from data.

The measured cross-sections combined for the LEP experiments is shown in
Fig. 3.18 for the hadronic W decays and all channels combined. The theoretical
predictions are less precise than for W-pair production and reach a precision of
5%. This is estimated from two different calculations in fixed-width and fermion-
loop scheme [34], which consists in including all fermionic one-loop corrections
in tree-level amplitudes and resumming the self-energies. Data and theory agree
well over the whole LEP energy range. The global agreement is expressed in the
measurement-to-theory ratio R as [8]:

RGRCH = 1.051 £ 0.075 (3.45)
RYPHACT — 1,083 4+ 0.078 (3.46)

for the two theoretical programs GRC4f [15] and WPHACT [14]. The measure-
ments show again that the W coupling structure is in agreement with the Standard
Model, especially the WWy vertex contributions. This is further investigated in the
next chapter.
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Fig. 3.17 (a) Neural network output as final selection variable for hadronic single-W events in
L3 [33]. (b) Lepton energy spectrum in single-W decays as measured by L3 [33]
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Fig. 3.18 (a) Measured cross-section of hadronic single-W production at LEP as function of
centre-of-mass energy. The data are compared to the theoretical predictions of WPHACT [14],
GRCA4f [15] and WTO [34]. (b) Total single-W cross-section for the same energy range, compared
to WPHACT [14] and GRC4f [15]

3.5 Determination of Triple Gauge Boson Couplings

In the Standard Model, W bosons couple to the other gauge bosons, y and Z, by
means of their charge and the weak coupling constant, respectively. To test the
coupling structure it is helpful to extend the Standard Model to a general WWV
vertex, with V = y,Z. In this way, additional coupling constants are introduced which
describe possible low energy manifestations of new physics beyond the Standard
Model. Both, the Standard Model and anomalous couplings can then be measured
or constrained by data.

The WWYV vertex is generally parameterised in a phenomenological effective
Lagrangian [20, 21]:

ich = gwwv |:g1V yH (WIIUW*” — W;vW—”) + ey WIW vy

A
_|_M_‘; VMVWVHJ W/Zp + igs‘/suvp(r {(ap W*u) Wt — Wk (apWJrv)} Ve
w
+igy W, W (0" VY 40" VH)
Ky

A
S W W7 Vg — 2 W W e vaﬁ]

2M3,

The overall couplings are defined as gww, = e and gwwz = ecotby, which
are the W electromagnetic charge and weak coupling to the Z. The W and V field
strengths are here defined as: W, = 9, W, —d,W, and V,,, = 9, V,—9,V,,. Forreal
photons (Q? = 0), g} and g;/ are fixed by gauge invariance to 1 and 0, respectively.
In the Standard Model the only non-zero couplings are
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z
gy = gi/ =Kkz=4k,=1 (3.47)

at tree level. The terms proportional to g}, kv and Ay are C and P conserving, while
g4 violates C and P but conserves CP. Violation of CP is parameterised by g, , &y
and Ay .

The lowest order terms of the multipole expansion of the W-photon interaction
are directly related to the couplings. The charge, Qw, the magnetic dipole moment,
ww, and the electric quadrupole moment, gy, of the W+ are given by:

Ow = egi/ (3.48)
pw = (g} +ky + ) (3.49)
ZMW 1 Y Y .
e
qw = " (k) — Ay) (3.50)

One can obtain theoretical constraints on the triple-gauge boson couplings (TGC)
by asking for a global “custodial” SU (2) symmetry [35] of the effective Lagrangian.
This is supported by experimental data since it avoids deviations of the p parameter
from the well established value close to 1. The additional symmetry leads to the
following relations between the C and P violating couplings:

Kz = gt —tan’ Oy (k, — 1) (3.51)
Az =hy (3.52)

With this assumption the parameter space becomes more restricted and con-
straints are more stringent with the given amount of data.

The charged TGCs are extracted from LEP data in an analysis of the multi-
differential cross-section of W-pair production [36-39]. Neglecting photon radiation
and fixing the mass of the W boson, five angles describe the four-fermion final state
in W-pair decays: the polar decay angle of the W~ boson, @y, and the polar and
azimuthal decay angles of the fermions in the W rest frames. The TGCs influence
the total production cross-section, the W~ production angle and the fermion angles
by changing the W polarisation.

To improve the resolution on the angles, a kinematic fit is applied to the events,
asking for four-momentum conservation and equality of the two reconstructed W
masses. In qqr v events the two hadronic jet energies are rescaled such that their sum
equals /s /2. This yields nearly the same performance as a kinematic fit, which can
be less constrained due to the tau neutrino. In fully hadronic events, the assignment
of two jet pairs to two W decays, the so-called “pairing”, can be done using neural
network techniques. They yield a correct pairing typically in the order of 75-80% of
the cases [38]. Input to the neural network are kinematic variables like the difference
and sum of the masses of the jet pairs, and the sum and minimum of the angles
between paired jets. Another quantity is the value of the matrix element for the
reaction ete™ — WW — ffff applied to the four reconstructed jets and calculated,
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e.g., with the EXCALIBUR [40] program. Finally, the difference between the W
charges is used as calculated from the sum of jet charges.

The jet-charge is assigned by applying a track based technique. The tracks
belonging to each quark jet are weighted by their momenta:

1

N tracks

Giet =

> qilpi - dia* (3.53)

tracks

with the number of tracks, Nyacks, their charge, g; = =£1, and the track momentum
p; projected on the jet direction dje;. The momentum weight « is chosen to be unity.
With this definition, the charge is found to be correct in about 70% [38] of the Monte
Carlo events under the condition that the pairing is correct. Alternatively, if the jet
charge is not used in the analysis [36] the corresponding angular distribution are
folded and no sign is determined.

The W~ direction, cos @y, in semi-leptonic events is determined from the
hadronic W decay. The sign of cos @y is derived from the lepton charge. In fully
hadronic events, the direction comes from either W pair, which are back-to-back
after the kinematic fit. Sign information is provided by the charges of the jet-pairs.
Figure 3.19 shows the W boson production angle in W-pairs as measured by the
ALEPH experiment, and the sensitivity of the data to the anomalous A,, coupling.

Additional sensitivity to the WWy vertex is also in single-W production, where
the hadronic cross-section and the leptonic energy spectrum are used as input. Over-
lap with W-pair events is carefully removed to avoid double-counting. Single pho-
ton events, ete” — v,7,y, are mainly produced through initial-state radiation in
s-channel Z-boson exchange or #-channel W-boson exchange, but the process con-
tains also a small contribution from W-boson fusion through the WWy vertex.

All measured final states are input to a combined analysis of the angular distribu-
tions, energy spectra and the production rates at the different centre-of-mass ener-
gies. The dependence of the observables on the couplings is derived by mainly using
two different techniques, the optimal observable [41] and matrix-element reweight-
ing methods. The former is exploiting the fact that the differential cross-section,
do/dS2, in any set of measurable variables, §2, depends only quadratically on the
couplings, g;:

do
d_.Q =S+ Sig + S,-jgigj . (3.54)

It can then be shown that the set of observables O; = S; /Sy and O;; = S;; /S are
optimal in the sense that they contain the maximum information about the couplings
gi. The coupling parameters, g; (i = 1,...,n), are determined by comparing the
measured mean values of O; and O;; to their expectation values, E[O;] and E[O;;],
for a certain set of couplings. The optimal observables can be either calculated ana-
Iytically or by Monte Carlo simulations. Correlations between them are properly
taken into account.
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Fig. 3.19 Distribution of the W boson production angle in W-pairs as measured by the ALEPH
experiment [36]. Data are combined from all LEP centre-of-mass energies. Events from fully
hadronic final states enter with a weight corresponding to the probability of correct W charge
measurement. Semi-leptonic events yield a weight of one, while fully leptonic final states are
considered with a weight of 0.5. Data are shown together with the Standard Model prediction
and the expectation for a A, value of £0.2

The expectation values, E[O(g1, ..., g:)], are usually constructed by reweight-
ing of simulated Monte Carlo events. This reweighting is based on the matrix
element squared, |M|?, calculated for the given production process, e.g. ete™ —
WW — ffff(y). A weight for each simulated signal event j is then determined as
the ratio

) ) 2
‘M (p{7 "'5p¥l;gla -~-,gn>‘
wj(gla-”agn): i N . (355)
)MSM (p{, ,pi)‘
where the four-momenta of the final state particles are denoted as p{ e p,{. The
matrix element M contains anomalous contribution parameterised by g, ..., g,

while M), is the matrix element for the Standard Model expectation.
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The second extraction method is based directly on matrix element reweight-
ing and compares the measured differential cross-section with the predicted ones.
A likelihood is constructed as the Poisson probability to observe N; events in a
certain phase space interval (bin), when u;(g1, ..., g,) events are expected:

Nbins
L=11
1

e Mg gn)l,”.(g17 ol gn)Ni

N;!

(3.56)

i

The expectation value u; is calculated by taking the normalised sum of the sim-
ulated Monte Carlo events, rescaled by the event weights w;(gi, ..., gi)-

The ALEPH and OPAL experiments apply an optimal observable analysis
[36, 39] and the L3 experiment uses the reweighting method to determine the
charged TGCs [38]. DELPHI derives the couplings from the spin-density matrix
[37]. All experiments exploit furthermore the dependency of the total signal cross-
section sections on the couplings.

Systematic uncertainties of the TGC measurement are from various sources, like
background estimation, modelling of hadronisation, LEP beam energy, lepton and
jet measurement, charge confusion, and final state interaction in W-pairs, none of
them actually dominating. With the more accurate theoretical predictions of the
W-pair production cross-section, owyw, applying LPA/DPA techniques, the uncer-
tainty on oww are much reduced, as well as the uncertainties on the O(«) corrections
to the distribution of W production angle.

The likelihood curves of the LEP experiment for the different gauge couplings
are combined taking correlations between systematic uncertainties into account. The
current preliminary results of 1-parameter fits to the data are [8]

z 0.022
81 = O-991J:0.021
0.042
Ky = 0.984%55,
0.021

Ay = —0.016J_F0.023 .

The main systematic uncertainty is from O(«) corrections which contributes with
an uncertainty of 0.010 to g{ and 1, and with 0.010 to «,. The LEP TGC measure-
ments are however dominated by statistical uncertainties.

All couplings agree well with the theoretical expectations, as can be seen in
Fig. 3.20 for two-parameter fits. This is a direct evidence for the non-abelian struc-
ture of the theory. The W boson couples indeed to the photon and the Z boson. The
measurements are fully compatible with the predicted vertex structure and coupling
strength of the Standard Model. Furthermore, no evidence for neutral three-boson
coupling is found, neither at LEP [8] nor in pp processes at the Tevatron [42].

Anomalous contributions to the quartic couplings of the W boson, with four-
boson vertices WWyy and WWZy, are as well constrained by measurements [43]
of the photon spectra in WWy and vvy y events. The combined LEP results for the
WWy cross-sections are shown in Fig. 3.21. The theoretical framework is given by
the following Lagrangian containing dimension-6 operators [44]:
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L0 = —%“ %F,”F’“W“ W, (3.57)
Lo = —%"‘%F,m FIrOW® . W, (3.58)
cr = —%‘X e W W WO e, (3.59)

where ay, a., and a, are the anomalous quartic couplings of the W boson and A the

energy scale of the effective theory. The influence of the anomalous couplings on
the photon spectrum in WWy events is demonstrated in Fig. 3.21. Limits are set by
the LEP experiments, which are all compatible with the non-existence of anomalous
contributions. They are in the order of

—0.020 GeV~2? < ag/A? < 0.020 GeV 2 (3.60)
—0.064 GeV~2 < a./A? < 0.032 GeV 2 (3.61)
—0.18 GeV~?% < a,/A% < 0.14 GeV~2, (3.62)

citing the DELPHI result [43] as a typical example.
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Fig. 3.21 (a) LEP measurement of the WWy production [8] compared to the theoretical predic-
tions, showing very good agreement. The signal process is defined by the following requirements
on the photon kinematics: E, > 5 GeV, |cosf,| < 0.95, |[cosé,¢| < 0.90, where 6, is the
isolation angle between the photon and the next fermion. In addition the mass of the fermion pair
from the W decay must agree with the nominal W mass, My, within twice the W width. (b) Energy
spectrum of photons in WWy events, as measured by L3. The data are compared to the Standard
Model prediction and to anomalous scenarios with different effective coupling values, a,, / A%=0.1,
0.2, and 0.4 [43]

The WWZZ and WWWW scattering vertices can not be directly probed at LEP.
But anomalous behaviour would show up in the neutral and charged TGC mea-
surements. The ALEPH collaboration, for example, interpreted the measurements
of W-pair production and corresponding angular distributions in terms of strong
W, W, scattering with an intermediate techni-p exchange. Since data were found to
be in agreement with Standard Model expectations a lower limit on the mass of the
techni-p could be set at 600 GeV (95% C.L.) assuming that the width of the new
particle it at most as large as its mass [36].

In summary, measurements of the electroweak boson couplings at LEP as well as
at other collider experiments agree very well with the Standard Model predictions,
both in their structure as well as in their magnitude.

3.6 Final State Interactions in W Boson Decays

When W boson pairs decay hadronically, so-called Bose-Einstein correlations and
colour reconnection effects may alter the hadronic final state. These phenomena also
influence measurements of W boson properties, especially the determination of the
mass of the W.

3.6.1 Bose-Einstein Correlations

The origin of Bose-Einstein correlations (BEC) is the quantum mechanical require-
ment that the decay amplitude is symmetric under the exchange of identical bosons
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in the final state. The idea was developed in astronomy as intensity interferome-
try, also known as Hanbury/Brown/Twiss interferometry [45]. In particle physics,
charged pion correlations were first observed in p p collisions [46—48].

In the plane-wave approximation, the amplitude to observe two identical bosons,
that are produced at space-time point x; and x, with momenta p; and p, and which
are measured by two detectors at points x4 and x is given by [47, 49]:

Ip1p2) = L {eipl(xlfo)Hfﬁleipz(XZ*XB)Jri(ZJz
+€ip' (x2—xp)+ig eipz(xl —xp)tigy }

— %ei(PlePZXB_(PI —¢2) {eiplxleipzxz + eiplxzeiple} ; (3.63)

where ¢; and ¢, are the phases. The last term arises due to the symmetrisation of
the amplitude, as required by Bose-Einstein statistics. Squaring the amplitude yields
the two-particle correlation:

Ry(p1, p2) = Ry(Q) = 1 4 cos(Q Ax), (3.64)

with the four-momentum difference Q = p; — p; and the space-time difference
of the sources Ax = x; — x,. One obtains an enhancement of particles produced
close in phase-space. Note that the dependence of R, on the location of the detectors
dropped out. The correlation function therefore contains also information about the
source of the bosons. In more realistic calculations, the particle source is modelled
with various shapes and may also move in space-time [47].

In the LEP analyses [50-53], the PYBOEI model implemented in the PYTHIA
Monte Carlo generator [54] is used to describe BEC effects with a Gaussian
parameterisation of the correlation function:

Rx(Q) =1+ re CF. (3.65)

The parameter A is the BE correlation strength, while the parameter R corre-
sponds to the radius of the source. The correlations alter the momentum distribu-
tion of the final state particles, but the total momentum must be conserved. This is
achieved by a local energy compensation with a negative BE enhancement with 1/3
of the radius R. This compensation is further constrained to vanish at Q = 0 by
introducing an additional 1 — ¢2*R*/4 factor. This corresponds to the BE3; option of
the PYTHIA generator. The LEP experiments have tuned their hadronisation models
including BEC to hadronic data taken at the Z resonance, where BEC was clearly
established [55] in 77 * and 7°7° data samples.

The correlation function R; is determined from data by taking the ratio of the
measured and background corrected two-particle density, p2(Q) = 1/ Npairsd]:]i#g“ to
the two-particle density of a reference Monte Carlo simulation without BEC, py(Q):
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p2(Q)
po(Q)

Ry(Q) = (3.66)

Using this method, a good agreement between BEC in hadronically decaying W
bosons in qqfv events and hadronic Z boson decays is observed, as can be seen in
Fig. 3.22. The selected Z decays are depleted in their Z — bb content to resemble
the W decay branching fractions, which mainly decay to ud and cs quark pairs.

In fully hadronic W-pair decays, correlations may also appear between final state
particles from different W bosons. It would have an impact on the measurement of
the mass of the W boson because it may lead to momentum transfer between the
two hadronically decaying W’s.

This interesting scenario of BEC between two different W bosons (inter-W BEC)
is studied by comparing the two-particle density in qqqq events, ,ogv Y (Q), with those
expected for an event sample without interference between the two decaying W
bosons. This correlation function is constructed in the following way:

03 "(Q) =20 (Q) + 200 (Q), (3.67)

where p,’ (Q) is the background-corrected density measured in semi-leptonic events
and pfﬁv (Q) the density constructed by mixing uncorrelated particle pairs of inde-
pendent semi-leptonic events. The mixed events are carefully arranged so that their
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kinematic properties agree with the qqqq event sample, including the corresponding
event selection procedure.

In absence of interference between the W bosons, Eq. (3.67) holds and the
difference

80(Q) = Q) — 20y (0) — 20V (0) (3.68)

is expected to vanish. Figure 3.22 shows the measured §p(Q) distribution for the
OPAL experiment. The agreement with zero can be further quantified by determin-
ing the integral of the 5p(Q) distribution from 0 to Q yx:

Onmax
J=/0 80(0) d Q. (3.69)

Sensitivity to genuine correlations between the W bosons (inter-W correlations)
is obtained in the inter-source correlation function &;(Q) = 8p(Q)/ p[‘:lvllv (0), as
well as from the ratio

Py V'(Q)

D = .
@ 207 (0) +2p" Y (0)

(3.70)

To correct possible distortions of the ratio due to the event mixing procedure or
detector effects, the double ratio

/ . D(Q)data
b (Q) B D(Q)MC,nofinler (371)

is introduced, where D(Q) /¢ no—inter 18 derived from a Monte Carlo sample without
BEC between W bosons. D’(Q) can then be parameterised as

D'(Q) = (14380)(1 + Ae K, (3.72)

where A corresponds to the correlation strength. In the measurement of like-sign
final state hadrons, the L3 experiment finds values compatible with no inter-W cor-
relations [52]:

J(£,+) =0.03£0.33+£0.15, and
A =0.008 £0.018 £0.012

where the first uncertainty is statistical and the second systematic. The variation of
track and event selection, as well as the mixing procedure contribute most to the
systematic uncertainty. As a consistency check, the J integral for unlike-sign pairs
yields J(+4, —) = 0.01 & 0.36 £ 0.16, consistent with zero. The expectations for a
scenario with inter-W BEC are J(+,+) = 1.38 £0.10 and A = 0.098 %+ 0.008,



86 3 Gauge Boson Production at LEP

Fig. 3.23 LEP measurements . LEP summer 2005
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respectively, which means the inter-W BEC model disagrees with data by more
than 3.5 standard deviations.

Figure 3.23 summarises the various LEP measurement on BEC, where various
variables and methods are compared in terms of the relative fraction of the inter-W
BEC model that is seen in data. Combining the results of all LEP experiments, this
fraction is found to be 0.17 & 0.13 [8]. This means data are consistent with the
absence of inter-W BEC and significant BEC effects according to the BE3, model
are disfavoured.

3.6.2 Colour Reconnection

Colour reconnection (CR) is summarising QCD interference effects which lead to
strong interaction between two colourless states. This phenomenon is observed, for
example, in the colour-suppressed decay of B mesons, B — J/¢¥ + X, where the
¢ and ¢ quarks of the cc colour singlet state of the J/y meson are each originating
from separate colour singlet states, which have to be colour reconnected. It is there-
fore interesting to study if this effect is also present in hadronically decaying W’s,
whose decay products are necessarily colour singlets. Due to the short but non-zero
lifetime of the W, the decays are separated in space. The distance is however much
shorter than the typical hadronic interaction length of 1 fm, so that CR effects may
alter the two W decays.

Like inter-W BEC, CR strongly affects the W mass measurement in fully
hadronic W-pair events because the reconstructed mass of the W bosons would
not be identical to their propagator mass. At LEP, this was the initial motivation
to search for signatures of CR. The W mass is actually the observable that is most
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affected by CR, and without refinement of the data analysis it leads to significant
systematic uncertainties on My in the fully hadronic decay channel.

The description of CR [56, 57] in perturbative QCD is considering pure gluon
exchange between the quarks from the W decays. But the perturbative effect is sup-
pressed by the probability 1/N? for accidental colour reconnection. Furthermore,
the momenta, k, of primary gluons generated by the reconnected system is expected
to be limited by the finite width of the W boson to k < kpax = I'wMw/Ew. It
was indeed found that the effect on the rate of charged final state hadrons, on their
momentum spectrum and their distribution in phase space is only small. Not far from
the W-pair threshold the CR effects on the particle-flow distribution is expected to
be [58]:

AN ay(Tw) Ny (ki)

< ~ 01072, (3.73)
Nn()fCR ch Né(Mw/Z)

where

dN,(E)
N/(E) = —1
o(E) dlogE

(3.74)

with the multiplicity, N,(E), inside a QCD jet of energy E. Therefore, only few
low-energy particles are affected by perturbative CR.

Ad-hoc models [57-62] for the non-perturbative phase predict, however, a much
larger influence on the hadronic observables, in particular on the reconstructed W
mass in qqqq events. Several models are interfaced to the standard Monte Carlo
generators that are used to simulate the fragmentation and hadronisation phase of
the hadronic W decays.

The Sjostrand-Khose model SK I [57] is the most popular CR model since it has
a free parameter, k;, to adjust the CR probability. The model is implemented in the
Pythia program and is based on string fragmentation concepts. In the SK I model,
the colour field strength, £20(x, ¢, u), of strings stretched out along the unit vector u,
are given an extension in phase-space with a cylindrical shape:

(%2 — 2 (42 _ 2
20(x, 1, 1) = exp (M) (1 — |x]) exp (ﬂ) . (375)

2 2
2rhad 2Tfrag

with the radial extension of the string ry,q and proper time scale of the string frag-
mentation, T, ~ 1.5 fm/c & 3rp,q/c. When the string is produced at space-time

coordinate (fy, Xo) and is propagating with B perpendicular to u the colour field is
travelling according to

(X —Xq, t — 1y, B, 1) = 20((X — Xo)/, (t — 1p)’, ) (3.76)

with the boosted coordinates (x — xp)" and (t — f)'.
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The reconnection occurs when two colour fields of the two W* bosons have
sufficient overlap. In general, many strings are present in each fragmenting W=, but
only the one with maximum 27 value is assumed to contribute to the reconnection
probability. The calculation of the overlap integral

It = / dPxdt 25 (%, 1.X7,107) 2o (X1, X5, 15) (3.77)
is however time-consuming if performed numerically during the Monte Carlo gen-
eration of each event. It is therefore approximated by the sampling sum

1 QF Q-
I:I: — Z max ® “max (3.78)
Nsamp N. erial

samp

with a corresponding trial distribution

2 ( X ) A P (3.79)
ral = €Xp exp| ——— , .
" f r2r t%ad flztfzrag

with ¢/ = t — max(¢~, t1). The parameters Ngamp = 1000, f, = 2.5and f; = 2.0
are chosen to yield sufficient efficiency and numerical accuracy. When two strings
overlap they are eventually reconnected according to the probability:

Preco = 1 — e—k,fff,li’ (3.80)

with the free parameter k;. At most one reconnection per event is allowed.
Figure 3.24 shows the reconnection probability obtained from a reference Monte
Carlo sample of WW — qqqq events at /s = 189 GeV as a function of k;.

The models SK II and SK II’ apply a string picture that corresponds to vortex
lines like in type II superconductors. The topological information is concentrated
in the core region around the string and reconnection occurs with unit probability
when two of these regions overlap. The transverse extent of the strings can thus be
neglected, which was not the case in the SK I model. There is also no free parameter.

The Ariadne program introduces CR in the dipole-cascade model [58]. The two
quark pairs of the W* decays form two colour dipoles from which two cascades
start. A randomly chosen colour index in the range 1-9 is assigned to each colour
dipole in every step of the cascades. If two dipoles happen to have the same index
they are allowed to reconnect. Special care is taken so that no unphysical colour
flows appear. The actual reconnection is eventually taking place when the string
related A measure is reduced. This measure is defined as

n—1

(pi + Pi+1)*

A= Zlog T* (3.81)
1 0
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Fig. 3.24 (a) Colour reconnection probability as a function of the SK I model parameter, k;,
together with an approximative curve preco(k;) = k,lerb with b = 1.22. (b) Difference of
the mean charged particle rates in fully hadronic and semi-leptonic W pair events, A(n.,) =

(nf199) —2 <n§zlu> for different LEP centre-of-mass energies, as measured by the OPAL experi-
ment [66]

with the four momenta p; of the n partons along the colour string, and the mass
scale my ~ 1 GeV. This condition corresponds to the reasonable assumption that
partons close in phase-space are more likely to reconnect.

In W pair events the two dipole cascades first evolve independently from large
gluon energies down to E, ~ Iy. Only in the low energy regime E, < [y inter-W
colour reconnection between the two cascades is turned on. The matching of the
two stages of the cascade is properly taken care of. In the Ariadne AR 2 model,
the inter-W reconnection probability is about 22% at a centre-of-mass energy of
189 GeV. To compare with the Ariadne model with only intra-W CR, AR 1, also
this cascade is run in two stages, first down to £, ~ Iy and then for lower gluon
energies.

Colour reconnection is as well implemented in the Herwig cluster fragmentation
model [62]. In the limit of a large number of colours, every quark or anti-quark
produced in the parton shower has a unique colour-connected partner with which
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it can be clustered. In addition, every gluon has a colour and an anti-colour index,
each uniquely connected to another parton, and after showering the gluons split into
quark pairs. Each quark pair is eventually forming a cluster with its colour connected
partner. Like in perturbative QCD, local colour reconnection can then occur with the
probability 1/N? = 1/9, which also defines the inter-W reconnection rate.

Some of the models can also be tested at the Z peak in three-jet event topologies,
where two jets originate mainly from bb pairs and the third from gluon radiation.
This allowed the gluon jet to be identified with an anti-b-quark tag. In the sub-
sequent analysis gluon jets with a rapidity gap were studied with respect to the
total charged particle multiplicity [63, 64]. Similarly, the asymmetry in particle-flow
between the inter-quark jet region and the quark-gluon region was measured [65].
Both type of analyses are sensitive to a rearrangement of the colour flow in the
event. All LEP measurements show that the Ariadne model type 1 [58] is not
consistent with data. Also the Rathsman/GAL model [61] with default parameter
settings fails to describe the measurements. Other models like SK I and AR 2 could
not be tested because they predict CR effects only in WW decays, not in qq(y)
events.

The measurement of CR in WW decay data was first investigated by analysing
charged particle rates in qqqq events compared to qqfv events. The OPAL exper-
iment determined, for example, the mean number of charged particles in the two
decay classes. Well reconstructed tracks in the OPAL jet chamber with a minimal
transverse momentum of 0.15 GeV pointing to the interaction vertex were used in
the analysis. Using all high-energy data at /s = 189 — 209 GeV the following
values were found [66]:

(ndi¥) =38.74 £0.12£0.26
(n) = 1939 £ 0.1 £ 0.09

Alnep) = (n89) — 2 <n§2‘”) — —0.044025+0.16

where the first uncertainty is statistical and the second systematic, mainly origi-
nating from uncertainties on the hadronisation model and on the comparison of
ete” — (q data to simulations, which were used to refine the detector simulation.
The CR models predict the values of

—0.42 (SK I, k; = 100)
—0.29 (SK Lk =0.9)
A{ng) =4 —0.14 (SK 1I) (3.82)
—-0.19 (AR 2)
+0.32 (HerwigCR)

The mean value differences are all compatible with OPAL data, which is also visible
in Fig. 3.24. Thus, the charge multiplicity is not sensitive enough to decide on the
validity of the CR models.
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A much more sensitive variable is constructed from the particle-flow [67, 68] in
the qqqq event, based on the string fragmentation picture [69]. It leads to the expec-
tation that CR changes the fragmentation in the regions between the primary quark
jets. Hadronic activity between jets from different W bosons should be slightly
enhanced, while the one between jets coming from the same W boson should be
reduced. Furthermore, CR should mainly alter the low-momentum jet particles.

In the L3 analysis [70], a well defined sub-sample of the qqqq events is selected
by requiring that the quark-jet association is optimal. The two largest inter-jet angles
are required to be between 100° and 140° and not adjacent. The two other inter-jet
angles must be less than 100°. In this way, the two strings between the qg pairs
evolve in opposite directions. The selection efficiency is low, in the order of 15%,
but the event sample has a high purity of 85%. The rate of correct pairing of the jets
to two W bosons is estimated to be 91%.

In the second step of the analysis, a plane is defined by the direction of the most
energetic jet (jet 1) and the direction of the closest jet that has an angle larger than
100° with respect to jet 1. These jets are likely to originate from the same W. Since
the events are in general not planar, three more planes are defined, spanned by the
directions of each other jet pair 243, 3+4, 4+1. All particles, i, are projected on
the planes and for those in the inter-jet region an angle ¢; ; with respect to jet j is
calculated. Eventually, the analysis uses the rescaled angles

e = j— 14+ -2 (3.83)

9
Y+l

where v/; ;1 is the angle between jet j and jet j + 1. Figure 3.25 shows the rescaled
angular distribution after background subtraction. The directions of the jets are at
angles 0, 1, 2, and 3. By construction, the regions A € [0, 1] and B € [2, 3] contain
preferentially particles originating from the same W boson, while the regions C €
[1,2]and D € [3, 4] contain particles which are between jets of different W bosons.
To enhance the CR sensitivity, a ratio of the integrated particle-flow distributions is
built:

0.8 0.8 -1
1/d d 1/d d
SRTCIE IR e
02 2\d¢ d¢ 02 2\d¢  d¢
The ratio of the non-integrated distributions is shown in Fig. 3.25. The ratio Ry
depends on the centre-of-mass energy and for the combination of all data the values

are scaled back to \/s = 189 GeV. Possible reconnection effects in the remaining
77— qqqq background is neglected. L3 obtains [70]:

Ry =0.915 £0.023 (stat.) £ 0.021 (syst.). (3.85)

The systematic uncertainty is mainly due to the experimental definition of
the energy flow objects, where calorimetric cluster and track based analyses are
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Fig. 3.25 (a) Distribution of
the rescaled angle of the
particles with respect to the
next jets, as measured by the
L3 experiment [70]. (b) Ratio
of the particle-flow in the
inter-jet regions A+B and
C+D, compared to the
standard Pythia Monte Carlo
and scenarios with colour
reconnection [70]
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compared. The measurement agrees well with the expectation from the Pythia frag-
mentation without CR, Ry (Pythia, no — CR) = 0.918 % 0.003.

Similar analyses are performed by the DELPHI and OPAL experiments [66, 71].
The DELPHI analysis is based on selecting W-pair events with a particular jet con-
figuration, like the L3 data sample, while OPAL applies an event selection used in
the W mass analysis. The OPAL event selection has therefore a higher efficiency of
86% but accepts jet topologies with a more complicate colour flow. Since the mea-
sured values of Ry are not corrected for detector acceptance, resolution or efficiency
the following ratio is constructed [8]:

data
rdata_ RN
- Rno—CR’
N

(3.86)

where RR,‘)*CR is a reference value from a Monte-Carlo sample without CR. The
measured % can then be compared to a model prediction, for example the r(k;)
determined for the SK I model, which depends on the reconnection parameter k; as
shown in Fig. 3.26.
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Fig. 3.26 (a) Evolution of the particle-flow ratio r = R$R/RW™R with the SKI parameter k;
determined by L3 and OPAL in Monte Carlo simulations. (b) Systematic shift of the reconstructed
W mass in qqqq events due to CR effects, as a function of the momentum cut that is applied to
particles in the jet reconstruction [72]

As mentioned above, the W mass measured in the LEP detectors is also a
very sensitive variable to CR. In a series of studies, the effect of CR on My was
found to be reduced if low-momentum tracks and low-energy cluster are removed
in the jet reconstruction. Only those above a certain p.y or E., are considered.
Alternatively, the jets are restricted to a certain angular cone, and the new jet
direction and momentum is determined in an iterative procedure. Excluding parti-
cles in the inter-jet regions outside the cones reduces the effect of CR on My . A third
method applies weights, w = p*, to the momentum contribution of each particle in
the jet, again suppressing low-momentum tracks, and therefore CR effects, if « > 0,
but enhancing CR effects if ¥ < 0.

Figure 3.26 shows the shift in My that is expected to be induced by CR to the
nominal W mass value as a function of the particle momentum cut applied in the
jet reconstruction. As can be clearly seen in this ALEPH study [72], the systematic
shift of My is much reduced by this method. It is also remarkable that all CR models
show the same trend. However, at the same time the jet resolution is worsening the
more particles are removed from the jets, and so is the statistical uncertainty on
My in the qqqq channel. Eventually, the best method and its corresponding cut
value must be found in an optimisation procedure taking statistical and systematic
uncertainties and their correlations into account. More details are given in the mass
measurement section.

Important for the measurement of CR is the fact that, if CR exists, the measured
My should vary when the jet reconstruction parameters are varied. The ALEPH
experiment measured the variation of My as a function of p, and of the cone
radius R, and a linear fit yields values compatible with no My shift:

MeV
MeV 1

AMy =(+9+19) —— — .
w (+ )radilR
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DELPHI compared the standard My value with alternative estimators applying
a cone cut at R = 0.5 rad and a momentum cut at 2 GeV:

AMw(std, R = 0.5 rad) = (59 &£ 35 (stat.) & 14 (syst.)) MeV
AMw(std, poye = 2.5 GeV) = (143 £ 61 (stat.) £ 29 (syst.)) MeV

The former is well consistent with zero, the latter, however, differs from no shift
by about two standard deviations. And finally, the OPAL experiment uses their most
sensitive estimator, the My difference between the mass reconstructed applying a
Peut of 2.5 GeV and applying a negative momentum weight with a « value of — 0.5:

AMw(pew = 2.5 GeV, k = —0.5) = (— 152468 (stat.)£61 (syst.)) MeV. (3.87)

The OPAL result is compatible with zero at the 1.5 standard deviation level.
All experiments performed a systematic cross-check using semi-leptonic events,
in which the same jet variations are applied. The qqfv analyses all gave results
consistent with no effect. The observed shifts are compared to the SK I model pre-
dictions, as it is shown in Fig. 3.27 for the OPAL result.

The LEP data is eventually combined by constructing a total Ay ? function which
takes correlated uncertainties between the individual measurements into account.
Sources of systematic uncertainties are from hadronisation and BEC effects, as well
as from the modelling of the background scale and shape. The previously mentioned
limit on the BEC strength is used to constrain the BEC systematics. The SK I model
is taken as the main reference and k; is the main parameter varied in the x> minimi-
sation. Figure 3.28 shows the resulting curves of the four LEP experiments together
with the combined LEP measurement using information from the particle-flow anal-
ysis and the Mw-shift studies. The best value for the parameter k; is found to be
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This corresponds to a preferred reconnection probability of 51% in the SK I
model, evaluated at a centre-of-mass energy of 189 GeV. The absence of CR can
not be excluded, but it is disfavoured with 2.8 standard deviations. On the other
hand, an extreme CR scenario with 100% reconnection fraction is ruled out with a
significance of 6.9 standard deviations. The LEP data therefore supports the exis-
tence of CR as modelled in SK I. Other CR scenarios like AR 2 and Herwig predict
smaller reconnection probabilities of 22 and 11%, respectively. In dedicated studies
of these two CR models by the LEP experiments [72, 71, 70, 66] both show only
small deviations from the no-CR scenario, which is not favoured by the combined
LEP result. When re-interpreting the SK I measurement, the AR-2 model agrees
with data at the 2.0 standard deviation level, while for Herwig the consistency is at
the 2.4 standard deviation level.

The measurement of CR in hadronic W-pair events is an interesting physics result
by itself because it confirms the existence of colour rearrangement as observed in
colour-suppressed meson decays. The reconnection probability is even beyond the
naive expectation when simply counting the number of colour combinations, 1/N f
The determination of CR effects directly from data is a very important ingredient
for the W-mass measurement at LEP. As discussed below, CR is one of the main
sources of systematics on My and the result is used to estimate the corresponding
uncertainties.

The CR measurement at LEP may also be helpful for physics at pp and pp
colliders, Tevatron and LHC. In the simulation of the underlying event CR effects
play a significant role [73]. The CR Monte-Carlo parameters are usually tuned to
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measured event shape variables of the underlying event and thus constrained [74].
The CR models used in these estimations are implemented in Pythia [54] and
typically assume a 33% direct reconnection probability with nearest neighbours in
momentum space. New multiple interaction (MI) models like Colour Annealing [75]
are defining a probability for a given string to not participate in the reconnection
process as:

Preep = (1 —n)™! (3.90)

where 7 is a free parameter and nyy the number of interactions that occurred in each
event, which increases the reconnection probability for any given string in events
with many interactions. In addition, the model tends to perform colour connection
to the partons closest in momentum space, and therefore minimising the total string
length. This model would in principle be valid also in WW decays, but it was not
studied by the LEP collaborations. However, it may well be directly compared to
the result in the SK I framework. This may give an additional handle to control CR
systematics at Tevatron and the LHC. This is of importance for the measurement of
the top quark mass, where the CR uncertainty currently amounts to 0.41 GeV, being
among the three largest single contributions to the total systematic uncertainty on
my [76].

3.7 Measurement of the W Boson Mass

The mass of the W boson, My, is a central parameter in the Standard Model,
and a precise determination of My is one of the main tasks of the LEP experi-
ments. There are two methods used to measure this quantity at LEP: by determining
the W-pair production rate at the threshold and by direct reconstruction of the
W decay spectrum. Since the LEP physics goals were not only the determination
of W parameters but also the searches for new particles, only a fraction of the
total data, about 4 x 20 pb~!, were recorded at threshold energies. The largest
data samples of about 4 x 680 pb~', are available at energies between 183 and
209 GeV.

At the W pair threshold, the cross-section of W pair production is dominated by
t-channel neutrino exchange and it is proportional to the velocity of the W bosons:

(3.91)

The first determination of My at LEP was therefore derived from the cross-section
measurement at the optimal /s value of 161 GeV, and at 172 GeV. They yield a
W-mass value of [8]:

Mw = 80.40 = 0.20 (stat.) & 0.07 (syst.) & 0.03 (Epeam) GeV (3.92)
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which has a rather large uncertainty, dominated by the statistical uncertainty on
oww. In principle, My could have been measured more precisely if more data would
have been collected in the threshold energy range. With the same amount of data,
a precision very similar to the one from fully reconstructed events can be reached,
with different systematic uncertainties. This method may therefore be used again at
a future linear ete™ colliders [5]. As mentioned earlier, an improved accuracy of the
theoretical predictions for oy at the threshold is being worked on [77].

In the direct reconstruction method, the masses of each decaying W is determined
from the measured leptons and jets. All LEP experiments analysed the qqfv and
qqqq final states, OPAL also determined My in {vfv events.

In the fully leptonic final state the W masses can not be completely reconstructed
because of the two neutrinos of the W decay. However, neglecting the lepton masses
and the finite W width the dependence of lepton energy, E,, on My is given by

s s M
Ep= == +cost] | = = TW’ (3.93)

where cos 6/ is the angle between the lepton momentum in the W rest frame and
the direction of the W in the laboratory frame. This angle is not measurable, and the
sensitivity of the lepton energy to My is mainly from the endpoints of the spectrum,
where cos 6 = £1. When assuming that the neutrinos are in the same plane as the
leptons the event kinematics can be solved with respect to a pseudo-mass, M, up
to a two-fold ambiguity. The solutions are [78]:

2
M2 =" { Pp, — 4
e (Ppe — Opo)(pe + Pe)

+V/1Pe X PePlIpe + Pel*(Evean — B — (P + 071}, (3.94)

with P = EpeamEv¢ —E5+%m%, O = EpeamEv —pgrp@+%m%,, the beam energy Epeam
and the lepton masses and momenta, p; /¢ and mg/. OPAL performed a likelihood
analysis fitting parameterised spectra to the data distributions of the two quantities.
The fit results in

Mw(£vev) = 80.41 £0.41 £0.13 GeV, (3.95)

where the first uncertainty is statistical and the second systematic. Here, the beam
energy uncertainty, QED radiative corrections, as well as background modelling
are taken into account. The main systematic uncertainties are due to the lepton
momentum scale, which is determined from Z — £¢ events, both at the Z peak
and at higher energies. Although the precision is not extraordinary, the analysis of
this decay channel is important because systematic effects from hadronisation and
FSI are completely absent.
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Precise knowledge of the lepton momentum scale and resolution is also important
when extracting My in the qqev and qquv channels. The hadronically decaying W
can be fully reconstructed from the two quark jets. Using momentum conservation,
also the neutrino four-momentum can be calculated and thus the four-momentum
of the leptonically decaying W. Final state photon radiation (FSR) is predominantly
emitted along the charged lepton or quark jet and included in the quark jets and
reconstructed leptons. Photons radiated from the initial state electrons (ISR) are
detected in about 5% of the events as isolated clusters in the calorimeters. When
identified, the photon clusters are excluded in the formation of the jets.

The resolution for the W masses is improved by applying a kinematic fit to the
event. The measured lepton energies and angles, as well as the jet energies and
directions are varied within their resolution until energy-momentum conservation
is fulfilled. The variation of the jet momenta (or jet masses) in the kinematic fit is
done by keeping the jet velocity 8 (or the boost y) of the jets constant because many
systematic effects cancel in the corresponding ratios with the jet energy. Since the
momentum conservation was already exploited to calculate the neutrino momentum,
this results in a fit with one constraint (1C). Furthermore, a second constraint is
applied requiring the two W masses in the event to be equal within the W width.
Figure 3.29 shows an example of the L3 data analysis, where the mass resolution
is reduced by the 2C fit by about a factor of two in the qqev and qquv channels.
Information form both 1C and 2C masses are usually used in the subsequent mass
analyses.

In the qqrv channel, the kinematic constraints are spoilt by the additional neu-
trino from the t decay. Only the hadronically decaying W boson contains mass
information. The mass resolution can however be improved by applying a rescaling
of the sum of the jet energies to the beam energy, where a factor two can be gained
in resolution. Overlap of the leptonic T decays with the qqev and qquv channels is
avoided by applying strict separation cuts, for example on the M, mass.
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Fig. 3.29 Improvement in mass resolution by applying a kinematic fit in semi-leptonic and fully
hadronic W-pairs [79]
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In the fully hadronic channel the complete final state can be reconstructed,
including isolated ISR photons in the forward detectors. QCD gluon radiation is
taken into account by splitting the event samples in four-jet and five-jet events,
using, for example, the Durham [27] jet resolution parameter y4s as a measure to
separate the two topologies. Energy-momentum conservation in the kinematic fit
corresponds to four constraints (4C) and the equality of the W masses adds another
constraint (5C). The improvements in mass resolution are in the order of a factor
two to three, for the 4C and 5C fits, as illustrated in Fig. 3.29. Like in the qqfv case,
information from both fit classes are typically used to measure Myy.

The four and five jets in the qqqq(+g) events can be paired in three, respectively
ten, ways to form two W decays. They are distinguished by ordering the jets in
energy, so that a probability for each combination can be calculated. In the 4-jet
case all three combinations have at least a 5—10% probability to be correct and they
are all considered in the mass analysis, assuming that the combinatorial background
is well described by Monte Carlo. Figure 3.30 gives an impression of the size of the
combinatorial background with respect to the correctly reconstructed signal and the
real background from non-WW decays. In 5-jet events, some combinations have a
negligible probability to be correct, e.g. the case in which the second most energetic
jet is combined with the least energetic one. The ALEPH experiment selects only
one combination in their analyses using a pairing probability that is based on the
CCO03 matrix element calculated for the reconstructed jets [72]. The other experi-
ments use a W mass estimator that combines all pairings that have a high probability
to be correct. They are weighted accordingly in the combined mass likelihood. The
weights are based on the polar angle of the reconstructed W boson, the sum of jet
charges of each jet combination and the transverse momentum of the gluon jet in
5-jet events (DELPHI [80]), the probability of the kinematic fit (L3 [80]), or a neural
network variable (OPAL [81]) trained with the reconstructed mass differences as
input.

The extraction of My and Iy from the reconstructed mass spectra is performed
with various methods. ALEPH and L3 apply a Monte Carlo template method in
which the measured spectra are compared as 2- or 3-dimensional distributions to
Monte Carlo samples with different underlying Mw and Iy values. The test statis-
tics for the data to Monte Carlo comparison is either a unbinned likelihood (L3) or
binned histograms (ALEPH), where the binning is optimised to obtain a bias-free
measurement. The unbinned likelihood is, for example, constructed as [79]

L(My. Fy) = llvd—“[“ 1 dog (Mw, Iy, m’i, m’z) dog (m’l, m’z)
W IWI 14 oMy, ) + 0y dm, dm, dm dm, |’
(3.96)

where o, and o, are the signal and background cross-sections, and m; and m, the
mass estimators, like the 1C and 2C, or the 4C and 5C mass pairs. ALEPH uses in
addition the uncertainty on the 2C and 5C masses as a third variable. The likelihoods
are evaluated for each decay channel and each centre-of-mass energy separately. The
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differential cross-sections is calculated from Monte Carlo by the sum of template
events in an interval [ in the (m;, m;) space close to the measured (m’l, m’z) point
of event i, divided by the size of the interval Al and normalised to the Monte Carlo
luminosity L yc:

d*c N 1

dmydm;

1
I ZI: v (3.97)
The Monte Carlo templates are of large statistics, usually 10° events, to reduce
statistical fluctuations in the calculation of d*c/(dm; dm,). If the Monte Carlo
describes all detector effects and physics phenomena correctly, the W parameters
can then be extracted without any bias.

The generation of templates with all Mw and I values that are needed to per-
form the likelihood maximisation is however impossible, in the sense that it would
take a lot of computing time. The virtue of the template method is therefore in the
reweighting of the Monte Carlo samples. A weight is attributed to each simulated
event j according to the ratio of the matrix element squared:

. 2
o (. )

J = . 2
s )

(3.98)

with the Mw and Iy values that are to be determined and the nominal M&’f € and
ny € values of the original Monte Carlo sample. The matrix element also depends
on the four-momenta p] of the generated final state fermions of event j, and
possibly on the four-momenta of ISR or FSR photons. The matrix elements are
calculated using four-fermion Monte Carlo programs, like EXCALIBUR [40] or
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