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R. Mazini, A. Miagkov, T. Muller, D. Neuberger, R. Orr, B. Osculati, J.R. Peláez, A. Pich, D. Rainwater,
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D. Wackeroth, G. Weiglein, D. Zeppenfeld, D. Zürcher

Abstract
In this review, we consider four main topics:

1. The prospects for a significant improvement in the precise measurement
of the electroweak parameters.

2. NLO QCD description of the productionW+W−,W±Z,ZZ,W±γ or
Zγ pairs with leptonic decays and with anomalous triple gauge-boson
couplings.

3. The prospects for significant improvement in the direct measurement of
the non-Abelian gauge-coupling, with direct limits on triple and quartic
anomalous couplings.

4. Gauge-boson scattering at large centre of mass energy.

1. INTRODUCTION 1

1.1 Electroweak parameters

At the LHC, substantial improvement in the precise determination of electroweak parameters, such as the
W boson mass, the top-quark mass and the electroweak mixing angle, will become feasible, as well as an
accurate measurement of the vector-boson self couplings and of the mass of the Higgs boson. This opens
promising perspectives towards very comprehensive and challenging tests of the electroweak theory.

Electroweak precision observables provide the basis for important consistency tests of the Stan-
dard Model (SM) or its extensions, in particular the Minimal Supersymmetric Standard Model (MSSM).
By comparing precision data with the predictions of specific models, it is possible to derive indirect con-
straints on the parameters of the model. In the case of the top-quark mass,mt, the indirect determination
from the precision observables in the framework of the SM turned out to be in remarkable agreement with
the direct experimental measurement ofmt. Since the Higgs boson mass,MH , enters the predictions
for the precision observables only logarithmically in leading order, the indirect determination ofMH

requires very accurate experimental data as well as high precision of the theoretical predictions. The
uncertainties of the predictions arise from the following sources: a) the unknown higher-order correc-
tions - since the perturbative evaluation is truncated at a certain order, and b) the parametric uncertainties
induced by the experimental errors of the input parameters.

The most important universal top-quark contribution to the electroweak precision observables en-
ters via theρ parameter, which deviates from unity by a loop contribution∆ρ. At the one-loop level,
the (t, b) doublet yields a term proportional tom2

t [1], namely∆ρ = 3Gµm
2
t/(8π

2
√

2) in the limit
mb → 0. Therefore, it is to be expected that the precision measurement of the top-quark mass at the
LHC (see Section 3.1) will significantly improve the theoretical prediction of theW mass,MW – at
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present, the experimental error onmt is a limiting factor for the accuracy in the theoretical predictions
of the precision observables.MW itself will be measured at the LHC with a sizably improved accuracy.

The theoretical prediction forMW is obtained from the relation between the vector-boson masses
MW,Z and the Fermi constantGµ, which is conventionally written in the form

M2
W

(
1− M2

W

M2
Z

)
=

πα√
2Gµ

1
1−∆r

. (1)

The quantity∆r = ∆r(α,MZ ,MW ,mt,MH), first derived in [2, 3] in one-loop order, summarises the
quantum corrections to the vector-boson mass correlation; it is obtained from the calculation of the muon
lifetime in the SM beyond the tree-level approximation. At one-loop order,∆r can be written as

∆r = ∆α− c2W
s2W

∆ρ+ (∆r)rem. (2)

∆α contains the large logarithmic contributions from the light fermions, and∆ρ them2
t dependence;

the non-leading terms are collected in(∆r)rem where also the dependence onMH enters. In Equation 1,
∆r is a quantity that accounts also for terms of higher order than just one-loop. Moreover, a partial
resummation of large contributions from light fermions and from theρ parameter is contained in the
expression. For a discussion see for example the section on the Electroweak Working Group Report
in [4]. Results forMW that were not yet available at the time of the report [4] are the next-to-leading
two-loop terms ofO(G2

µm
2
tM

2
Z) [5, 6] in an expansion for asymptotically largemt and the result for the

Higgs mass dependence of the fermionic two-loop contributions [7]. Recently, the complete result for
the fermionic two-loop contributions has been obtained [8]. Furthermore, the QCD corrections to∆r of
O(αα2

s) have been derived [9].

The most recent theoretical prediction [8] forMW within the SM is displayed in Figure 1 as a
function ofMH . To illustrate the comparison between theory and experiment, the experimental result
is included in the figure for the current uncertaintyδMW = ±0.042 GeV [10] and the estimated LHC
uncertaintyδMW = ±0.015 GeV (see Section 3.1) (assuming the same central value). The uncertainty
for the current status and for the case where the LHC will have measured the top-quark mass with
much higher accuracy is also displayed, in combination with the theoretical uncertainty from unknown
higher-order corrections. It is clear that both improvements, inMW and inmt, will lead to a substantial
increase in the significance of Standard Model tests, with stringent bounds on the Higgs boson mass to
be confronted with the directly measured value ofMH .

Besides theW boson mass, the improvement inmt will also have an effect on the predictions of
theZ pole observables. They are conveniently described in terms of effective couplings

gf
V =

√
ρf (If

3 − 2Qf sin2 θf
eff), gf

A =
√
ρf I

f
3 (3)

in the neutral-current vertex at theZ resonance for a given fermion speciesf , normalised according to
JNC

µ = (
√

2GµM
2
Z)1/2(gf

V γµ − gf
Aγµγ5). Besides the overall normalisation factorρf = 1 + ∆ρ +

· · ·, we mention in particular the effective mixing angle, which is usually chosen as the on-resonance
mixing angle for the leptonsf = e, µ, τ in Equation 3 and denoted assin2 θlept

eff . This quantity also
depends sensitively on the top-quark mass, mainly through∆ρ. The theoretical prediction ofsin2 θlept

eff

will definitely be sharpened by the precise measurement of the top-quark mass; a sizable improvement
concerning the internal consistency test can be anticipated. The on-resonance mixing angle for the light
quarks6= b is numerically very close to the leptonic one.sin2 θlept

eff can therefore be measured at the LHC
in the Drell-Yan production of charged-lepton pairs around theZ resonance, viaqq̄ → l+l−, where an
accuracy of1.4× 10−4 on sin2 θlept

eff may be feasible (see Section 3.2).

Besides these internal consistency checks of the SM, the electroweak precision observables may
be useful to distinguish between different models as candidates for the electroweak theory. In Figure 2,
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Fig. 1: The dependence ofMW , predicted by means of Equation 1, onMH is shown for the SM. The uncertainty of the

predictions corresponds to the present and expected parametric uncertainty owing to the top mass, in combination with the

theoretical uncertainty. The central lines (solid) correspond to the present central values ofMW = 80.394 GeV andmt =

174.3 GeV.

the SM prediction ofMW as a function ofmt is compared with the prediction within the MSSM, where
the MSSM prediction is based on results up toO(ααs) [11, 12]. The SM uncertainty arises from the
only unknown parameter, the Higgs boson mass. On the other hand, within the MSSM, the Higgs boson
mass is not a free parameter [13], and the uncertainty originates from the unknown SUSY mass scales. In
the small overlap region, the MSSM behaves like the SM,i.e.all SUSY particles are heavy and decouple
from the precision observables, and theMH value of the SM stays below 130 GeV, the upper bound on
the lightest MSSM Higgs boson mass formt = 175 GeV (see [14] and references therein). Figure 2
shows the clear improvement from the current status to the LHC era, where eventually, besides direct
experimental evidence, a distinction between SM and MSSM might become feasible.

1.2 Vector-boson pair production and scattering

At the LHC, the precise measurement of the production ofW+W−,W±Z,ZZ,W±γ orZγ pairs is also
an important physics goal. In the simplest studies, the gauge-bosons will be detected via their leptonic
decays. Already a couple events have been obtained by CDF and D0 forWW andWZ production and
D0 has seen about 100Wγ and 30Zγ events. The data set at Run II will be about 20 times larger and
about 1000 times larger at the LHC. For a summary of the experimental situation see [15, 16].

The production of gauge-boson pairs provide us with the best test of the non-Abelian gauge-
symmetry of the Standard Model (SM). Deviation from the SM predictions may come either from the
presence of anomalous couplings or the production of new heavy particles and their decays into vector-
boson pairs. If the particle spectrum of the SM has to be enlarged with new particles (as in the Minimal
Supersymmetric Standard Model (MSSM)) with mass values of≥ 0.5 − 1TeV, small anomalous cou-
plings are generated at low energy. If the Higgs boson is very heavy, it will decay mainly intoW+W−

andZZ pairs. If the symmetry breaking mechanism is dynamical (technicolor models, BESS models),
large anomalous couplings might be generated or new heavy particles may be produced. In both of
these cases, vector-boson pair production will show deviations from the Standard Model predictions. At
the same time, vector-boson pair production gives the most important background for a number of new
physics signals. For example, one of the most important physics signal for supersymmetry at hadron
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Fig. 2: The dependence ofMW onmt is shown for the SM and the MSSM. It is compared to the current errors and to the errors

expected from the LHC.

colliders is the production of three charged leptons and missing transverse momentum. The dominant
background for this process is the production ofW plus aZ (real or virtual) orγ.

The leading order production mechanism of gauge-boson pair production isqq̄ annihilation. The
precise calculation of the cross sections in the QCD improved parton model have received recently a
lot of attention. The cross sections of the gauge-boson pair production and its decay into lepton pairs
have been calculated in next-to-leading order (NLO) accuracy retaining the full spin correlations of
the leptonic decay products. A significant achievement was that the theoretical results in NLO QCD
for the production ofW+W−, W±Z, ZZ, W±γ or Zγ pairs could be documented in short analytic
formulae [17] allowing for independent numerical implementations. Subsequently, several so called
NLO numerical Monte Carlo programs have been developed and the complete one loop corrections
became available for the first time forW+W−,W±Z,ZZ in [18, 19], and forW±γ, orZγ pairs in [20].
These new results have superseded and confirmed previous NLO results on spin averaged production
gauge-boson pair production [21, 22, 23, 24, 25, 26, 27, 28], as well the approximate results where spin
correlation have been neglected in the virtual corrections [29, 30, 31, 32, 33]. The agreement between
the well documented results in [19] and in [22, 24, 26] is within the precise integration error and the
agreement between the results of [19] and the recent programs of [29, 30, 31, 32, 33] is about 3%.
Therefore, previous experimental simulation studies based on these programs (see Section 6.5) should
not be repeated.

Simple analytic NLO results exist also for the anomalous coupling contributions at NLO accuracy
in [19, 20]. Again, the agreement with previous approximate NLO results [29, 30, 31, 32, 33] is also
good (see Section 5.5). Future anomalous coupling studies may like to use the more accurate packages.
At the LHC, contrary to LEP, the phenomenological studies of anomalous triple gauge-boson coupling
constants cannot be treated as constant couplings since they lead to violation ofSU(2) gauge-symmetry
and unitarity. The difficulty comes from truncation of the contribution of an infinite series of higher di-
mensional non-renormalisable gauge-invariant operators. In the case ofqq̄ annihilation to gauge-boson
pairs, a suitable phenomenological approach is the introduction of form factors for the anomalous cou-
plings (which in principle are calculable in the true underlying theory). As long as we do not obtain
deviations from the Standard Model, for practical purposes, simple dipole form factors with various cut-
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off parameters can be used. With better data, one can put limits on the form factor values in small
√
ŝ

intervals, assuming constant couplings for each interval. In the case of positive signals, such a form fac-
tor measurement will provide us with important information on the underlying theory (see Sections 3., 4.
and 5.).

At higher energies, the higher order production processes ofWW andZZ scattering (the weak
boson are emitted from the incoming quarks) will become more and more important. These interactions
are the most sensitive to the mechanism of the electroweak symmetry breaking. In particular, if the
breaking of the electroweak symmetry is due to new particles with strong interactions at the TeV scale,
enhanced production of longitudinal gauge-boson pairs will be the most typical signal [34, 35]. The
minimal model to describe this alternative is obtained by assuming that the new particles are too heavy
to be produced at LHC and the linearσ-model Higgs-sector of the Standard Model is replaced by the
non-renormalisable non-linearσ-model which can also be considered as an effective chiral vector-boson
Lagrangian with non-linear realisation of the gauge-symmetry [36, 37]. The question is whether this
more phenomenological approach is consistent with the precision data. In a recent analysis, a positive
answer was obtained [38]. It has been found that due to the screening of the symmetry breaking sector
[39], this alternative still has enough flexibility to be in perfect agreement with the precision data up to
a cut-off scale of3TeV (see Sections 5. and 6.). In the chiral approach, the gauge-boson observables
are obtained as truncated series in powers of the external momentapn/(4πv)n with M2

W ≈ gv2/8. The
approximation is valid up to energy scales ofE = 4πv ≈ 3TeV. At the LHC, the partonic centre of
mass energy can be higher and the phenomenological implementation is confronted with the problem of
unitarisation [40, 41, 42]. Although unitarisation is not unique, the use of the K-matrix formalism [40]
or theO(p4) Inverse Amplitude Method [42] appear to give reasonable model independent framework
to explore the various possibilities. When extrapolating to higher energies in particular, the masses of
resonances are rather sensitive to the actual value of additional chiral parameters. An alternative approach
for the phenomenological formulation of the dynamical symmetry breaking consistent with the precision
data is offered by the BESS model [43] with an extended strongly interacting gauge-sector with enhanced
global symmetries and with important decoupling properties at low energies. The phenomenologically
acceptable technicolor models [44] also require an enhanced global symmetry in the spectrum of the
theory. In the most pessimistic parameter ranges, it is rather difficult to detect the signals of the strong
WW andWZ scattering; therefore, one has to push the LHC analysis to its limits. In the future, further
clever strategies have to be pursued for this case (see Section 6.).

2. ELECTROWEAK CORRECTIONS TO DRELL-YAN PROCESSES 2

The basic parton processes for single vector-boson production areqq̄′ → W → lνl andqq̄ → Z →
l+l−, with charged leptonsl in the final state. Investigations around theW andZ resonance allow a
precise measurement of theW mass and of the electroweak mixing angle from the forward-backward
asymmetry. At high invariant masses of thel+l− pair, deviations from the standard cross section andAFB

could indicate scales of new physics,e.g. associated with an extra heavyZ ′ or extra space dimensions.
For the envisaged precision, a discussion of the electroweak higher-order contributions is necessary,
on top of the QCD corrections. The electroweak corrections consist of the set of electroweak loop
contributions, including virtual photons, and of the emission of real photons.

With respect to QCD, the cross sections in this section are all of lowest order, evaluated with
parton distribution functions at factorisation scalesMW (for W production) andMZ (for Z produc-
tion). Hence, the numerical values are not yet directly the physical ones. They are given here to point
out the structure and the size of the higher-order electroweak contributions. The QCD corrections are
considered in the QCD chapter of this report, where a QCD-related uncertainty of∼5% is estimated.
For illustration, we give the values (in nb) for[σ(pp → W+) + σ(pp → W−)] · BR(W → eν) and

2Section coordinator: W. Hollik.
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σ(pp→ Z) ·BR(Z → e+e−) in the purely electroweak calculation (EW) and with NNLO QCD [50]:

W : 17.9 (EW) and 20.3 ± 1.0 (NNLO),
Z : 1.71 (EW) and 1.87 ± 0.09 (NNLO).

2.1 Universal initial-state QED corrections
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Fig. 3: QED corrections to the parton distribution functions forup-type quarks,U(x, µ2) =
∑

gen
(u + ū), down-type quarks,

D(x, µ2) =
∑

gen

(
d + d̄

)
and the gluong(x,µ2) in per cent for the scaleµ = MW (a) andµ = mt (b).

QED corrections related to the emission of (real or virtual) photons from quarks contain mass
singularities which factorise and therefore can be absorbed by a redefinition (renormalisation) of parton
distribution functions [45]. This redefinition is well-known in the calculation of QCD radiative correc-
tions where in complete analogy to photon radiation, the emission of gluons leads to mass singularities
as well. By the redefinition, the mass singularities disappear from the observable cross section and the
renormalised distribution functions become dependent on the factorisation scaleµ which is controlled
by the well-known Gribov-Lipatov-Altarelli-Parisi (GLAP) equations [46, 47]. The factorisation scale
should be identified with a typical scale of the process,i.e. a large transverse momentum, or the mass of
a produced particle.

Since mass singularities are universal,i.e. independent of the process under consideration, the
definition of renormalised parton distributions is also universal. Therefore it is possible to discuss the
bulk of initial-state QED radiative corrections in terms of parton distribution functions. This will be true
if there is only one large scale in the process.

The treatment of mass singularities due to gluonic or photonic radiation is identical. Photonic
corrections can therefore be taken into account by a straightforward modification [48, 49] of the standard
GLAP equations which describe gluonic corrections only. The modification corresponds to the addition
of a term of the order of the electromagnetic fine-structure constant,α. Apart from small non-singular
contributions, the resulting modified scale dependence of parton distribution functions is the only ob-
servable effect of initial-state QED corrections in high-energy scattering of hadrons.
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The modified evolution equation for the charged parton distribution functions,qf (x, µ2) for quarks
with flavourf , can be written as:

d

dt
qf (x, t) =

αs(t)
2π

∫ 1

x

dz

z

[
Pq/q(z, t)qf (x/z, t) + Pq/g(z, t)g(x/z, t)

]

+
α(t)
2π

∫ 1

x

dz

z
P γ

q/q(z, t)qf (x/z, t)

(4)

In the leading logarithmic approximation, the splitting functionsPi/j are independent of the scalet =
lnµ2/Λ2, and the QED splitting function is given by

P γ
q/q(z) = Q2

f

[
1 + z2

(1− z)+ +
3
2
δ(1 − z)

]
=
Q2

f

CF
Pq/q. (5)

Since quarks are coupled through the splitting functionPq/g(z) = 1
2

[
z2 + (1− z)2] to gluons, the gluon

distribution g(x, µ2) is affected by QED corrections as well, although only indirectly, by terms of the
order ofO(ααs). α(t) is the running electromagnetic fine-structure constant andQf are the fermion
charges in units of the positron charge.

The proper treatment of the mass-singular initial-state QED corrections would require not only the
solution of the evolution equations with the QED term, but also to correct all data that are used to fit the
parton distributions for those QED effects. Apart from a few exceptions, experimental data have not been
corrected for photon emission from quarks. However, one can illustrate the QED radiative corrections
by comparing the modification of the parton distributions relative to the distribution functions obtained
from the evolution equations without the QED terms, which are used as an input.

The solution of the evolution equations corresponds to the resummation of terms containing factors
α(αs lnµ2)n with arbitrary powern. In Figures 3a and 3b, we show numerical results for the correc-
tions∆QED to the distribution functionsU(x, µ2) (D(x, µ2)) for the sum of allup-(down)-type quarks,
and the gluon distributiong(x, µ2). The figures show the QED corrections in per cent relative to the
distribution functions obtained from the GLAP equations without the QED term. The input distributions
were taken from [50]. One finds small, negative corrections at the per-mille level for all values ofx and
µ2 relevant in the LHC experiments. Only at largex >∼ 0.5 and largeµ2 >∼ 103 GeV2 do the corrections
reach the magnitude of one per cent. The increase of corrections forx→ 1 is due to theln(1− x) terms
appearing in the evaluation of the “+” distributions.

The largest corrections are obtained for up-type quarks due to the larger charge factor4/9 as
compared to1/9 for down-type quarks. The gluon distribution, being of orderO(ααs), is corrected by
less than0.1% up to values ofx of about 0.2.

The corrections vanish forµ2 → µ2
0 since it was assumed that the input distributionsqf (x, µ2

0) and
g(x, µ2

0) have been extracted from experiment at the reference scaleµ2
0 without subtracting quarkonic

QED corrections.

The asymptotic behaviour forx → 0 can be checked analytically. The singular behaviour of
distributions∝ x−η for x → 0 remains unchanged by the GLAP equations ifη > 1. Thus theO(α)
corrected distributions have the same power behaviour as the uncorrected ones, the ratio consequently
reaching a constant value forx → 0. The valence parts ofU(x) andD(x), however, which vanish at
x = 0, receive positive corrections at smallx, thus producing the well-known physical picture: radiation
of gluons as well as of photons leads to a depletion at largex and an enhancement at smallx, i.e.partons
are shifted to smallerx.

Other input distribution functions lead to differences of QED corrections at the per-mille level
which are again irrelevant when compared with the expected experimental precision of structure-function
measurements.
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2.2 Electroweak corrections toW production

2.21 Physical goals of singleW production

The Drell-Yan-like production ofW bosons represents one of the cleanest processes with a large cross
section at the LHC. This reaction is not only well suited for a precise determination of theW boson mass
MW , it also yields valuable information on the parton structure of the proton. Specifically, the target
accuracy of the order of15MeV [53] in theMW measurement exceeds the precision of roughly30MeV
achieved at LEP2 [51] and Tevatron Run II [52], and thus competes with the one of a futuree+e− collider
[54]. Concerning quark distributions, precise measurements of rapidity distributions provide information
over a wide range inx [50]; a measurement of thed/u ratio would, in particular, be complementary to
HERA results. The more direct determination of parton-parton luminosities instead of single parton
distributions is even more precise [55]; extracting the corresponding luminosities from Drell-Yan-like
processes allows us to predict relatedqq̄ processes at the per-cent level.

Owing to the high experimental precision outlined above, the predictions for the processespp →
W → lνl should attain per-cent accuracy. To this end, radiative corrections have to be included. In the
following some basic features of this processes and recent progress [56, 57, 58, 59, 60] on electroweak
corrections are summarised; a discussion of QCD corrections can be found in the QCD chapter of this
report.

2.22 Lowest-order cross section and preliminaries

We consider the parton processud̄ → νll
+(+γ), whereu andd generically denote the light up- and

down-type quarks,u = u, c andd = d, s. The leptonl representsl = e, µ, τ . In lowest order, only
the Feynman diagram shown in Figure 4 contributes to the scattering amplitude, and the Born amplitude
reads

M0 =
e2V ∗ud

2s2W
[v̄dγ

µω−uu]
1

ŝ−M2
W + iMW ΓW (ŝ)

[ūνlγµω−vl] , (6)

with ŝ being the squared centre-of-mass (CM) energy of the parton system. The notation for the Dirac
spinorsv̄d, etc., is obvious, andω− = 1

2(1 − γ5) is the left-handed chirality projector. The electric unit
charge is denoted bye, the weak mixing angle is fixed by the ratioc2W = 1− s2W = M2

W/M2
Z of theW

andZ boson massesMW andMZ , andVud is the CKM matrix element for theud transition.

Strictly speaking, Equation (6) already goes beyond lowest order, since theW boson widthΓW (ŝ)
results from the Dyson summation of all insertions of the (imaginary parts of the)W self-energy. Defin-
ing the massMW and the widthΓW of theW boson in the on-shell scheme (seee.g.[61, 62]), the Dyson
summation directly leads to arunning width, i.e. ΓW (ŝ)|run = ΓW × (ŝ/M2

W ). On the other hand, a
description of the resonance by an expansion about the complex pole in the complexŝ plane corresponds
to aconstant width, i.e.ΓW (ŝ)|const = ΓW . In lowest order these two parametrisations of the resonance
region are fully equivalent, but the corresponding values of the line-shape parametersMW andΓW differ
in higher orders [56, 63, 64]. The numerical difference is given byMW |run −MW |const ≈ 26MeV so
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that it is necessary to state explicitly which parametrisation is used in a precision determination of the
W boson mass from theW line shape.

The differential lowest-order cross section is easily obtained by squaring the lowest-order matrix
elementM0 of (6),

(
dσ̂0

dΩ̂

)
=

1
12

1
64π2ŝ

|M0|2 =
α2|Vud|2
192s4Wŝ

û2

|ŝ−M2
W + iMW ΓW (ŝ)|2 , (7)

whereû = (pu − pl)2 is the squared momentum difference between the up-type quark and the lepton.
The explicit factor1/12 results from the average over the quark spins and colours, andΩ̂ is the solid
angle of the outgoingl+ in the parton CM frame. The electromagnetic couplingα = e2/(4π) can be
set to different values according to different renormalisation schemes. It can be directly identified with
the fine-structure constantα(0) or the running electromagnetic couplingα(Q2) at a high energy scale
Q. For instance, it is possible to make use of the value ofα(M2

Z) that is obtained by analysing the
experimental ratioR = σ(e+e− → hadrons)/(e+e− → µ+µ−). These choices are calledα(0)-scheme
andα(M2

Z)-scheme, respectively, in the following. Another value forα can be deduced from the Fermi
constantGµ, yieldingαGµ =

√
2GµM

2
W s2W/π; this choice is referred to asGµ-scheme.

2.23 Electroweak corrections

The electroweakO(α) corrections consist of virtual one-loop corrections and real-photonic bremsstrah-
lung. The corrections to resonantW production have already been studied in [56, 57]; detailed dis-
cussions of the full calculation, including non-resonant corrections, can be found in [59, 60]. Since in
O(α2) only two-photon bremsstrahlung [58] has been studied so far, the following discussion is restricted
toO(α) corrections.

The algebraic structure of the virtual corrections allows for a factorisation of the one-loop ampli-
tudeM1 into the Born amplitudeM0 and a relative correction factorδvirt. Thus, inO(α) the correction
to the squared amplitude reads

|M0 +M1|2 = (1 + 2Re{δvirt})|M0|2 + . . . . (8)

Since only the real part ofδvirt appears, there is no double-counting of theO(α) correction that is already
included inM0 by the iMW ΓW term. Moreover, the factorisation trivially avoids potential problems
with gauge-invariance after the introduction of theW decay width in the resonant terms. Besides the
Breit-Wigner factor in|M0|2, there are logarithmic termsln(ŝ −M2

W ) in δvirt which are singular on
resonance. The consistent replacementln(ŝ −M2

W ) → ln(ŝ −M2
W + iΓWMW ) accounts for a Dyson

summation of resonantW propagators in loop diagrams, without introducing problems with gauge-
invariance.

The real corrections are included by adding the lowest-order cross section for the processud̄ →
νll

++γ. The only non-trivial condition induced by gauge-invariance is the Ward identity for the external
photon,i.e.electromagnetic current conservation. If theW width is zero, this identity is trivially fulfilled.
This remains true even for a constant width, since theW boson mass appears only in theW propagator
denominators,i.e. the substitutionM2

W → M2
W − iMW ΓW is a consistent reparametrisation of the

amplitude in this case. However, if a runningW width is introduced naively,i.e. in theW propagators
only, the Ward identity is violated. The identity can be restored by taking into account those part of the
fermion-loop correction to theγWW vertex that corresponds to the fermion loops in theW self-energy
leading to the width in the propagator [64, 65, 66]. For an external photon, this modification simply
amounts to the multiplication of theγWW vertex by the factorfγWW |run = 1 + iΓW /MW .

Adding virtual and real corrections, all IR divergences cancel. Mass singularities of the form
α lnml related to a final-state lepton drop out for all observables in which photons within a collinear cone
around the lepton are treated inclusively, in accordance with the KLN theorem. As already discussed in
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Section 2.1 (see also [57]), mass singularities to the initial-state quarks are absorbed into renormalised
quark distribution functions.

As long as one is interested in observables that are dominated by resonantW boson production, the
radiative corrections can be approximated by the corrections to the production and decay subprocesses to
resonantW bosons. Formally such an approximation can be carried out by a systematic expansion of all
amplitudes about the resonance pole and is, therefore, calledpole approximation(PA). In PA, the virtual
correction consists of two parts. The first contribution is provided by the (constant) correction factors
to theWff̄ ′ vertex for stable (on-shell)W bosons and is calledfactorisable. The second contribution,
which is callednon-factorisable, comprises all remaining resonant corrections. It is entirely due to
photonic effects and includes, in particular, theln(ŝ−M2

W + iΓWMW ) terms. The difference between
PA and the exact result can be estimated byδvirt

PA − δvirt ∼ (α/π) ln(ŝ/M2
W ) ln(. . .), whereln(. . .)

indicates any logarithmic enhancements. In principle, also the real corrections can be treated in PA.
However, since a reliable error estimate is not obvious, they are usually calculated exactly. More details
about PA can be found in [56, 60].

2.24 Numerical results

The following numerical results have been obtained with the input parameters of [60] and a constant
W width; in particular, we haveMW = 80.35GeV and ΓW = 2.08 GeV. The QED factorisation
is performed in theMS scheme withMW being the factorisation scale, and the CTEQ4L [67] quark
distributions are used in the evaluation of thepp cross section. For the partonic cross section, the CKM
matrix elementVud is set to 1; for thepp cross section a non-trivial CKM matrix is included in the parton
luminosities (see [60]).

ud̄→ νll
+(+γ)

Fig. 5: Total parton cross section̂σ in Gµ parametrisation and relative correctionsδ for different parametrisations (results based

on [60]).

Figure 5 shows the total partonic cross sectionσ̂ and the corresponding relative correctionδ for
intermediate energies. Note that the total cross section and its correction is the same for all final-state
leptonsl = e, µ, τ in the limit of vanishing lepton masses. As expected, theGµ parametrisation of
the Born cross section minimises the correction at low energies, since the universal corrections induced
by the running ofα and by theρ parameter are absorbed in the lowest-order cross section. Moreover,
the naive error estimate for the PA taken from above turns out to be realistic. The PA describes the
correction in the resonance region within a few per mille. Table 1 contains some results on the partonic
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Table 1: Total lowest-order parton cross sectionσ̂0 in Gµ parametrisation and corresponding relative correctionδ, exact and in

PA (results based on [60]).

√
ŝ (GeV) 40 80 120 200 500 1000 2000

σ̂0 (pb) 2.646 7991.4 8.906 1.388 0.165 0.0396 0.00979

δ (%) 0.7 2.42 −12.9 −3.3 12 19 23

δPA (%) 0.0 2.40 −12.3 −0.7 18 31 43

cross section and its correction up to energies in the TeV range. Far above resonance, the PA cannot
follow the exact correction anymore, since non-resonant corrections become more and more important.
The leading corrections are due to Sudakov logarithms of the formα ln2(ŝ/M2

W ).

pp→ νll
+(+γ)

√
s = 14 TeV

pT,l, /pT > 25 GeV

|ηl| < 1.2

Fig. 6: Transverse-momentum distribution(dσ/dpT,l) and relative correctionsδ (results based on [60]).

Figure 6 shows the transverse-momentum distribution for the leptonl+ produced inpp→W+ →
νll

+(+γ) for the pp CM energy
√
s = 14TeV of the LHC. The transverse momentapT and the lep-

ton pseudorapidityηl are restricted bypT,l, /pT > 25GeV and |ηl| < 1.2. Since we do not recombine
collinear photons and leptons, the corrections for different leptons do not coincide, but differ by cor-
rections of the formln(ml/MW ). In the total cross section without any cuts these logarithms cancel,
and the correction is again universal for all leptons in the massless limit. Since thelnml corrections
are strongest for electrons, and since collinear photon emission reduces the momentum of the produced
lepton, the correctionδ for electrons is more negative (positive) for large (small) momenta than in the
case of the muon. In particular, Figure 6 demonstrates the reliability of the PA for transverse lepton
momentapT,l

<∼ MW /2, where resonantW bosons dominate. However, highpT,l values may also be
interesting in searches for new physics. Table 2 shows the contributions to the total cross section divided
by different ranges inpT,l. From the above discussion of the parton cross section it is clear that the PA is
not applicable for very largepT,l, where theW boson is far off shell.

The above results underline the importance of electroweak radiative corrections in a precise de-
scription for theW boson cross section at the LHC. Although the corrections ofO(α) are well under
control now, there are still some topics to be studied, such as the impact of realistic detector cuts and
photon recombination procedures or the inclusion of higher-order effects.
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Table 2: Integrated lowest-orderpp cross sectionsσ0 for different ranges inpT,l and corresponding relative correctionsδ, exact

and in PA (results based on [60]).

pT,l (GeV) 25–∞ 25–45 45–∞ 50–∞ 80–∞ 200–∞
σ0 (pb) 1933.3(2) 1909.9(2) 23.52(5) 11.47(2) 1.682(3) 0.1014(1)

δe+νe (%) −5.51(5) −5.45(7) −11.8(5) −9.7(4) −11.7(3) −17.7(2)

δe+νe,PA (%) −5.51(5) −5.45(7) −10.9(5) −8.2(3) −8.3(3) −9.0(2)

δµ+νµ (%) −2.98(5) −2.94(7) −6.3(6) −5.7(4) −8.1(3) −14.2(3)

δµ+νµ,PA (%) −2.97(5) −2.94(7) −5.7(6) −4.6(4) −4.9(3) −5.6(2)

The impact of final state photon radiation onW observables strongly depends on the lepton iden-
tification requirements imposed by the experiment. In addition to the leptonpT , p/T and pseudorapidity
cuts, one usually imposes requirements on the separation of the charged lepton and the photon. For
muons, the energy of the photon is required to be less than a critical value,Eγ

c , in a cone of radius
Rµ

c around the muon. For electrons, the finite resolution of the electromagnetic calorimeter makes it
difficult to separate electrons and photons for small opening angles between the particles. Their four
momentum vectors are therefore recombined if their separation is smaller than a critical valueRe

c. Fi-
nally, uncertainties in the energy and momentum measurements of the charged lepton and the missing
transverse energy need to be taken into account. They can be simulated by Gaussian smearing of the
particle four-momentum vectors with standard deviationσ which depends on the particle type and the
detector.

To illustrate how finite detector resolution affects the size of the electroweak corrections, we show
in Figure 7 the ratio of the NLO and lowest-order cross sections as a function of thepT of the elec-
tron in pp → νee

+(γ) obtained with the Monte Carlo generatorWGRAD[57]. The solid histogram
shows the cross section ratio taking only transverse-momentum and pseudorapidity cuts into account.
The dashed histogram displays the result obtained when, in addition, the four-momentum vectors are
smeared according to the ATLAS specifications [53], and electron and photon momenta are combined
if ∆R(e, γ) < 0.07 [53]. Recombining the electron and photon four-momentum vectors eliminates the
mass-singular logarithmic terms of the formα lnme, and strongly reduces the size of the electroweak
corrections.

2.3 Electroweak corrections toZ production and continuum neutral-current processes

2.31 QED corrections

The mass-singular universal QED corrections from initial-state radiation from quarks have already been
discussed in Section 2.1. They are part of the quark distribution functions. The residual QED initial-
state corrections, together with final-state corrections and interference of initial-final radiation are treated
separately by an explicit diagrammatic computation.

A complete calculation of the QEDO(α) radiative corrections topp → Z, γ → l+l− has been
carried out in [68]. The calculation is based on an explicit diagrammatic approach. The collinear sin-
gularities associated with initial-state photon radiation are factorised into the parton distribution func-
tions (see Section 2.1). Absorbing the initial-state mass singularities into the pdf’s introduces a QED
factorisation-scale dependence. The results presented here are obtained within the QED DIS scheme
which is defined analogously to the QCD DIS factorisation scheme. The MRS(A) parton distributions
are used, with a factorisation scaleMZ . Due to mass-singular logarithmic terms associated with pho-
tons emitted collinear with one of the final-state leptons, QED radiative corrections strongly affect the
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Fig. 7: Ratio of theO(α3) and lowest order differential cross sections as a function of the transverse momentum of the electron

with and without lepton identification requirements (results based on [57]). The cuts imposed are described in the text.

shape of the di-lepton invariant mass distribution, the lepton transverse momentum spectrum, and the
forward-backward asymmetry,AFB.

The effect of the QED corrections on the di-muon invariant mass distribution in the region45 GeV
< m(µ+µ−) < 105 GeV is shown in Figure 8a where we plot the ratio of theO(α3) and lowest-
order differential cross sections as a function ofm(µ+µ−). The lowest-order cross section has been
evaluated in the effective Born approximation (EBA) which already takes into account those higher-order
corrections which can be absorbed into a redefinition of the coupling constants and the effective weak
mixing angle. More details on the EBA can be found in Section 2.32. In the region shown in the figure,
the cross-section ratio is seen to vary rapidly. Below theZ peak, QED corrections significantly enhance
the cross section. At theZ pole, the differential cross section is reduced by about 20%. Photon radiation
from one of the leptons lowers the di-lepton invariant mass. Therefore, events from theZ peak region
are shifted towards smaller values ofm(µ+µ−), thus reducing the cross section in and above the peak
region, and increasing the rate below theZ pole. Final-state radiative corrections completely dominate
over the entire mass range considered. They are responsible for the strong modification of the di-lepton
invariant mass distribution. In contrast, initial-state corrections are uniform and small (≈ +0.4% in the
QED DIS scheme).

As pointed out earlier, at the LHC a precise measurement of the effective mixing anglesin2 θlept
eff

using the forward-backward asymmetry may be possible. In Figure 8b, the forward-backward asymmetry
is shown in the EBA (dashed line), and including QED corrections (solid line) forpp→ µ+µ−(γ) in the
di-muon invariant mass range from 45 GeV to 105 GeV. Here,AFB is defined by [68]

AFB =
F −B
F +B

(9)

where

F =
∫ 1

0

dσ
d cos θ∗

d cos θ∗, B =
∫ 0

−1

dσ
d cos θ∗

d cos θ∗. (10)

cos θ∗ is given by

cos θ∗ =
|pz(µ+µ−)|
pz(µ+µ−)

2

m(µ+µ−)
√
m2(µ+µ−) + p2

T (µ+µ−)

[
p+(µ−)p−(µ+)− p−(µ−)p+(µ+)

]
(11)
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Fig. 8: Ratio of theO(α3) and lowest-order differential cross sections, and the forward-backward asymmetry,AFB, as a

function of theµ+µ− invariant mass. The cuts imposed are described in the text.

in the Collins-Soper frame [69], with

p± =
1√
2

(E ± pz) , (12)

whereE is the energy andpz is the longitudinal component of the momentum vector. As expected,
theO(α) QED corrections toAFB are large in the region below theZ peak. Since events from theZ
peak, whereAFB is positive and small, are shifted towards smaller values ofm(µ+µ−) by photon ra-
diation, the forward-backward asymmetry is significantly reduced in magnitude by radiative corrections
for 55 GeV < m(µ+µ−) < 90 GeV. It should be noted that the forward-backward asymmetry is rather
sensitive to the rapidity cuts imposed on the leptons. More details onAFB and the measurement of the
effective weak mixing angle can be found in Section 3.24.

The mass singular terms arising from final-state photon radiation are proportional toα log(ŝ/m2
l ),

whereml is the lepton mass. Thus, the corrections to theZ line shape andAFB for electrons in the final
state are considerably larger than those in the muon case [68].

To simulate detector acceptances, we have imposed apT (µ) > 20 GeV and a|η(µ)| < 3.2 cut in
Figure 8. Except for the threshold region, the effects of the lepton acceptance cuts approximately cancel
in the cross section ratio. In a more realistic simulation of how QED corrections affect observables in
Drell-Yan production, lepton and photon identification requirements need to be taken into account in
addition to the lepton acceptance cuts. Muons are identified in a hadron collider detector by hits in the
muon chambers. In addition to a hit in the muon chambers, one requires that the associated track is
consistent with a minimum ionising particle. This limits the energy of a photon which traverses the same
calorimeter cell as the muon to be smaller than a critical valueEγ

c . For electrons, the finite resolution
of the electromagnetic calorimeter makes it difficult to separate electrons and photons for small opening
angles between their momentum vectors. Therefore, electron and photon four-momentum vectors are
recombined if their separation in the azimuthal angle–pseudorapidity plane is smaller than a critical
value,Rc. This eliminates the mass-singular terms associated with final-state photon radiation (KLN
theorem) and thus may reduce significantly the effect QED corrections have on physical observables in
pp→ e+e−(γ) [68]. Specific results sensitively depend on the value ofRc, which is detector dependent.

2.32 Non-QED corrections and effective Born description

The amplitude for the parton processq(p)+q̄(p̄) → l+(k+)+l−(k−) of quark-antiquark annihilation into
charged-lepton pairs is in lowest order described by photon andZ boson exchange. In the kinematical
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variables for the parton system

ŝ = (k+ + k−)2, t = (p− k−)2, u = (p− k+)2 (13)

the differential parton cross section can be written as follows (θ denotes the scattering angle in the parton
CMS):

64π2ŝ
dσ̂
dΩ

= 2A0
u2 + t2

ŝ2
+A1

u2 − t2
ŝ2

= A0 (1 + cos2 θ) + A1 cos θ (14)

with

A0 = Q2
qQ

2
l e(ŝ)

4 + 2vqvlQqQl e(ŝ)2 Reχ(ŝ) + (v2
q + a2

q)(v
2
l + a2

l ) |χ(ŝ)|2,
A1 = 4QqQlaqal e(ŝ)2 Reχ(ŝ) + 8vqaqvlal |χ(ŝ)|2 . (15)

This expression is an effective Born approximation, which incorporates several entries from higher-order
calculations: the effective (running) electromagnetic charge containing the photon vacuum polarisation
(real part)

e(ŝ)2 =
4πα

1−∆α(ŝ)
; (16)

theZ propagator, together with the overall normalisation factor of the neutral-current couplings in terms
of the Fermi constantGµ,

χ(ŝ) = (GµM
2
Z

√
2)2

ŝ

ŝ−M2
Z + iŝΓZ/MZ

, (17)

containing theZ width as measured from theZ resonance at LEP; the vector and axial-vector coupling
constants forf = l, q

vf = If
3 − 2Qf sin2 θeff , af = If

3 , (18)

which contain the effective (leptonic) mixing angle at theZ peak, which is measured at LEP and SLC.
TakingΓZ andsin2 θeff from higher-order calculations, the formulae above yield a good description in
the region around theZ resonance.

From the cross section (14) a forward-backward asymmetry for the producedl+l− system can be
derived, which at the parton level is given by

ÂFB =
σ̂F − σ̂B

σ̂F + σ̂B
=

3
8
A1

A0
. (19)

Around theZ peak, this quantity depends sensitively onsin2 θeff . Using a parametrisation of the Born-
like expressions in Equation 15, a measurement ofÂFB allows a determination of the mixing angle
(see Section 3.). Below we give a quantitative evaluation of the higher-order electroweak effects in the
integrated cross section and in̂AFB to demonstrate the quality of the approximation around theZ pole
and to point out deviations at higher invariant masses of the lepton pairs.

Besides the universal and non-universal QED corrections, the following IR-finite next-order elec-
troweak terms contribute, which are schematically depicted in Figure 9: self-energy contributions to the
photon andZ propagators, vertex corrections to theγ/Z-ll andγ/Z-qq̄ 3-point couplings, and box di-
agrams with two massive boson exchanges. Details of the treatment of the resonance region at higher
order is equivalent to that ine+e− annihilation in fermion pairs and can be founde.g. in [4]. Around the
Z pole, the box graphs are negligible, but they increase strongly with the energy and hence contribute
sizeably at high invariant masses of the lepton pair. A description in terms of an effective-Born cross
section far away from theZ pole becomes insufficient for two reasons: the effective couplings (based
on self-energies and vertex corrections only) are not static but grow as functions ofŝ, and the presence
of the box contributions, which cannot be absorbed in effective vector and axial-vector couplings in a
Born-like structure.
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Fig. 9: Born and higher-order electroweak contributions toqq̄ → e+e− in symbolic notation.

In Figures 10 and 11 we compare the integrated cross sectionσ̂ and the asymmetryAFB at the par-
ton level in the approximation corresponding to Equations 14 and 15 with results obtained by a complete
one-loop calculation with proper treatment of higher-order terms around theZ resonance. For demon-
strational purpose, the effect of the box diagrams is displayed separately. As one can see, the region
where the effective Born description starts to become unsatisfactory is at rather high values of the parton
energy.

In order to give an idea of the effects remaining in the hadronic cross section after convolution with
the quark distribution functions, Table 3 contains the relative deviations of the cross section based on the
higher-order parton results from those based on the Born approximation Equation 15. Also listed are
the estimated experimental accuracies with which the cross section in the various bins can be measured.
The comparison shows that at high invariant masses the radiative corrections remain sizeable and should
be taken into account for studies at highŝ, for example in the search for new physics effects originating
from a heavy extra gauge-bosonZ ′.

2.33 The full electroweakO(α) corrections: Monte Carlo simulations withZGRAD2

The QED corrections described in Section 2.31 have been combined with the weak corrections sum-
marised in the previous section in a new Monte Carlo program calledZGRAD2[71]. In Figure 12a
we show the ratio of the fullO(α3) electroweak and theO(α3) QED differential cross sections for
pp → µ+µ−(γ) obtained withZGRAD2as a function of theµ+µ− invariant mass. As in Section 2.31,
we have imposed apT (µ) > 20 GeV and a|η(µ)| < 3.2 cut, and used the EBA to evaluate the lowest-
order contribution to theO(α3) QED cross section. Thus, the ratio directly displays the effect of the
weak box-diagrams and the energy dependence of the weak coupling form factors. While the additional
weak contributions only change the differential cross section by 0.6% at most, they do modify the shape
of theZ resonance curve.

Figure 12b compares the effect of theO(α3) QED corrections and the fullO(α3) electroweak
corrections on the di-muon invariant mass distribution form(µ+µ−) values between 200 GeV and
2 TeV. Due to the presence of logarithms of the formlog(ŝ/M2

Z), the weak corrections become sig-
nificantly larger than the QED corrections at large values ofm(µ+µ−), and, eventually, may have to be
resummed [70]. Form(µ+µ−) = 2 TeV, the fullO(α3) electroweak corrections are found to reduce the
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Fig. 10:uū → e+e−. Energy dependence ofσ̂ in various steps of the approximation.MH = 100 GeV andmt = 174 GeV.
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Fig. 11: uū → e+e−. Energy dependence of̂AFB at the parton level, formt = 174 GeV and different values of the Higgs

mass, in various steps of the approximation.

differential cross section by more than 20%.

Finally, in Figure 13 we show how theO(α3) corrections affect the forward-backward asymmetry
(see Equations 9 to 11). Both QED and weak corrections reduceAFB, and their size increases with
growing di-muon masses. Form(µ+µ−) = 2 TeV, the weak corrections are about twice as large as
the QED corrections. Note that the electroweak corrections affectAFB much less than the lepton pair
invariant mass distribution. In theZ pole region,75 GeV < m(µ+µ−) < 105 GeV, the weak corrections
change the forward-backward asymmetry by at most5 × 10−4. Results qualitatively similar to those
shown in Figures 12 and 13 are obtained forpp→ e+e−(γ).

ZGRAD2includes the complete weak one-loop corrections and the full non-universal QEDO(α)
corrections. The collinear singularities associated with initial-state photon radiation are factorised into
the parton distribution functions. However, QED corrections to the evolution of the parton distribution
functions (see Section 2.1) are not included inZGRAD2. These corrections should be part of a complete
global fit of the pdf’s including all QED effect - this is beyond the scope of the calculation presented
here. None of the current fits to the pdf’s include QED corrections.
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Table 3: Hadronic cross section fore+e− pairs with invariant mass in certain energy ranges. Columns two and three show

the predicted cross sections in the effective Born approximation and the full one-loop calculation. Columns four and five show

the relative corrections to the effective Born approximation arising from the full one-loop calculation as well as the estimated

experimental errors for the cross section measurements in the various bins.

Energy range Born Full Relative correction Relative experimental

(for e+e− pairs) cross section cross section to Born cross section error

(TeV) (fb) (fb) (%) (%)

0.9 - 1.1 6.2299 5.6524 - 9.3 3

1.1 - 1.5 3.5205 3.1491 -11.0 4

1.5 - 1.75 0.6076 0.5317 -12.5 9.5

1.75 - 2.0 0.2681 0.2314 -13.7 14

2.0 - 2.5 0.1886 0.1590 -15.7 17

2.5 - 3.0 0.04895 0.04031 -17.7 30

3.0 - 4.0 0.01837 0.01464 -20.3 50

Fig. 12: a) Ratio of the fullO(α3) electroweak and theO(α3) QED differential cross sections in the vicinity of theZ pole.

b) Differential cross section ratios, displaying the size of the fullO(α3) electroweak and theO(α3) QED corrections for large

values ofm(µ+µ−). The cuts imposed are described in the text.
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Fig. 13: ZGRAD2predictions of a) the forward-backward asymmetry, and b) the change∆AFB due to theO(α3) electroweak

and QED corrections. The cuts imposed are described in the text.

2.4 Z′ indication from new APV data in cesium and searches at LHC

The weak chargeQW for a heavy atom is defined in terms of the number ofu, d quarksNu = 2Z +N ,
Nd = 2N+Z in the nucleus(Z,N) and the coefficientsC1u,d in the parity-violating part of the electron-
quark Hamiltonian,

HPV = −GF√
2
ēγµγ5e

(
C1u ūγ

µu+ C1d d̄γ
µd
)
, (20)

via the relation
QW = 2(NuC1u +NdC1d) . (21)

In the SM:C1q = Iq
3 − 2Qq sin2 θW .

In a recent paper [72] a new determination of the weak charge of atomic cesium has been reported.
The most precise atomic parity violating (APV) experiment compares the mixing amongS andP states
due to neutral weak interactions to an induced Stark mixing [73]. The 1.2% uncertainty on the previous
measurement of the weak chargeQW was dominated by the theoretical calculations on the amount of
Stark mixing and on the electronic parity violating matrix elements. In [72] the Stark mixing was mea-
sured and, incorporating new experimental data, the uncertainty in the electronic parity violating matrix
elements was reduced. The new resultQW (13355 Cs) = −72.06 ± (0.28)expt ± (0.34)theor represents
a considerable improvement with respect to the previous determination [73, 74, 75, 76]. The discrep-
ancy between the standard model (SM) and the experimental data is now given byQexpt

W − QSM
W =

1.18(1.28) ± 0.46 (for mt = 175 GeV andMH = 100(300) GeV). This corresponds to 2.6(2.8)
standard deviations [77], excluding the SM at 99% CL and,a fortiori, all the models leading to neg-
ative additional contributions toQW , as for example models with a sequentialZ ′ [77]. This devi-
ation could be explained by assuming the existence of an extraZ ′ from E6 or O(10) or from Z ′LR

of left-right (LR) models [72, 77, 78]. The high-energy data at theZ resonance strongly bound the
Z − Z ′ mixing [79]; for this reason we will assume zero mixing. In this case, the new physics con-
tribution toQW is due to the direct exchange of theZ ′ and is completely fixed by theZ ′ parameters,
δNQW = 16a′e[(2Z + N)v′u + (Z + 2N)v′d]M

2
Z/M

2
Z′ , wherea′f , v

′
f are the couplingsZ ′ to fermions

and, for13355 Cs, Z = 55 andN = 78. The relevant couplings of theZ ′ to the electron and to the up and
down quarks are given in the Table 1 of [77].

In the case of the LR model considered in [77], the extra contribution to the weak charge is
δNQW = −M2

Z/M
2
Z′Q

SM
W . For this model one has a 95% CL lower bound onMZ′LR

from the Tevatron
[80] given byMZ′

LR
≥ 630 GeV. An LR model could then explain the APV data allowing for a mass of

theZ ′LR varying between the intersection from the 95% CL bounds540 ≤MZ′
LR

(GeV)≤ 1470 deriving

20



Fig. 14: The 95% CL lower and upper bounds forMZ′ for the extra-U(1) models versusθ6. The solid (dash) line corresponds

to MH = 100(300) GeV.

fromQW and the lower bound of630 GeV. In the case of the extra-U(1) models, the CDF experimental
lower bounds for the masses vary according to the values of the angleθ6 which parameterises different
extra-U(1) models, but in general they are about 600 GeV at 95% CL [80]. For the particular modelsη,
ψ, χ, corresponding toθ6 = arctan (−√5/3), π/2, 0, the 95% CL lower bounds areMZ′η ' 620 GeV,
MZ′

ψ
' 590 GeV,MZ′χ ' 595 GeV. In Figure 14, the 95% CL bounds onMZ′ from APV are plotted

versusθ6 (the direct lower bounds from the Tevatron are about600 GeV). We see that an extraZ ′ can
explain the discrepancy with the SM prediction for theQW for a wide range ofθ6 angle. In particular,
the modelsη andψ are excluded, whereas theχ model is allowed forMZ′χ less than about 1.2 TeV.

In the near future, the Tevatron upgrade and LHC can confirm or disprove this indication coming
fromQW . The existing bounds forE6 models from direct searches at the Tevatron will be upgraded by
the future run with

√
s = 2 TeV and 1 fb−1 to MZ′ ∼ 800 − 900 GeV and pushed to∼ 1 TeV for

10 fb−1. The bounds are based on 10 events in thee+e− + µ+µ− channels and decays to SM final-
states only are assumed [81]. At the LHC with an integrated luminosity of100 fb−1, one can explore a
mass range up to4 − 4.5 TeV depending on theθ6 value. Concerning LR models, the 95% CL lower
limits from the Tevatron run with

√
s = 2 TeV and 1(10) fb−1 are∼ 900(1000) GeV and extend to

∼ 4.5 TeV at LHC [81]. Ratios ofZ ′ couplings to fermions can be probed at LHC, by considering the
forward-backward asymmetries, ratios of cross sections in different rapidity bins and other observables.
For example, forMZ′ = 1 TeV, the LHC can determine the magnitude of normalisedZ ′ quark and
lepton couplings to around10 − 20% [81]. Therefore, if the deviation for the weak chargeQW with
respect to the SM prediction is not due to a statistical fluctuation, the new physics described by an extra
gauge-boson model likeZ ′χ can explain the discrepancy and the LHC will be able to verify this possible
evidence.
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3. PRECISION MEASUREMENTS 3

3.1 Measurement of theW mass

At the time of the LHC start-up, theW mass will be known with a precision of about 30 MeV from
measurements at LEP2 [82] and Tevatron [83]. The motivation to improve on such a precision is dis-
cussed briefly below. TheW mass, which is one of the fundamental parameters of the Standard Model,
is related to other parameters of the theory,i.e. the QED fine structure constantα, the Fermi constant
GF and the Weinberg anglesin θW , through the relation

MW =
√

πα

GF

√
2
· 1
sin θW

√
1−∆r

(22)

where∆r accounts for the radiative corrections which amount to about 4%. The radiative corrections
depend on the top mass as∼ m2

t and on the Higgs mass as∼ logMH . Therefore, precise measurements
of both theW mass and the top mass constrain the mass of the Standard Model Higgs boson or of the
h boson of the MSSM. This constraint is relatively weak because of the logarithmic dependence of the
radiative corrections on the Higgs mass. When it comes to making a comparison of the measurements
of (MW ,mt) with the SM predictions, it is not very useful if one measurement is much more restrictive
than the other. To ensure that the two mass determinations have equal weight in aχ2 test, the precision
on the top mass and on theW mass should be related by the expression

∆MW ≈ 0.7× 10−2∆mt (23)

Since the top mass will be measured with an accuracy of about 2 GeV at the LHC [53], theW mass
should be known with a precision of about 15 MeV, so that it does not become the dominant error in the
test of the radiative corrections and in the estimation of the Higgs mass. Such a precision is beyond the
sensitivity of Tevatron and LEP2.

A study was performed to assess whether the LHC will be able to measure theW mass to about
15 MeV [84, 85]. The ATLAS experiment was taken as an example, but similar conclusions hold also for
CMS. Such a precise measurement, which will be performed already in the initial phase at low luminosity
as will the top mass measurement, would constrain the mass of the Higgs boson to better than 30%. When
and if the Higgs boson will be found, such constraints would provide an important consistency check of
the theory, and in particular of its scalar sector. Distinguishing between the Standard Model and the
MSSM might be possible, since the radiative corrections to theW mass are expected to be a few percent
larger in the latter case.

The measurement of theW mass at hadron colliders is sensitive to many subtle effects which
are difficult to predict before the experiments start. However, based on the present knowledge of the
LHC detector performance and on the experience from the Tevatron, it is possible to make a reasonable
estimate of the total uncertainty and of the main contributions to be expected. In turn, this will lead to
requirements for the detector performance and the theoretical inputs which are needed to achieve the
desired precision. This is the aim of the study which is described in the next sections.

3.11 The method

The measurement of theW mass at hadron colliders is performed in the leptonic channels. Since the
longitudinal momentum of the neutrino cannot be measured, the transverse massmW

T is used. This is cal-
culated using the transverse momenta of the neutrino and of the charged lepton, ignoring the longitudinal
momenta:

mW
T =

√
2pl

T p
ν
T (1− cos ∆φ) (24)

3Section coordinator: S. Haywood
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wherel = e, µ. The lepton transverse momentumpl
T is measured, whereas the transverse momentum

of the neutrinopν
T is obtained from the transverse momentum of the lepton and the momentum~u of the

system recoiling against theW in the transverse plane (hereafter called “the recoil”):

pν
T = −| ~pT

l + ~u| (25)

The angle between the lepton and the neutrino in the transverse plane is denoted by∆φ. The distribution
of mW

T , and in particular the trailing edge of the spectrum, is sensitive to theW mass. Therefore, by
fitting the experimental distribution of the transverse mass with Monte Carlo samples generated with
different values ofMW , it is possible to obtain the mass which best fits the data. The trailing edge is
smeared by several effects, such as theW intrinsic width and the detector resolution. This is illustrated
in Figure 15, which shows the distribution of theW transverse mass as obtained at particle level (no
detector resolution) and by including the energy and momentum resolution as implemented in a fast
particle-level simulation and reconstruction of the ATLAS detector (ATLFAST, [85]). The smearing due
to the finite resolution reduces the sharpness of the end-point and therefore the sensitivity toMW .

Fig. 15: Distribution of theW transverse mass as obtained at particle level and by including the expected ATLAS detector

resolution.

When running at high luminosity, the pile-up will smear significantly the transverse mass distribu-
tion, therefore the use of the transverse-mass method will probably be limited to the initial phase at low
luminosity. Alternative methods are mentioned in Section 3.14.

3.12 W production and selection

At the LHC, the cross-section for the processpp → W + X with W → lν and l = e, µ is 30 nb.
Therefore, about 300 million events are expected to be produced in each experiment in one year of
operation at low luminosity (integrated luminosity 10 fb−1). Such a cross-section is a factor of ten larger
than at the Tevatron (

√
s = 1.8 TeV).

To extract a cleanW signal, one should require:

• An isolated charged lepton (e or µ) with pT > 25 GeV inside the pseudorapidity region devoted
to precision physics|η| < 2.4.

• Missing transverse energyEmiss
T > 25 GeV.

• No jets in the event withpT > 30 GeV.

• The recoil should satisfy|~u| < 20 GeV.
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The last two cuts are applied to rejectW ’s produced with highpT , since for largepW
T the transverse

mass resolution deteriorates and the QCD background increases. The acceptance of the above cuts is
about 25%. By assuming a lepton reconstruction efficiency of 90% and an identification efficiency of
80% [86], a total selection efficiency of about 20% should be achieved. Therefore, after all cuts about
60 millionW ’s are expected in one year of data taking at low luminosity in each experiment, which is a
factor of about 50 larger than the statistics expected from the Tevatron Run 2.

3.13 Expected uncertainties

Due to the large event sample, the statistical uncertainty on theW mass should be smaller than 2 MeV
for an integrated luminosity of 10 fb−1.

Since theW mass is obtained by fitting the experimental distribution of the transverse mass with
Monte Carlo samples, the systematic uncertainty will come mainly from the Monte Carlo modelling
of the data,i.e. the physics and the detector performance. Uncertainties related to the physics include
the knowledge of: theW pT spectrum and angular distribution, the parton distribution functions, the
W width, the radiative decays and the background. Uncertainties related to the detector include the
knowledge of: the lepton energy and momentum scale, the energy and momentum resolution, the detector
response to the recoil and the effect of the lepton identification cuts. At the LHC, as now at the Tevatron,
most of these uncertainties will be constrainedin situby using data samples such asZ → ll decays. The
latter will be used to determine the lepton energy scale, to measure the detector resolution, to model the
detector response to theW recoil and thepT spectrum of theW , etc..

The advantages of the LHC with respect to the Tevatron experiments are:

• The large number ofW events mentioned above.

• The large size of the ‘control samples’. About six millionZ → ll decays, wherel = e, µ, are
expected in each experiment in one year of data taking at low luminosity after all selection cuts.
This is a factor of about 50 larger than the event sample from the Tevatron Run 2.

• ATLAS and CMS are in general more powerful than CDF and D0 are, in terms of energy resolu-
tion, particle identification capability, geometrical acceptance and granularity. What may be more
important for this measurement is the fact that ATLAS and CMS will benefit from extensive and
detailed simulations and test-beam studies of the detector performance, undertaken even before
the start of data-taking

Nevertheless, the LHC experiments have complex detectors, which will require a great deal of
study before their behaviour is well understood.

To evaluate the systematic uncertainty on theW mass to be expected in ATLAS,W → lν decays
were generated withPYTHIA 5.7 and processed withATLFAST. After applying the selection cuts
discussed above, a transverse mass spectrum was produced for a reference mass value (80.300 GeV). All
sources of systematic uncertainty affecting the measurement of theW mass from CDF Run 1 [87, 88]
were then considered as an example4. Their magnitude was evaluated in most cases by extrapolating
from the Tevatron results, on the basis of the expected ATLAS detector performance. The resulting
error on theW mass was determined by generating newW samples, each one including one source of
uncertainty, and by comparing the resulting transverse mass distributions with the one obtained for the
reference mass. A Kolmogorov test [90] was used to evaluate the compatibility between distributions.

Since the goal is a total error of∼ 20 MeV per experiment, the individual contributions should be
much smaller than 10 MeV. A large number of events was needed to achieve such a sensitivity. With three
million events after all cuts, corresponding to twelve million events at the generation level, a sensitivity
at the level of 8 MeV was obtained.

4Similar results have been obtained by the D0 experiment [88, 89].
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The main sources of uncertainty and their impact on theW mass measurement are discussed one
by one in the remainder of this section. The total error and some concluding remarks are presented in
Section 3.14.

Lepton energy and momentum scale This is the dominant source of uncertainty on the measurement
of theW mass from Tevatron Run 1, where the absolute lepton scale is known with a precision of about
0.1% [87, 88, 89]. Most likely, this will be the dominant error also at the LHC. In order to measure the
W mass with a precision of better than 20 MeV, the lepton scale has to be known to 0.02%. The latter
is the most stringent requirement on the energy and momentum scale from LHC physics. It should be
noted that a very high precision (0.04%) must be achieved also by the Tevatron experiments in Run 2,
in order to measure theW mass to 40 MeV [83]. If such a precision will indeed be demonstrated at the
Tevatron, it would represent a good benchmark for the LHC experiments.

The lepton energy and momentum scale will be calibratedin situ at the LHC by using physics
samples, which will complement the information coming from the hardware calibration, from the mag-
netic field mapping of solenoids and toroids, and from test-beam measurements. The muon scale will be
calibrated by using mainlyZ → µµ events, and the electromagnetic calorimeter scale will be calibrated
by using mainlyZ → ee events orE/p measurements for isolated electrons, whereE andp are the
electron energy and momentum as measured in the electromagnetic calorimeter and in the inner detector
respectively. Leptonic decays of other resonances (Υ, J/ψ) should provide additional constraints which
minimise the extrapolation error to lower masses than theZ boson mass.

Similar methods are used today at the Tevatron, where the uncertainty on the absolute lepton scale
is dominated by the statistical error due to the limitedZ data sample. The main advantage of the LHC
compared to the Tevatron is the large sample ofZ → ll decays. TheZ boson is close in mass to theW
boson, therefore the extrapolation error from the point where the scale is determined to the point where
the measurement is performed is small.

A preliminary study of the error on the absolute electron scale to be expected in ATLAS was per-
formed by using a sample of 500000Z → ee decays processed through a fullGEANT-based simulation
of the ATLAS detector [86]. Several possible sources of uncertainties were considered: the knowledge
of the amount of material in the inner detector, which affects the electromagnetic calorimeter scale be-
cause of photon bremsstrahlung; radiativeZ decays, which distort the reconstructed mass spectrum; the
modelling of the underlying event and of the pile-up at low and high luminosity. Table 4 shows that
the impact of these uncertainties on the electron scale in the calorimeter can most likely be kept below
0.02%. The most stringent requirement to achieve this goal is the knowledge of the material in the inner
detector to 1%, which will require scrutiny during construction plusin situ measurements with photon
conversions andE/p for isolated electrons. More details can be found in [86].

Table 4: Expected contributions to the uncertainty on the electron energy scale of the ATLAS electromagnetic calorimeter, as

determined using a fully-simulated sample ofZ → ee decays (from [86]).

Source Requirement Uncertainty on scale

Material in inner detector Known to 1% < 0.01%

Radiative decays Known to 10% < 0.01%

Underlying event Calibrate and subtract � 0.03%

Pile-up at low luminosity Calibrate and subtract � 0.01%

Pile-up at high luminosity Calibrate and subtract � 0.01%
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Several experimental constraints will be needed to achieve a 0.02% uncertainty on the inner de-
tector muon scale: the solenoidal magnetic field in the inner cavity must be known locally to better
than 0.1%, the alignment must be understood locally to∼ 1 µm in the bending plane,etc.. A detailed
discussion on how to meet these goals can be found in [86, 91].

The scale calibration of the external muon spectrometer depends on the knowledge of the magnetic
field, on the chamber alignment and on the knowledge of the muon energy losses in the calorimeters.
The latter must be understood to a precision of 0.25% in order to achieve the goal uncertainty of 0.02%
on the absolute scale. A preliminary study based on a fullGEANTsimulation of the ATLAS detector
demonstrated that with a sample of only 10000Z → µµ decays a scale uncertainty of 0.1% should be
attained in the muon spectrometer. More details can be found in [86, 92].

In conclusion, to achieve the needed precision on the lepton scale, several experimental constraints
will have to be satisfied. In addition, cross-checks and combined fits between different sub-detectors
(inner detector and electromagnetic calorimeter for the electron scale, inner detector and muon system
for the muon scale) will be needed. Indeed, only in an over-constrained situation will it be possible to
disentangle the various contributions to the detector response, and therefore to derive a reliable systematic
error.

Lepton energy and momentum resolution To keep the uncertainty on theW mass from the lepton
resolution to less than 10 MeV, the energy resolution of the electromagnetic calorimeter and the momen-
tum resolution of the inner detector and muon system have to be known with a precision of better than
1.5%.

The lepton energy and momentum resolutions will be determined at the LHC by using information
from test-beam data and from Monte Carlo simulations of the detector, as well asin situ measurements
of the Z width in Z → ll final states. TheE/p distribution for electrons fromW decays provides
an additional tool. These methods are used presently at the Tevatron. As an example, the statistical
error on the momentum resolution obtained by CDF in Run 1A is 10%, whereas the systematic error is
only 1% and is dominated by the uncertainty on the radiative decays of theZ [87]. Since the ATLAS
performance in terms of momentum resolution is expected to be similar to that of CDF in the momentum
range relevant toW production and decays, and since the statistical error at the LHC will be negligible,
a total error of much less than 1.5% should be achieved. This uncertainty might further be decreased if
improved theoretical calculations of radiativeZ decays will become available.

Recoil modelling The transverse momentum of the system recoiling against theW , together with the
lepton transverse momentum, is used to determine thepT of the neutrino (see Equation 25). The recoil
is mainly composed of soft hadrons from the underlying event, for which neither the physics nor the
detector response are known with enough accuracy. Therefore, in order to get a reliable recoil distribution
in the Monte Carlo, information from data is used at the Tevatron. By exploiting the similar production
mechanisms ofW andZ bosons, in each Monte Carlo event with a givenpW

T (determined from the
truth information) the recoil is replaced by the recoil measured in the data forZ events characterised by
a pZ

T (measured by the leptons) similar topW
T . The resulting error on theW mass from CDF Run 1A

is 60 MeV per channel, and is dominated by the limited statistics ofZ data. The result obtained from
Run 1B (about 30 MeV) shows that this uncertainty scales with

√
N , whereN is the number of events.

Extrapolating to the LHC data sample, an error of smaller than 10 MeV per channel should be achieved.
It should be noted that the recoil includes the contribution of the pile-up expected at low luminosity (two
minimum-bias events per bunch crossing on average).

W pT spectrum The modelling ofpW
T in the Monte Carlo is affected by both theoretical and experi-

mental uncertainties. Theoretical uncertainties arise from the difficulty in predicting the non-perturbative
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regime of soft-gluon emission, as well as from missing higher-order QCD corrections. Experimental un-
certainties are mainly related to the difficulty of simulating the detector response to low-energy particles.

Therefore, the method used at the Tevatron to obtain a reliable estimate ofpW
T consists of mea-

suring thepT distribution of theZ boson fromZ → ll events in the data, exploiting the fact that both
gauge-bosons have similarpT distributions, and using the theoretical prediction for the ratiopW

T /pZ
T (in

this ratio several uncertainties cancel) to convert the measuredpZ
T into pW

T . The resulting error on theW
mass obtained by CDF is 20 MeV, dominated by the limitedZ statistics.

At the LHC, the average transverse momentum of theW (Z) is 12 GeV (14 GeV), as given by
PYTHIA 5.7 . Over the rangepT (W ,Z)< 20 GeV, both gauge-bosons havepT spectra which agree to
within±10%. By assuming a negligible statistical error on the knowledge ofpZ

T , which will be measured
with high-statistics data samples, and by using thepZ

T spectrum instead of thepW
T distribution, an error on

theW mass of about 10 MeV per channel was obtained without any further tuning. Although the leading-
order parton shower approach ofPYTHIA is only an approximation to reality, this result is encouraging.
Furthermore, improved theoretical calculations for the ratio of theW andZ pT distributions should
become available at the time of the LHC, so that the final uncertainty will most likely be smaller than
10 MeV.

Parton distribution functions Parton momentum distributions inside the protons determine theW
longitudinal momentum, and therefore affect the transverse mass distribution through lepton acceptance
effects. At the Tevatron, parton distribution functions (pdf), in particular theu/d ratio, are constrained by
measuring the forward-backward charge asymmetry of theW rapidity distribution. Such an asymmetry,
which is typical ofpp̄ collisions, is not present inpp collisions and therefore cannot be used at the LHC.
However, it has been shown [55] that pdf can be constrained to a few percent at the LHC by using mainly
the pseudorapidity distributions of leptons produced inW andZ decays. The resulting uncertainty on
theW mass should be smaller than 10 MeV.

W width At hadron colliders, theW width can be obtained from the measurement ofR, the ratio
between the rate of leptonically decayingW ’s and leptonically decayingZ ’s:

R =
σW

σZ
× BR(W → lν)

BR(Z → ll)
(26)

where theZ branching ratio (BR) is obtained from LEP measurements, and the ratio between theW
and theZ cross-sections is obtained from theory. By measuringR, the leptonic branching ratio of theW
can be extracted from the above formula, and thereforeΓW can be deduced assuming Standard Model
couplings forW → lν. The precision achievable with this method is limited by the theoretical knowledge
of the ratio of theW to theZ cross-sections. Another method consists of fitting the high-mass tails of
the transverse mass distribution, which are sensitive to theW width.

By using these methods, theW width was measured with a precision of about 60 MeV by CDF in
Run 1, which translates into an error of 10 MeV per channel on theW mass measurement.

In Run 2, theW width should be measured with a precision of 30 MeV [83], which contributes
an error of 7 MeV per channel on theW mass. This is however a conservative estimate for the LHC,
where theW width should be measured with higher precision than at Tevatron by using the high-mass
tails of the transverse mass distribution. The measurement ofR, on the other hand, in addition to being
model-dependent would require very precise theoretical inputs. It should be noted that one could also
use the value of theW width predicted by the Standard Model.

Radiative decays RadiativeW → lνγ decays produce a shift in the reconstructed transverse mass,
which must be precisely modelled in the Monte Carlo. Uncertainties arise from missing higher-order
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corrections, which translate into an error of 20 MeV on theW mass as measured by CDF in Run 1.
Improved theoretical calculations have become recently available [93]. Furthermore, the excellent gran-
ularity of the ATLAS electromagnetic calorimeter, and the large statistics of radiativeZ decays, should
provide useful additional information. Therefore, aW mass error of 10 MeV per channel was assumed
in this study. This is a conservative estimate, since the D0 error from Run 1 is smaller than 10 MeV [88].

Background Backgrounds distort theW transverse mass distribution, contributing mainly to the low-
mass region. Therefore, uncertainties on the background normalisation and shape translate into an error
on theW mass. This error is at the level of 5 MeV (25 MeV) in the electron (muon) channel for the
measurement performed by CDF in Run 1, where the background is known with a precision of about
10%.

A study was made of the main backgrounds toW → lν final states to be expected in ATLAS. The
contribution fromW → τν decays should be of order 1.3% in both the electron and the muon channel.
The background fromZ → ee decays to theW → eν channel is expected to be negligible, whereas the
contribution ofZ → µµ decays to theW → µν channel should amount to 4%. The difference between
these two channels is due to the fact that the calorimetry coverage extends up to|η| ∼ 5, whereas the
coverage of the muon spectrometer is limited to|η| < 2.7. Therefore, muons fromZ decays which
are produced with|η| > 2.7 escape detection and thus give rise to a relatively large missing transverse
momentum. On the other hand, electrons fromZ decays produced with|η| > 2.4 are not efficiently
identified, because of the absence of tracking devices and of fine-grained calorimetry, however their
energy can be measured up to|η| ∼ 5. Therefore these events do not pass theEmiss

T cut described in
Section 3.12. Finally,tt̄ production and QCD processes are expected to give negligible contributions.

In order to limit the error on theW mass to less than 10 MeV, the background to the electron
channel should be known with a precision of 30%, which is easily achievable, and the background to the
muon channel should be known with a precision of 7%. The latter could be monitored by usingZ → ee
decays.

3.14 Results

The expected contributions to the uncertainty on theW mass measurement, of which some are discussed
in the previous sections, are summarised in Table 5. For comparison, the errors obtained by CDF in
Run 1A (integrated luminosity∼ 20 pb−1) and Run 1B (integrated luminosity∼ 90 pb−1) are also
shown separately. The evolution of the uncertainty between Run 1A and Run 1B shows the effect of the
increased statistics and of the improved knowledge of the detector performance and of the physics, and
provides a solid basis for the LHC results presented here.

With an integrated luminosity of 10 fb−1, which should be collected in one year of LHC operation,
and by considering only one lepton species (e or µ), a total uncertainty of smaller than 25 MeV should
be achieved by each LHC experiment. By combining both lepton channels, which should also provide
useful cross-checks since some of the systematic uncertainties are different for the electron and the
muon sample, and taking into account common uncertainties, the total error should decrease to less
than 20 MeV per experiment. Finally, the total LHC uncertainty could be reduced to about 15 MeV
by combining ATLAS and CMS together. Such a precision would allow the LHC to compete with the
expected precision at a Next Linear Collider [94].

The most serious experimental challenge in this measurement is the determination of the lepton
absolute energy and momentum scale to 0.02%. All other uncertainties are expected to be of the order of
(or smaller than) 10 MeV. However, to achieve such a goal, improved theoretical calculations of radiative
decays, of theW andZ pT spectra, and of higher-order QCD corrections will be needed.

The results presented here have to be considered as preliminary and far from being complete.
It may be possible that, by applying stronger selection cuts, for instance on the maximum transverse
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Table 5: Expected contributions to the uncertainty on theW mass measurement in ATLAS for each lepton family and for an

integrated luminosity of 10 fb−1 (fourth column). The corresponding uncertainties of the CDF measurement in the electron

channel, as obtained in Run 1A [87] and Run 1B [88], are also shown for comparison (second and third column).

Source ∆MW (CDF Run 1A) ∆MW (CDF Run 1B) ∆MW (ATLAS)

(MeV) (MeV) (MeV)

Statistics 145 65 < 2

E − p scale 120 75 15

Energy resolution 80 25 5

Recoil model 60 33 5

Lepton identification 25 − 5

pW
T 45 20 5

Parton distribution functions 50 15 10

W width 20 10 7

Radiative decays 20 20 < 10

Background 10 5 5

TOTAL 230 113 < 25

momentum of theW , the systematic uncertainties may be reduced further. Moreover, two alternative
methods to measure theW mass can be envisaged. The first one uses thepT distribution of the charged
lepton in the final state. Such a distribution features a Jacobian peak atpl

T ∼ MW /2 and has the
advantage of being affected very little by the pile-up, therefore it could be used at high luminosity.
However, the lepton momentum is very sensitive to thepT of theW boson, whereas the transverse mass
is not, and hence a very precise theoretical knowledge of theW pT spectrum would be needed to use this
method. Another possibility is to use the ratio of the transverse masses of theW andZ bosons [95]. The
Z transverse mass can be reconstructed by using thepT of one of the charged leptons, while the second
lepton is treated like a neutrino whosepT is measured by the first lepton and the recoil. By shifting the
mZ

T distribution until it fits themW
T distribution, it is possible to obtain a scaling factor between theW

and theZ masses and therefore theW mass. The advantage of this method is that common systematic
uncertainties cancel in the ratio. The main disadvantage is the loss of a factor of ten in statistics, since the
Z → ll sample is a factor of ten smaller than theW → lν sample (and only events near to the Jacobian
peak contribute significantly to the mass determination). Furthermore, differences in the production
mechanism between theW and theZ (pT , angular distribution,etc.), and possible biases coming from
theZ selection cuts, will give rise to a non-negligible systematic error.

The final measurement will require using all the methods discussed above, in order to cross-check
the systematic uncertainties and to achieve the highest precision.

3.15 Conclusions

Preliminary studies indicate that measuring theW mass at the LHC with a precision of about 15 MeV
should be possible, although very challenging. The biggest single advantage of the LHC is the large
statistics, which will result in small statistical errors and good control of the systematics. To achieve such
unprecedented precision, improved theoretical calculations in many areas will be needed (e.g. radiative
decays, pdf’s,pW

T ), and many stringent experimental requirements will have to be satisfied.
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3.2 Drell-Yan production of lepton pairs

3.21 Introduction

Parton level: In the Standard Model (SM), the production of lepton pairs in hadron-hadron collisions
(the Drell-Yan process) is described bys-channel exchange of photons orZ bosons. The parton cross
section in the centre-of-mass system has the form:

dσ̂

dΩ
=
α2

4s
[A0(1 + cos2 θ) +A1 cos θ] (27)

whereσ̂ = 4πα2

3s A0 andAFB = 3
8

A1
A0

give the total cross section and the forward-backward asymmetry,
respectively. The termsA0 andA1 are fully determined by the electroweak couplings of the initial- and
final-state fermions. At theZ peak, theZ exchange dominates while the interference term is vanishing.
At higher energies, both photon andZ exchange contribute and the large value of the forward-backward
asymmetry arises from the interference between the neutral currents.

Fermion-pair production above theZ pole is a rich search field for new phenomena at present and
future high-energy colliders [96]. The differential cross section is given by

dσ̂

dΩ
∼ |γs + Zs + New Physics ?!|2 (28)

where many proposed types of new physics can lead to observable effects by adding new amplitudes or
through their interference with the neutral currents of the SM.

At hadron colliders: The parton cross sections are folded with the parton distribution functions (pdf’s):

d2σ

dMlldy
(pp→ l1l2) ∼

∑
ij

(
fi/p(x1)fj/p(x2) + (i↔ j)

)
σ̂ (29)

whereσ̂ is the cross section for the partonic subprocessij → l1l2, Mll =
√
τs =

√
ŝ andy are the

invariant mass and rapidity of the lepton pair,x1 =
√
τey andx2 =

√
τe−y are the parton momen-

tum fractions, andfi/p(p̄)(xi) is the probability to find a partoni with momentum fractionxi in the
(anti)proton.

σF±B(y,M) = [
∫ 1

0
±
∫ 0

−1
]σlld(cos θ∗) (30)

AFB(y,M) =
σF−B(y,M)
σF+B(y,M)

(31)

The total cross section and the forward-backward asymmetry are functions of observables which are well
measured experimentally: the invariant mass and the rapidity of the final state lepton-pair. For a pair of
partons (x1 ≥ x2), there are four combinations of quarks initiating Drell-Yan production:uū, ūu, dd̄, d̄d.
In pp collisions, the antiquarks come always from the sea while the quarks can have valence or sea origin.
Thex-range probed depends on the mass and rapidity of the lepton-pair as shown in Table 6. Going to
higher rapidities increases the difference betweenx1 andx2 and hence the probability that the first quark
is a valence one.

3.22 Event rates

The expected numbers of events for the Tevatron Run 2 (TEV2) and the LHC are shown in Table 7 and
Figure 16. The estimation is based on simulations withPYTHIA 5.7 [97] by applying the following
cuts:

1. For LHC: both leptons|η| < 2.5; for TEV2: one lepton|η| < 1, the other|η| < 2.5.

30



Table 6:x1 andx2 for different masses and rapidities.

M (GeV) 91.2 200 1000

y 0 2 4 0 2 4 0 2 4

x1 0.0065 0.0481 0.3557 0.0143 0.1056 0.7800 0.0714 0.5278 -

x2 0.0065 0.0009 0.0001 0.0143 0.0019 0.0003 0.0714 0.0097 -

2. For both leptons,pT > 20 GeV.

The data sample can be divided into three classes:
Events near theZ pole:

• There will be a huge sample ofZ events at the LHC. These will allow study of the interplay
betweensin2 θlept

eff (M2
Z) and the pdf’s.

High mass pairs (110-400 GeV):

• LEP2 will study this region up to 200 GeV.

• TEV2 will collect a sizeable sample of events in this region.

• LHC will be able to do precision studies.

Very high mass pairs (400-4000 GeV):

• TEV2 will have a first glance.

• LHC will collect a sizeable sample for tests of the SM at the highest momentum transfers (Q2) and
for searches of new phenomena at the TeV scale.

Table 7:PYTHIA estimate: expected number of events for one experiment in thee+e− and µ+µ− channels. For LEP2 and

CDF the observed number of events is shown.

Pair Mass LEP2 CDF TEV2 LHC

600 pb−1 110 pb−1 10 fb−1 100 fb−1

SM / Data Data PYTHIA PYTHIA

Z pole - - ∼ 1.5× 106 ∼ 134× 106

> 110 GeV 12500 148 (> 150 GeV) 46000 2.6× 106

> 400 GeV - 1 250 33000

3.23 Measurements ofσ andAFB

The experimental signature for Drell-Yan events is distinctive: a pair of well isolated leptons with op-
posite charge. This should be straight forward for the ATLAS and CMS detectors to identify. The
backgrounds are low:W+W−, τ+τ− , cc̄, bb̄, tt̄; fakes, cosmicsetc.. If the need arises, they can be
further suppressed by acoplanarity and isolation cuts. The selection cuts used in this study have already
been described in the section on simulations.

An important ingredient in the cross section measurement is the precise determination of the lu-
minosity. A promising possibility is to go directly to the parton luminosity [55] by using theW± (Z)
production of single (pair) leptons:
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Fig. 16: Expected number of events for TEV-2000 and LHC in one channel/experiment as a function of the dilepton mass.

• Constrain the pdf’s.

• Measure directly the parton-parton luminosity.

In this way, the systematic error onσhigh Q2

DY relative toσZ can be reduced to∼ 1%.

In order to measure the forward-backward asymmetry, it is necessary to tag the directions of the
incoming quark and antiquark. At the Tevatron, thepp̄ collisions provide a natural label for the valence
(anti)quark. In contrast at the LHC, thepp initial state is symmetric. But in the reactionqq̄−→ l+l−

only q can be a valence quark, carrying on average a higher momentum compared to the sea antiquarks.
Therefore at the LHC,AFB will be signed according to the sign of the rapidity of the lepton pairy(ll).
Consequently,AFB increases as a function ofy(ll) [98, 99] (see Figure 18).

A precise measurement ofσ andAFB at largeŝ requires good knowledge of the different types
of electroweak radiative corrections to the DY process: vertex, propagator, EW boxes. A complete one-
loop parton cross section calculation has been performed [71]. The size of these corrections after folding
with the pdf’s and the expected experimental precision on the cross section measurement are compared
in Figure 17. The LHC experiments can probe these corrections up to∼ 2 TeV.

3.24 Determination ofsin2 θlept
eff (M2

Z)

A very precise determination ofsin2 θlept
eff (M2

Z) will constrain the Higgs mass or, if the Higgs boson
is discovered, will check the consistency of the SM [100]. The latest result of the LEP Electroweak
Working Group from the summer of 1999 is:

sin2 θlept
eff (M2

Z) = 0.23151 ± 0.00017 (32)

Event selection A careful study [101] of the precision which can be obtained from theZ → ee decay
by ATLAS and CMS has been made usingPYTHIA 5.7 andJETSET 7.2 . Background processes
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Fig. 17: Size of the electroweak radiative corrections and the expected relative experimental precision on the cross section

measurement fore+e− and µ+µ− from one experiment in % as a function of the dilepton mass.

from pp → 2 jets andpp → tt̄ → e+e− have been included. In the regions of precision measurements
(|η| ≤ 2.5), the precision which can be obtained fromZ → µµ decays should be comparable to that
from the electron channel. In addition, the detectors have calorimetry extending to|η| ∼ 5 and hence, if
it is possible to tag very forward electrons, albeit with significantly lower quality, it may be possible to
improve dramatically the measurement ofsin2 θlept

eff (M2
Z).

The following cuts were made:

1. pelectron
T > 20 GeV/c

2. 85.2 GeV/c2 < M(e+e−) < 97.2 GeV/c2

In all cases, one electron was required in the precision calorimetry|η| ≤ 2.5. Efficiencies after typical
electron identification cuts were taken from detailed studies reported in [86]. These are typically around
70%, with corresponding jet rejections of> 104 (there was no advantage for this measurement of larger
rejection factors). For the second electron, the possibility for it to be identified in the forward calorimetry
2.5 < |η| ≤ 4.9 was considered. In this region, there is no magnetic tracking. An electron identification
efficiency of 50% was assumed with a corresponding jet rejection ofρ. Extending the pseudorapidity
coverage for the second electron increases the range of lepton pair rapidity from|y(e+e−)| ≤∼ 2 to
|y(e+e−)| ≤∼ 3. Figure 18 shows how the asymmetry varies as a function of|y(e+e−)|.

Statistical sensitivity The sensitivity ofAFB to sin2 θlept
eff (M2

Z) can be parametrised as follows:

AFB = b(a− sin2 θlept
eff (M2

Z)) (33)

aO(α3) = aBorn + ∆aQED + ∆aQCD

bO(α3) = bBorn + ∆bQED + ∆bQCD

Values ofa andb were calculated in [68] and have been re-evaluated by Baur corresponding to the above
cuts - see Table 8.
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Fig. 18: Forward-backward asymmetry vs rapidity fore+e− pairs fromZ decays satisfying the selection cuts described in

Section 3.24. The asymmetry is shown where both electrons have|η| < 2.5 (triangles) and where one electron is allowed to

have|η| < 4.9 (squares). The results are the same for both sets of cuts in the first bin.

A summary of the statistical errors which can be obtained with 100 fb−1 are indicated in Table 9.
With the best rejection factors shown in the table, the effect of the background is negligible. If no
jet rejection is possible in the forward calorimetry, the statistical precisions which can be obtained on
sin2 θlept

eff (M2
Z) are3.4 × 10−4 and4.1 × 10−4 for no y cut and|y(e+e−)| > 1.0 respectively. While

the sensitivity tosin2 θlept
eff (M2

Z) is increased by cutting on|y(e+e−)| (see Table 8), the gain is reduced
by the loss of acceptance and increased significance of the background when the forward calorimetry is
used. It is probable that greater sensitivity could be obtained by fittingAFB as a function of|y(e+e−)|.

From Table 9, it can be seen that for a single lepton species from one LHC experiment, using
leptons measured in|η| < 2.5, a statistical precision of4.0× 10−4 on sin2 θlept

eff (M2
Z) could be obtained.

With the combination of electrons and muons in two experiments,2.0× 10−4 could be obtained.

The table shows that for moderate jet rejection (≥∼ 102) in the forward calorimetry, a statistical
precision of1.4× 10−4 could be reached by a single experiment using just the electron channel (cannot
include the muons). Even a poor rejection∼ 10, would provide a useful measurement. While no studies
with full detector simulation have been done, its seems likely that both the ATLAS and CMS forward
calorimetry will be able to provide useful electron identification because of moderate longitudinal and
transverse segmentation. Combining both experiments will permit a further

√
2 reduction in the statistical

uncertainty.

Systematic uncertainties In order to be able to exploit the possibility of measuringsin2 θlept
eff (M2

Z)
with such high precision, the systematic errors have to be comparably small. Quick estimates indicate
that the following factors are the most important ones:

1. pdf’s: affect both the lepton acceptance as well as the results of radiative correction calculations.

2. Lepton acceptance and reconstruction efficiency as a function of lepton rapidity:while there is
some cancellation in the determination of the asymmetry, the product will need to be known to
better than 0.1%. CDF [102] has shown that it is possible to achieve a precision of about 1%, with
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Table 8: Parametersa andb in Equation 33.

Cuts aBorn ∆aQED ∆aQCD aO(α3) bBorn ∆bQED ∆bQCD bO(α3)

|η| < 2.5 bothe± .2481 .0025 -.0026 .2480 0.48 -0.01 -0.16 0.31

|η| < 2.5 bothe±

|y(e+e−)| > 1.0 .2503 -.0009 -.0069 .2425 0.74 0.05 -0.03 0.76

|η| < 2.5 onee±

|η| < 4.9 the othere± .2483 -.0005 -.0015 .2463 1.18 0.15 -0.10 1.23

|η| < 2.5 onee±

|η| < 4.9 the othere±

|y(e+e−)| > 1.0 .2486 .0011 -.0028 .2469 1.66 0.01 -0.04 1.63

the largest contribution being due to the uncertainty in the pdf’s.

3. Effects of higher order QCD (and electroweak) corrections:can be estimated by varying the errors
on the parametersa andb.

4. Mass Scale:AFB varies as a function of the invariant mass of the lepton pair. Since the measured
asymmetry corresponds to an integration over theZ resonance, it is important to understand the
mass scale. It is expected that this will be known to∼ 0.02% (see 3.13) by direct comparison of
theZ peak with the measured LEP parameters.

The most important systematic contribution is that coming from the uncertainties in the pdf’s. A
study using several “modern” pdf’s (MRST, CTEQ3 and CTEQ4) gave agreement between the resulting
values ofAFB within the 1% statistical errors of the study (5 × 105 events were generated for each
pdf set). This uncertainty must be reduced by a factor of 10 if it is to be smaller than the expected
statistical precision onAFB shown in Table 9. It remains to be seen whether (a) the differences arising
from the various pdf’s will shrink with increased statistical sensitivity of the study and (b) whether the
current pdf’s actually describe the measured data sufficiently well (since the pfd’s are fitted to common
data, variations are not necessarily indicative of the actual uncertainties). New measurements from the
Tevatron (and ultimately the LHC itself) will improve the understanding of the pdf’s, but it is unclear
at this stage whether this will be sufficient. It may be possible to fit simultaneouslysin2 θlept

eff (M2
Z) and

the pdf’s, or alternatively, it may be necessary to reverse the strategy and use the measurement ofAFB

combined with existing measurements ofsin2 θlept
eff (M2

Z) to constrain the pdf’s.

3.25 Search for new phenomena

Contact interactions Contact interactions offer a general framework for a new interaction with cou-
pling g and typical energy scaleΛ � √

ŝ. At LEP2, the current limits [96, 103] for quark-lepton
compositeness at 95% CL vary between 3 and 8 TeV, depending on the model. At the LHC scales up to
25-30 TeV are reachable, as illustrated in Figure 19.

Search for resonances The other extreme is the search for resonances likeZ ′ or
∼
ν, which produce

peaks in the mass distributions. A neutral heavy gauge-bosonZ ′ is characterised by its massmZ′ , by
its couplings and by its mixing angleθM with the standardZ boson. IfθM = 0 and theZ ′ has SM
couplings, the current limit ismZ′ > 1050 GeV [104]. For other coupling scenarios the lower limits
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Table 9: Statistical precision which can be obtained onsin2 θlept
eff (M2

Z) from measurements ofAFB in Z → ee from one LHC

experiment with 100 fb−1. Results are given for different jet rejection factorsρ for the forward calorimetry2.5 < |η| < 4.9.

Cuts ρ AFB (%) ∆AFB (%) ∆ sin2 θlept
eff (M2

Z)

|η| < 2.5 bothe± - 0.774 0.020 6.6× 10−4

|η| < 2.5 bothe±

|y(e+e−)| > 1.0 - 1.66 0.030 4.0× 10−4

|η| < 2.5 onee± 104 2.02 0.017 1.4×10−4

|η| < 4.9 the othere± 102 1.98 0.018 1.4×10−4

101 1.68 0.021 1.7×10−4

|η| < 2.5 onee± 104 3.04 0.022 1.35×10−4

|η| < 4.9 the othere± 102 2.94 0.023 1.41×10−4

|y(e+e−)| > 1.0 101 2.31 0.030 1.83×10−4

are model dependent and typically of the order of several hundred GeV. Resonances with masses up to
∼ 4-5 TeV can be probed at LHC, as shown in Figure 19.

R-parity violation In SUSY theories with R-parity violation, it is possible to couple sleptons to pairs
of SM leptons or quarks through new independent Yukawa couplings (9λ couplings for the slepton-
lepton sector and 27λ

′
couplings for the slepton-quark sector). This makes the resonance formation

of single scalar neutrino
∼
ν in dd̄ scattering possible. It can be observed through the decay of the

∼
ν to

lepton pairs, if a suitable combination of two couplings (e.g.λ′311λ131) is present [105]. The K-factor
for slepton production is not calculated yet, leading to an uncertainty∼ 10% in the estimate of theλλ′

sensitivity.

Low-scale gravity An exciting possibility is the search for low-scale gravity effects in theories with
extra spatial dimensions, leading to virtual graviton exchange. The best limits at LEP2 come from com-
bined analysis of Bhabha scattering [106]:

ΛT = 1.412(1.077) TeV for λ = +1(−1) at 95% CL

In the Drell-Yan process there is an unique contribution froms-channel graviton exchange [107],
which modifies the form of the differential cross section and gives a distinct signature:

gg−→ l+l− (34)

d σ

d cos θ
=

λ2ŝ3

64πM8
s

(1− cos4 θ) (35)

The large parton luminosity for gluons at LHC may also compensate theM−8
s suppression. Scales up to

∼ 5 TeV can be probed with luminosity 100 fb−1.
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Fig. 19: Left: Contact interaction sensitivity (CMS study). Error bars show SM spectrum; histograms show effect of contact

term with Λ = 25 TeV, the sign corresponds to the sign of the amplitude. Right:Z′ mass reach for 100 fb−1 (ATLAS

study) [53].

3.26 Summary

The main results of this study are:

• A competitive measurement ofsin2 θlept
eff (M2

Z) is hard due to the central acceptance of the exper-
iments and the difficulty of controlling the pdf’s (parton distribution functions) with the required
precision. However, a detector with extended forward acceptance for one of the leptons offers the
possibility to measuresin2 θlept

eff (M2
Z) with a statistical precision of1.4× 10−4.

• The total cross-section can be measured with systematic error
σhigh Q2

DY
σZ

< 1%.

• A non-zero forward-backward asymmetryAFB can be measured up to 2 TeV with statistical pre-
cision> 3 σ.

• The Drell-Yan process can probe electroweak radiative corrections up to 1.5 TeV with statistical
precision at the2 σ level as a function ofQ2.

• The high energy and luminosity of LHC offers a rich search field at the TeV scale in the Drell-Yan
channel: contact interactions, resonance formation (Z ′, scalar neutrinos), low-scale gravity,etc..

Further studies will refine the following points:

• The effect of higher order QED corrections (initial- and final-state radiation and their interference).

• The effect of experimental cuts on the electroweak corrections.

• The careful separation of theσuū andσdd̄ contributions.

3.3 Tau physics

Theτ lepton is a member of the third generation which decays into particles belonging to the first and
second ones. Thus,τ physics could provide some clues to the puzzle of the recurring families of leptons
and quarks. One na¨ıvely expects the heavier fermions to be more sensitive to whatever dynamics is
responsible for the fermion-mass generation. The pure leptonic or semileptonic character ofτ decays
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provides a clean laboratory to test the structure of the weak currents and the universality of their couplings
to the gauge-bosons.

The last few years have witnessed a substantial change in our knowledge of theτ properties
[108, 109]. The large (and clean) data samples collected by the most recent experiments have improved
considerably the statistical accuracy and, moreover, have brought a new level of systematic understand-
ing.

A high-energy hadron collider does not provide a very good environment to perform precisionτ
physics. Nevertheless, there are a few topics where LHC could contribute in a relevant and unique way.
Moreover, since theτ is the heaviest known lepton, it can play a very important role in searches for new
particles (for example, as in Section 6.1).

3.31 Charged-current universality

Table 10: Present constraints on charged-current lepton universality [109].

|gµ/ge| |gτ/gµ| |gτ/ge|
Bτ→µ/Bτ→e 1.0009 ± 0.0022 — —

Bτ→e τµ/ττ — 0.9993 ± 0.0023 —

Bτ→µ τµ/ττ — — 1.0002 ± 0.0023

Bπ→e/Bπ→µ 1.0017 ± 0.0015 — —

Γτ→π/Γπ→µ — 1.005 ± 0.005 —

Γτ→K/ΓK→µ — 0.981 ± 0.018 —

BW→l/BW→l′ (pp̄) 0.98± 0.03 — 0.987 ± 0.025

BW→l/BW→l′ (LEP2) 1.002 ± 0.016 1.008 ± 0.019 1.010 ± 0.019

Table 10 shows the present experimental tests on the universality of the leptonic charged-current
couplings. The leptonicτ branching ratios are already known with a quite impressive precision of0.3%;
this translates into a test ofgµ/ge universality at the 0.22% level. However, in order to test the ratios
gτ/gµ andgτ/ge, one needs precise measurements of theτ mass and lifetime, in addition. At present,
these quantities are known with a precision of 0.016% (mτ = 1777.05 +0.29

−0.26 MeV) and 0.34% (ττ =
290.77 ± 0.99 fs), respectively [109], which leads to a sensitivity of 0.23% for the threegl/gl′ ratios.

Future high-luminositye+e− colliders running near theτ+τ− production threshold could perform
more precise measurements of the leptonicτ branching fractions and theτ mass. However, one needs
a high-energy machine to measure theτ lifetime. Clearly, the future tests of lepton universality will be
limited by theττ accuracy. It is not clear whether theB-factories would be able to improve the present
ττ measurement in a significant way. Thus, it is important to know how wellττ can be determined at
LHC.

A less precise but more direct test on the universality of the leptonicW± couplings is provided
by the comparison of the differentW+ → l+νl branching fractions. LEP2 has already achieved a
better sensitivity than the Tevatron collider, and a further improvement is expected when the full LEP2
statistics will be available. It is an open question whether LHC could be competitive at this level (∼ 1%)
of precision.
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3.32 Tau lifetime

The current world average for theτ lifetime is290.8 ± 1.0 fs (cτ = 87µm) [109]. Improvements in this
measurement would be welcome in order to give better tests of the Standard Model, in particular lepton
universality and electroweak calculations. In this section, the results of a preliminary study to examine
the LHC potential are given.

In LEP experiments,τ pairs are produced back-to-back with well defined momenta - this will not
be the case at the LHC. The first feature allows valuable correlations to be made between the twoτ
decays, while the second provides the boost required to obtain proper lifetime estimates. At the LHC,
Z → ττ events will be triggered by requiring oneτ to decay to an electron or muon, while the lifetime
is estimated from the otherτ which is required to decay to three charged particles.

Tau reconstruction A study was made using fully simulated events in the ATLAS detector (see [86]
for more details). When theZ has some transverse momentum, the momenta of theτ ’s can be deduced
by projecting the recoil momentum vector measured by the calorimetry along the lines of flight of the
two τ ’s (determined from the direction of the lepton and the hadronic jet, respectively). Due to resolution
effects, this procedure works best when theτ ’s are not back-to-back. The following cuts were made:

• The lepton should havepT > 24 GeV, |η| < 2.5.

• The identified hadronic jet should contain three charged tracks and satisfyET > 30 GeV, |η| <
2.5.

• Transverse mass of lepton and missing energy should be< 50 GeV.

• The angle∆φ between theτ ’s in the transverse plane should satisfy:1.8 < ∆φ < 2.7 or 3.6 <
∆φ < 4.5.

• The invariant mass of theτ pair should satisfy:60 < mττ < 120 GeV.

These cuts result in an efficiency of 1.5%. For these events, theτ momenta could be estimated with a
resolution of 15%.

A vertex was formed from the charged tracks in the hadronic jet. It was required that the vertex
should be within 2 cm of the interaction point and the invariant mass of the particles should be between
0.4 and 1.78 GeV. The efficiency for this was 70% and resulted in a resolution on the vertex position in
the transverse plane of490µm, corresponding to a resolution on the proper decay length of17µm.

Lifetime estimate The statistical resolution on the proper decay length from the combination of the
vertexing and the estimate of the tau momentum is of the order of21 µm (corresponding to 55 fs). A
simple Monte Carlo study was made to estimate the statistical uncertainty on theτ lifetime (ττ ) which
could be achieved withN hadronicτ decays. Since the resolution of the lifetime for a single event (55 fs)
is a fair bit smaller than theτ lifetime (291 fs), the statistical error which can be obtained is dominated
by the number of events:σ(ττ ) ≈ ττ/

√
N .

At the LHC, the cross section forZ → ττ will be 1.5 nb, with a branching ratio of 11% for a
lepton and a three-prong hadronic decay. The reconstruction and selection described above results in an
efficiency of 0.54%. If 30 fb−1 were collected in a low luminosity run, then 26,000 reconstructedτ ’s
could be used, leading to a statistical error on the lifetime of 1.8 fs. To make this competitive would
require increased efficiency for selecting theτ decays - this is probably a low luminosity measurement
and so cannot benefit from the statistics of a high luminosity run.

Increasing the efficiency may not be simple, since the cuts were designed to control the back-
ground. W+jet events will be removed by the mass cuts, and apart from a small amount of gluon
splitting to heavy flavour, the jets should not contain significant lifetime information, hence this back-
ground should not be a problem. TheB lifetime is a factor of five larger than that of theτ , and hence
more care will be required withbb̄ events.
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Concerning systematic errors coming from the determination of the decay length in the silicon
tracking, the average radial position of the detectors in the vertexing layer will need to be understood
to better than10 µm. This will be challenging but studies suggest this may be feasible [91]. It should
be possible to control the systematics on the measurement of recoil momentum of theZ by comparison
with Z → ee orZ → µµ events, where the recoil can be measured accurately by the leptons.

The use ofW → τν It may be possible to use the decaysW → τν which have a higher cross
section thanZ → ττ . In ATLAS, such events could be triggered by a specialτ -jet and missingET

trigger [86]. Information about theτ momentum can be deduced by comparing the energy and direction
of the hadronic jet with the direction of theτ and using theτ mass constraint, where theτ direction can
be determined from the reconstructed decay vertex. In principle, it is possible to solve completely for the
τ momentum, although resolution effects on the vertex position and complications arising fromπ0’s in
the hadronic jet mean that sometimes solutions are not physical. Alternatively, an approximate estimator
can be formed which does not employ the mass constraint [110]. This uses theτ -jet energy, mass and
pT relative to theτ direction - all three quantities being determined from the charged tracks alone. This
is more robust but its behaviour is sensitive to the selection cuts. It is yet to be proved that aW → τν
signal can be identified with sufficient efficiency above the huge QCD (and in particular,bb̄) background.

3.33 Rare decays

Owing to the huge backgrounds, it will not be possible to make a general search for rare decay modes of
theτ . However, the lepton-number violating decayτ− → µ+µ−µ− has a clean signature, which is well
suited for the LHC detectors. The present experimental bound [111] is

BR(τ− → µ+µ−µ−) < 1.9 × 10−6 (90% CL)

This limit reflects the size of the existingτ data samples. LHC will produce a huge statistics, several
orders of magnitude larger than the present one. The achievable limit will then be set by systematics and
backgrounds, which need to be properly estimated. A sensitivity at the level of10−8 does not seem out of
reach. This could open a very interesting window into new physics phenomena, since many extensions
of the Standard Model framework can lead to signals in the10−6 to 10−8 range.

Although more difficult to detect, other lepton-number violating decays such asτ → µµe,µee,eee,
µγ are worth studying.

4. VECTOR-BOSON PAIR PRODUCTION 5

4.1 W +W−, W±Z, ZZ production

4.11 Recent numerical implementations

As already is noted in the introduction, for the description ofW+W−,W±Z,ZZ production with their
subsequent decays into lepton pairs two new numerical parton-level Monte Carlo programs have recently
become available [18](MCFM), [19](DKS). These packages consider the production of four leptons in
the double resonance approximation with completeO(αs) corrections. They can be used to compute any
infra-red safe quantity with arbitrary experimental cuts on the leptonic decay products. These packages
have already been used for updating and cross-checking previous results. The DKS program is available
in fortran90 and fortran77 versions and includes anomalous triple gauge-boson couplings. The MCFM
program is more complete in the sense that single resonance background diagrams are also added and
finite width effects are included in some approximation which respects gauge-invariance. However, it
does not include anomalous triple gauge-boson couplings. The results of the MCFM and DKS programs
agree with each other within the integration error of≤ 0.5%. Similar agreement is found with the spin

5Section coordinator: Z. Kunszt
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averaged cross section indicated in [22, 24, 26]. In the past years the majority of the experimental studies
used the programs described in [29, 31, 30] (BHO). A recent comparison between the DKS and BHO
programs finds agreement at the level of 1% forWZ production and 3-4% forWW production (further
details see Section 5.5). This confirms the assumptions of [29] that the spin correlations effects coming
from virtual corrections are small. Note that recently a newO(αs) package has been written also for
Wγ andZγ production with anomalous couplings [20] and for the first time the complete one loop QCD
corrections are available also for these processes (see Section 4.2).

4.12 Input parameters and bench mark cross sections

In using these packages, one should be careful with input parameters. The QCD input is standard: the
latest next-to-leading order parton number densities have to be used with the corresponding running
coupling constant at some physical scale defined in terms of the kinematics of the outgoing particles.

The helicity amplitudes coded into these programs are calculated inO(αs) but they are lead-
ing order in the electroweak theory. However, the one loop electroweak radiative corrections are not
completely negligible. The dominant corrections are given by light fermion loops and large custodial
symmetry violating contributions of the top quark. Fortunately, they are universal and can be taken into
account in the spirit of the “improved Born approximation” [112, 113]. Universality means that their
contributions can modify only the leading order relation betweenMZ , MW andsin2 θW which can be
taken into account with the use of the effective coupling

sin2 θW ≡ πα(MZ)√
2GFM2

W

, (36)

whereGF = 1.16639 × 10−5 GeV−2 is the Fermi constant andα(µ) is the running QED coupling.
With the values of the gauge-bosons masses ofMZ = 91.187 GeV andMW = 80.41 GeV, one obtains
α = α(MZ) = 1/128 andsin2 θW = 0.230. Ignoring this correlation may lead to about 5-6% discrep-
ancy in the cross section values. The remaining electroweak corrections are estimated to be less than 2%
as long the parton sub-energy is below0.5− 1TeV. However, above the1TeV scale double logarithmic
corrections ofO(αW log2 ŝ/M2

W ) become non-negligible. The origin of these large contributions is the
incomplete cancellation of the soft singularities of massless gauge-boson emission (the Bloch-Nordsieck
theorem is not valid for non-Abelian theories [115]). Since the physical cross section decreases strongly
with the increase of the invariant mass of the gauge-boson pairs, these corrections are not important at the
LHC. The validity of the improved Born approximation and the presence of the double logarithmic cor-
rections has been tested forW pair production at LEP2 where the full next-to-leading order corrections
are available [112, 113].

Additional electroweak input parameters are the matrix elements of the CKM mixing matrix. In
the light quark sector, one should use the best experimental values [116]. In the case of the heavy quark
contributions, the calculation is approximate since theO(αs) helicity amplitudes have been calculated
assuming massless quarks [17]. This assumption is clearly not valid for the top contributions.WW
pair production receives contributions from diagrams with thet-channel exchange of the top quark (with
|Vtd| = |Vts| = 0 and |Vtb| = 1). However, it is suppressed due to the large top mass and smallb-
quark parton densities; therefore, it is reasonable to use|Vtb| = 0. The contribution of the subprocess
bb̄→W+W− (treating the top as massless) is of the order of 2% for the LHC [17] giving an upper limit
on the theoretical ambiguity coming from this source. In the case ofW±Z production, one can neglect
the subprocessbg → W−Zt. It is present at next-to-leading order but again it is strongly suppressed by
the large top quark mass, as well as the smallb-quark distribution function. For the numerical results
presented here, values|Vud| = |Vcs| = 0.975; |Vus| = |Vcd| = 0.222 and |Vub| = |Vcb| = |Vtd| =
|Vts| = |Vtb| = 0 are used. We present cross-section values without including the branching ratios. To
get event signals, they have to be multiplied with the leptonic branching ratios of the vector-bosons. We
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use
BR(Z → e+e− or µ+µ−) = 3.37% BR(Z →

∑
i=e,µ,τ

νiν̄i) = 20.1%

BR(W+ → e+νe or µ+ν−µ ) = 10.8%

These ratios implicitly incorporate QCD corrections to the hadronic decay widths of theW andZ.

Most of the results are obtained with some “standard cuts” defined as follows: a transverse mo-
mentum cut ofpT > 20 GeV and pseudorapidity cut of|η| ≤ 2.5 is applied for all charged leptons
andpmiss

T ≥ 20GeV is required forWZ production whilepmiss
T ≥ 25GeV for W pair production.

We use two different parton distributions, MRST [114] withMW = 80.41 GeV and CTEQ(4M) [67]
with MW = 80.33 GeV which we refer to simply as MRST and CTEQ.αs(MZ) = 0.1175 is used
for MRST andαs(MZ) = 0.116 is used for CTEQ. In all computations, we set the renormalisation and
factorisation scales equal to each other.

In Table 11, we present the total cross section values for the various processes at the LHC, for the
MRST and CTEQ parton distributions. We tabulated the results forσtot (the cross sections without any
cuts applied) as well asσcut (the cross sections with the standard cuts defined above). The cross section
values are given for the scale

µ = (MV1 +MV2)/2, (37)

whereMVi are the masses of the two produced vector bosons.

Table 11:Cross sections inpb for pp collisions at
√
s = 14 TeV. The statistical errors are±1 on the last digit.

ZZ W+W− W−Z W+Z

LO NLO LO NLO LO NLO LO NLO

σtot(MRST) 11.6 15.5 78.7 117 11.2 19.3 17.8 30.6

σtot(CTEQ) 11.8 15.8 81.3 120 11.4 19.6 18.6 31.9

σcut(MRST) 4.07 5.47 25.0 40.18 3.49 6.58 5.20 9.68

σcut(CTEQ) 4.09 5.51 25.6 42.0 3.59 6.72 5.32 9.83

In previous publications [22, 24, 26, 29, 31, 30, 18, 19] a number of phenomenologically inter-
esting questions have been considered. Here we restrict ourselves to recall two interesting and typical
features: the scale dependence of the radiative corrections forWW production and radiation zeros for
WZ production.

4.13 Scale dependence

The one-loop corrections to the total cross sections are of the order 50% of the leading order term and
they can be much larger for the kinematical range of larger transverse momenta or invariant mass of
the vector-boson pair. For differential distributions wherepT is not integrated out completely, the scale
choice

µ2 = µ2
st ≡

1
2
(p2

T (V1) + p2
T (V2) +M2

V1
+M2

V2
) (38)

appears to be appropriate. For the total cross section, the difference between the two scale choices ex-
pressed in Equations 37 and 38 is very small since it is dominated by low-pT vector-bosons. However,
for more exclusive quantities, the differences can be substantial. At the LHC, the huge one-loop cor-
rections in the tails of the distributions are dominated by the bremsstrahlung contributions; therefore it
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Fig. 20: Scale dependence of the cross section forW -pair production at the LHC with standard cuts. The scale is given in units

of µst as defined in Equation 38. We show the LO, NLO and NLO with jet veto curves without additional cuts (left) and with

an additional cutpmax
T (l) > 200 GeV andpmin

T (l) > 100 GeV (right). The insets show the curves normalised to 1 atµ = µst.
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is natural to consider the cross sections with and without the jet veto (that is, with or without the cut
Ejet

T < 40 GeV).

In Figure 20, the scale dependence ofσcut is shown for standard cuts, with a jet veto and with
stronger cuts on the transverse momenta of the charged leptons. We can see that the corrections are large
and increase with the additional cuts applied. The scale dependence at LO is reduced at NLO and it is
reduced further when a jet veto is applied. In particular, the size of the correction is strongly reduced
when applying the jet veto - an important feature for background studies.

4.14 Approximate radiation zeros inWZ production

In leading order, the angular distribution ofWZ production exhibits an approximate radiation zero for
cos θ = (g1 + g2)/(g1 − g2) [31] whereg1, g2 denote theZ boson couplings to the left handed up and
down quarks, respectively. Since the precise flight direction of theW boson is not known (due to the
uncertainty in the longitudinal momentum carried by the neutrino) it is convenient to plot a distribution
in the (true) rapidity difference between theZ boson and the charged lepton coming from the decay of
theW : ∆yZl ≡ yZ − yl. This quantity is similar to the rapidity difference∆yWZ ≡ |yW − yZ | studied
in [24], but uses only the observable charged-lepton variables. It is the direct analogue of the variable
yγ − yl+ considered in [117] for the case ofWγ production. It is possible to determinecos θ in theWγ
orWZ rest frame, by solving for the neutrino longitudinal momentum using theW mass as a constraint,
up to a two-fold discrete ambiguity for each event [118, 119, 120]. However, it has been found [117] that
the ambiguity degrades the radiation zero - at least if each solution is given a weight of 50% - so that the
rapidity differenceyγ − yl+ is more discriminating thancos θ. As one can see from Figure 21, there is
a residual dip in the∆yZl distribution, even at orderαs. This dip can be enhanced easily by requiring
a minimal energy for the decay lepton from theW and by cutting on the rapidity of theZ boson. In
Figure 21, we have chosenE(l) > 100 GeV with and withoutyZ < 0. Note that the latter two curves
are scaled up by a factor of 5. At the LHC, for the first time, we shall have enough statistics to test
experimentally for the presence of approximate radiation zeros.

New physics contributions can modify the self-interactions of vector-bosons, in particular the
triple gauge-boson vertices. If new physics occurs at an energy scale well above that being probed
experimentally, it can be integrated out, and the result expressed as a set of anomalous (non-Standard
Model) interaction vertices. (The physics of anomalous coupling will be considered in detail in Section 5.
and our standard notation for the anomalous triple gauge-boson couplings is given there.) It is interesting
to know what is the effect of the anomalousW+W−Z couplings on the approximate radiation zero of
WZ production [121]. In Figure 22, the∆yZl distribution is plotted for two different sets of anomalous
couplings at vanishingq2 (∆g1 = −0.013, λZ = 0.02, ∆κZ = −0.028) and (∆g1 = 0.065, λZ =
0.04, ∆κZ = 0.071). For theq2 dependence we assumed dipole form factors of the generic form

â(q2) =
a(

1 + q2

Λ2

)2 (39)

with Λ = 2TeV. As one can see in Figure 22, the contributions of anomalous couplings have the
tendency to make the dip less pronounced.

4.15 Future improvements

The present state of art of the description of gauge-boson pair production is not completely satisfactory
yet. Of the various issues, there are three which require further theoretical studies. First, the double
resonant approximation is expected to be correct only up to a few percent accuracy - it is important
to go beyond this approximation. A first attempt has been made by Campbell and Ellis [18] where,
as already mentioned above, the singly-resonant diagrams have also been included. These additions
are obviously relevant in the off-resonant regions. The inclusion of finite width effect is not completely
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Fig. 21:WZ production followed by leptonic decays of both theW andZ bosons. We plot the distribution, in picobarns, in the

rapidity difference between theZ and the charged leptonl from the decay of theW , ∆yZl ≡ yZ−yl. Leptonic branching ratios

are not included and the scale has been set toµ = (MW + MZ)/2. The basic cuts used arepT (l) > 20 GeV and|η(l)| < 2

for all three charged leptons, and a missing transverse momentum cut ofpmiss
T > 20 GeV. We plot the∆yZl distribution with

these cuts (blue, upper pair), with an additional cut on theW decay lepton,E(l) > 100 GeV (green, middle pair) and with a

further cut on the rapidity of theZ bosonyZ < 0 (red, lower pair); the latter curves have been scaled up by a factor of 5. The

dashed curves are Born-level results; the solid curves include theO(αs) corrections.

straightforward because of possible conflict with gauge-invariance. This issue requires further theoretical
study. Secondly, we need NLO results also for the semi-leptonic channels when one of the gauge-bosons
decays hadronically. This requires the inclusion of the contributions of diagrams describing the gluonic
corrections to the final-state quarks. Thirdly, fixed order perturbative QCD description is not applicable
for the description of the low-pT behaviour of the gauge-boson pair. The technique for the resummation
of the low-pT contributions is well known and it can be applied also to the case of gauge-boson pair
production. For example, one calculation for theZZ has been carried out [122].

4.16 Comparison withPYTHIA

In most of the studies carried out so far for the LHC, where the production of vector boson pairs played
an important role, the usual Monte Carlo simulation tool has beenPYTHIA [123] based on LO matrix
elements [124] with parton shower. In particular, it is expected that for some optimisation cuts, where
the large corrections provided by NLO diagrams (for example by choosing high-pT (V ) or high-MV V

regions) its predictions are not acceptable. By making comparison between the predictions ofPYTHIA
and the the DKS parton level NLO Monte Carlo [19], we investigate here how accurate doesPYTHIA
simulate the di-boson cross sections at the LHC, especially in some kinematic regions. We relate our
analysis to the special case of the CMS detector [125].

In all results presented in this analysis, we assume that the vector-bosons always decay leptoni-
cally. We use the CTEQ(4M) parton distribution [67] in both Monte Carlos and the cross section values
are for the scaleµ = (MV1 +MV2)/2, whereMVi are the masses of the two produced vector-bosons. If
the DKS Monte Carlo is run at Born-level, we obtain very good agreement with the total cross sections
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Fig. 22:WZ production followed by leptonic decays of both theW andZ bosons. We plot the NLO distribution, in picobarns,

in the rapidity difference between theZ and the charged leptonl from the decay of theW : ∆yZl ≡ yZ−yl. Leptonic branching

ratios are not included and the scale has been set toµ = (MW + MZ)/2. The standard cutspT (l) > 20 GeV, |η(l)| < 2.5

for all three charged leptons and a missing transverse momentum cut ofpmiss
T > 20 GeV are applied. We plot the∆yZl

distribution without anomalous couplings (red, lower pair) and with two sets of anomalous couplings(∆g1 = −0.013, λZ =

0.02, ∆κZ = −0.028) (green, middle pair) and(∆g1 = 0.065, λZ = 0.04, ∆κZ = 0.071) (blue, upper pair). Theq2

dependence of the couplings is given by the dipole form of Equation 39 withΛ = 2TeV. Also we plot the same quantities

supplementing the standard cuts with the additional cut on the theW decay lepton,E(l) > 100 GeV and with the rapidity

cut yZ < 0; the latter curves have been scaled up by a factor of 5. The dashed curves are Born-level results; the solid curves

include theO(αs) corrections.

LHC  14 TeV W+W- → l+νl-ν l=e,µ
Int. Luminosity: 100 fb -1 Parton density set: CTEQ 4M

Scale: µ=MW
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Fig. 23: Transverse momentum of theWW bosons pairs

simulated withPYTHIA and DKS Monte Carlo generators

and using the CTEQ 4M structure function.

LHC  14 TeV ZoW± → l+l-l±ν l=e,µ
Int. Luminosity: 100 fb -1 Parton density set: CTEQ 4M

Scale: µ=MW

3 selected leptons:
|η|e,µ < 2.5
pt

e,µ > 20 GeV

Pythia 6.1 (LO, Parton Shower)
DKS (NLO, Parton only)
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Fig. 24: Transverse momentum of the jets in the case of

theWZ production. The 3 leptons fall within the detector

acceptance.
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LHC  14 TeV  W+W- → l+νl-ν
Int. Luminosity: 100 fb -1

DKS (MRS(T) LO, Parton only)
DKS (MRS(T) NLO, Parton only)
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Fig. 25: Missing transverse energy in theWW production.

The events are obtained by running the DKS generator with

and without including the NLO corrections.

LHC  14 TeV W+W- → l+νl-ν l=e,µ
Int. Luminosity: 100 fb -1 Parton density set: CTEQ 4M

Scale: µ=MW

SELECTION CUTS :
jets: pT > 150 GeV, |y| < 3
pt

l± > 20 GeV
|y|l± < 2.5

Pythia 6.1 (LO, Parton Shower)
DKS (NLO, Parton only)
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Fig. 26: Smallest angle between one of theW ’s and the jet

in WW pair production. The two leptons are required to

be within the detector acceptance and the jet to have apT

larger than 150 GeV.

LHC  14 TeV ZoZo → l+l-l+l- l=e,µ
Int. Luminosity: 100 fb -1 Parton density set: CTEQ 4M

Scale: µ=MZ

4 selected leptons:
|η|e,µ < 2.5
pt

e,µ > 20 GeV

mZZ=250±20 GeV

Pythia 6.1 (LO, Parton Shower)
DKS (NLO, Parton only)
Ho → ZoZo, mH=250 GeV
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Fig. 27: Transverse momentum ofZZ pairs originating from a Higgs (MH = 250 GeV), where the two leptons fall into

the detector acceptance and theMZZ is consistent with the Higgs mass. The non-resonantZZ background is simulated with

(DKS) and without (PYTHIA) NLO corrections.
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given byPYTHIA.

Figure 23 shows the transverse momentum of theWW pairs. The comparison betweenPYTHIA
and DKS indicates the large difference in cross section observables at high-pWW

T values. This is related
to the fact that at NLO, the sub-processesqg → V1V2q have to be taken into account [26, 30]. This is
also reported in Table 12. The leptons are selected following the CMS criteria, where apT larger than
20 GeV and a pseudorapidity|η| < 2.5 are required. Jets are selected by:pT > 20 GeV and|η| < 3.
The K-factor increases then from 1.5 for the total cross sections up to values of about 60 if the jets are
required to have apT larger than 150 GeV. The same effect is shown in figure 24 for theWZ production,
where thepT of the jets is shown (the jet balances thepV V

T ). For this process the K-factors at large
pT -values are even larger than in theWW case (as shown in the table). The transverse momentum
of the di-boson system (or of the jet(s)) are not the only variables affected by large NLO corrections.
Other variables can show significant differences within their distributions: for example the leptonpT ,
the invariant mass of the lepton pairMll, the missing transverse energy6 ET (as shown in Figure 25),
the maximal transverse momentum of the two charged leptonspmax

T , the lepton pseudorapiditiesηl, their
difference∆ηl = ηl− − ηl+ , the angle between leptonscosθll, the transverse angle between leptons
cosφll and so on.

Therefore, it is extremely important to take into account the possible influence of NLO corrections
for the vector-boson production at the LHC energy. Every time one is performing an optimisation of
signal selection, one should be aware of the possible deviations due to the use of a LO generator like
PYTHIA. This is especially true for complicated cuts, where it is difficult to judge whether the effects
are large or not. An example is shown forWW events in Figure 26, where the smallest angle between
one of theW ’s and the jet is shown for events with a high-pT jet. Not only is the cross section clearly
smaller inPYTHIA but also the shape of the distribution is quite different, changing the result of a
possible cut. Another good example is the Higgs search through the decay channelH → ZZ → 4l (see
Figure 27). The idea of usingpT -cuts to improve the signal-to-background ratio may not be as effective
as one would expect from using onlyPYTHIA. The figure shows indeed that, if the NLO corrections are
included, thepT distribution of the non-resonant background follows much more closely those of the
signal, reducing the gain considerably.

4.2 Wγ and Zγ production at NLO

In this section, we present orderαs results forWγ andZγ production at the LHC, including thefull
leptonic correlations and anomalous couplings in the narrow-width approximation [126]. Previous anal-
yses [32, 127, 33] included decay correlations only in the bremsstrahlung amplitudes implementing, as
an approximation, the finite part of thespin-summedone-loop amplitudes.

To perform the calculation, we use the helicity amplitudes presented in [17]. The amplitudes
relevant for the inclusion of anomalous couplings are given in [126]. In order to cancel analytically the
soft and collinear singularities coming from the bremsstrahlung and one loop parts, we have used the
version of the subtraction method presented in [128]. Therefore, the amplitudes are implemented into
a numerical Monte Carlo style program which allows calculation of any infrared-safe physical quantity
with arbitrary cuts.

The results presented in this section correspond topp scattering at
√
s = 14 TeV using the fol-

lowing cuts: a transverse momentum cut ofpl
T > 25 GeV for the charged leptons is imposed and the

pseudorapidity is limited to|η| < 2.4 for all detected particles. The photon transverse momentum cut is
pγ

T > 50(100) GeV forWγ (Zγ) production. For theWγ case, we require a minimum missing trans-
verse momentum carried by the neutrinospmiss

T > 50 GeV. Additionally, charged leptons and the photons

must be separated in the pseudorapidity-azimuthal angle by∆Rlγ =
√

(ηγ − ηl)2 + (φγ − φl)2 > 0.7.
In order to suppress the contribution from the off-resonant diagrams, we require the transverse mass
MT > 90 GeV forWγ production and the invariant mass of thellγ systemMllγ > 100 GeV for theZγ
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Table 12: Cross sections in pb forpp collision at
√

s=14 TeV. The leptons are selected by requiring apT larger than 20 GeV

and a pseudorapidity|η| <2.5. The jets should have apT >20 GeV and|η| <3.

Selected Jet pjet
T selection (in GeV):

(pb) σtot ×BR leptons veto 20-150 150-400 >400

σW+W−→l+νl−ν̄
PYTHIA 3.704 1.704 1.125 0.568 2×10−3 2.8×10−4

σW+W−→l+νl−ν̄
DKS,LO 3.79 1.71 - - - -

σW+W−→l+νl−ν̄
DKS,NLO 5.56 2.58 1.49 0.942 0.135 1.69×10−2

K-factor 1.5 1.54 1.32 1.66 67 ∼60

σW±Z→l+νl+l−
PYTHIA 4.35×10−1 1.45×10−1 9.47×10−2 4.91×10−2 9.33×10−4 6.5×10−6

σW±Z→l+νl+l−
DKS,LO 4.34×10−1 1.48×10−1 - - - -

σW±Z→l+νl+l−
DKS,NLO 7.42×10−1 2.77×10−1 1.31×10−1 1.27×10−1 2.8×10−2 4.63×10−3

K-factor 1.71 1.91 1.39 2.3 30 ∼700

σZZ→l+l−l+l−
PYTHIA 5.13×10−2 1.79×10−2 1.15×10−2 6.26×10−3 1.33×10−4 1.5×10−6

σZZ→l+l−l+l−
DKS,LO 5.31×10−2 1.84×10−2 - - - -

σZZ→l+l−l+l−
DKS,NLO 7.07×10−2 2.55×10−2 1.58×10−2 8.79×10−3 8.23×10−4 7.78×10−5

K-factor 1.38 1.42 1.38 1.4 6 ∼50

case.

Finally, in order to suppress the contribution from the fragmentation of partons into photons,
computed only to LO accuracy, the photons are required to be isolated from hadrons: the transverse
hadronic momentum in a cone of sizeR0 = 0.7 around the photon should be smaller than a fraction of
the transverse momentum of the photon∑

∆R<R0

phad
T < 0.15 pγ

T (40)

This completes the definition of the “standard” cuts.

In the results presented here, the branching ratios of the vector-bosons into leptons are not in-
cluded. For both the LO and NLO results, we use the latest set of parton distributions of MRST(cor01)
[114] and the two loop expression for the strong coupling constant. For the fragmentation component,
we use the fragmentation functions from [129].

The “standard” scale for both the factorisation and renormalisation scales is

µ2 = µ2
st ≡M2

V +
1
2

[
(pV

T )2 + (pγ
T )2
]
. (41)

The masses of the vector-bosons have been set toMZ = 91.187 GeV andMW = 80.41 GeV
and the following values have been used for the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements:
|Vud| = |Vcs| = 0.975 and|Vus| = |Vcd| = 0.222. We do not include any QED or electroweak correc-
tions but choose the coupling constantsα andsin2 θW in the spirit of the “improved Born approximation”
[112, 113], withsin2 θW = 0.230. Notice that the observable is orderα2; within the same spirit, we use
the runningα = α(MZ) = 1/128 for the coupling between the vector-boson and the quarks (to take
into account effectively the EW corrections) whereas we keepα = 1/137 for the photon coupling. It is
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σ (pb) LO∗ Frag. NLO

W+γ (pγ
T > 50 GeV) 4.79 3.02 13.89

W−γ (pγ
T > 50 GeV) 3.08 3.55 10.15

Zγ (pγ
T > 100 GeV) 1.29 0.412 2.37

W+γ (std. cuts) 0.436 0.094 1.71

W−γ (std. cuts) 0.310 0.095 1.20

Zγ (std. cuts) 0.524 0.041 0.877

Table 13:Cross sections forpp collisions at
√
s = 14 TeV. The statistical errors are±1 within the last digit. LO∗

corresponds to the direct component only.

worth noticing that this modification results already in more than a 6% change in the normalisation of
the cross section with respect to the standard approach of using both running coupling constants.

4.21 Results at NLO

For future checks, and for an estimate of the number of events to be observed at the LHC, some bench-
mark total cross section numbers are presented in Table 13. The first ones were obtained by imposing
only the cut on the transverse momentum of the photonpγ

T > 50(100) GeV forWγ (Zγ) production.
The importance of the NLO corrections, as well as the size of the fragmentation contribution before ap-
plying the isolation cut prescription, can be seen from the table. Furthermore, we also include the result
for the total cross section obtained after the implementation of the standard cuts.

In what follows, we will estimate the theoretical uncertainty of the results by analysing the changes
on different distributions when varying the scale by a factor of two in both directionsµst

2 < µ < 2µst.

In Figure 28, we show the scale dependence of thepT distribution of the photon inW+γ produc-
tion with the standard cuts (upper curves) and also with the additional requirement of a jet-veto. As can
be observed, the scale dependence is still large (± 10%) but is considerably reduced when the jet-veto
is applied. The situation is similar to what has been observed in the case ofWW production [19] and
is caused by the suppression of the contribution from theqg initial state appearing for the first time at
NLO. Since this initial state dominates the cross section, the NLO result behaves effectively like a LO
one, as far as the scale dependence is concerned.

In the inset plot, we present the ratio between the NLO and LO results (with the standard scale),
which remains larger than 3 and increases with the photon transverse momentum. This clearly shows
that the LO calculation is not even sufficient for an understanding of the shape of the distribution, since
the NLO effect goes beyond a simple normalisation. As is well known [28], the relevance of the NLO
corrections for this process is mainly due to the breaking of the radiation amplitude zero appearing at
LO and to the largeqg initial state parton luminosity at the LHC. It is worth mentioning that the scale
dependence of the LO result turns out to be very small. This is an artificial effect and illustrates that a
small scale dependence is by no means a guarantee for small NLO corrections. Furthermore, we present
the ratio of the NLO jet-veto and the LO result. As expected, this ratio is closer to 1, again due to the
fact that most of the contributions coming from the new subprocesses appearing at NLO are suppressed
by the jet-veto.

In Figure 29, we study the lepton correlation in the azimuthal angle forZγ production∆φll =
|φl− − φl+ |. Notice that this observable can be studied at NLO since the spin correlations between the
leptons are fully taken into account in the implementation of the one-loop corrections. In this case, we
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Fig. 28: Scale dependence ofσNLO without (upper curves) and with (lower curves) jet-veto. The scale has been varied

according toµst
2

(dashes) < µ < 2µst(dots). The inset plot shows the ratioσNLO/σLO, again without (solid) and with (dots)

jet-veto.

Fig. 29: Scale dependence ofσNLO without jet-veto (upper solid curves),σNLO with jet-veto (lower solid curves) andσLO

(dotted curves). The scale has been varied according toµst
2

< µ < 2µst.

observe that the NLO corrections are rather sizeable and increase the cross section by50% for small
∆φll. The region∆φll > 2 (with the standard cuts) is kinematically forbidden unless a jet with a
high transverse momentum is produced; therefore, the cross section vanishes at LO and it is strongly
suppressed for the NLO calculation with jet-veto. In this region, the full NLO calculation is effectively
LO and its scale dependence becomes larger, as expected.

Because there is no radiation amplitude zero appearing at LO forZγ production, the NLO cor-
rections are under better control in the kinematical region where the LO cross section does not vanish.
Nevertheless, for large transverse momentum, theqg initial state again dominates the NLO contribution
and the corrections increase considerably.

4.22 Anomalous couplings without form factors

The study of triple vector-boson couplings is motivated by the hope that some physics beyond the Stan-
dard Model leads to a modification of these couplings which eventually could be detected. In order to
quantify the effects of the new physics, an effective Lagrangian is introduced which contains all Lorentz
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invariant terms, in principle. The new terms spoil the gauge-cancellation in the high energy limit and,
therefore, will lead to violation of unitarity for increasing partonic centre of mass energyŝ. Usually,
in an analysis of anomalous couplings from experimental data in hadronic collisions, this problem is
circumvented by supplementing the anomalous couplingsαAC with form factors. A common choice for
the form factor is

αAC → αAC

(1 + ŝ
Λ2 )n

(42)

wheren has to be large enough to ensure unitarity andΛ is interpreted as the scale for new physics.
Obviously, this procedure is ratherad hocand introduces some arbitrariness. Therefore, it would be very
convenient to avoid it in an analysis of anomalous couplings at hadron colliders. This would bring these
analyses more into line with those ate+e− colliders. In order to do so, one should analyse the data at
fixed values of̂s, as it is done at LEP. This results in limits for the anomalous parameters which are a
function of ŝ.

Clearly, it is possible to do such analysis for the production ofZγ when both leptons are de-
tected [130], since the partonic centre of mass energy can be reconstructed from the kinematics of the
final state particles and therefore the cross section can be measured for different bins of fixedŝ.

The situation is more complicated forWγ production since the neutrino is not observed. Never-
theless, by identifying the transverse momentum of the neutrino with the missing transverse momentum,
and assuming theW boson to be on shell, it is possible to reconstruct the neutrino kinematics (partic-
ularly the longitudinal momentum) with a two-fold ambiguity. In the case of the Tevatron, since it is a
pp̄ collider, it is possible to choose the “correct” neutrino kinematics 73% of the times by selecting the
maximum (minimum) of the two reconstructed values for the longitudinal momentum of the neutrino for
W+γ(W−γ).

This is not true at the LHC where, due to the symmetry of the colliding beams, both reconstructed
kinematics have equal chances to be correct. Fortunately, in the case of anomalous couplings, we are
interested in a efficient way to reconstruct theŝ rather than the full kinematics. Again there are two
possible values of̂s. It turns out that there is a simple method to choose the “correct” one 66% of
the times at the LHC (73% of the times at Tevatron) by selecting the minimumŝ, ŝmin, of the two
reconstructed values (for bothW+γ andW−γ). Furthermore, we checked that the selected valueŝmin

differs in almost 90% of the events by less than 10% from the exact valueŝ. This is likely to be enough
precision, since the data will be collected in sizeable bins ofŝ and the anomalous parameters are not
expected to change very rapidly with the energy in any case.

To quantify the advantage of the method, we show in Figure 30 the correlations of
√
ŝmin with√

ŝ. The left plot corresponds to the case of pure Standard Model, whereas the right plot presents results
for (already experimentally ruled out) huge values of anomalous couplings∆κ = 0.8 andλ = 0.2 with
an ordinary form factor (n = 2, Λ = 1 TeV).

The cross section drops very rapidly for increasing
√
ŝ−√ŝmin. This correlation clearly holds in

the particularly interesting large
√
ŝ region and for both Standard Model and anomalous contribution.

As a result of this investigation, we conclude that even in the case ofWγ production, reliable
bounds for anomalous couplings as a function ofŝ (using ŝmin) can be obtained. Such a procedure
would certainly allow a comparison of various bounds from different experiments.

5. ANOMALOUS VECTOR-BOSON COUPLINGS 6

The principle of gauge-invariance is used as the basis for the Standard Model. The non-Abelian gauge-
group structure of the theory of electroweak interactions predicts very specific couplings between the
electroweak gauge-bosons. Measurements of these triple gauge-boson couplings (TGCs) of theW , Z
andγ gauge-bosons therefore provide powerful tests of the Standard Model.

6Section coordinators: P.R. Hobson, W. Hollik
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Fig. 30: The cross section forW +γ production (in pb/bin) as as function of
√

ŝ and
√

ŝmin (in GeV) in order to illustrate the

steep fall ofσ for increasing|√ŝ −√ŝmin|. The left plot corresponds to the Standard Model, whereas the right plot includes

anomalous couplings (see text).

In the most general Lorentz invariant parametrisation, the three gauge-boson vertices,WWγ and
WWZ, can be described by fourteen independent couplings [131], seven for each vertex. The possible
four quadruple gauge-boson vertices:γγWW ,ZγWW ,ZZWW andWWWW require 36, 54, 81 and
81 couplings, respectively for a general description. Assuming electromagnetic gauge-invariance, C- and
P-conservation, the set of 14 couplings for the three gauge-boson vertices is reduced to 5:gZ

1 , κγ , κZ ,
λγ andλZ [132], where their Standard Model values are equal togZ

1 = κγ = κZ = 1 andλγ = λZ = 0
at tree level.

The TGCs related to theWWγ vertex determine properties of theW , such as its magnetic dipole
momentµW and electric quadrupole momentqW :

µW =
e

2MW
(gZ

1 + κγ + λγ) (43)

qW =
e

M2
W

(κγ − λγ) (44)

In the following, the anomalous TGCs are denoted by∆gZ
1 , ∆κγ , ∆κZ , λγ andλZ , where the∆

denotes the deviations of the respective quantity from its Standard Model value.

5.1 Introduction

The Standard Model is well established by the experiments at LEP and the Tevatron. Any deviations of
the Standard Model can therefore be introduced only with care. Changes to the Standard Model come
with different forms of severity. In order to see at what level anomalous vector-boson couplings can be
reasonably discussed, one has to consider these cases separately. Changes to the gauge-structure of the
theory, that do not violate the renormalisability of the theory,i.e. the introduction of extra fermions or
possible extensions of the gauge-group are the least severe. They will typically generate small corrections
to vector-boson couplings via loop effects. In this case also, radiative effects will be generated at lower
energies. For the LHC, the important thing in this case is not to measure the anomalous couplings
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precisely, but to look for the extra particles. However, this is beyond the scope of this chapter. In the other
case, a more fundamental role is expected for the anomalous couplings, implying strong interactions. In
this case, one has to ask oneself whether one should study a model with or without a fundamental Higgs
boson.

Simply removing the Higgs boson from the Standard Model is a relatively mild change. The model
becomes non-renormalisable, but the radiative effects grow only logarithmically with the cut-off at the
one-loop level. The question is whether this scenario is ruled out by the LEP1 precision data. The LEP1
data appear to be in agreement with the Standard Model, preferring a low Higgs mass. One is sensitive to
the Higgs mass in three parameters, labelledS, T , U or ε1, ε2, ε3. These receive corrections of the form
g2(log(MH/MW ) + constant), where the constants are of order one. The logarithmic enhancement is
universal and would also appear in models without a Higgs aslog(Λ), whereΛ is the cut-off at which new
interactions should appear. Only when one can determine the three different constants independently,
can one say that one has established the Standard Model. At present, the data do not provide sufficient
precision to do this.

A much more severe change to the Standard Model is the introduction of vector-boson couplings
not of the gauge-interaction type. These new couplings violate renormalisability much more severely
than simply removing the Higgs boson. Typically, quadratically and quartically divergent corrections
would appear to physical observables. Therefore, it is questionable as to whether one should study
models with a fundamental Higgs boson, but with extra anomalous vector-boson couplings. It is hard
to imagine a form of dynamics that could do this. If the vector-bosons become strongly interacting,
the Higgs probably would exist at most in an “effective” way. Therefore, the most natural way is to
study anomalous vector-boson couplings in models without a fundamental Higgs. Actually when one
removes the Higgs boson, the Standard Model becomes a gauged non-linear sigma-model. It is well
known that the nonlinear sigma-model describes low-energy pion physics. The “pions” correspond to
the longitudinal degrees of freedom of the vector-bosons andfπ corresponds to the vacuum expectation
value of the Higgs field. Within this description, the Standard Model corresponds to the lowest-order term
quadratic in the momenta, anomalous couplings to higher derivative terms. The systematic expansion in
terms of momenta is known as chiral perturbation theory and is extensively used in meson physics.

Writing down the most general non-linear chiral Lagrangian containing up to four derivatives gives
rise to a large number of terms, which are too general to be studied effectively. One therefore has to look
for dynamical principles that can limit the number of terms. Of particular importance are approximate
symmetry principles. In the first place one, expects CP-violation to be small. We limit ourselves therefore
to CP-preserving terms. In order to see what this means in practice, it is advantageous to describe the
couplings in a manifestly gauge-invariant way, using the St¨uckelberg formalism [133, 37]. One needs
the following definitions:

Fµν =
iτi
2

(∂µW
i
ν − ∂νW

i
µ + gεijkW j

µW
k
ν ) (45)

is theSU(2) field strength with theSU(2) gauge-couplingg;

DµU = ∂µU +
ig

2
τiW

i
µU + ig tan θW Uτ3Bµ (46)

is the gauge-covariant derivative of theSU(2)-valued fieldU , which describes the longitudinal degrees
of freedom of the vector fields in a gauge-invariant way;

Bµν = ∂µBν − ∂νBµ (47)

is the hypercharge field strength. In addition,

Vµ = (DµU)U †/g , (48)

T = Uτ3U
†/g (49)
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are auxiliary quantities having simple transformation properties. Excluding CP violation, the non-
standard three and four vector-boson couplings are described in this formalism by the following set
of operators:

L1 = Tr(Fµν [Vµ, Vν ]) (50)

L2 = i
Bµν

2
Tr(T [Vµ, Vν ]) (51)

L3 = Tr(TFµν)Tr(T [Vµ, Vν ]) (52)

L4 = (Tr[VµVν ])2 (53)

L5 = (Tr[VµVµ])2 (54)

L6 = Tr(VµVν)Tr(TVµ)Tr(TVν) (55)

L7 = Tr(VµVµ)(Tr[TVν ])2 (56)

L8 =
1
2
[(Tr[TVµ])(Tr[TVν ])]2 (57)

In the unitary gaugeU = 1, one has (withcW = cos θW , sW = sin θW )

L1 = i(cWZµν + sWFµν)W+
µ W

−
ν + Zν/cW (W+

µνW
−
µ −W−

µνW
+
µ ) (58)

+ gauge-induced four boson vertices,

L2 = i(cWFµν − sWZµν)W+
µ W

−
ν , (59)

L3 = i(cWZµν + sWFµν)W+
µ W

−
ν . (60)

whereZµν = ∂µZν − ∂νZµ andW+,−
µν = ∂µW

+,−
ν − ∂νW

+,−
µ . The Standard Model without a Higgs

corresponds to
LEW = 1

2Tr(FµνF
µν)− 1

4BµνB
µν + g2v2

4 Tr(VµV
µ) . (61)

5.2 Dynamical constraints

The list given in the previous section contains terms that give rise to vertices with minimally three or
four vector-bosons. Already with the present data a number of constraints and/or consistency conditions
can be put on the vertices. The most important of these come from the limits on the breaking of the
so-called custodial symmetry. If the hypercharge is put to zero, the effective Lagrangian has a larger
symmetry thanSUL(2) × UY (1), i.e. it has the symmetrySUL(2) × SUR(2). TheSUR(2) invariance
is a global invariance. Within the Standard Model this invariance is an invariance of the Higgs potential,
but not of the full Lagrangian. It is ultimately this invariance that is responsible for the fact that the
ρ parameter, which is the ratio of charged to neutral current strength, is equal to one at the tree level.
Some terms in the Lagrangian,i.e. the ones containing the hypercharge field explicitly or the terms
with T , that project out the third isospin component violate this symmetry explicitly. These terms, when
inserted in a loop graph, give rise to quartically divergent contributions to theρ parameter. Given the
measurements, this means that the coefficients of these terms must be extremely small. It is therefore
reasonable to limit oneself to a Lagrangian, where hypercharge appears only indirectly via a minimal
coupling, so without explicitT . This assumption means physically that the ultimate dynamics that is
responsible for the strong interactions among the vector-bosons acts in the non-Abelian sector. Indeed
one would not normally expect the hypercharge alone to become strong. However, we know that there
is a strong violation of the custodial symmetry in the form of the top-quark mass. Actually the top-
mass almost saturates the existing corrections to theρ parameter, leaving no room for violations of the
custodial symmetry in the anomalous vector-boson couplings. Therefore, we conclude:If there really
are strong vector-boson interactions, the mechanism for mass generation is unlikely to be the same for
bosons and fermions.
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Eliminating the custodial symmetry violating interactions, we are left with the simplified La-
grangian, containingL1,L4, L5. Besides the vertices, there are also propagator corrections, in principle.
We take the two-point functions without explicitT . Specifically, we add to the theory [134]

Lhc,tr = − 1
2Λ2

W
Tr[(DαFµν)(DαFµν)] + 1

2Λ2
B

Tr[(∂αBµν)(∂αBµν)] (62)

for the transverse degrees of freedom of the gauge-fields, and

Lhc,lg = − g2v2

4Λ2
V

Tr[(DαV µ)(DαVµ)] (63)

for the longitudinal ones, where theΛX parametrise the quadratic divergences and are expected to rep-
resent the scales where new physics comes in. In phenomenological applications, these contributions
give rise to form factors in the propagators [134, 139]. Introducing such cut-off dependent propagators
in the analysis of the vector-boson pair production is similar to havings-dependent triple vector-boson
couplings, which is the way the data are usually analysed.

This effective Lagrangian is very similar to the one in pion-physics. Indeed, if one takes the
limit vacuum expectation value (vev) fixed and gauge-couplings to zero, one finds the standard pion
Lagrangian. As it stands, one can use the LEP1 data to put a limit on the terms in the two point vertices.
Using a naive analysis one finds [134]1/Λ2

B = 0. For the other two cut-offs one has:

A. The caseΛ2
V > 0,Λ2

W < 0: ΛV > 0.49 TeV, |ΛW | > 1.3 TeV.

B. The caseΛ2
V < 0,Λ2

W > 0: |ΛV | > 0.74 TeV, ΛW > 1.5 TeV.

This information is important for further limits at high-energy colliders, as it tells us, how one
has to cut off off-shell propagators. We notice that the limits on the form factors are different for the
transverse, longitudinal and hypercharge form factors. The precise limits are somewhat qualitative and
should be taken as such. The current data show thatΛ = 0.5 TeV, which thus has to be considered as a
minimal possible value as long as a dipole form factor is used. Further information comes from the direct
measurements of the three-point couplings at LEP2, which tell us that they are small. Similar limits at
the Tevatron have to be taken with some care, as there is a cut-off dependence. As there is no known
model that can give large three-point interactions, we assume for the further analysis of the four-point
vertices, that the three-point anomalous couplings are absent. Two more constraints can be put on the
remaining two four-point vertices . The first comes from consistency of chiral perturbation theory [135].
Not every effective chiral Lagrangian can be generated from a physical underlying theory.

A second condition comes from theρ parameter. Even the existing violation of the custodial sym-
metry, though indirect via the minimal coupling to hypercharge, gives a contribution to theρ parameter.
It constrains the combination5g4 + 2g5. The remaining combination2L4 − 5L5 is fully unconstrained
by experiment and in principle gives a possibility for very strong interactions to be present. However,
this particular combination does not seem to have any natural interpretation from underlying dynamics.
Therefore, one can conclude presumably that both couplingsg4, g5 are small. There is a loophole to
this conclusion, namely when the anomalous couplings are so large that the one-loop approximation,
used to arrive at the limits, is not consistent and resummation has to be performed everywhere. This is a
somewhat exotic possibility that could lead to very low-lying resonances and which ought to be easy to
discover at the LHC [41].

5.3 LHC processes

Given the situation described above, one has to ask oneself, what the LHC can do and in which way the
data should be analysed. There are essentially three processes that can be used to study vector-boson
vertices: vector-boson pair production, vector-boson scattering, triple vector-boson production. About
the first two we have only a few remarks to make. They are discussed more fully in other contributions
to the workshop.
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5.31 Vector-boson pair production

Vector-boson pair production can be studied in a relatively straightforward way. The reason is that here
the Higgs boson does not play a role in the Standard Model, as we take the incoming quarks to be
massless. Therefore naive violations of unitarity can be compensated by the introduction of smooth
form-factors.

One produces two vector-bosons via normal Standard Model processes with an anomalous vertex
added. The extra anomalous coupling leads to unitarity-violating cross sections at high energy. As a total
energy of 14 TeV is available this is a serious problem, in principle. It is cured by introducing a form
factor for the incoming off-shell line connected to the anomalous vertex. Naively this leads to a form-
factor dependent limit on the anomalous coupling in question. The LEP1 data gives a lower limit on the
cut-off to be used inside the propagator. When one wants an overall limit on the anomalous coupling,
one should use this value. This is particularly relevant for the Tevatron. Here one typically takes a cut-off
of 2 TeV. This might give too strict a limit, as the LEP1 data indicate that the cut-off can be as low as
500 GeV. For practical purposes the analysis at the Tevatron should give limits on anomalous couplings
for different values of the cut-off form factors, including low values of the cut-off. For the analysis at
the LHC, one has much larger statistics. This means that one can do better and measure limits on the
anomalous couplings as a function of the invariant mass of the produced system. This way one measures
the anomalous form factor completely.

5.32 Vector-boson scattering

Here the situation is more complicated than in vector-boson pair production. The reason is that within
the Standard Model the process cannot be considered without intermediate Higgs contribution. This
would violate unitarity. However the incoming vector-bosons are basically on-shell and this allows the
use of unitarisation methods, as are commonly used in chiral perturbation theory in pion physics. These
methods tend to give rise to resonances in longitudinal vector-boson scattering. The precise details
depend on the coupling constants. The unitarisation methods are not unique, but generically give rise to
largeI = J = 0 and/orI = J = 1 cross section enhancements. The literature is quite extensive: a good
introduction is [136]; a recent review is [137].

5.33 Triple vector-boson production

In this case it is not clear how one should consistently approach an analysis of anomalous vector-boson
couplings. Within the Standard Model the presence of the Higgs boson is essential in this channel.
Leaving it out, one has to study the unitarisation. This unitarisation has to take place not only on the
two-to-two scattering subgraphs, as in vector-boson scattering, but also on the incoming off-shell vector-
boson, decaying into three real ones. The analysis here becomes too arbitrary to derive very meaningful
results. One cannot calculate confidently anything here without a fully known underlying model of new
strong interactions. Also measurable cross sections tend to be small, so that the triple vector-boson
production is best used as corroboration of results in vector-boson scattering. Deviations of Standard
Model cross sections could be seen, but the vector-boson scattering would be needed for interpretation.

One therefore needs the Standard Model results. The total number of events with three vector-
bosons in the final state is given in Table 14. We used an integrated luminosity of 100 fb−1 and an
energy of 14 TeV throughout.

One sees from this table that a large part of the events comes from associated Higgs production,
when the Higgs is light. However for the study of anomalous vector-boson couplings, the heavier Higgs
results are arguably more relevant. Not all the events can be used for the analysis. If we limit ourselves to
events, containing only electrons, muons and neutrinos, assuming just acceptance cuts we find the results
shown in Table 15.

We see that very little is left, in particular in the processes with at least twoZ bosons, where
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Table 14: Number of events: before cuts and all decays (
√

s = 14 TeV, 100 fb−1).

MHiggs (GeV) 200 400 600 800

W+W−W− 11675 5084 4780 4800

W+W+W− 20250 9243 8684 8768

W+W−Z 20915 11167 10638 10685

W−ZZ 2294 1181 1113 1113

W+ZZ 4084 2243 2108 2165

ZZZ 4883 1332 1087 1085

Table 15: Number of events containing only leptonic decays. Cuts on leptons:|η| < 3, pT > 20 GeV; no cuts on missing

energy (
√

s = 14 TeV, 100 fb−1).

MHiggs (GeV) 200 400 600 800

W+W−W− 68 28 25 25

W+W+W− 112 49 44 44

W+W−Z 32 17 15 15

W−ZZ 1.0 0.51 0.46 0.45

W+ZZ 1.7 0.88 0.79 0.79

ZZZ 0.62 0.18 0.13 0.12

the events can be fully reconstructed. In order to see how sensitive we are to anomalous couplings, we
assumed a 4Z coupling with a form factor cut-off at 2 TeV. We make here no correction for efficiencies
etc.. Using the tripleZ boson production, assuming no events are seen in 100 fb−1, we find a limit
|g4+g5| < 0.09 at the 95% CL, whereg4 andg5 are the coefficients multiplying the operatorsL4 andL5.
This is to be compared with−0.15 < 5g4+2g5 < 0.14 [138] or−0.066 < (5g4+2g5)Λ2(TeV) < 0.026
[134, 139]. So the sensitivity is not better than present indirect limits. Better limits exist in vector-boson
scattering [140] or at a linear collider [141, 142, 143].

In the following tables we present numbers for observable cross sections in different decay modes
of the vector-bosons. We used the following cuts.

|η|lepton < 3, |η|jet < 2.5,
|pT |lepton > 20GeV, |pT |jet > 40GeV, |pT |2ν > 50GeV,
∆Rjet,lepton > 0.3, ∆Rjet,jet > 0.5 .

States with more than two neutrinos are not very useful because of the background from two vector-boson
production. We did not consider final states containingτ -leptons.

With the given cuts, the total number of events to be expected is rather small. In particular, this
is the case because we did not consider the reduction in events due to experimental inefficiencies, which
may be relatively large because of the large number of particles in the final state. For the processes con-
taining jets in the final state, there will be large backgrounds due to QCD processes. A final conclusion
on the significance of the triple vector-boson production for constraining the four vector-boson couplings
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will need more work, involving detector Monte Carlo calculations.

However it is probably fair to say from the above results, that no very strong constraints will be
found from this process at the LHC, but it is useful as a cross-check with other processes. It may provide
complementary information if non-zero anomalous couplings are found.

Table 16: Number of events fromZZZ production in different decay modes (
√

s = 14 TeV, 100 fb−1).

MHiggs (GeV) 200 300 400 500 600

6l 0.62 0.29 0.18 0.14 0.13

4l, 2ν 5.1 2.5 1.5 1.2 1.1

4l, 2j 6.6 3.8 2.2 1.7 1.4

2l, 2j, 2ν 34 20 12 9.0 7.7

2l, 4j 24 19 11 7.6 6.0

2ν, 4j 37 34 21 15 11

6j 25 31 19 12 8.7

Table 17: Number of events fromWWZ production in different decay modes (
√

s = 14 TeV, 100 fb−1).

MHiggs (GeV) 200 300 400 500 600

4l, 2ν 31 20 17 16 15

3l, 2j, 1ν 51 40 31 28 26

2l, 4j 19 22 17 14 13

2ν, 4j 63 74 60 51 48

2l, 2j, 2ν 102 68 54 49 48

1l, 4j, 1ν 262 196 140 127 127

6j 86 104 78 62 56

5.4 Unitarity limits and form factors

Unitarity in the Standard Model depends directly on its gauge-structure. Departure from this structure
can violate unitarity at relatively low energies and so protection is provided in the effective Lagrangian
for triple gauge-boson vertices by expressing the anomalous couplings as energy dependent form fac-
tors. For experimental results at a given subprocess energyŝ (i.e. e+e− colliders), the choice of form
factor parametrisation is not important since one can unambiguously translate between parametrisations.
However, when results are integrated over a range ofŝ as they will be at the LHC, no simple translation
is possible and results depend crucially on the choice of the form factors. The form factor behaviour
of anomalous couplings should not be neglected, particularly in regions ofŝ near to unitarity limits.
Any measurement of anomalous couplings over integrated energies carries with itassumptions on the
parametrisation of the form factor.

This section outlines the considerations which influence the choice of form factor and suggests a
method for measuring energy dependent anomalous couplings.
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Table 18: Number of events fromZZW−(upper) andZZW +(lower) production in different decay modes (
√

s = 14 TeV,

100 fb−1).

MHiggs (GeV) 200 300 400 500 600

5l, 1ν 0.45 1.04 0.63 0.52 0.47

0.80 1.69 1.08 0.91 0.81

3l, 2j, 1ν 3.37 6.89 5.36 4.18 3.73

5.9 11.5 9.3 7.4 6.5

1l, 4j, 1ν 7.6 11.5 12.4 10.0 8.4

13.3 20.0 21.6 18 15

4l, 2j 0.29 1.0 0.54 0.38 0.32

0.49 1.6 0.91 0.65 0.54

2l, 2j, 2ν 2.0 6.5 3.5 2.5 2.2

3.4 10.7 6.1 4.4 3.7

2l, 4j 2.5 7.4 5.4 3.6 2.9

4.7 9.5 9.5 6.9 5.6

4j, 2ν 8.9 27 18 12.6 10.4

195. 54 38 28 23

6j 5.3 12.3 13.3 8.8 7.4

9.1 20.7 23 16 12.5

5.41 Form factor parametrisation

Triple gauge-boson vertices in di-boson production arise in theJ = 1 partial wave amplitude only (s-
channel exchange of a gauge-boson coupled to massless fermions).S-matrix unitarity implies a constant
bound to any partial wave amplitude. This means unitarity is violated at asymptotically high energies
if constant anomalous couplings are assumed. Unambiguous and model-independent constant unitarity
constraints forWV production have been derived7 [144].

To conserve unitarity at arbitrary energies, anomalous couplings must be introduced as form fac-
tors. Thus, an arbitrary anomalous couplingÃ = Ã0 × F(q21 , q

2
2, P

2) vanishes whenq21, q
2
2, or P 2

becomes large, whereq21 andq22 are the invariant masses squared of the production bosons andP 2 = ŝ is
the virtual exchange boson invariant mass squared. We refer toÃ0 as the “bare coupling” and̃A as the
form factor (Ã ε λV ,∆κV , hV

i ,. . . ). For di-boson production, the final state bosons are nearly on-shell
q21, q

2
2 'M2

V even when finite width effects are taken into account, though large virtual exchange boson
masses

√
ŝ will be probed at the LHC.

The choice of parametrisation for the form factors is arbitrary provided unitarity is conserved at
all energies for a sufficiently small value of anomalous coupling. A step function operating at a cutoff
scaleΛFF is sufficient8 though discontinuous and thus unphysical. More common in the literature is

7Cancellations may occur if more than one anomalous coupling is allowed non-zero at a time, which weakens the unitarity
limits somewhat.

8i.e. assuming a step function form factor operating at 2 TeV, theλγ coupling conserves unitarity forλγ < 0.99 [144,
Equation 23].
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Table 19: Number of events fromW−W +W + production in different decay modes (
√

s = 14 TeV, 100 fb−1).

MHiggs (GeV) 200 300 400 500 600

3l, 3ν 66 44 37 35 33

l+l+, 2j, 2ν 57 43 31 26 24

l+l−, 2j, 2ν 13 7.9 5.3 4.4 4.0

l+, 4j, 1ν 148 129 86 66 58

l−, 4j, 1ν 99 61 36 26 23

6j 50 74 46 32 25

Table 20: Number of events fromW +W−W− production in different decay modes (
√

s = 14 TeV, 100 fb−1).

MHiggs (GeV) 200 300 400 500 600

3l, 3ν 40 26 22 21 20

l−l−, 2j, 2ν 34 25 17 14 13

l+l−, 2j, 2ν 78 45 30 25 23

l−, 4j, 1ν 90 76 49 37 33

l+, 4j, 1ν 59 35 20 15 13

6j 29 43 26 18 14

a generalised dipole form factor which is motivated by the well known nucleon form factors and has
further appeal because it enters the Lagrangian in a form similar to that of a propagator of massΛFF. The
parametrisation is

Ã =
Ã0

(1 + ŝ
Λ2

FF
)n

(64)

wheren > 1/2 (n > 1) is sufficient for theWWV vertex anomalous couplings∆κV (λV , ∆gV
1 )

which grow likeŝ1/2, (ŝ). For theZV γ vertexn > 3/2 (n > 5/2) is sufficient for anomalous couplings
hV

1,3, (hV
2,4) which grow likeŝ3/2, (ŝ5/2). The usual assumptions aren = 2 for gV

1 , λ
V , κV [31, 32, 30]

andn = 3 (n = 4) for hV
1,3, (hV

2,4) [145]. Unitarity limits for generalised dipole form factors have been
enumerated [146, Equations 22-26].

The form factor scaleΛFF can be regarded as a regularisation scale. It is related to (but not neces-
sarily identical to) the energy scale at which new physics becomes important in the weak boson sector.

5.42 Impact of form factor on̂s dependent distributions

The impact of the form factor parametrisation onŝ dependent distributions is illustrated in Figure 31
where the reconstructed9 Minv(WZ) and pT (Z) spectra are plotted for LHCW+Z production with
leptonic decays atO(αs). The Standard Model expectation is compared to scenarios with a modest
λZ

0 = 0.05 coupling for various generalised dipole form factor parametrisations.

9ReconstructingMinv(WZ) requires knowledge of the neutrino longitudinal momentum which is obtained up to a two-fold
ambiguity using theW mass constraint. Each solution is given half weight in theMinv(WZ) spectrum.
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Fig. 31: ReconstructedMinv(WZ) andpT (Z) spectra are plotted for LHCW +Z production with leptonic decays atO(αs) for

the Standard Model and various choices of the generalised dipole form factor parametrisation with bare couplingλ0 = 0.05.

For the region of low invariant mass where
√
ŝ� ΛFF, the form factors remain essentially constant

and distributions with the same bare coupling agree well. As the form factor scaleΛFF is approached, the
distributions begin to be pushed back to the SM expectation (visible at aboutMinv(WZ) = 500 GeV for
theΛFF=2 TeV case). For

√
ŝ > ΛFF the distribution returns to the SM expectation. The exponent of the

form factorn dictates how fast the “pushing” occurs asΛFF is approached. Thus distributions sensitive
to theZV γ vertex (for whichn =3 or 4 is the usual choice) exhibit a more pronounced form factor
behaviour than distributions sensitive to theWWV vertex (for whichn = 2 is usual).

Since distributions are constrained to the SM expectation at invariant masses above the form factor
scale, great care should be taken when fitting to a form factor parametrised model in a region with data
where

√
ŝ ≥ ΛFF. Effectively, since the anomalous couplings are constrained near zero aboveΛFF by the

parametrisation model,there are no free parameters for the fitin this ŝ region. For the case of observable
non-zero anomalous couplings, an analysis assuming a parametrisation of the form factor with fixedΛFF

smaller than that provided by nature but within theŝ accessible by the machine would overestimate the
anomalous coupling. This is because large bare coupling fit values are necessary in the

√
ŝ ≥ ΛFF region

to counter the (artificially imposed) form factor behaviour.

5.43 Impact of form factor scale on sensitivity limits

If triple gauge-coupling (TGC) measurements are consistent with the SM and confidence limits are to be
derived, it is impossible to avoid form factor parametrisation assumptions.

The dependence of anomalous coupling limits on the form factor scaleΛFF is illustrated in Fig-
ure 32 where the 95% confidence limits forWWγ vertex anomalousλγ

0 ,∆κ
γ
0 couplings inWγ produc-

tion withW → eνe, µνµ are presented as a function ofΛFF for a dipole form factor withn = 2. The limits
are for illustrative purposes only and have been derived at NLO generator level using a binned maximum
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Fig. 32: Limits forWWγ vertex anomalous couplings at the 95% confidence level as a function ofΛFF for a n = 2 dipole

form factor parametrisation are presented. The limits are derived at NLO generator level for theWγ → eνeγ, µνµγ channel

using a binned maximum likelihood fit to thepT (γ) distribution. The limits are for illustrative purposes only. Further details

are provided in the text.

likelihood fit to thepT (γ) distribution. No detector simulation has been applied and the specific choice
of cuts are unimportant.

The unitarity limit curve is superimposed. The region above this is non-physical (violates unitar-
ity). The curve is independent of experiment and analysis but depends on the form factor parametrisation.
It goes asymptotically to zero for largeΛFF indicating TGC couplings are restricted to SM values at ex-
treme energies.

Simulated experimental limits for the Tevatron (2 TeVpp̄ collisions,L = 100 pb−1) and the LHC
(14 TeV pp collisions,L = 300 fb−1) are presented. The limits depend on the analysis and machine
parameters. The restricted̂s accessible by the machines result in an asymptotic behaviour wherein an
optimal limit for anomalous couplings is reached. We refer to the scale at which this occurs asΛmachine.
A measurement with this scale reflects the maximal discovery potential for anomalous couplings for a
given machine (since the full spectra in̂s contributes to the limit). It occurs at about 2 TeV for the
Tevatron and about 5-10 TeV for the LHC forλγ , ∆κγ and lies below the unitarity limit in both cases.
The experimental limits are not sensitive to changes inΛFF for ΛFF ≥ Λmachine. Indeed, in this region the
distributions behave exactly as if the form factors were constantsÃ ≡ Ã0. There is no contradiction with
unitarity in approximating them as such, provided we consider sufficiently small anomalous couplings so
as to remain far from the unitary limitat the energy regimes accessible by the machines. This is consistent
with the basic assumption (Λ � √

ŝ) which allows for the effective Lagrangian parametrisation of the
TGC vertex keeping only the lowest dimensions: it is sufficient to assume the form factor behaviour
commences above the observable scale so as to regulate the distributions before the unitarity limit.

There is also a region on the extreme left side of the plots in Figure 32 (although not indicated)
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Fig. 33: Theλγ form factor is extracted in restricted invariant mass domains for 300 fb−1 of LHC data in theWγ channel with

W → eνe, µνµ assuming nature provides an anomalousλγ0 = 0.025 coupling described by ann = 2 dipole form factor with

ΛFF =2 TeV. A fit to an = 2 dipole form factor is performed to reconstruct the bare coupling and form factor scale. Arrows

along thex-axis denote bin widths. Further details are provided in the text.

which is excluded by direct experimental searches. This is the region where physics is believed to be
well described by the SM.

Experimentally it is desirable to report confidence limits as a function ofΛFF. A result using
ΛFF = Λmachine should be included (so long asΛmachine lies below the unitarity limit) as it is motivated
by machine parameters and provides a reasonable point of reference for comparisons between different
experiments. Other scales (particularly those of theoretical interest) should not be neglected10.

5.44 Measuring form factors

For a machine of sufficient luminosity such as the LHC, it is possible to measure the energy depen-
dence of anomalous couplings11 by grouping the data into bins of invariant mass and extracting constant
anomalous couplings within these restricted domains. Such a measurement does not carry any assump-
tions about the form factor (until a fit to a given parametrisation is performed). It is a viable method for
measuring form factors, but due to the restricted number of events in each bin, will not produce compet-
itive limits. The method is best employed in the case where non-zero anomalous couplings have been
observed.

The method is illustrated in Figure 33 for the case of theWγ channel withW → eνe, µνµ as-
suming nature provides an anomalousλγ

0 = 0.025 coupling described by ann = 2 dipole form factor
with ΛFF =2 TeV. Three years of high luminosity (300 fb−1) LHC events generated at NLO are binned
according to the reconstructedMinv(Wγ). The corresponding points derived using the generated (unob-
servable)Minv(Wγ) are superimposed for comparison. Bin widths (denoted by arrows along the x-axis)
are chosen so as to ensure sufficient data in eachMinv(Wγ) domain. A measurement of the anomalous
coupling (assumed constant) is performed within each domain using a binned maximum likelihood fit to
thepT (γ) distribution. No detector simulation has been applied and the specific choice of cuts is unim-

10It should be noted that particularly for small choices ofΛFF, a change in the analysis strategy may be necessary to increase
sensitivity to the relevant regions ofŝ.

11The suggestion of making such a measurement is not new [130] but has received little attention in the literature.
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portant for this illustration. The results of the likelihood fits are plotted as a function ofMinv(Wγ) and a
fit to ann = 2 dipole form factor is performed. With this simple illustration, the bare coupling and form
factor scale are reconstructed asλγ

0 = 0.029 andΛFF = 1.67 TeV. Sensitivity to the anomalous coupling
increases in the larger invariant mass domains, reflecting theŝ growth of theλγ

0 coupling (indeed the
measurement in the first bin is consistent with zero). Systematic effects related to the fit method (such as
the non-uniform distribution of events within the bins) have not been accounted for in this illustration.

5.5 Partonic simulation tools for di-boson production

Several Monte Carlo programs for hadronic di-boson event simulation are in common use. General
purpose programs such asPYTHIA [123] evaluate the matrix element at leading order (LO) with no spin
correlations for boson decay products. Limited or no anomalous couplings are included. In the past
decade, programs have been implemented to calculate di-boson production with leptonic decays to next-
to-leading order (NLO) in QCD. The diagrams contributing toO(αs) are: the squared Born (LO) graphs,
the interference of the Born with the virtual one-loop graphs, and the squared real emission graphs.

The NLO generators by Baur, Han, and Ohnemus [32, 31, 30, 33] (BHO) have been available for
several years. They employ the phase space slicing method [147] and the calculation is performed in
the narrow width approximation for the leptonically decaying gauge-bosons. Non-standard TGC cou-
plings are included. Spin correlations in the leptonic decays are included everywhere except in the virtual
contribution. The authors expect a negligible overall effect from neglecting the spin correlations in the
virtual corrections as compared to the uncertainty from parton distribution functions and the choice of
factorisation scale. More recently Dixon, Kunszt, and Signer [19] (DKS) have implemented a program
with full lepton decay spin correlations (helicity amplitudes are presented in [17]). The subtraction
method [128, 149] is employed in the narrow width approximation including non-standard TGC cou-
plings. A third Monte Carlo program,MCFM, by Campbell and Ellis [18] exists. It does not assume the
narrow width approximation and includes singly resonant diagrams but does not allow for non-standard
TGC couplings. The effects of these improvements inMCFMare largest in off-resonant regions - such
as near di-boson production thresholds. The regions are of importance to studies of SM backgrounds to
new physics but contribute negligibly to the cross section in TGC studies for typical choices of kinematic
cuts [30].

A common feature of the NLO generators is the inability to produce unweighted events. Both the
phase space slicing and subtraction methods produce events for which the weight may be either positive
or negative - thus it is only the integrated cross section over a region of phase space (i.e. histogram
bin) which is physical. This makes traditional Monte Carlo techniques for unweighting events (such as
hit-and-miss) difficult to apply, and we are aware of no universally satisfactory technique for producing
unweighted events using the NLO generators12. Computationally this can render analyses very slow,
since a large fraction of CPU time can be spent processing events with near-vanishing cross sections.

5.51 Comparison of NLO particle level generators

In this section, we present a comparison of the predictions from the BHO and DKS generators, for which
no published consistency check exists, restricting ourselves toW+Z andWW production for simplicity.
The DKS andMCFMpackages have been found to be in good agreement [19].

The comparison is performed at LHC energy (14 TeVpp collisions) using CTEQ4M [67] structure
functions13. Input parameters are taken asαEM = 1

128 , sin2 θW = 0.23, αs(MZ) = 0.116, MW =
80.396 GeV,MZ = 91.187 GeV, factorisation scaleQ2 = M2

W , and Cabibbo anglecos θC = 0.975
with no 3rd generation mixing. Branching ratios are taken asBR(Z → l+l−) = 3.36%,BR(W± →
l±ν) = 10.8%. Theb quark contribution to parton distributions has been taken as zero (bb̄ → W+W−

12One method involves reweighting events from a LO generator using a “look-up table” constructed at NLO.
13The choice of parton distribution function has anO(5%) effect on the cross section.
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contributesO(2%) at LHC [19]). Kinematic cuts motivated by TGC analyses are chosen. The transverse
momentum of all leptons must exceed 25 GeV and the rapidity of all leptons must be less than 3. Missing
transverse momentum must be greater than 25 GeV. A jet is defined when the transverse momentum of
a parton exceeds 30 GeV in the pseudorapidity interval|η| < 3.

ForW+Z production, the transverse momentum distribution of theZ bosonpT (Z), the distribu-
tion of rapidity separation between theW+ decay lepton and theZ bosony(l) − y(Z), and total cross
section are compared at LO, inclusive NLO, and NLO with a jet veto. Branching ratios toe, µ-type
leptons are applied. ForWW production, the transverse momentum distribution of the lepton pair from
theW± decays| ~pT (e−) + ~pT (e+)|, the distribution of rapidity separation between theW decay leptons
y(e−) − y(e+), the angle between theW decay leptons in the transverse planecos Φ(e−, e+), and the
total cross section are compared at LO, inclusive NLO, and NLO with a jet veto. Branching ratios to one
lepton flavour are applied.

The cross section results are presented in Table 21 and the distributions in Figure 34. Consis-
tency between generators is at the 1% level forWZ production and 3-4% level forWW production.
Qualitative agreement is observed in the distribution shapes.

Table 21:W +Z andWW cross section predictions are tabulated for the BHO and DKS generators at LO, inclusive NLO, and

NLO with a jet veto. A jet is defined forpT (jet) >30 GeV,η(jet) < 3. Statistical precision isO(1 fb).

W +Z Production

Baur/Han/Ohnemus Dixon/Kunszt/Signer % diff.

Standard Model

σNLO inclusive 127.9 fb 129.8 fb 1.4%

σNLO 0jet 74.7 fb 75.1 fb 0.5%

σBorn 70.5 fb 70.9 fb 0.5%

∆g1
Z = 0,∆κZ = 0.5, λZ = 0.1 (Λ = 2 TeV )

σNLO inclusive 198.5 fb 199.9 fb 0.7%

σNLO 0jet 107.5 fb 106.8 fb 0.7%

σBorn 119.7 fb 119.9 fb 0.2%

WW Production

Baur/Han/Ohnemus Dixon/Kunszt/Signer % diff.

Standard Model

σNLO inclusive 500.5 fb 483.2 fb 3.5%

σNLO 0jet 321.0 fb 309.6 fb 3.6%

σBorn 294.0 fb 295.5 fb 0.5%

∆g1
Z = 0.25,∆κZ = ∆κγ = 0.1, λZ = λγ = 0.1 (Λ = 2 TeV )

σNLO inclusive 594.2 fb 575.0 fb 3.3%

σNLO 0jet 363.0 fb 349.6 fb 3.8%

σBorn 351.6 fb 353.7 fb 0.6%
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Fig. 34: Distributions for W +Z production (left) andWW production (right) from the Baur/Han/Ohnemus and

Dixon/Kunszt/Signer generators are superimposed at Born level, inclusive NLO, and NLO with a jet veto (defined as

pT (jet) >30 GeV,|η(jet)| < 3).

5.52 Effects of NLO corrections

NLO corrections in hadronic di-boson production are large at LHC energies, particularly in the region
of high transverse momentum and small rapidity separation (see Figure 34) which is the same region of
maximum sensitivity to anomalous TGCs. The corrections can amount to more than an order of mag-
nitude. The high quark-gluon luminosity at the LHC and a logarithmic enhancement at high transverse
momentum in theqg and q̄g real emissions subprocesses are primarily responsible [32, 31, 30]. In the
channels which exhibit radiation zero behaviour (i.e.Wγ andWZ ), the Born contribution is suppressed
and NLO corrections are even larger [32, 31]. Since theO(αs) subprocesses responsible for the en-
hancement at large transverse momentum do not involve TGCs, the overall effect of NLO corrections is
a spoiling of sensitivity to anomalous TGCs.

Jet veto Distributions obtained by vetoing hard jets in the central rapidity region for one possible choice
of jet definition (pT (jet) > 30 GeV, |η(jet)| < 3) are shown in Figure 34. The jet veto is effective in
recovering the qualitative shape of the LO distributions including the approximate radiation zero inWZ
production (Figure 34, bottom left). The jet veto serves to recover anomalous TGC sensitivity which is
otherwise lost when introducing NLO corrections. A 10-30% improvement in anomalous TGC coupling
sensitivity limits inWZ production can be achieved [31] when a jet veto is applied as compared to the
inclusive NLO case. These limits are often close to those obtained at LO. In general results derived at
LO can be considered approximate zero jet results and their conclusions remain interesting. A jet veto
also reduces the scale dependence of NLO results [32, 31, 30, 19].

5.6 Determination of TGCs

At the LHC the measurement of TGCs will benefit from both the large statistics and the high centre-
of-mass energy. The large available statistics will allow the use of multi-dimensional distributions to
increase the sensitivity to the TGCs.

This section discusses the experimental observables sensitive to TGCs and describes the analysis
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methods employed to measure the TGCs.

5.61 Experimental observables

The experimental sensitivity to the TGCs comes from the increase of the production cross section and
the modification of differential distributions with non-standard TGCs. The sensitivity is enhanced at
high centre-of-mass energies of the hard scattering process, more significantly forλ-type TGCs than for
κ-type TGCs in the case ofWγ andWZ production. As an example, the increase in the number of
events with large di-boson invariant masses is a clear signature of non-standard TGCs as illustrated in
Figure 35, where the invariant mass of the hard scattering is shown forWγ events, simulated with a
parametric description of the ATLAS detector, for the Standard Model and non-standard TGCs. A form
factor of 10 TeV was used.
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Fig. 35: The distribution of the invariant mass of theWγ system frompp → Wγ. Standard Model data (shaded histogram)

and a non-standard value of 0.01 forλγ (white histogram) are shown. Both charges ofW were generated using a parameterised

Monte Carlo and summed. The number of events corresponds to an integrated luminosity of 30 fb−1.

For the event generation employing non-standard values of the TGCs, leading order (LO) [150]
as well as next to leading order (NLO) [32, 33] calculations have been used (see Section 5.5). Limits
on the TGCs can be obtained from event counting in the high invariant mass region. The disadvantage
of such an approach alone is that the behaviour of the cross section as function of the TGCs makes it
difficult to disentangle the contributions from different TGCs and even their sign (with respect to SM).
It is therefore advantageous to combine it with information from angular distributions of the bosons and
possibly their decay angles; this improves the sensitivity and improves the separation of contributions
from different non-standard TGCs.

In general it is possible experimentally to reconstruct up to four (six) angular variables in the
di-boson rest-frame describing anWγ orZγ (WZ) event:

• Boson production angles,Θ andΦ, of the di-boson system with respect to the beam-axis in the
di-boson rest-frame.

• Decay angles of bosons,θ∗1(2) andφ∗1(2), in the rest-frame of the decaying bosons.

The azimuthal boson production angle,Φ, has no sensitivity to the TGCs. In case ofWγ/WZ,
Θ is the most sensitive kinematical variable. The enhanced sensitivity to the TGCs inWV production is
due to the vanishing of helicity amplitudes in the Standard Model prediction atcos Θ ∼ 1/3, affecting
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the small|η| region [150]. Non-standard TGCs may partially eliminate the radiation zero, although the
zero radiation prediction is less significant when including NLO corrections [32]. InZγ production, no
radiation amplitude zero is present.

In contrast, the sensitivity to the TGCs from the decay angles is weak; the decay angles primarily
serve as projectors of different helicity components, enhancing the sensitivity of other variables.
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Fig. 36: Differential cross section forZγ production versuspγT for Standard Model (solid line) and two different non-standard

couplings (dashed and dotted lines) at LHC.

In the study presented here, several experimentally derived observables and combinations thereof
have been studied to assess the possible sensitivity to the TGCs. For both (Wγ, WZ) and (Zγ, ZZ)
events the observables are very similar; forWZ, theZ takes the role of theγ. The actual behaviour of
the observables as function of the couplings and the energy is different between the processes, due to the
different masses of the involved bosons.

One observable, the transverse momentum,pT , of theγ orZ (depending on the di-boson process),
which has traditionally been used at hadron colliders, has sensitivity from a combination of high mass
event counting and theΘ angular distribution. Figure 36 shows the enhancement of di-boson production
cross section for large values of the photon transverse momentum in presence of non-standard couplings.

The distribution ofpγ, Z
T assuming an integrated luminosity of 30 fb−1 is shown in Figure 37 for

Wγ andWZ events, simulated with a parametric detector simulation program, for the Standard Model
and non-standard TGCs. The enhancement for non-standard TGCs at highpγ, Z

T is clearly visible and,
furthermore, the qualitative behaviour is the same for different TGCs.

For the statistics expected at the LHC, even after 3 years running at low luminosity, one may
enhance the experimental sensitivity further by separating the different types of information in multi-
dimensional distributions. ForWγ andWZ di-boson production, two sets of variables have been studied
(and the equivalent set forWZ): (mWγ , |η∗γ |), and(pγ

T , θ
∗), where|η∗γ | is the rapidity ofγ with respect

to the beam direction in theWγ system (equivalent toΘ), andθ∗ is the polar decay angle of the charged
lepton in theW rest-frame. Both sets consist of one variable sensitive to the energy behaviour and one
sensitive to the angular information. For|η∗γ | andθ∗, a complete reconstruction of theW is necessary.
The momentum of theW can be reconstructed by using theW mass as a constraint and assuming that
the missing transverse energy is carried away by the neutrino. This leads to a two-fold ambiguity in the
reconstruction. Alternatively,|η∗γ |, may be approximated by the rapidity difference between the lepton
from theW and theγ. Distributions of|η∗γ | andθ∗ are shown in Figure 38, for both the standard model
expectation and different non-standard TGCs. The high sensitivity to the TGCs from|η∗γ | is due to the
characteristic “zero radiation” gap. In contrast, the sensitivity to the TGCs from the decay polar angle,
θ∗, is weak.
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5.62 Analysis techniques for TGC determination

Depending on the available statistics and the dimensionality of the experimental distributions, different
extraction techniques can be used in the determination of the TGCs.

One approach employed in this study determines the couplings by a binned maximum-likelihood
fit to distributions of the observables, combined with the total cross section information. The likelihood
function is constructed by comparing the fitted histogram with a reference histogram using Poisson prob-
abilities. The reference distributions can be obtained for different values of the couplings by reweighting
Monte Carlo events at generator level or equivalently using several Monte Carlo event samples generated
for different values of the TGCs.

Although the expected number of events at the LHC will allow binning in two dimensions, a
general multidimensional binned fit using all the TGC sensitive information will not be possible. In
the latter case, an unbinned maximum likelihood fit to the observed information can be used, where
the probability distribution functions can be constructed by Monte Carlo techniques. In the case of
many dimensions, this approach can be time-consuming, but it may be advantageously combined with
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the reweighting technique. The information from the absolute prediction of the cross section can be
included by the so-called “extended maximum likelihood” method [151].

5.7 Sensitivities at LHC

Sensitivity limits have been derived for the triple gauge-couplingsWWγ (ATLAS, CMS),WWZ (AT-
LAS) andZZγ (CMS). The analysis techniques used by ATLAS and CMS are described in Section 5.6.
The ATLAS studies assume an integrated luminosity of

∫ L dt = 30 fb−1, corresponding to three years
of LHC low luminosity operation. CMS assumes100 fb−1, which is the expectation for one year of LHC
high luminosity running.
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Fig. 39: Sensitivity limits on theWWγ (top) andZZγ (bottom) coupling parameters from a two-dimensional likelihood fit as

a function of the form factor scaleΛFF .

CMS has performed its studies for a range of different form factor scalesΛFF , as motivated in
Section 5.4. The plots in Figure 39 show the expected 95% CL limits on the anomalousWWγ andZZγ
coupling parameters together with the corresponding unitarity limits. Only the displayed coupling is con-
sidered to deviate from the Standard Model. The points where the experimental curves turn asymptotic
with respect toΛFF - or are crossed by the unitarity limit - give an indication on the range of form factor
scales accessible by the experiments. While the current Tevatron measurements probe the triple gauge-
couplings up to form factors ofΛFF = 0.75 TeV and around 2 TeV forZZγ and (WWγ,WWZ),
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respectively [16], the LHC experiments will be able to study far smaller structures with scales up to
10 TeV, assuming an integrated luminosity of100 fb−1.
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Fig. 40: Sensitivity contours in the CP-conservingWγ coupling space for integrated luminosities of 10 fb−1 and 100 fb−1.

Multi-dimensional fits where several couplings are allowed to vary have also been performed
[152]. Here, the sensitivity limits extracted from the log likelihood curves form an ellipse for a particular
confidence level. Figure 40 shows the typicalWWγ sensitivity contours in the two-dimensional CP-
conserving(κ× λ) coupling space for a form factor scale of10 TeV.

Table 22: Sensitivity limits (95% CL), assuming integrated luminosities of30 fb−1 and100 fb−1, respectively. The form factor

scale isΛFF = 10 TeV for WWγ,WWZ and 6 TeV forZZγ.

Vertex Coupling (mWγ , |η∗|) (pγ
T , θ

∗) pγ
T

WWγ ∆κγ 0.035 0.046 0.043

ΛFF = 10 TeV λγ 0.0025 0.0027 0.0020

WWZ ∆gZ
1 0.0078 0.0089 —

∆κZ 0.069 0.100 —

ΛFF = 10 TeV λZ 0.0058 0.0071 —

ZZγ hZ
30 — — 6.4× 10−4

ΛFF = 6 TeV hZ
40 — — 1.8× 10−6

Table 22 summarises the sensitivity limits obtained by ATLAS and CMS as reported in [53, 152].
In addition, ATLAS has performed a fit using the complete generator level phase space information [53].
The results for thisideal caseshow that, as the high energy tails of thepT

γ distributions exhibit a very
strong sensitivity to theλ-like anomalous couplings, the additional information does not improve the
limits on this type of couplings considerably. However, theκ-type couplings may profit from a more
sophisticated data analysis.

From the numbers in Table 22, we expect an improvement in sensitivity by up to two (four) or-
ders of magnitude for anomalousWWγ/WWZ (ZZγ) couplings, with respect to the current Tevatron
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limits. The strong increase in sensitivity is due to the pronounced highŝ enhancement at the LHC, most
prominently forZZγ (see Section 5.42). A smaller choice of the form factor scale would cut off this
enhancement and diminish the sensitivity considerably, as shown in the lower plots in Figure 39.

5.8 Backgrounds toWγ

TheWγ signal has a very small cross section, compared toW+jet production for example, and can
contain a significant amount of background. The dominant background to theWγ signal is fromW+jet
production where the jet is misidentified as a photon, resulting in a fake signal. RadiativeW decay also
contributes when the electron from theW decay radiates a photon, and bothtt̄γ andbb̄γ quark-gluon
fusion processes can also produce a fake signal contributing to the background.Zγ production and
W (τν)γ also make a small contribution to the backgrounds.

Previous studies [153, 154, 155, 156] have shown that theWγ signal will be observable at the LHC
provided that the backgrounds can be suppressed. All the backgrounds were generated withPYTHIA
5.7 [123] in conjunction with theCMSJET[157] fast detector simulation for the CMS experiment.

5.81 W+ jet andW → lνγ backgrounds

The dominant background to the processpp→ W (eν)γ arises fromW+jet events where the jet decays
electromagnetically and is reconstructed in the calorimeter as a photon. The probability for the jet to
fluctuate into an isolated electromagnetic shower is small, but the large number of jets above 10 GeV in
theW sample guarantees that some jets will look identical to photons. Even if the jet is not misidentified
as a photon, it is possible for a radiative decay of theW to produce the same signature as the signal. If
the lepton from theW decay radiates a photon, an event signature ofγ, l, ν may be observed. Cuts must
therefore be applied to reduce this background.

W+jet Figure 41 shows thepT (γ) spectrum for misidentified photon from theW+jet background and
the real photon from theWγ signal. A photon isolation cut has been applied to both data sets. A rejection
power of nearly 7 can be obtained with an efficiency loss of less than 5%, by using an isolation area of
∆R = 0.25 and apT threshold of 2 GeV [158]. A greater rejection power with a much smaller efficiency
loss is available at low luminosity. Therefore an event is selected if the photon meets the isolation criteria
and if it is within η = ±2.5. The isolation cut clearly makes it possible to observe the signal, especially
at highpT , however a cut atpT (γ) = 100 GeV further reduces the background. This would not harm the
sensitivity to anomalous couplings greatly as the anomalies only manifest themselves at highpT .

Radiative W One method of reducing the background of radiativeW decays is to make a cut on the
invariant mass of theγlν system. For theWγ signal,M(γlν) is always larger thanMW if finite W
width effects are ignored.

However, theM(γlν) cannot be determined unambiguously as the four-momentum of the neutrino
is unknown: even if the transverse momentum is correctly determined from the missing momentum in the
event, there is no measurement of the missing longitudinal momentum. Therefore the cluster transverse
mass, or minimum invariant mass, may be used instead [159]. The transverse mass is independent of the
longitudinal momenta of the parent particle and its decay products.

ForW → γlν the cluster transverse mass sharply peaks atMW [160] and drops rapidly above the
W mass. Thusγlν events originating fromWγ production and radiativeW decays can be distinguished
if MT (γlν) is cut slightly aboveMW [161]. Hence a cut atMT (γlν) > 90 GeV should take into account
the finite width of theW whilst not significantly affecting the signal.

TheWγ signal produces the lepton and photon almost back-to-back. Ensuring that they are well
separated will further reduce the radiativeW background. This can be done using the quantity∆R =
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Fig. 41: pT (γ) distribution for theWγ signal and theW+jet background where the jet is misidentified as a photon.

√
(∆φ2 + ∆η2). Leading order analysis of the signal and radiative background enabled a study of the

optimum value of∆R to use for separation. Typically a cut at∆R > 0.5 is used to ensure separation,
but increasing the separation to∆R > 0.7 makes little difference to the signal whilst greatly reducing
the background.

In order to suppress the radiativeW background events, cuts of∆R(γ, l) > 0.7 andMT (γlν) >
90 GeV are used.

5.82 Quark-Gluon fusion background

Quark-gluon fusion is important at the LHC because the rate is extremely high. There are lots of available
gluons in the proton at relatively highx, and because theWWγ reaction is suppressed in some regions
of phase space.

bb̄γ At the LHC 1012 bb̄ events [162] are expected for a years running at high luminosity. Although
thebb̄γ events are not kinematically similar to the signal, the expected number of events is so large that
the background will be a problem unless it is reduced by cuts.

The bb̄γ background was generated using the processes:qq̄ → gγ, andqq̄ → Zγ. Events were
generated from̂pT = 500 GeV with a cross section of 1.055 pb. This parton-level requirement was for
computational efficiency as only the very highestpT events contribute to the background. A cut on
missingpT can be made at 50 GeV in order to reduce thebb̄γ background.

tt̄γ Since theMt > MW +Mb, tt̄ events represent an irreducible background toWγ pair production.
tt̄γ production is a copious source of highpT photons in association with hard leptons and without cuts
has a cross section,σ ∼ 300 pb, of at least 3 orders of magnitude more than theWγ signal [163]. The
subsequent decay of top quarks into aW boson and ab quark and also theW decay into af f̄ pair
provide the same event signature as theWγ signal. Therefore, due to the very large top quark production
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cross section at LHC energies, the processpp → tt̄γ → Wγ + X represents a potentially significant
background.

Events were generated by the processqq̄ → gγ and looking fortt̄ production. This method is very
inefficient, 4 million events were generated and 489tt̄γ events were produced, with 10 events passing
all of the cuts. Thett̄γ events were generated from̂pT = 500 GeV (for the same reasons asbb̄), with a
cross section of 1.049 pb. The large cross section means that although only a few events pass the cuts,
this background is a potential problem.

Studies for the SSC [164] showed that the background can be reduced to a manageable level by
requiring the photon to be isolated from the hadrons in the event, and by imposing a jet veto (i.e. by
considering the exclusive reactionpp→Wγ + 0 jets).

Since the top quark decays predominantly into aWb final state,tt̄γ events are characterised by a
large hadronic activity which frequently results in one or several high-pT jets. If the secondW boson
decays hadronically, up to four jets are possible. This observation suggests that thett̄γ background may
be suppressed by vetoing high-pT jets. Such a “zero jets” requirement has been demonstrated to be very
useful in reducing the size of the NLO QCD corrections inpp → Wγ +X at SSC energies [32]. If the
secondW in thett̄γ events decays hadronically, the number of jets inpp→ tt̄γ →Wγ+X is generally
larger than for leptonicW decays, and the jet veto is more efficient.

Unfortunately the jet veto also drastically reduces the number of signal events. Only 10% of the
signal survives the jet veto cut alone and only 4% survive all the cuts and the jet veto. This suggests that
an alternative method for reducing this background needs to be found for the LHC.

ATLAS [154] studied the possibility of exploiting the number of jets in thett̄γ events by imposing
a cut on the second jet in the event. TheWγ signal will not have a 2nd jet, or if it does, it is a misidentified
jet and will be of very lowpT . Thett̄γ events will have up to four highpT jets in each event. By cutting
all events where thepT of the second jet is greater that 25 GeV, the majority of thett̄γ events will be
eliminated without greatly affecting the signal.

5.83 Zγ background

There is a small background toeνγ that comes fromZ(ee)γ events in which one of the electrons gives
rise to significant missing energy (generally by entering a gap in the detector). As CMS is hermetic and
the crystals of the ECAL are off-pointing with respect to the interaction point, this background is very
small. ATLAS [154] calculate this background to be∼ 25 times smaller than the signal before any cuts
are imposed. Thus theZγ background is assumed to be negligible.

5.84 W (τν)γ background

The final background topp→W (eν, µν)γ is pp→W (τν)γ where theτ lepton decays into an electron
or muon. The background is very small because the decay of the tau lepton results in electrons or muons
with significantly reducedpT and the kinematical threshold for an electron is 25 GeV. Previous studies
at Fermilab have shown this background to be negligible [165].

5.85 Summary of backgrounds

Table 23 shows a list of all the cuts proposed to reduce the backgrounds to theWγ signal. Having chosen
each cut to reduce an individual background, it is important to understand how each cut effects both the
signal and the other backgrounds.

Table 24 shows the efficiency of the individual cuts on the signal and the backgrounds. TheW+jet
and radiativeW backgrounds are treated together.
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Table 23: Proposed cuts to reduce the backgrounds to theWγ signal.

Quantity |η(γ, l, jet)| pT (γ) pT (l) MT (γ, l, ν) ∆R(γ, l) pT (ν) 2nd jet

(GeV) (GeV) (GeV) (GeV) (GeV)

Cut value < 2.5 > 100 > 25 > 90 > 0.7 > 50 < 25

Table 24: Efficiency of individual cuts on the signal and backgrounds, errors are statistical.

Cut Signal (%) Background (%)

W+jet/Rad.W tt̄γ bb̄γ

pT (γ) 67±0.49 0.06±0.008 72±5.33 84±0.22

pT (l) 84±0.52 62±0.25 5±1.02 0.2±0.001

MT (γ, l, ν) 85±0.52 19±0.14 87±4.2 0.3±0.0115

∆R(γ, l) 95±0.55 94±0.3 95±4.4 94±0.23

pT (ν) 86±0.53 60±0.25 43±2.9 28±0.124

2nd jet 89±0.54 42±0.2 0+0.2 34±0.14

All Cuts 55±0.42 0.033±0.018 0+0.2 0.006±0.0019

5.86 Conclusion

The backgrounds to theWγ signal have been studied and cuts have been made in order to reduce the
backgrounds to at least an order of magnitude less than the signal forpT (γ) > 200 GeV. TheW+jet
and radiativeW backgrounds have been well studied and understood and the cuts made reduce these
significantly. The quark-gluon fusion backgrounds are not so well understood in this work since a less
than optimal generator fortt̄γ was used. However, the cuts studied for this channel work well for the
low statistic samples presented here. Further study of this background would be interesting.

Backgrounds toWZ production have been studied briefly and are similar, within statistical errors,
to those in theWγ channel presented here.

6. VECTOR-BOSON FUSION AND SCATTERING 14

6.1 Searching forV V → H → ττ

6.11 Introduction

The search for the Higgs boson and, hence, for the origin of electroweak symmetry breaking and fermion
mass generation, remains one of the premier tasks of present and future high energy physics experiments.
Fits to precision electroweak (EW) data have for some time suggested a relatively small Higgs boson
mass, of order 100 GeV [166, 167], hence we have studied an intermediate-mass Higgs, with mass in
the 110 − 150 GeV range, beyond the reach of LEP at CERN and perhaps of the Fermilab Tevatron.
Observation of theH → ττ decay channel in weak boson fusion events at the Large Hadron Collider
(LHC) is quite promising, both in the Standard Model (SM) and Minimal Supersymmetric Standard
Model (MSSM). This channel has lower QCD backgrounds compared to the dominantH → bb̄ mode,

14Section coordinators: Z. Kunszt, R. Mazini, D. Rainwater
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Fig. 42:pT (γ) distribution for theWγ signal and the backgrounds.

thus offering the best prospects for a direct measurement of aHff̄ coupling.

At the LHC, despite the fact that the cross section for Higgs production by weak-boson fusion is
significantly lower than that from gluon fusion (by almost one order of magnitude), it has the advantage
of additional information in the event other than the decay products’ transverse momentum and their in-
variant mass resonance: namely, the observable quark jets. Thus one can exploit techniques like forward
jet tagging [168, 169, 170, 171, 172, 173, 174, 175, 176] to reduce the backgrounds. Another advantage
is the different colour structure of the signal vs the background. Additional soft jet activity (minijets) in
the central region, which occurs much more frequently for the colour-exchange processes of the QCD
backgrounds [177, 178], are suppressed via a central jet veto.

We have performed first analyses of intermediate-mass SMH → ττ and of the main physics and
reducible backgrounds at the LHC, considering separately the decay modesττ → h±l∓/pT , e

±µ∓/pT .
These modes demonstrate the feasibility of Higgs boson detection in this channel with modest luminos-
ity [179, 180]. We demonstrated that forward jet tagging,τ identification and reconstruction criteria
alone yield a signal-to-background (S/B) ratio of approximately 1/1 or better. Additional large back-
ground suppression factors can be obtained with the minijet veto, achieving finalS/B ratios as good as
6/1, depending on the Higgs mass.

In the MSSM, strategies to identify the structure of the Higgs sector are much less clear. For large
tanβ, the light neutral Higgs bosons may couple much more strongly to theT3 = −1/2 members of the
weak isospin doublets than its SM analogue. As a result, the total width can increase significantly com-
pared to a SM Higgs of the same mass. This comes at the expense of the branching ratioBR(h→ γγ),
the cleanest Higgs discovery mode, possibly rendering it unobservable over much of MSSM parame-
ter space and forcing consideration of other observational channels. Instead, sinceBR(h → ττ) is
enhanced slightly, we have examined theτ mode as an alternative [180, 181].
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6.12 Simulations of signal and backgrounds

The analyses used full tree-level matrix elements for the weak boson fusion Higgs signal and the var-
ious backgrounds. Extra minijet activity was simulated by adding the emission of one extra parton to
the basic signal and background processes, with the soft singularities regulated via a truncated shower
approximation (TSA) [182, 183].

We simulatedpp collisions at the LHC,
√
s = 14 TeV. For all QCD effects, the running of

the strong-coupling constant was evaluated at one-loop order, withαs(MZ) = 0.118. We employed
CTEQ4L parton distribution functions [67] throughout. The factorisation scale was chosen asµf =
min(pT ) of the defined jets, and the renormalisation scaleµr was fixed by(αs)n =

∏n
i=1 αs(pTi).

Detector effects were considered by including Gaussian smearing for partons and leptons according to
ATLAS expectations [153, 125].

At lowest order, the signal is described by two single-Feynman-diagram processes,qq → qq(WW,
ZZ) → qqH, i.e. WW andZZ fusion where the weak bosons are emitted from the incoming quarks
[184]. From a previous study ofH → γγ decays in weak boson fusion [185], we know several features of
the signal which we could exploit directly here: the centrally produced Higgs boson tends to yield central
decay products (in this caseτ+τ−), and the two quarks enter the detector at large rapidity compared to
the τ ’s and with transverse momenta in the 20-80 GeV range, thus leading to two observable forward
tagging jets.

We considered separately the cases of oneτ decaying leptonically (e,µ) and the other decaying
hadronically (with a combined branching fraction of45%), and both decaying leptonically but with dif-
ferent flavour (eµ or µe, with a combined branching fraction of6.3%). Our analyses critically employed
transverse momentum cuts on the chargedτ -decay products and, hence, some care was taken to ensure
realistic momentum distributions. Because of its small mass, we simulatedτ decays in the collinear and
narrow-width approximations and with decay distributions toπ,ρ,a1 [186], adding the various hadronic
decay modes according to their branching ratios. We took into account the anti-correlation of theτ±

polarisations in the decay of the Higgs.

Lepton-hadron mode Positive identification of the hadronicτ± → h±X decay requires severe cuts
on the charged hadron isolation. We based our simulations on the possible strategies analysed by Cavalli
et al. [187]. Considering hadronic jets ofET > 40 GeV in the ATLAS detector, they found non-tau
rejection factors of 400 or more while true hadronicτ decays are retained with an identification efficiency
of 26%.

Given theH decay signature, the main physics background to theτ+τ−jj events of the signal
arises from real emission QCD corrections to the Drell-Yan processqq̄ → (Z, γ) → τ+τ−, dominated
by t-channel gluon exchange. All interference effects between virtual photon andZ-exchange were
included, as was the correlation ofτ± polarisations. TheZ component dominates, so we call these
processes collectively the “QCDZjj” background.

An additional physics “EWZjj” background arises fromZ andγ bremsstrahlung in (anti)quark
scattering viat-channel electroweak boson exchange, with subsequent decayZ, γ → τ+τ−. Naively, this
EW background may be thought of as suppressed compared to the analogous QCD process. However,
the EW background includes electroweak boson fusion,V V → τ+τ−, which has a momentum and
colour structure identical to the signal and thus cannot easily be suppressed via cuts.

Finally, we considered reducible backgrounds,i.e. any event that can mimic theHjj signature of
a hard, isolated lepton and missingpT , a hard, narrowτ -like jet, and two forward tagging jets. Thus we
examinedW+jets, where theW decays leptonically (e,µ) and one jet fakes a hadronicτ , andbb̄+jets,
where oneb decays leptonically and either a light quark orb jet fakes a hadronicτ . We neglected other
sources likett̄ events which had previously been shown to give substantially smaller backgrounds [187].

Fluctuations of a parton into a narrowτ -like jet are considered with probability0.25% for gluons

78



and light-quark jets and0.15% for b jets (which may be considered an upper bound) [187].

In the case ofbb̄+ jj, we simulated the semileptonic decayb→ lνc by multiplying thebb̄jj cross
section by a branching factor of 0.395 and implementing a three-body phase space distribution for the
decay momenta to estimate the effects of lepton isolation cuts. We normalised our resulting cross section
to reproduce the same factor 100 reduction found in [187].

Dual lepton mode For the dilepton mode, we consider decay only toe, µ pairs to completely eliminate
the backgrounds from realZ production decaying directly toee or µµ. Tau decays were performed in
the same manner as in the lepton-hadron channel. We again considered QCD and EWZjj;Z → ττ
production as the physics backgrounds.

We calculated the primary contributions from reducible backgrounds by considering all significant
sources of twoW ’s, which decay leptonically to form the signaturee, µ, and two forward jets. This
consists oftt̄+ jets, as well as both QCD and EWWWjj production. As with the EWZjj case, EW
WWjj processes contain an electroweak boson fusion component kinematically similar to the signal,
and so cannot be ignored.

We also consideredbb̄jj production, with eachb decaying semileptonically simulated by imple-
menting theV −A decay distributions of theb-quarks in the collinear limit, and multiplying the resultant
cross section by a branching fraction 0.0218 (for thee, µ or µ, e final states).

Finally, we considered the overlapping contribution from the signal itself in the decay modeH →
WW → eµ/pT , which can be significant aboveMH ≥∼ 130 GeV.

6.13 Standard Model analysis

The basic acceptance requirements must ensure that the two jets and twoτ ’s are observed inside the
detector (within the hadronic and electromagnetic calorimeters, respectively), and are well-separated
from each other:

pTj ≥ 20 GeV , |ηj | ≤ 5.0 , ∆Rjj ≥ 0.7 ,
|ητ | ≤ 2.5 , ∆Rjτ ≥ 0.7 . (65)

Tau-tau separation and tau decay productpT requirements are slightly different for the two signatures
and are discussed separately below.

TheHjj signal is characterised by two forward jets with large invariant mass, and centralτ decay
products. The QCD backgrounds have a large gluon-initiated component and thus prefer lower invariant
tagging jet masses. Also, theirτ andW decay products tend to be less central. Thus, to reduce the
backgrounds to the level of the signal, we required tagging jets with a combination of large invariant
mass, far forward rapidity, and highpT , as well asτ decay products central with respect to the tagging
jets [185]:

ηj,min + 0.7 < ητ1,2 < ηj,max − 0.7 , ηj1 · ηj2 < 0 ,
∆ηtags = |ηj1 − ηj2| ≥ 4.4 , mjj > mjjmin , (66)

wheremjjmin is chosen slightly differently for the two scenarios, as discussed below.

Lepton-hadron mode Here we required two additional cuts to form the tagging jet signature:

pTj > 40, 20GeV , ∆Rττ ≥ 0.7 . (67)
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That is, thepT requirement on the tagging jets is staggered, and as one tau decay is hadronic, it
must have a large separation from the leptonic tau.

Triggering the event via the isolatedτ -decay lepton and identifying the hadronicτ decay as dis-
cussed in [187] requires sizable transverse momenta for the observableτ decay products:pTτ,lep >
20 GeV andpTτ,had > 40 GeV. It is possible to reconstruct theτ -pair invariant mass from the observ-
ableτ decay products and the missing transverse momentum vector of the event [188]. Theτ mass was
neglected and collinear decays assumed, a condition easily satisfied because of the highτ transverse mo-
menta required. Theτ momenta were reconstructed from the charged decay products’pT and missing
pT vectors. We imposed a cut on the angle between theτ decay products to satisfy the collinear decay
assumption,cos θlh > −0.9, and demanded a physicality condition for the reconstructedτ momenta
(unphysical solutions arise from smearing effects); that is, the fractional momentumxτ a charged decay
observables takes from its parentτ cannot be negative. Additionally, thexτl distribution of the leptoni-
cally decayingτ -candidate is softer for realτ ’s than for the reducible backgrounds, because the charged
lepton shares the parentτ energy with two neutrinos. Cutsxτl < 0.75 andxτh < 1 proved very effective
in suppressing the reducible backgrounds.

Our Monte Carlo predicted aτ -pair mass resolution of 10 GeV or better, so we chose±10 GeV
mass bins for analysing the cross sections. To further reduce the QCD backgrounds, which prefer low
invariant masses for the tagging jets, we requiredmjj > 1 TeV. Additionally, theWj + jj background
exhibits a Jacobian peak in itsmT distribution [187]; hence a cutmT (l, /pT ) < 30 GeV largely eliminates
this background.

Finally, to compensate for overall rate loss based on ATLAS and CMS expected detector ID effi-
ciencies, we apply a factor 0.86 to the cross section for each tagging jet, and a factor 0.95 for the charged
lepton.

Using all these cuts together, although not in a highly optimised combination, we expect already a
signal to background ratio of 2/1 with a signal cross section of 0.4 fb forMH = 120 GeV.

A probability for vetoing additional central hadronic radiation was obtained by measuring the
fraction of events that have additional radiation in the central region, between the tagging jets, withpT

above 20 GeV, using the matrix elements for additional parton emission. This minijet veto reduces the
signal by about15%, but eliminates typically70% of the QCD backgrounds; the EWZjj background
is reduced by about20%, indicating the presence of both boson bremsstrahlung and weak boson fusion
effects. Because the veto probability for QCD backgrounds is found to be process independent, we
applied the same value to thebb+ jj background.

Table 25 summarises the signal and various background cross sections at progressive levels of the
cuts, ID efficiencies and minijet veto as described above, for the caseMH = 120 GeV. Table 26 gives
the expected numbers of events for 60 fb−1 integrated luminosity (low luminosity running) at the LHC.

It is possible to isolate a virtually background-freeqq → qqH → jjττ signal at the LHC, leading
to a5σ observation of a SM Higgs boson with a mere 60 fb−1 of data. The expected purity of the signal
is demonstrated in Figure 43 showing the reconstructedττ invariant mass for a SM Higgs of 120 GeV
after all cuts, particle ID efficiency factors and a minijet veto have been applied. While the reducible
Wj + jj andbb̄+ jj backgrounds are the most complicated and do require further study, they appear to
be easily manageable.

Dual lepton mode For this signature, we simulated tau decays as before, but with both decaying to
final-state leptons. As this would form a different final state in experiment, to form the basic tagging jet
signature we require the cuts of Equations 65 and 66 as before, but additionally a minimum separation
of the charged leptons somewhat less than for the lepton-hadron scenario,∆Rττ ≥ 0.4. To be able to
trigger on the leptons, we require them to have minimum transverse momentumpTl > 10 GeV. In the
LHC experiments, this may be slightly higher for electrons and slightly lower for muons, but we do not
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Table 25: Signal and background cross sectionsσ · BR (fb) for MH = 120 GeV Hjj events in the lepton-hadron channel.

Results are given for successive cuts, as discussed in the text. The last column gives the ratio of the signal to the background

cross sections listed in the previous columns.

Cuts Hjj QCDZjj EWZjj Wj + jj bb̄+ jj S/B

forward tagging 68.4 1680 91

τ identification 1.99 20.0 1.45 26.4 7.6 1/28

110 < mττ < 130GeV 1.31 0.95 0.07 1.77 0.59 1/2.6

mjj > 1 TeV,mT (l, /pT ) < 30 GeV 0.69 0.16 0.04 0.11 0.15 1.5/1

xτl < 0.75, xτh < 1.0 0.54 0.15 0.03 0.03 0.05 2.1/1

ID efficiency (ε = 0.70) 0.38 0.10 0.03 0.03 0.05 2.1/1

Psurv,20 × 0 .87 ×0 .28 ×0 .80 ×0 .28 ×0 .28 -

minijet veto 0.33 0.03 0.02 0.004 0.011 5.2/1

Table 26: Number of expected events in the lepton-hadron channel for the signal and backgrounds, for 60 fb−1 at low luminosity

running; cuts, ID efficiency (ε = 0.70) and minijet veto as in the last line of Table 25; for a range of Higgs boson masses. Mass

bins of±10 GeV around a given central value are assumed. As a measure of the Poisson probability of the background to

fluctuate up to the signal level, the last row givesσGauss, the number of Gaussian equivalent standard deviations.

MH (GeV) 110 120 130 140 150

ε · σsig (fb) 0.38 0.33 0.25 0.16 0.08

NS 22.9 19.6 15.2 9.5 4.6

NB 10.2 3.8 2.4 1.8 1.5

S/B 2.2 5.2 6.4 5.2 3.1

σGauss 5.6 6.6 6.3 4.7 2.6

make the distinction here.

Both thett̄+jets andbb̄jj backgrounds are about three orders of magnitude larger than the signal,
but the contribution frombb̄jj may be reduced by a cut on missing transverse energy,/pT > 30 GeV, and
that fromtt̄ + jets may be severely restricted by vetoing additional jets in the central region between
the tagging jets, which even before considering additional gluon radiation (minijets) may come from
the decays of central final-stateb-quarks. We veto all events with a centralb with pT > 20 GeV. This
provides approximately a factor 17 in reduction of the top quark background, which may be substantially
improved to even lowerpT threshold via ab-tag, which we cannot simulate.

As the dual lepton final state has a lower overall branching ratio than the lepton-hadron case, we
retained more overall rate by making a looser cut on the tagging jet invariant mass,mjj > 800 GeV.
This cut was still necessary to reduce the QCD backgrounds.

Our Monte Carlo again predicted an excellentτ -pair mass resolution, so we retain the mass bin-
ning of±10 GeV. We also rejected non-tau’s as in the lepton-hadron case, although our exact cut was
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Fig. 43: Reconstructedτ pair invariant mass distribution for the signal (lepton-hadron channel) and backgrounds after all cuts

and multiplication by the expected survival probabilities. The solid line represents the sum of the signal and all backgrounds.

Individual components are shown as histograms: theHjj signal (solid), the irreducible QCDZjj background (dashed), the

irreducible EWZjj background (dotted), and the combinedWj + jj andbb̄jj reducible backgrounds (dash-dotted).

somewhat differently defined:

xτ1 , xτ2 > 0 , x2
τ1 + x2

τ2 < 1 .

Finally, we found that a cut on the maximal separation of the two charged leptons is very useful in
reducing the heavy quark backgrounds:∆Reµ < 2.6.

Efficiency factors for detection are the same as in the previous case, although with two final-state
leptons an extra factor 0.95 was taken into account. A minijet veto was applied as before, although other
analyses we have performed suggest the survival probabilities change slightly due to the lower hardness
of the event, which is strongly correlated withmjj (see Table 27).

Table 27 outlines the cross sections of signal and background for progressive levels of cuts as
described above, for the caseMH = 120 GeV. Table 28 gives the expected numbers of events for
60 fb−1 integrated luminosity (low luminosity running) at the LHC.

Although the dual lepton channel does not appear to be able to achieve quite as high anS/B ratio
as the lepton-hadron channel, it is still better than 1/1 over much of the mass range of interest, which
is also clearly evident in the tau pair invariant mass plot of Figure 44. Furthermore, the independent
statistical significance of this channel is as good as that found for the lepton-hadron case.

6.14 MSSM analysis

The production of CP even Higgs bosons in weak boson fusion is governed by thehWW,HWW cou-
plings, which are suppressed by factorssin(β − α), cos(β − α), respectively [189], compared to the
SM case. Their branching ratios are modified with slightly more complicated factors. One can simply
multiply SM cross section results from our analysis by these factors to determine the observability of
H → ττ in MSSM parameter space. We used a renormalisation group improved next-to-leading order
calculation, which allows a light Higgs mass up to∼ 125 GeV, and examined two trilinear term mixing
cases, no mixing and maximal mixing [180, 181].

Varying the pseudoscalar Higgs boson massMA, one finds thatMh,MH each approach a plateau
for the caseMA →∞, 0, respectively. BelowMA ∼ 120 GeV, the light Higgs mass will fall off linearly
with MA, while the heavy Higgs will approachMH ∼ 125 GeV, whereas aboveMA ∼ 120 GeV, the
light Higgs will approachMh ∼ 125 GeV and the heavy Higgs mass will rise linearly withMA. The
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Fig. 44: Reconstructedτ pair invariant mass distribution for a SMH → ττ → e±µ∓/pT (MH = 120 GeV) signal and

backgrounds after all cuts, particle ID efficiencies and minijet veto. The double-peaked solid line represents the sum of the

signal and all backgrounds. Individual components are: theHjj signal (solid), the irreducible QCDZjj background (dashed),

the irreducible EWZjj background (dotted), and the combined reducible backgrounds from QCD + EW + HiggsWWjj

events andtt̄ + jets andbb̄jj production (dash-dotted).
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Fig. 45:5σ discovery contours forh → ττ andH → ττ in weak boson fusion at the LHC, with 40 fb−1. Also shown are the

projected LEP2 exclusion limits. Results are shown for maximal mixing (left) and no mixing (right). From [180, 181].
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Table 27: Signal ratesσ · BR(H → ττ → e±µ∓/pT ) for a SM Higgs ofMH = 120 GeV and progressive levels of cuts as

discussed in the text. All rates are given in fb. Note: the fifth line, non-tau rejection, also includes a cut 90 GeV< mττ <

160 GeV.

H → ττ H → WW QCD EW QCD EW

Cuts signal bkgd ττjj ττjj tt̄ + jets bb̄jj WWjj WWjj S/B

forward tags 2.2 57 2.3 1230 1050 4.9 3.3 1/1100

b veto 72 1/550

/pT > 30 GeV 1.73 29 1.57 62 29 4.1 2.9 1/74

Mjj > 800 GeV 1.34 10.3 1.35 16.3 10.4 1.60 2.6 1/32

non-τ reject. 1.15 5.2 0.63 0.31 0.42 0.032 0.042 1/5.8

±10 GeV mass bins 0.87 0.58 0.10 0.09 0.10 0.009 0.012 1/1

∆Reµ < 2.6 0.84 0.023 0.52 0.086 0.087 0.028 0.009 0.011 1.1/1

ID effic. (×0 .67 ) 0.56 0.015 0.34 0.058 0.058 0.019 0.006 0.008 1.1/1

Psurv,20 ×0 .89 ×0 .89 ×0 .29 ×0 .75 ×0 .29 ×0 .29 ×0 .29 ×0 .75 -

minijet veto 0.50 0.014 0.100 0.043 0.017 0.006 0.002 0.006 2.7/1

Table 28: Number of expected events for a SMHjj signal in theH → ττ → e±µ∓/pT channel, for a range of Higgs boson

masses. Results are given for 60fb−1 of data at low luminosity running, and application of all efficiency factors and cuts,

including a minijet veto. As a measure of the Poisson probability of the background to fluctuate up to the signal level, the last

line givesσGauss, the number of Gaussian equivalent standard deviations.

MH 100 105 110 115 120 125 130 135 140 145 150

ε · σsig (fb) 0.62 0.61 0.58 0.55 0.50 0.44 0.37 0.30 0.23 0.16 0.11

NS 37.4 36.5 35.0 32.8 30.0 26.3 22.3 18.0 13.7 9.9 6.5

NB 67.7 45.4 27.4 16.8 11.2 8.4 7.1 6.4 6.1 5.9 5.7

S/B 0.6 0.8 1.3 2.0 2.7 3.2 3.1 2.8 2.2 1.7 1.1

σGauss 4.1 4.8 5.6 6.4 6.8 6.7 6.1 5.3 4.3 3.2 2.2

transition region behaviour is very abrupt for largetan β, such that the plateau state will go to∼ 125 GeV
almost immediately, while for smalltan β the transition is much softer and the plateau state reaches the
limiting value via a more gradual asymptotic approach.

With reasonable integrated luminosity and combination of the lepton-hadron and dual-lepton chan-
nels, 40 fb−1 in the worst case, it will be possible to observe at the5σ level eitherh or H decays toτ
pairs when they are in their respective plateau region, with the possibility of some overlap in a small
region ofMA, as shown in Figure 45. Very low values oftanβ would be unobservable, but already
excluded by LEP2; there should be considerable overlap between this mode at the LHC and the LEP2
excluded region. Furthermore, a parton shower Monte Carlo with full detector simulation should be able
to optimise the analysis so that much less data is required to observe or exclude the MSSM Higgs.
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6.15 Conclusions

The production of a neutral, CP even Higgs via weak boson fusion and decayH → ττ at the LHC has
been studied for the Standard Model and MSSM, utilising parton level Monte Carlo analyses. Each of
the decay channelsττ → h±l∓/pT , e

±µ∓/pT independently allows a5σ observation of a Standard Model
Higgs with an integrated luminosity of about 60 fb−1 or less, and provides a direct measurement of the
Hττ coupling. For the MSSM case, a highly significant signal for at least one of the Higgs bosons with
reasonable luminosity is possible over the entire physical parameter space which will be left unexplored
by LEP2. Only 40 fb−1 of data is required after combining the two channels. We conclude that this mode
provides ano-lose strategyfor seeing at least one of the CP even neutral MSSM Higgs bosons.

6.2 Searching forV V → H → WW

In the previous section, vector-boson fusion forming a Higgs which then decays to twoτ ’s was identified
as a valuable process by which to find a Higgs boson in the mass range 110 to 150 GeV. Rainwater and
Zeppenfeld have shown that a heavier Higgs in the range 130 to 200 GeV could be found by looking for
the processV V → H →WW → e±µ∓ 6pT [190]. As for the lighter Higgs, the forward jet tagging is a
powerful tool for removing background (W pairs,tt̄ andZ → ττ accompanied by jets). This approach
appears more promising than the a search for an inclusiveH → WW → e±µ∓ 6 pT signal, yielding a
significant result with∼ 5 fb−1.

Work has started in the context of the Workshop to investigate this with fast detector simulation,
but has not yet been completed.

6.3 The strongly interacting symmetry breaking sector

One possible scenario for the spontaneous breaking of the electroweak (EW) symmetry is a strongly
interacting symmetry breaking sector (SBS), which generically is formed by new particles with strong
interactions at the TeV scale. This sector should provide a globalSU(2)L × SU(2)R spontaneous
symmetry breaking down to the custodialSU(2)L+R subgroup, thus triggering the Standard Model
spontaneous breaking from theSU(2)L×U(1)Y gauge-symmetry down toU(1)em. This is the minimal
symmetry pattern ensuring thatρ ' 1 +O(g2).

By assuming that the new states appear at the TeV scale, we are only left, at low energies, with
the three massless Goldstone Bosons (GB) associated to the global symmetry breaking. We will refer
to this scenario as the minimal strongly interacting symmetry breaking sector (MSISBS). In this case,
the low-energy EW interactions can be well described with the Electroweak Chiral Lagrangian (EChL)
[36, 37], which is anSU(2) × U(1) gauge-invariant effective field theory that couples the GB to the
gauge-bosons and fermions, without any further assumptions than those just described. The EChL,
inspired in Chiral Perturbation Theory [191], is organised as a derivative (momentum) expansion, with a
set of effective operators of increasing dimension. Although the lowest-order Lagrangian is common to
all models satisfying the minimal assumptions, at higher orders each effective operator has a coefficient,
whose different values will account for different underlying symmetry breaking mechanisms. Within this
approach it is possible, not only to calculate at tree level, but to include loops whose divergences will be
absorbed in the coefficients of operators of higher dimension, thus yielding finite results order by order
in the calculations. The values of these renormalised parameters are expected in the10−3 to 10−2 range.

As far as physics at the LHC is concerned, the most characteristic feature of a strong SBS is the
enhanced production of longitudinal gauge-boson pairs. We will review the EChL amplitudes for these
processes. However, the EChL perturbative predictions can only describe EW physics at low energies,
well below the mass of the heavy states. Indeed, any amplitude calculated with the EChL is obtained
as a truncated series in powers of the external momenta. Hence, it will always violate unitarity bounds
at high enough energies. In addition, it cannot reproduce any pole associated to new resonant states.
Consequently, in order to apply this formalism to study strong SBS phenomenology at the LHC, we have
several ways to proceed:
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1. Perform studies strictly within the EChL, but restricted to subprocess energies below 1.5 TeV and
to very small chiral parameters.

2. Enlarge the EChL introducing explicitly the heavy resonances of each particular model, but this
adds new unknown parameters, namely the mass and the width of each resonance.

3. Follow a more model-independent approach, by unitarising the EChL amplitudes and generating
heavy resonances from the information contained in the chiral coefficients.

In the last approach, it is possible to describe the different resonant scenarios with just two chiral
parameters. Finally we present a study of the LHC sensitivity reach within this parameter space, using
the signal of the cleanest leptonic decays ofZZ andWZ pairs.

6.31 Effective Chiral Lagrangian description of electroweak interactions

The EChL [36, 37] provides a phenomenological description of EW interactions when the SBS is
strongly-interacting. The only degrees of freedom at low energies are the GBs associated to theSU(2)L×
SU(2)R → SU(2)L+R global symmetry breaking, which are coupled to the EW gauge and fermion
fields in anSU(2)L × U(1)L invariant way. Customarily, the GBs,ωa with a = 1, 2, 3, are gathered in
anSU(2) matrixU = exp (iωaτa/v), whereτa are the Pauli matrices andv = 246 GeV. The C and P
invariant effective bosonic operators up to dimension four are (see the appendix for other notations)

LEChL =
v2

4
Tr(DµU(DµU)†) + a0

g′2v2

4
[Tr(TVν)]2 + a1

igg′

2
BµνTr(TWµν)

+ a2
ig′

2
BµνTr(T [V µ, V ν ]) + a3gTr(Wµν [V µ, V ν ]) + a4[Tr(VµVν)]2

+ a5[Tr(VµV
µ)]2 + a6Tr(VµVν)Tr(TV µ)Tr(TV ν) + a7Tr(VµV

µ)[Tr(TV ν)]2

+ a8
g2

4
[Tr(TWµν)]2 + a9

g

2
Tr(TWµν)Tr(T [V µ, V ν ]) + a10[Tr(TVµ)Tr(TVν)]2

+ e.o.m. terms+ standard YM terms (68)

where we have definedT ≡ Uτ3U † andVµ ≡ (DµU)U †, as well as

DµU ≡ ∂µU − gWµU + g′UBµ, Wµ ≡ −i2
~Wµ · ~τ , Bµ ≡ −i2 Bµ τ

3,

Wµν ≡ ∂µWν − ∂νWµ − g[Wµ,Wν ], Bµν ≡ ∂µBν − ∂νBµ. (69)

The “e.o.m.” terms refer to operators that can be removed using the equations of motion and the “standard
YM terms” are the usual Yang Mills Lagrangian together with the gauge-fixing and Faddeev-Popov
terms.

The first operator in Equation 68, which provides theW andZ masses, has dimension two and has
the form of a gauged non-linear sigma model (NLσM). Note that it is universal, since it only depends on
v - that is why its predictions for longitudinal gauge-boson scattering amplitudes are called “Low Energy
Theorems”. In contrast, theai couplings will have different values depending on the underlying theory.

The gauge-boson observables are obtained fromLEChL as a double expansion inpn/(4πv)n,
p being an external momentum, and in the gauge-couplingsg andg′. The lowest-order predictions are
given by the tree level NLσM, whereas the next order corrections are obtained with a one-loop calculation
using the NLσM vertices plus the tree level contributions of the other operators. Theai coefficients not
only provide a model independent parametrisation of the unknown dynamics, but also some of them are
used to absorb all the one-loop NLσM divergences. This procedure could be carried out to any desired
order, adding higher dimensional operators, thus yielding finite results order by order in the expansion.

In principle, theai values for a particular scenario can be obtained by integrating out the heavy
degrees of freedom. In fact, they have been determined for the particular cases of the SM with a heavy
Higgs [192, 193] and for technicolor theories in the largeNTC limit [194]. In both cases, these couplings
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lie in the range10−2 to 10−3, with either sign. They all have a constant contribution, but those needed
in the renormalisation also have a logarithmic term.

6.32 Present bounds on the chiral parameters

Let us now look at the present experimental constraints on the EChL parametersai from low energy
EW data. The best constraints come from the oblique radiative corrections, giving bounds on thea0, a1

anda8 parameters that contribute to the gauge-bosons two-point functions up to orderq2. The EChL
calculation of theS, T andU [195] self-energy combinations give [196]

S = 16π [−a1(µ) + EChL loops(µ)] , T =
8π
c2W

[a0(µ) + EChL loops(µ)] ,

U = 16π [a8(µ) + EChL loops(µ)]

Note that theai have been renormalised to absorb the one-loop divergences from the NLσM chiral loops,
so thatS, T andU are scale independent. Using theai values for a heavy Higgs boson [192, 193], the
deviations of EW observables from the SM predictions at a reference value of the Higgs massMH are

∆S ≡ S − SSM(MH) = 16π

[
−a1(µ) +

1
12

5/6 − logM2
H/µ

2

16π2

]
,

∆T ≡ T − TSM(MH) =
8π
c2W

[
a0(µ)− 3

8
5/6− logM2

H/µ
2

16π2

]
, ∆U ≡ U − USM(MH) = 16πa8.

A global fit withMH = 300 GeV andmt = 175 GeV to the low energy EW data gives [197]

∆S = −0.26± 0.14 , ∆T = −0.11± 0.16 , ∆U = 0.26± 0.24

which imply the following bounds for the three chiral couplings

a1(1TeV) = (6.8 ± 2.8)× 10−3, a0(1TeV) = (4.3 ± 4.9)× 10−3, a8(1TeV) = (4.9 ± 4.7)× 10−3.

Other studies agree with these values [198]. These data already disfavour the SM with a heavy Higgs bo-
son and set strong constraints in models with a dominance of vector resonances [195] (like technicolor).
With further assumptions on the underlying SBS dynamics, the latter give a negative contribution toa1.
However, the precision EW measurements leave room for an strong SBS [198].

Further constraints come from the three-point functions, whose anomalous electroweak effective
couplings were traditionally parametrised in terms ofgγ

1 , g
Z
1 , κγ , κZ , λγ and λZ . A one-loop EChL

calculation of these vertices [199] gives

gγ
1 − 1 = 0 + EChL loops, gZ

1 − 1 =
−g2

c2W
a3 + EChL loops(µ)

κγ − 1 = g2(a2 − a3 − a1 + a8 − a9) + EChL loops, λγ = 0
κZ − 1 = g2(a8 − a3 − a9) + g′2(a1 − a2) + EChL loops(µ), λZ = 0

There are several analyses [200, 41] that constrain these chiral couplings from LEP and Tevatron data.
Ignoring the loops from the NLσM, we get the following values from present LEP data (the Tevatron
precision is comparable)λγ = −0.037+0.035

−0.036
,

κγ − 1 = 0.038+0.079
−0.075 , −→ a2 − a3 − a1 + a8 − a9 = 0.088+0.184

−0.174 ,

gZ
1 − 1 = −0.010 ± 0.033 −→ a3 = 0.018 ± 0.059.
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Finally, some indirect bounds on quartic couplings have also been found [201, 202]. These indirect
estimates come from loops containingai vertices, but do not include 2-loop diagrams from the NLσM.
They find bounds onai for i = 4, 5, 6, 7, 10 ranging from10−1 to 10−2.

In summary, the present data on the oblique EW corrections already sets significant bounds on
thea0, a1 anda8 chiral parameters, but there is not much sensitivity yet to those chiral parameters that
contribute to the three or four-point functions. We will see next how, at the LHC, the situation will
improve significantly.

6.33 The Effective Chiral description at the LHC

At the next generation of colliders, we will be probing theW andZ interactions at TeV energies. As
long as we are only considering the GBs and no other fundamental fields up to the TeV scale, we expect
the self-interactions of longitudinal gauge-bosons,VL, to become strong at LHC energies. This can be
easily understood since, intuitively, longitudinal gauge-bosons are nothing but the GBs, which interact
strongly. This intuitive statement is rigorously given in terms of on-shell amplitudes and is known as the
Equivalence Theorem (ET),

A(V a
L , V

b
L, V

c
L ...Other fields) ' A(ωaωbωc...Other fields) +O

(
M2

W /
√
s
)
, (70)

which holds for any spontaneously broken non-Abelian theory. Indeed, it was first derived for the SM
[203, 204, 205]. Its usefulness is twofold: it relates the pure SBS fields with the observables, but also
the calculations can now be performed in terms of scalars instead of gauge-bosons, at least in the high
energy limits >> M2

W . At first sight it may seem that the ET is incompatible with the use of the EChL,
since an effective theory is a low energy limit. Nevertheless, the ET can still be applied with the EChL,
only at leading order ing andg′, if we only consider energies below 1.5 TeV and small chiral parameters
[206, 207, 208].

Hence, in a first approximation, we will simplify the high energy description of the strong SBS
by neglecting EW corrections. Thus, due to our assumption thatSU(2)L+R is preserved in the SBS,
only the operators that respect custodial symmetry once the gauge-symmetries are switched off will be
relevant in this regime. These are the universal term and the operators withai couplings fori = 3, 4, 5.

At the LHC, the two most relevant processes ofVLVL production are the scattering of two longi-
tudinal vector-bosons in fusion reactions and theVL pair production fromqq̄ annihilation. Through the
ET, they are identified with GB elastic scattering andqq̄ → ωω, respectively. Customarily, GB elastic
scattering is described in terms of partial wave amplitudes of definite angular momentum,J , and isospin,
I, associated to the custodialSU(2)L+R group. With the EChL, these partial waves,tIJ are obtained as

tIJ(s) = t
(2)
IJ (s) + t

(4)
IJ (s) + ..., (71)

where the superscript refers to the corresponding power of momenta. They are given by [191, 209, 210]

t
(2)
00 =

s

16πv2
, t

(4)
00 =

s2

64πv4

[
16(11a5 + 7a4)

3
+

101/9 − 50 log(s/µ2)/9 + 4 i π
16π2

]
,

t
(2)
11 =

s

96πv2
, t

(4)
11 =

s2

96πv4

[
4(a4 − 2a5) +

1
16π2

(
1
9

+
i π

6

)]
,

t
(2)
20 =

−s
32πv2

, t
(4)
20 =

s2

64πv4

[
32(a5 + 2a4)

3
+

273/54 − 20 log(s/µ2)/9 + i π

16π2

]
. (72)

Note that, within our approximations, the above amplitudes only depend ona4 anda5. The projection in
angular momentum has been defined, from the definiteI amplitudeTI , as

tIJ =
1

64π

∫ 1

−1
d(cos θ)PJ(cos θ)TI(s, t) . (73)
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The VLVL production fromqq̄ annihilation, is very important since vector resonances can also
couple to this channel. By means of the ET, we are thus interested inqq̄ → ωω. As far as GBs couple to
quarks proportionally to their mass, the only relevant contribution comes from thes-channel annihilation
through a vector-boson. In practice, for theWZ final state, theW → ωz interaction is described as
g FV (s), by means of a vector form factor,FV (s), which is obtained from the EChL as

FV (s) = 1+F
(2)
V (s)+ ... with F

(2)
V (s) =

s

(4π v)2

[
64π2a3(µ)− 1

6
log

s

µ2
+

4
9

+ i
π

6

]
(74)

Let us then review the studies of the LHC sensitivity to the chiral parameters via these two processes.

6.34 Non-resonant studies for LHC

The EChL formalism has been applied to study the LHC sensitivity to different non-resonant SBS sectors
in [211, 212, 125, 213, 214, 215]. We summarise in Table 29 the results from [125, 213, 214] where the
expected number of gold-platedZZ andWZ from V V -fusion andqq̄-annihilation was calculated for
values of the custodial preservinga3, a4 anda5 parameters in the 10−2 to 10−3 range. Since for values
of a4 or a5 ≥ 5× 10−3 unitarity violations cannot be ignored at energies beyond1.5 TeV, these studies
only include events in the region of low invariant massVLVL pair, i.e. MV V ≤ 1.5 TeV. The rest of
kinematical cuts are similar to those given in Equation 81. To illustrate the agreement between these
kinds of studies, we give in Table 29 other estimates [215] of theai bounds attainable at the LHC.

It will be very difficult to detect these non-resonant signals over the continuum background, since
they just give small enhancements in the high energy region of theMV V andpT distributions. There is
a general agreement that, although the present bounds could be significantly improved, with these non-
resonant studies, the LHC would be hardly sensitive to values of the chiral parameters down to the10−3

level. Like-signW±W± production may be better in these channels [171, 216].

Obviously, these studies do not describe one of the most characteristic features of strong inter-
actions: resonances. Moreover, they are limited to moderate energies due to the unitarity violations
mentioned already. These caveats can be overcome by means of unitarisation procedures which we
explain next.

6.35 Unitarisation and resonances in the SBS

In terms of the partial waves defined in Equation 72, the elasticVLVL scattering unitarity condition,
(basically, the Optical Theorem)for physical values ofs, is

Im tIJ(s) =| tIJ(s) |2 ⇒ Im
1

tIJ(s)
= −1, ⇒ tIJ(s) =

1
Ret−1

IJ (s)− i . (75)

Hence we only have to use the EChL to approximate

Ret−1
IJ = (t(2)IJ )−1[1− Ret(4)IJ /t

(2)
IJ + ... ]. (76)

But since the EChL amplitudes satisfy elastic unitarityperturbatively, i.e.

Im t
(4)
IJ (s) =| t(2)IJ (s) |2 ⇒ Im t

(4)
IJ (s)

| t(2)IJ (s) |2
= −1, (77)

we find

tIJ(s) =
t
(2)
IJ

1− t(4)IJ /t
(2)
IJ

(78)

This is theO(p4) Inverse Amplitude Method (IAM), which has given remarkable results describing
meson interactions, which have a symmetry breaking pattern almost identical to our present case [217,
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Table 29: Expected number of signal and total (signal+background) gold-platedWZ andZZ events [125, 213, 214]. The

statistical significance is defined asr = (N(ai) −N(0))/
√

N(0) whereN(ai) is the expected number of events for a given

ai. On the bottom right, expected limits on the chiral parameters attainable at the LHC [215] are shown.

a4 a5

L = 100 fb−1 10−2 −10−2 5× 10−3 −5× 10−3 10−2 −10−2 5× 10−3 −5× 10−3

W±Z →W±Z 36 80 27 47 22 58 23 41

totalW±Z 118 162 109 129 104 139 105 122

rW Z 0.7 4.8 0.2 1.7 0.7 2.6 0.6 1.0

rWZ tagging 1.0 7.5 0.3 2.7 1.0 4.2 0.9 1.7

W+W− → ZZ 12 7 9 7 21 7 13 6

ZZ → ZZ 6 6 1 1 6 6 1 1

totalZZ 37 32 30 27 46 32 33 26

rZZ 1.9 0.9 0.5 '0 3.8 0.9 1.2 0.1

rZZ tagging 3.5 1.8 0.9 0.1 6.6 1.8 2.3 0.2

a3

L = 100 fb−1 10−2 −10−2

qq′ →W±Z 96 139

rWZ tagging 1.4 2.7

LHC Limits (90% CL) Process

−0.0035 ≤ a4 ≤ 0.015 W±W±,WZ,ZZ

−0.0072 ≤ a5 ≤ 0.013 W±W±,WZ,ZZ

−0.013 ≤ a6 ≤ 0.013 WZ,ZZ

−0.013 ≤ a7 ≤ 0.011 WZ,ZZ

−0.029 ≤ a10 ≤ 0.029 ZZ
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218, 219, 220]. Note that it respects strict elastic unitarity, while keeping the correct EChL low energy
expansion. Furthermore, the extension of Equation 78 to the complex plane can be justified using dis-
persion theory [217, 218, 219, 220]. In particular, it has the proper analytical structure and, eventually,
poles in the second Riemann sheet for certaina4 anda5 values, that can be interpreted as resonances.
Thus, EChL+IAM formalism can describe resonances without increasing the number of parameters and
respecting chiral symmetry and unitarity.

The EChL+IAM has already been applied to the SBS [221, 222] to study some specific choices
of a4 anda5 that mimic models with vector or scalar resonances. The LHC sensitivity to resonances
parametrised witha4 anda5 was first studied in [222] and [223], and more recently in [42]. A map of
these resonances in the(a4, a5) space was first obtained in [224]. We show in Figure 46 the vector and
scalar neutral resonances expected in the(a4, a5) parameter space. As far as we expecta4 anda5 to lie
between10−2 and10−3, we scan only that range. Furthermore, the poles of the IAM amplitudes will give
us the positions and widths of the resonances. Note that, from Equation 72 within our approximations,
the I = J = 1 andI = J = 0 channels only depend on thea4 − 2a5 and7a4 + 11a5 combinations,
respectively. Thus the straight lines that keep these combinations constant have the same physics in the
corresponding channel. We give several examples in the tables within the figure. The fact that each IAM
amplitude depends only on one combination ofai implies that their mass and width are related by the
KSFR relation [225, 226]. In addition, we locate five points that we will use later as illustrative examples.
The white area means that no resonances or saturation of unitarity is reached below4π v ' 3 TeV, which
we expect to be the region of applicability for our approach.

Fig. 46: Resonances in the(a4, a5) space [224]. In the tables we give the resonance parameters for several lines. a) Left:

Vector resonances. The points with the samea4 − 2a5 have the same physics in theI = J = 1 channel. b) Middle: Scalar

neutral neutral resonances. Those points with constant7a4 + 11a5 have the same physics in this channel. c) Right: General

Resonance Spectrum of the strong SBS.V stands for vector resonances,S for neutral scalar resonances andW2, for wide

structures that saturate the doubly charged (I = 2) channel. For illustration, we have also located several simple and familiar

models explained in the text.

We do not give results for theI = 2, J = 0 channel since we do not expect any heavy resonance
with our minimal assumptions. Intuitively this occurs because theI = 2, J = 0 channel is repulsive.

The general resonance spectrum of the MSISBS is gathered in the last plot of Figure 46 [224].
Depending ona4 anda5, we find one scalar resonance (S), one vector resonance (V ), two resonances
(S, V ), a resonance and a doubly charged wide saturation effect (W2) or even no resonances below 3 TeV
(white area). For illustration, we have included points for some simple and familiar scenarios: minimal
technicolor models with 3 and 5 technicolors (TC3 andTC5), and the heavy Higgs SM case, with a tree
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level mass of 1000 and 1200 GeV (H1000 andH1200). The black region is excluded by the constraints
on theI = 2, J = 0 wave [224]. In the dark “Light Resonances” areas (lighter than 700 GeV), our results
should be interpreted cautiously. Outside these areas, we estimate that the predictions of Figure 46 are
reliable within∼ 20% [42].

Once we have the general spectrum, our aim is to study to what extent the LHC is sensitive to
different resonant scenarios viaVLVL production. For that purpose, we cannot forget the unitarisation of
qq̄ → VLVL, since we expect the final state to re-scatter strongly, in particular when there is a resonance
in theI = J = 1 elastic channel. This effect can be parametrised in terms of a vector form factor,FV .
Again, theFV obtained from the EChL does not satisfy exactly its unitarity condition

ImFV (s) = FV (s)t∗11(s), (79)

which implies that the phases ofFV andt11 should be the same (Watson’s Final State Theorem). More-
over, the poles ofFV should be those oft. Hence, we can relate the combination ofai that appears in the
perturbative expansion ofFV (Equation 74) witha4− 2 a5. All in all, it is possible to unitariseFV using
only thet11 EChL result, as follows [42]:

FV ' 1

1− t(4)11 /t
(2)
11

. (80)

In summary,FV is determined just bya4−2 a5, and we can still use the map of resonances in Figure 46.

6.36 Study of the LHC sensitivity to the resonance spectrum of the strong SBS

We will restrict the study toZZ andWZ production, assuming that their gold-plated decays,ZZ → 4l
andWZ → lν ll (with l = e, µ) can be identified and reconstructed with a 100% efficiency. We do not
consider like-signW±W± production, since, as we have seen, we do not expectI = 2 resonances.

To evaluateV V fusion processes, we use the leading-order Effective-W Approximation (EWA)
[227]. Non-fusion diagrams are not included since they are expected to be small in our kinematic region.
We also use the CTEQ4 [229] parton distribution functions atQ2 = M2

W for V V fusion and atQ2 = s
for qq̄ annihilation andgg fusion, with

√
s being the centre of mass energy of the parton pair. More detail

can be found in [42].

Since we do not consider finalW andZ decays, the cuts are set directly on the gauge-boson
variables. A first criterion to enhance the strongVLVL signal over the background is to require high
invariant massMV V and small rapidities. We have applied the following set of minimal cuts:

500 GeV ≤ MV1V2 ≤ 10 TeV, |ylab(V1)|, |ylab(V2)| ≤ 2.5, pT (V1), pT (V2) ≥ 200 GeV,
(81)

which are also required by our approximations, mainly by the ET. An additional invariant mass cut
around each resonance will be imposed later.

TheZZ production signal occurs through theW+
L W

−
L → ZLZL andZLZL → ZLZL fusion

processes. In addition, we have included the following backgrounds

qq̄ → ZZ, (61%), W+W− → ZZ, (18%), gg → ZZ, (21%)

where we also give their relative contribution to the total background with the minimal cuts. The con-
tinuum from qq̄ annihilation has only tree level SM formulae, which is probably too optimistic since
the NLO QCD corrections [25, 23, 24, 26] can enhance significantly the tree level cross sections. The
second background is calculated in the SM at tree level, with at least one transverse weak boson. Finally,
the one-loopgg → ZZ amplitude has been taken from [228].
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Fig. 47: a) Left: Distribution of gold-plated events fromWZ andZZ production [42]. The shaded histogram corresponds

to the background as described in the text. On top of it we have plotted the signal as a white histogram. The points labelled

P1 to P5 correspond to those in Figure 46 and are representative of cases which, from top to bottom, present: one narrow

vector resonance, a vector and a scalar resonance, an intermediate vector resonance, a very wide vector resonance and, finally,

a “narrow” scalar resonance. b) Right: Sensitivity of the LHC to the resonance spectrum of the strong SBS withWZ andZZ

gold plated events [42]. In the(a4, a5) parameter space, we show the3σ and5σ reach with an integrated luminosity of 100

fb−1 (solid lines limiting the shaded areas) and 400 fb−1 (dashed lines), both for scalar and vector resonances.

For W±Z final states, two processes contribute to the signal:W±
L ZL → W±

L ZL and qq̄′ →
W±

L ZL, whereas the backgrounds, calculated at tree level within the SM, are

W±Z →W±Z, (18%), γZ →W±Z, (15%), qq̄′ →W±Z, (67%).

TheW±Z → W±Z amplitudes have at least one transverse boson and exclude the Higgs contribution.
In theqq̄′ → W±Z background, we have excluded the amplitude with aVLVL pair, which is part of the
signal. The QCD corrections toqq̄′ annihilation would give an enhancement in both the signal and the
background, so we expect that they will not modify considerably our estimates of the statistical signif-
icance of vector resonance searches. We have not studied thett̄ background since it can be efficiently
suppressed after imposing kinematic constraints and isolation cuts to high-pT leptons [153, 125, 53].

For illustrative purposes, let us first concentrate on the five representative points given in Fig-
ure 46. Points 1, 3 and 4 represent models containing aJ = I = 1 resonance with masses in the range
900-2000 GeV. Point 5 represents a model with a scalar resonance with mass 730 GeV and a width of
140 GeV. Finally, point 2 represents both a scalar and a vector resonance. TheMV V distributions for
these five models are shown in Figure 47, where we have plotted the signal on top of the background for
gold-platedZZ andWZ events, assuming an integrated luminosity of 100 fb−1. The vector resonances
in points 1 to 4 can be seen as peaks in the distribution of finalWZ pairs. The scalar resonances in points
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2 and 5 give small enhancements ofZZ pairs. Note that as botha4 anda5 tend to 0, the resonances be-
come heavier and broader, yielding a less significant signal. It seems evident that it will be much harder
to detect scalar than vector resonances. The reasons are that scalars are wider, they are not produced with
a significant rate fromqq̄ annihilation, and there is a smaller rate ofZZ production fromV V fusion.
Furthermore, theZZ branching ratio to leptons is smaller that that ofWZ.

The contributions to signal and background forWZ andZZ production at these representative
points are given in Table 30. In order to enhance the signal to background ratio, we have optimised the
MV V cut, keeping events within approximately one resonance width around the resonance mass (see
the second column of these tables). From theWZ results, it is clear that the LHC will have a very
good sensitivity to light vector resonances, due to theqq̄′-annihilation, which dominates by far theV V -
fusion process. As the vector resonance mass increases, theqq̄ contribution is damped faster than that
of V V fusion, and both signals become comparable for vector masses around 2 TeV. Let us remark that,
in ZZ production, there is only strong interaction signal inV V fusion, and therefore to tag forward
jets is always convenient in this final state in order to reject non-fusion processes. This is not the case,
however, for vector resonance searches since it is mostly due toqq̄ annihilation. In these tables, we have
also estimated the statistical significance, Signal/

√
Bkgd, assuming integrated luminosities of 100 and

400 fb−1. In ZZ final states, we also give the significance assuming perfect forward jet-tagging.

Table 30: Expected number of signal and background gold-platedV V events at the LHC withL = 100fb−1. a) Top: For

W±Z final state and four different(a4, a5) values representing vector resonances. b) Bottom: ForZZ and two representative

(a4, a5) values with scalar resonances. The statistical significance is also given for ideal forward jet-tagging.

MV , ΓV (GeV) Cuts: Signal Signal Signal Bkgd Bkgd Bkgd S/
√

B S/
√

B

(a4, a5)× 103 (Mmin
V V , Mmax

V V ) Fusion qq̄ Total Fusion qq̄ Total 100 fb−1 400 fb−1

P1: 894, 39

(-6.25,6.25)
(700,1000) 123 1630 1743 74 150 224 116 232

P2: 1150, 85

(-1.25,8.75)
(900, 1300) 65 369 434 50 84 134 37 75

P3: 1535 , 200

(-1.25,3.75)
(1250, 1700) 24 56 80 21 27 48 11 23

P4: 1963 , 416

(-1.25,1.25)
(1500, 2350 ) 10 12 22 14 16 30 4 8

MS , ΓS (GeV) Cuts: Signal Bkgd Bkgd Bkgd Bkgd S/
√

B S/
√

B S/
√

B

(a4, a5)× 103 (Mmin
V V , Mmax

V V ) Fusion Fusion gg qq̄ Total 100 fb−1 jet-tagging 400 fb−1

P2: 850, 225

(-1.25,8.75)
(600, 1050) 15 10 11 34 55 2 5 4

P5: 750 , 140

(3.25,3.75)
(550, 900) 21 10 14 39 63 3 6 5

Finally, we also show in Figure 47 the regions of the(a4, a5) space accessible at the LHC, giving
3 and 5σ contours and assuming integrated luminosities of 100 and 400 fb−1. In terms of resonance
mass reach limits, we find that with 100 fb−1, scalar resonances could be discovered (5σ) in gold-plated
ZZ events up to a mass of 800 GeV with forward jet-tagging. Vector resonances could be discovered
using gold-platedWZ events up to a mass of 1800 GeV. These numbers are in good agreement with
more realistic studies [153, 125, 53] of particular cases. We can also see that there is a central region in
the(a4, a5) space that does not give significant signals in gold-platedZZ andWZ events. This region
corresponds to models in which either the resonances are too heavy or there are no resonances in the
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SBS and the scattering amplitudes are unitarised smoothly. It is a key issue as to whether this type of
non-resonantVLVL signal could be probed at the LHC. It has been argued that doubly-chargedWW
production could be relevant to test this non-resonant region. But non-resonantV V distributions would
only have slight enhancements at high energies, and a very accurate knowledge of the backgrounds and
the detector performance would be necessary in order to establish their existence.

6.37 Appendix Table 31: Relation between different notations in the literature.

Ours [192, 193] a0 a1 a2 a3 a4 a5 a6 a7 a8 a9 a10

App.& Longh. [36, 37] g2

g′2 β1
g
g′ α1

g
g′ α2 −α3 α4 α5 α6 α7 −α8 −α9

1
2
α10

S.Alam [200, 41] 1
g′2 β1 α1 α2 −α3 α4 α5 α6 α7 −α8 −α9

1
2
α10

He et al. [211, 212] l0
16π2 g′2

l1
16π2

l2
16π2

l3
16π2

l4
16π2

l5
16π2

l6
16π2

l7
16π2

−l8
16π2

−l9
16π2

−l10
32π2

Vertex 2 2,3 3 3,4 4 4 4 4 2,3,4 3,4 4

SU(2)L+R no no no yes yes yes no no no no no

6.4 Vector-boson scattering

The search for a fundamental scalar particle which would be responsible for electroweak symmetry
breaking has so far proven unsuccessful. While the existence of a light Standard Model (SM) Higgs
alone would be consistent with all precision electroweak measurements, the well known hierarchy prob-
lems [230] make the theory unsatisfactory. The model makesad hocassumptions about the shape of
the potential, responsible for electroweak symmetry breaking, and provides no explanation for the val-
ues of the parameters. Although supersymmetry is an appealing alternative, no indication exists, yet,
of its validity. Therefore, in the absence of a low mass Higgs particle, a strongly coupled theory must
be considered. The study of electroweak symmetry breaking will require measurements of the produc-
tion rate of pairs of longitudinal gauge-bosons, since they are the Goldstone bosons of the symmetry
breaking process. It will also be essential to search for the presence of resonances which regularise the
vector-boson scattering cross-section. Scalar resonances occur in models with a heavy SM Higgs boson,
and vector resonances, in charged or neutral channels, are also predicted in dynamical theories, such as
technicolor.

In this section, different channels for scattering of high energy gauge-bosons at the LHC are
considered These include heavy Higgs production and resonantWZ as well as non-resonantWZ and
W+W+ production in the Chiral Lagrangian model. High mass gauge-boson pair production in a multi-
scale technicolor model is also examined. The possibility of making such measurements at the LHC is
evaluated.

6.41 Heavy Higgs signal

It is now generally believed that a SM Higgs should be light, its mass being bound by requirements of
vacuum stability and by the validity of the SM to high scales in perturbative calculations [231]. The
parameters of the Higgs used in this study were calculated at tree level. One should note that in NNLO,
the resonance saturates [232]. Nevertheless, the search for such a resonance at the LHC can serve as a
testing ground for the measurement of the production of high mass longitudinal gauge-boson pairs or
for the search of a generic resonance. TheH → WW → lνjj channel is presented in this section
as an example of a typical analysis of a heavy Higgs signal. In fact,VLVL fusion is also detectable
in the case of a heavy Higgs resonance, through the processesH → ZZ, up toMH ∼ 800 GeV.
Simultaneous detection of a heavy Higgs in other signals would not only confirm the discovery but also
provide additional information on the Higgs couplings, which are essential for determining the nature of
the resonance.
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H → WW → lνjj In the vector-boson fusion process of Higgs production,qq → qqH, the rate
for this channel is sufficient to be observed at low luminosity with a very distinctive signature [235, 237,
238]:

• A high-pT central lepton (|ηl| <2).

• A largeEmiss
T .

• Two high-pT jets from theW → jj decay in the central region and close-by in space (∆R ∼ 0.4)
arising from the large boost of theW boson.

• Two tag jets in the forward regions (|ηj | > 2).

• No extra jet in the central region (central jet veto).

The main backgrounds are:

• W+jet which gives the largest contribution but also suffers from significant theoretical uncertain-
ties due to higher-order corrections [236].

• tt̄ → lνb jjb̄, with the presence of a realW → jj decay, but also additional hadronic activity
from theb-jets in the central region.

• WW → lνjj continuum production, which has a much lower rate but is irreducible in the central
region.

In addition to central jet veto and forward tag jets cuts, other cuts (high-pT cuts) have been used to
optimise the statistical significance of the signal. They are:

• Lepton cuts:pl
T , Emiss

T > 100 GeV,pW→lν
T > 350 GeV.

• Jet cuts: two jets reconstructed within∆R = 0.2 with pT > 50 GeV andpW→jj
T > 350 GeV.

• W mass window:mjj = mW ± 2σ, whereσ is the resolution onmjj.

Table 32 shows the number of events resulting from this selection, for an integrated luminosity of 30 fb−1,
forMH = 1 TeV andMH = 800 GeV as evaluated with the ATLAS fast simulation program (ATLFAST,
[85]). A significant signal remains above background. Variation of theEtag cut provides the possibility
to compare the shape and cross section of the resonance production to the expected parameters of the
Higgs signal (see Figure 48).

Table 32:H → WW → lνjj with MH = 1 TeV andMH = 800 GeV andL =30 fb−1. Accepted signal and background

events after high-pT cuts, central jet veto and a double forward tag with Etag > 300 GeV.

Higgs tt̄ W+jets WW S/
√
B

signal (pT > 300 GeV) (pT > 250 GeV) (pT > 50 GeV)

MH = 1 TeV 37.9 3.3 9.2 1.0 10.3

MH = 800 GeV 43.5 3.3 9.2 1.0 11.8

TheH → ZZ → llνν andH → ZZ → lljj channels in ATLAS have also been studied
[233, 234, 237] over most of the mass range from 300 Gev to 1 TeV. It has been shown that forward
jet tagging (2 < |ηj | < 5), is a powerful method for rejecting background and selectingqq → qqH
production,i.e. the vector-boson fusion process.

6.42 Strong vector-boson scattering

Chiral Lagrangian model In the Chiral Lagrangian model [249], the form of the Lagrangian is only
constrained by symmetry considerations which are common to any strong electroweak symmetry break-
ing sector. Differences among underlying theories appear through the values of the parameters of the
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Fig. 48:mlνjj distribution for the summed signal+background obtained withMH = 800 GeV andL = 30 fb−1 after requiring

two tag jets with Etag > 200 GeV (top) and Etag > 400 GeV (bottom) [238].

Chiral Lagrangian. Within the chiral approach, the low-energy Lagrangian is built as an expansion in
derivatives of the Goldstone boson fields. There is only one possible term with two derivatives which
respectsSU(2)L+R symmetry:

L(2) =
v2

4
Tr(DµUD

µU †)

whereDµU = ∂µU - WµU + UBµ,Wµ = −igσaW a
µ/2, Bµ = igσ3Bµ/2.

The dependence on the different models appears at next order through two phenomenological
parametersL1 andL2:

L(4) = L1(Tr(DµUD
µU †))2 + L2(Tr(DµUD

νU †))2

TheSU(2)L+R symmetry allows us to define a weak isospinI. TheWLWL scattering can then
be written in terms of isospin amplitudes, exactly as in low energy hadron physics. We assign isospin
indices as follows:

W a
LW

b
L →W c

LW
d
L

whereWL denotes eitherW±
L orZL, whereW±

L = (1/
√

2) (W 1
L∓ iW 2

L) andZL = W 3
L. The scattering

amplitude is given by:

M(W a
LW

b
L →W c

LW
d
L) ≡ A(s, t, u)δabδcd +A(t, s, u)δacδbd +A(u, t, s)δadδbc

wherea, b, c, d =1,2,3 ands, t, u are the usual Mandelstam kinematical variables.

In this approach it is possible to compute the functionA(s, t, u) in O(p4) [250, 251]:

A(s, t, u) =
s

v2
+

1
4πv4

(2L1s
2 + L2(t2 + u2))

+
1

16π2v4

(
− t

6
(s+ 2t) log(− t

µ2
)− u

6
(s+ 2u) log(− u

µ2
)− s2

2
log(− s

µ2
)

)

The values ofL1 andL2 depend on the model, but are expected to be in the range10−2 to 10−3.

The usual Chiral Lagrangian approach does not respect unitarity at high energies. The Inverse
Amplitude Method (IAM) [217, 218, 249], which is based on the assumption that the inverse of the
amplitude has the same analytic properties as the amplitude itself, has been very successful at describing
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low energy hadron scattering. The most interesting feature of this approach is that it allows us to describe
different reactions by using only the two parametersL1 andL2.

In analogy toππ scattering, there are three possible isospin channelsI = 0,1,2. At low energies,
the states of lowest momentumJ are the most important, and thus only thea00, a11 anda20 partial
waves are considered. It is possible to reproduce, with the IAM model, the broad Higgs-like resonance
in (I, J) = (0,0) channel as well as resonant and non-resonant scattering in the channel (1,1) by selecting
appropriate values forL1 andL2. It has been shown [224] that in the (I = 1, J = 1) channel there
may exist narrow resonances up to 2500 GeV and this scattering only depends on the combination of
(L2 − 2L1).

ResonantWLZL → WLZL channel As a reference for the IAM model, the processWLZL →
WLZL, with Z → ll (l = e, µ) andW → jj is used [241]. A modified version ofPYTHIA 5.7 was
used to generateVLVL scattering processes for each value ofL1 andL2. The simulation was done for
two values of (L2 − 2L1) = 0.006 and 0.01, which yieldσ × BR of 1.5 fb and 2.8 fb, with mass peaks
at 1.5 TeV and 1.2 TeV respectively.

Irreducible background arises from continuumWZ production and the main QCD background is
from Z+jets production with two final state jets faking theW decay if their invariant mass is close to
mW . tt̄ production is potentially dangerous but is efficiently suppressed by a cut on the invariant mass
of leptons from theW decay [241]. The following cuts were used for background rejection:
• Two isolated leptons with the same flavour and opposite charges in the region|η| < 2.5 and
pT > 100 GeV. Their invariant mass was required to lie in the region|mll −mZ | < 6 GeV.

• Jets were reconstructed in a cone of width∆R = 0.2. Only two jets withpT > 50 GeV were
allowed in the central region (|η| < 2) and|mjj −mW | < 15 GeV was required. OnlyW andZ
with pT > 200 GeV were kept.

• In the forward region (2 < |η| < 5), jets were reconstructed in a cone of width∆R = 0.5 and
events were accepted only if jets withpT > 30 GeV andEjet > 500 GeV were present in each
hemisphere.

The expected number of signal and background events after all cuts and forL = 100 fb−1 are presented
in Table 33. The mass spectra obtained after all cuts (Figure 49) shows a clear peak with a width
of 75 GeV (100 GeV) for the 1.2 TeV (1.5 TeV) resonance and 14 (8) signal events in the window
|mWZ − mV | < 2σ. The contribution from irreducible backgrounds is negligible and is below 0.05
events inside the mass window. It is clear that such a narrow resonance could be detected easily after a
few years of high luminosity.

Table 33: Number of signal and background events after all cuts forL = 100 fb−1 with (L2 − 2L1) = 0.01 and 0.006,

corresponding tomV = 1.2 TeV andmV = 1.5 TeV respectively.

MV =1.2 TeV MV =1.5 TeV

Cuts WLZL Z+jets WLZL Z+jets

Central jets cut 284 2187 145 1781

mjj = mW ± 15 GeV 101 154 46 82

Leptonic cuts 70 84 36 47

Forward jet tagging 14 3 8 1.3

Non-resonant channels If nature does not provide resonances inVLVL scattering, the measurement
of cross sections at high mass for non-resonant channels becomes the only probe for the mechanism of
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Fig. 49: Reconstructed distribution of theWZ system for 1.2 TeV and 1.5 TeV resonances andL = 300 fb−1.

regularisation of the cross section. It would then be essential to understand very well the magnitude and
energy dependence of backgrounds. Those channels can be particularly important since it has been shown
that a complementary relationship exits between resonant and non-resonant processes [216, 171, 242].
BothWLZL andWLWL scattering have been studied within the ATLAS framework.

WLZL → WLZL The non-resonantWLZL → WLZL process, withZ → ll andW → lν
(l = e, µ), was incorporated inPYTHIA and used with two values ofL1: 0.003 and 0.01, leading to
σ ×BR = 0.19 fb and 0.11 fb respectively. The main features of the signal are:
• The presence of two high-pT leptons of same flavour and opposite charge in the barrel region,

having an invariant mass consistent with the mass of theZ boson.

• One additional high-pT lepton in the barrel region.

• Significant missing momentum in the event due to the presence of a neutrino.

• The presence of energetic jets in the forward region.
The main irreducible background, coming from continuumWZ production, was generated byPYTHIA
with σ × BR = 13.5 fb. The main reducible background is the QCD processZtt where one of theW
bosons from at-quark decays into a lepton and an anti-neutrino. The value ofσ × BR of this process
is 26.3 fb. A less important contribution comes fromZZ production withσ × BR = 1.52 fb. These
different backgrounds were rejected with a high efficiency by using the following cuts:
• Two isolated leptons of same flavour and opposite charge were required in the central region with
pT > 30 GeV and invariant mass satisfying|mll − mZ | < 6 GeV. One additional lepton was
required.

• A missing momentum of at least 75 GeV.

• At least one jet withpT > 40 GeV andEjet > 500 GeV should be present in the forward region.
In order to analyseWZ scattering in the high-mass region, the transverse massMT

M2
T =

[√
M2(lll) + p2

T (lll)+ |6pT |
]2
− [~pT (lll)+ 6~pT ]2

was used.M(lll) andpT (lll) are the invariant mass and transverse momentum of the three charged
leptons and6 pT is the missing momentum in the event. The transverse massMT distribution for the
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WLZL scattering and forZtt background, after the application of cuts, is shown in Figure 50. The
number of signal and background events with the invariant mass ofWZ system larger then 600 GeV
for an integrated luminosity ofL = 500 fb−1 and applying different cuts, are shown in Table 34. The
ZZ background is not shown since it is effectively removed by the requirement of missing transverse
momentum.

0

2.5

5

7.5

10

750 1000 1250 1500

Fig. 50: The transverse massMT distribution forZW system (GeV) forW±
L ZL scattering and forZtt̄.

Table 34: Number of expected events for theWZ signal and backgrounds with an integrated luminosity of 500 fb−1.

Cuts L1=0.003 L1=0.01 Ztt WZ S/
√
B

L1=0.003 L1=0.01

Leptonic cuts 33.3 18.3 223. 762

Missing momentum 25.9 14.3 85.1 405

pT (Z) > MT /4 22.2 12.2 67. 300

Forward jet tagging 14 7.3 15 10.8 2.7 1.43

Like-sign W pair production W+
L W

+
L production has been extensively studied [243]. As

possible scenarios for this process byW+
L W

+
L scattering, the following are considered:

• A t-channel exchange of a Higgs withMH = 1 TeV, (WLWL only), simulated withPYTHIA with
σ ×BR = 1.33 fb (the same parameters of the resonance as in Section 6.41 were used).

• The K-matrix unitarised amplitude [216, 240]aK
IJ = Re(aIJ )

1−iRe(aIJ ) , whereaIJ is the low-energy the-
orem amplitude, proportional tos. This model is constructed to satisfy explicitly elastic unitarity
and would yield the maximum expected signal. Theσ ×BR = 1.12 fb.

• A Chiral Lagrangian model, as in theWZ resonant channel, with the same parameters:L1 = 0,
andL2 = 0.006 or 0.01, leading toσ× BR = 0.484 and 0.379 fb, respectively.

Backgrounds from continuumWW bremsstrahlung produce mostly transverseW ’s. Other backgrounds
include processes involving non-Higgs exchange, as well as QCD processes of orderααs in amplitude,
with gluon exchange andW bremsstrahlung from interacting quarks. The effects ofWtt̄ andWZ
backgrounds are also considered. The signal was generated withPYTHIA 6.2 and backgrounds were
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incorporated intoPYTHIA from a Monte Carlo generator based on Barger’s work [244], which takes
into account all diagrams. The contribution from electroweak processes not involving the Higgs were
estimated by assuming a low-mass Higgs (MH = 100 GeV).

An analysis was performed using the fast ATLAS detector simulation (ATLFAST), with parame-
ters set for high luminosity. The following leptonic cuts were first applied:

L1. Two positively charged isolated leptons in the central region (pT > 40 GeV and|η| < 1.75) must
be identified. They will satisfy the trigger requirement.

L2. The opening angle between the two leptons, in the transverse plane, must satisfy:cos ∆φ < −0.5.
This cut selects preferentially events with longitudinalW ’s which have highpT . The invariant
mass of the two leptons was further required to satisfymll > 100 GeV. This latter cut eliminates
few events in the lowmllνν region.

At the jet level, backgrounds can be reduced by requiring that:

J1. No jet havingpT > 50 GeV be present in the central region (|η| < 2). This reduces significantly
the background from theWtt̄ process.

J2. Two jets must be present in the forward and backward regions:η > 2 andη < −2, with energies
> 300 GeV.

J3. A lowerpT was required for the forward jets:pT < 150 GeV for the first andpT < 90 GeV for
the second.

 mllνν (GeV)

 E
ve

nt
s/

10
0 

G
eV

0

10

20

30

40

0 500 1000 1500 2000

Fig. 51: Distribution of invariant transverse mass of the two leptons withEmiss
T in theW +

L W +
L → l+l+νν process, after three

years of high luminosity running. Full line: K-matrix unitarisation; dashed line: Higgs withMH = 1 TeV, at tree level; hatched

area: background from transverseW ’s.

Figure 51 shows expected mass distribution of thellνν system, for an integrated cross section of
300 fb−1, after all cuts were applied, accounting only for transverse momentum. No correction was made
for pile-up effects in jet tagging or central jet veto. If one counts only events withmllνν > 400 GeV,
a significant signal to background ratio is obtained (see Table 35). As expected, the K-matrix scenario
gives the highest signal [216] - this could be observable after a few years of high luminosity running. By
contrast, it was shown in Section 6.42 that if theρ resonance is itself clearly observable in the resonant
channel, then the signal will be very low. The major remaining background, especially at low values
of mllνν , is from continuum transverseW pairs. Note that only aW+

L W
+
L signal was searched for in

this analysis. Combining the results withW−
L W

−
L would add approximately one-half to one-third of the

signal and backgrounds. The Chiral Lagrangian model, with its parameters leading to a resonance in the
WZ system, would yield a very weak signal in theW+W+ channel, confirming the complementarity
relationship between those two channels [216, 171, 242].
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Table 35: Number of events expected for an integrated luminosity of 300 fb−1, after successive applications of cuts. The results

are formllνν > 400 GeV.

Lepton cuts Jet cuts

L1 L2 J1 J2 J3

MH=1 TeV 59 56 43 24 19.0

K-matrix 90 86 69 41 32

Chiral LagrangianL2=0.006 22 21 15.8 9.3 7.1

Chiral LagrangianL2=0.01 15.1 14.1 10.4 6.0 4.6

WTWT 350 243 68 54 14.0

gluon exchange 76 51 3.2 0 0

Wtt̄ 93 71 2.0 0 0

WZ 36 35 19.1 0.5 0.3

6.43 Technicolor

Technicolor (TC) provides a framework for dynamical electroweak symmetry breaking [34, 35]. It as-
sumes the existence of techni-fermions possessing a technicolor charge and interacting strongly at high
scale. Chiral symmetry is broken by techni-quark condensates giving rise to Goldstone bosons, the
techni-pions, which are the longitudinal degrees of freedom of theW andZ gauge-bosons. TC has
been extended (extended TC, or ETC) to allow the generation of fermion masses [245, 246]. In order
to account for the absence of FCNCs, the coupling constant is required to “walk”, rather than “run”.
To achieve a walkingαTC , multi-scale TC models contain several representations of the fundamental
family, and lead to the existence of techni-hadron resonances accessible at LHC energies. Such mod-
els [247, 248] are constrained by precision electroweak data [250, 251], but not necessarily excluded
[252, 253]. However, the constraints from those data make it unnatural to have a large top quark mass.
In top-colour-assisted TC (TC2) models [254, 255], the top quark arises in large part from a new strong
top-colour interaction, which is a separate broken gauge-sector.

The possible observation of TC resonances using the ATLAS detector is described in [256]. In
particular, the search for a (I=1, J=1) techni-rho resonance, a techni-pion and a techni-omega has been
performed. Although certain models, with a given set of parameters, are used as reference, the signals
studied can be considered generic in any model which predicts resonances. The model adopted here is
that of multi-scale TC [257, 258], with the TC groupSU(NTC) whereNTC = 4 and two isotriplets of
techni-pions. The longitudinal gauge-boson and the techni-pions mix

|ΠT >= sinχ|WL > + cosχ|πT >

with a mixing angle which has a valuesinχ = 1/3. The decay constant of the mixed state isFT =
Fπ sinχ = 82 GeV and the charge of the up-type (down-type) techni-fermion isQU = 1 (QD = 0).
This model is incorporated inPYTHIA 6.1 . The decay channels ofρT depend on the assumed masses
of the techni-particles. Some mass scenarios have been considered to be representative of what one may
expect to probe at the LHC and it is also assumed that theπT coupling to the top quark is very small, as
may be expected in TC2 models. The following sections present an example showing a typical analysis
for extracting TC signals. More channels and an extensive description can be found in [256].
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ρ±T → W±Z → l±νl+l− This decay could be the cleanest channel for the techni-rho detection and
complements the study shown in Section 6.42. The good efficiency of the ATLAS and CMS detectors
for lepton detection and missing transverse energy measurement will provide good identification of the
W andZ bosons. Table 36 shows the parameters for the various sets of events which were generated.
For each set,104 events were generated and the signal was normalised to three years of low luminosity
running at the LHC (30 fb−1). The branching ratios quoted include a preselection on the transverse mass
(m̂ > 150, 300, 600 GeV formρ±T

= 220, 500 and 800 GeV respectively).

Table 36: Signal parameters for theρ±T → W±Z → l±νl+l−. The last column gives the significance (S/
√

B) for three years

of low luminosity running.

mρT mπT ΓρT BR σ ×BR S/
√
B

(GeV) (GeV) (GeV) (pb)

220 110 (a) 0.93 0.13 0.16 31.6

110 (b) 67.1 0.014 1.0× 10−3 0.7

500 300 (c) 4.47 0.21 1.3× 10−2 14.7

500 (d) 1.07 0.87 5.4× 10−2 64.2

110 (e) 130.2 0.013 1.5× 10−4 0.3

800 300 (f) 52.4 0.032 3.6× 10−4 1.2

500 (g) 7.6 0.22 2.5× 10−3 10.9

The only background which needs to be considered is the continuum production ofWZ gauge-
bosons, withσ = 21 pb. The cuts which were applied are:

• At least three charged leptons were required (withET > 20 GeV for electrons andET > 6 GeV
for muons), two of which must have the same flavour and opposite charge.

• The invariant mass of the lepton pair with the same flavour and opposite sign should be close to
that of theZ: |ml+l− −mZ | < 5 GeV.

• The longitudinal momentum of the neutrino is calculated (with a 2-fold ambiguity) from the miss-
ing transverse energy and the momentum of the unpaired lepton assuming an invariant mass
mlν = mW . Once theW andZ were reconstructed, their transverse momentum was required
to be larger than 40 GeV.

• Only events for which the decay angle with respect to the direction of theWZ system (ρT ) in its
rest frame was| cos θ̂| < 0.8 were accepted.

The significance (S/
√
B) of the signal (S) above the background (B) is shown in Table 36. The

number of signal and background events was counted in mass regions around theρT peak: 210 to 240,
460 to 560 and 740 to 870 formρT =220, 500 and 800 GeV respectively. No evident signal can be
observed for cases (b), (e) and (f) (see Figure 52), principally because theρT resonance is too wide.

The Authors would like to thank M. Chanowitz, K. Lane, M. Mangano, J.R. Pel´aez, S.R. Slabospit-
sky and P. Savard for their technical help with some Monte Carlo generators and for fruitful discussions.

6.5 The degenerate BESS Model at the LHC

It is well known that na¨ıve Dynamical Symmetry Breaking (DSB) models like standard QCD-scaled tech-
nicolor generally tend to provide large corrections to electroweak precision observables. New physics
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effects are naturally small if decoupling holds. In fact in this case the corrections to electroweak observ-
ables are power suppressed in the limit in which the masses of the new particles are made large. It is thus
a natural question as to whether examples of DSB models with decoupling do exist.

Here we will focus on a scheme of DSB, called degenerate BESS (D-BESS) [43] in which decou-
pling is naturally satisfied in the low energy limit. The model predicts the existence of two triplets of new
resonances corresponding to the gauge-bosons of an additional gauge-symmetrySU(2)L ⊗ SU(2)R.
The global symmetry group of the theory is(SU(2)L ⊗ SU(2)R)3 breaking down spontaneously to
SU(2)D ⊗ (SU(2)L ⊗ SU(2)R) and giving rise to nine Goldstone bosons. Six of these give mass to
the new gauge-bosons, which turn out to be degenerate. As soon as we perform the gauging of the
subgroupSU(2)L ⊗ U(1)Y , the three remaining Goldstone bosons disappear giving masses to the SM
gauge-bosons.

What makes the model [43] so attractive is the fact that, due to the degeneracy of the masses and
couplings of the extra gauge-bosons(L±, L3, R

±, R3), it decouples, so all the deviations in the low-
energy parameters from their SM values are strongly suppressed. Also, the degeneracy is protected by
the additional “custodial” symmetry(SU(2)L⊗SU(2)R). The deviations from the SM predictions come
from the mixing of(Lµ,Rµ) with the standard gauge-bosons. In order to compare with the experimental
data, radiative corrections have to be taken into account. Since the model is an effective parametrisation
of a strongly interacting symmetry breaking sector, one has to introduce a UV cut-offΛ. We neglect
the new physics loop corrections and assume for D-BESS the same radiative corrections as for the SM
with MH = Λ = 1 TeV [43]. The 95% CL bounds on the parameter space of the model coming from
the precision electroweak data can be expressed by the following approximated relation:M (TeV)≥
2.4 g/g′′, whereM is the common mass of the new resonances,g andg′′ are the standardSU(2)L and
the new strong gauge-couplings respectively. Therefore one has a large allowed region available for the
model even for the choiceMH = Λ = 1 TeV - a value highly disfavoured by the fit within the SM
[259]. Also, the bounds on the D-BESS model from the direct search for new gauge bosons performed
at Tevatron are very loose [43]. This allows the existence of a strong electroweak sector at relatively
low energies such that it may be accessible with accelerators designed for the near future. A peculiar
feature of this strong electroweak symmetry breaking model is the absence ofWW enhancement due to
the absence of direct couplings of the new resonances to the longitudinal weak gauge-bosons. For this
reason, the gold plated channels to consider for discovering(Lµ,Rµ) are the fermionic ones.

Here we have considered the production of these new resonances at the LHC for the following con-
figuration

√
s = 14 TeV andL = 1034 cm−2sec−1 and for the electron channel decay (the muon channel

was studied in [260]). The events were generated usingPYTHIA Monte Carlo (version 6.136) [123].
Only the Drell-Yan mechanism for production was considered since it turns out to be the dominant one.
We have analysed the production of the charged resonances inpp→ L±,W± → eνe (R± are completely
decoupled) and neutral ones inpp → L3, R3, Z, γ → e+e−. The signal events were compared with the
background from SM production. We have performed a rough simulation of the detector, in particular,

assuming a2% smearing in the momenta of charged leptons and a resolution∆Emiss
T = 0.6

√
Emiss

T

in the missing transverse energy. In the neutral channel, we have assumed an error of2% in the recon-
struction of thee+e− invariant mass, which includes bremsstrahlung effects [261]. We have considered
several choices of the model parameters, in the region allowed by the present bounds, and for each case
we have selected cuts to maximise the statistical significance of the signal. In Figure 53 we show the
transverse mass distributions for the signal and for the SM background for the caseM = 1 TeV (left)
andM = 2 TeV (right) andg/g′′ = 0.1. The following cuts have been applied forM = 1 TeV: |pe

T | and
|pmiss

T | > 0.3 TeV andMT > 0.8 TeV. The number of signal events per year is 3200, the corresponding
background is of 1900 events. The corresponding statistical significanceS/

√
S +B for one year of

running is 44. ForM = 2 TeV, the applied cuts are:|pe
T | and|pmiss

T | > 0.7 TeV andMT > 1.8 TeV,
resulting inS = 108, B = 46 andS/

√
S +B = 8.7.

In Figure 54, we show the results of our simulation for the same choice of the parameters as in
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Figure 53 for the neutral channel. The following cuts have been applied forM = 1 TeV: |pe+

T | and
|pe−

T | > 0.3 TeV andMe+e− > 0.8 TeV. The number of signal events per year is 620, the background is
of 1200 events with a corresponding statistical significance of 15. ForM = 2 TeV, the cuts are:|pe+

T |
and |pe−

T | > 0.7 TeV andMe+e− > 1.8 TeV, resulting inS = 24, B = 30 andS/
√
S +B = 3.3. It

turns out that the cleanest signature is in the neutral channel, but the production rate is lower than for the
charged one. Also we observe that, due to the fact that the D-BESS resonances are almost degenerate
(∆M/M ∼ (g/g′′)2), it will be impossible to disentangleL3 andR3 which both contribute to the peak
of the signal in Figure 54.

Our conclusion is that the LHC will be able to discover a strong electroweak resonant sector as
described by the degenerate BESS model for masses up to 2 TeV - in some cases with very significant
numbers of events. Furthermore, if no deviations from the SM predictions are seen within the statistical
and systematic errors, the LHC withL = 100 fb−1 will put a 95% CL boundg/g′′ < 0.04 − 0.06 for
0.5 < M(TeV) < 2 [260].
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Fig. 52: ReconstructedW±Z invariant mass. The solid line is for theρT signal and the filled area for theWZ background.

The three plots, each characterised by the value ofmπT , correspond to the cases (a,b,e), (c,f) and (d,g) defined in Table 36.
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Fig. 53: Transverse mass differential distributions forpp → L±,W± → eνe events at the LHC within the D-BESS model

(dash line) forg/g′′ = 0.1 andM = 1 TeV (left), M = 2 TeV (right). The solid line is the SM prediction.
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Fig. 54: Invariant mass differential distributions forpp → L3,R3,Z,γ → e+e− events at the LHC within the D-BESS model

(dash line) forg/g′′ = 0.1 andM = 1 TeV (left), M = 2 TeV (right). The solid line is the SM prediction.
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