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We explore the potential of the CERN Large Hadron Collider to access a strongly interacting
electroweak symmetry breaking sector via weak boson scattering with W*W~jj, ZZjj, and W=Zjj
final states. As examples of models with scalar or vector resonances we concentrate on a scenario with a
heavy Higgs boson and on a warped Higgsless Kaluza-Klein model of narrow spin-one resonances. The
signal and the most prominent background processes are evaluated using exact tree-level matrix elements
including full off-shell and finite width effects for final states with two tagging jets and four leptons. Using
double forward jet-tagging techniques, we derive dedicated cuts on the observable jets and charged
leptons to suppress standard model backgrounds. We demonstrate that the LHC has substantial sensitivity
to strong interactions in the electroweak symmetry breaking sector.
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I. INTRODUCTION

An essential goal of the CERN Large Hadron Collider
(LHC) [1,2] is gaining information on the mechanism
which breaks the electroweak (EW) symmetry.
Particularly promising means for probing electroweak
symmetry breaking are provided by weak boson scattering
reactions, VV — VV (with V denoting a W= or Z boson).
The respective scattering amplitudes for longitudinally
polarized vector bosons grow with energy, thus violating
unitarity beyond about 1 TeV [3-5], when Feynman graphs
with vector bosons only are considered. Taming of this
unphysical growth can be attained by a standard model
(SM) Higgs boson [6-8], but also strong couplings among
the gauge bosons may serve to cure the growth of the VV
scattering amplitudes at high energies [9—11]. Various
models have been suggested in which the unitarization of
these scattering amplitudes is realized by new excitations
stemming from the compactification of extra-dimensional
theories [12-14], based on the ideas of [15]. At the LHC,
weak boson scattering can be accessed via vector boson
fusion (VBF) reactions, where the quarks emerging from
the scattering protons emit 7-channel weak bosons which in
turn scatter off each other. A Higgs boson as predicted by
the SM would manifest itself as a relatively low mass
resonance in this reaction, but the VBF cross section would
remain perturbatively small at di-boson masses well above
the Higgs boson mass. In the case of strongly interacting
gauge bosons, the production rate of longitudinally polar-
ized gauge boson pairs V; V; is significantly enhanced at
myy = 1 TeV, before unitarizing effects reduce the scat-
tering amplitudes.

Signal events from strong V; V; scattering processes via
qq — qqV'V in VBF exhibit unique signatures. The decay
leptons of the gauge bosons emerge almost back-to-back in
the central region of the detector with large transverse
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momenta and high invariant mass. The scattered quarks
give rise to highly energetic jets of relatively low trans-
verse momenta in the forward and backward regions.
Because of the colorless weak boson exchange, the had-
ronic jet activity in the central regions is very low. These
distinctive features can be exploited to efficiently reduce
background processes with respect to the V; V; signals.

The goal of this study is to refine the analyses of
Refs. [16-19] for strongly interacting electroweak symme-
try breaking. Instead of using single forward jet tagging, as
in these early analyses, we will consider the boost invariant
double forward jet-tagging techniques which have proven
highly efficient for the search of a light Higgs boson in
VBF [20-23]. These more efficient jet-tagging techniques
will allow us to relax the cuts on the VV decay leptons as
compared to Ref. [19]. A second refinement is in the level
of signal and background simulation. We use parton-level
calculations for the processes pp — VVjj at O(a®) and
O(a*a?) including leptonic decays of the weak bosons, as
well as a simulation of the 7, t7j, and tfjj background
processes at O(a*a?), O(a*a?), and O(a*at), respec-
tively. This corresponds to tree-level amplitudes for all
processes and includes full off-shell effects for top-quark
decays t — Wb and for the leptonic decays of the weak
bosons in all signal and background processes. While
comparable accuracy of the simulations has been discussed
in the literature for individual reactions (see, e.g.,
Refs. [24-26]), an analysis of VBF signal and background
processes with full leptonic decay correlations and off-
shell effects is new. Phenomenological studies for other
production modes of extra vector resonances have recently
been performed in [27-31].

For the signal processes, we consider two different
models for the strongly interacting electroweak symmetry
breaking. We model unitarity conservation with a heavy

© 2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevD.80.035027

C. ENGLERT et al.

and broad standard model scalar Higgs resonance, which
we take as a prototype for models with strong V'V scatter-
ing. As a model with extra vector resonances, we adapt a
warped Higgsless scenario where unitarity violation is
postponed by the exchange of additional spin-one
Kaluza-Klein (KK) resonances. On the basis of these two
distinct examples, we show that independent of whether
the unitarity-restoring interactions are of a scalar or vector
nature, our set of cuts and signal processes provides a clear
signature with a large signal-to-background ratio.

Our paper is organized as follows: Section II outlines the
theoretical setup for the two signal scenarios which we
consider. The framework of the phenomenological analysis
is described in Sec. III and here we also give details on the
Monte Carlo calculation of the various signal and back-
ground processes. In Sec. IV we present the numerical
results for expected cross sections at the LHC. Section V
contains our conclusions.

II. THEORETICAL SETUP

Strongly coupled theories have a long history as exten-
sions of the standard model [32-34]. In these models the
additional degrees of freedom, needed to unitarize longi-
tudinal gauge boson scattering, originate from a strongly
interacting sector that produces scalar and vectorial com-
posites. While electroweak symmetry breaking is stabi-
lized at the electroweak scale, the compositness scale is
in principle a free parameter. The unitarizing mass spec-
trum can be rather heavy and broad, due to strong cou-
plings in the composite sector. As such models are
intrinsically nonperturbative; there are large theoretical
uncertainties on the theory’s parameters that can only
roughly be estimated by naive dimensional analysis [35].
This poses a huge challenge for modelling LHC phenome-
nology. For this reason we use unitarity of longitudinal V'V
scattering at the TeV scale as a key ingredient to model the
strongly interacting sector, focusing on two distinct sce-
narios: In the first one, we adapt a heavy and broad scalar
resonance, while in the second one, longitudinal gauge
boson scattering is unitarized by vectorial resonances in
the warped Higgsless model of Refs. [12,13].

A. Scalar resonance

Within the SM, unitarization of longitudinal V'V scatter-
ing is achieved by adding the contributions of a scalar
resonance of zero isospin, the Higgs boson, to the gauge
boson exchange graphs which are mandated by the gauge
symmetry. Working within the SM, precision data, in
particular, the results of LEP and the Stanford Linear
Collider (SLC) on various four-fermion processes com-
bined with the direct Higgs search at LEP, constrain the
mass of the SM Higgs boson to lie inside the 100-200 GeV
region [36,37]. Strictly within the SM, a heavy scalar
resonance, with a mass of order 1 TeV, is ruled out as a
model for unitarized weak boson scattering.
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These SM Higgs boson mass bounds might be mislead-
ing, however, if other new physics contributions to four-
fermion amplitudes (partially) cancel the virtual contribu-
tions of a heavy Higgs boson to the S and T parameters
[38—41], thus mitigating the constraints from precision
experiments. Since the precision observables, with their
strong focus on four-fermion amplitudes, and weak boson
scattering amplitudes are independent entities in suffi-
ciently general models of new physics, we ignore the
constraints from precision data in the following and con-
sider, as a phenomenological model, unitarization of weak
boson scattering by a scalar resonance with quantum num-
bers and couplings identical to a heavy SM Higgs boson.
We include s-, ¢-, and/or u-channel exchange of this reso-
nance and use my = 1 TeV and a fixed width 'y =
0.5 TeV as a toy model for demonstration purposes. This
fixed width is included for timelike and spacelike propa-
gators, in analogy to the complex mass scheme for the
gauge boson propagators. More general model parameters
of a heavy scalar resonance can easily be implemented in
the VBFNLO program [42] which we use for all signal
simulations.

B. Vectorial resonances

As an example of unitarization with vectorial resonances
we consider a phenomenological version of the warped
Higgsless model of Refs. [43,44]. Using the AdS/CFT
correspondence [45-47], the warped Higgsless scenario
can be considered as a particular type of a strongly inter-
acting walking technicolor theory [46], yet being calcu-
lable by perturbative means from a bulk-gauged effective
theory defined on a slice of a five-dimensional anti—
de Sitter space. In these scenarios the growth of the am-
plitude in longitudinal gauge boson scattering is tamed by
the exchange of heavy spin-one Kaluza-Klein excitations,
W and Z;. Demanding sum rules for the quartic and triple
vector boson couplings [27,48],

_ 2
gw,wywyw, = Zgwlwlzk’ (L
k=0
2 _ 2 2
my, w,ww,w, = 3Zmzkgwlwlzk» (2)
=1
_ 2
Eww,z,z, = Zgwkwlzlr 3)
=1

2 2
2(mzl + my, 8w, w,z,2,

(m% — m3, )?
= Zg%vkwlzl <3m%"k a ] 2 ] )’ 4)
k=1 My,

results in good high energy behavior of the V; V; scattering
amplitude. In (1)—(4), k labels the Kaluza-Klein states, and
k = 0, 1 identifies the massless and massive gauge bosons
of the SM, respectively. We focus on a scenario where the
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new additional massive vector bosons have vanishing cou-
plings to SM fermions, and include states up to W, and Zg.

Higgsless symmetry breaking has already been studied
in various realizations [12-14,27-31,49-51]. In this paper
we do not attempt to construct a realistic model of
Higgsless symmetry breaking, but we solely use the quoted
sum rules as a phenomenological paradigm of unitarization
with isovectorial resonances. For a more detailed discus-
sion on the implementation of the sum rules and the KK
mass spectrum, we refer the reader to a separate publica-
tion [44].

III. FRAMEWORK OF THE ANALYSIS

Throughout this study, we consider vector boson pair
production in association with two tagging jets, pp —
VVjj, with subsequent leptonic decays of the gauge bo-
sons in proton-proton collisions at the LHC with a center-
of-mass energy of 14 TeV. If strong interactions among
longitudinally polarized vector bosons are realized in na-
ture, V; V; — V, V, scattering is expected to be enhanced
at large invariant mass. In contrast, the scattering of trans-
versely polarized gauge bosons V; is dominated by the
same weak gauge interactions as in the SM light Higgs
boson scenario and, thus, remains perturbative throughout
the entire V'V invariant mass range. The V;Vy — V;Vp
and V;V; — V, V; contributions to vector boson scatter-
ing must be considered as an irreducible background to the
signature of strong gauge boson interactions, which we
wish to isolate. We thus define the VBF “‘signal” in EW
pp — VVjj production as the enhancement of the cross
section over the SM prediction with a light Higgs boson. In
the heavy Higgs boson scenario this is

gg = U'SM(mH =1 TeV) - (TSM(mH = 100 GCV) (5)

As an alternative realization of electroweak symmetry
breaking we consider the warped Higgsless Kaluza-Klein
model described in Sec. II B. In this context we define

Og = Ok — O'SM(mH = 100 GeV) (6)

Backgrounds arise from QCD-induced and nonresonant
EW reactions with the same final-state configuration as the
signal, at O(a*a?) and O(a®), respectively. For the
W*W~ jj channel, the production processes tf, t7j, and
ttjj at O(a*a?), O(a*a?), and O(a*a?), respectively,
have to be considered as copious background sources
also. Via their decay chains, the t7 pairs give rise to the
same combination of charged leptons in the final state as
the VBF signal process.

Since the principle subject of this study is the investiga-
tion of strongly interacting gauge boson systems, we do not
consider signal processes deriving from Yukawa couplings
of the Higgs boson to fermions, such as gluon-induced Hjj
production.

PHYSICAL REVIEW D 80, 035027 (2009)

A. Details of the calculation

The calculation of cross sections and kinematic distri-
butions for all signal and background processes introduced
above is performed with two independent computer pro-
grams featuring full tree-level matrix elements:

(i) Results for all but Kaluza-Klein signal reactions are
generated with HELAC-PHEGAS, a completely auto-
matic Monte Carlo event generator [52-56], which
calculates matrix elements through Dyson-
Schwinger off-shell recursive equations. The pack-
age provides events for arbitrary parton-level pro-
cesses in the most recent Les Houches Accord
format [57] and has successfully been tested for
scattering reactions at a future linear collider [58]
and at the LHC [59].

(i) The EW VBF and Kaluza-Klein signal and back-
ground processes are tackled with the tree-level
version of VBFNLO [42], a parton-level
Monte Carlo program for VBF-type reactions. For
the QCD VVjj processes, we implemented
MADGRAPH-generated amplitudes [60,61] into the
framework of VBFNLO. Results for the 7, t7j, and
t1jj reactions are generated with the codes of
Ref. [24].

Making sure that the different programs yield the same
results provides an excellent check of our calculation. In
particular, HELAC-PHEGAS agrees at least at the level of 1%
with the top backgrounds of Ref. [24], and even better with
the MADGRAPH-type implementation of the QCD VVj
backgrounds in VBFNLO, irrespective of the cuts applied.

For our numerical studies we use the CTEQ6L1 parton
distribution functions [62,63] at leading order (LO) with
a,(M;) = 0.130. We have chosen M, = 91.188 GeV,
My, = 80.423 GeV, and Gp = 1.166 X 1077/ GeV? as
electroweak input parameters. The other parameters, «
and sin’@y,, are computed thereof via LO EW relations.
The masses of the top and bottom quarks are set to m, =
172.5 GeV and m;, = 4.4 GeV, respectively. Con-
tributions from b and ¢ quarks in the initial state are
neglected throughout. In HELAC-PHEGAS, finite width ef-
fects in massive vector boson and top-quark propagators
are taken into account by the complex mass scheme of
Refs. [64—-66]. Both, in VBFNLO and in the code of
Ref. [24], unstable particles are treated via modified ver-
sions [67,68] of the complex mass scheme. Spin and color
correlations of the final-state particles are taken into ac-
count without any approximations. Final-state partons are
recombined into jets according to the k7 algorithm [69-71]
with resolution parameter (0.7. In the following, we outline
the process-specific settings of our analysis.

1. EW VVjj production

EW VVj;j production mainly proceeds via the fusion of
weak bosons in the ¢ channel in quark-(anti)quark scatter-
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FIG. 1.

ing processes like g¢' — gq'VV. In experiment, however,
leptons rather than vector bosons are identified. We there-
fore focus on the reactions

pp — LT ),
pp— v 0, ()

pp— vl " vy jj,
pp = L vpbpjj,
pp — ol jj,

at O(a®), which include the resonant VVjj production
processes with subsequent leptonic decays and additional
single- and nonresonant diagrams; see Fig. 1. We only
simulate decays of the weak bosons to different lepton
generations, e.g. WW~ — eTv,u” v,. Same-generation
lepton interference effects as occurring in W W~ —
etv,e v, are neglected for all production channels.
However, we adjust counting factors to correspond to the
production of all combinations of charged leptons of the
first two generations. In the case of Z — v, ¥, we sum over
three neutrino generations, i.e. v¢v, = v,v,, v,7,, and
v, v,. For brevity, we will refer to these reactions as EW
WYW~jj, ZZjj— 4€jj, ZZjj— 2€2vjj, W' Zjj, and
W~ Zjj production, respectively, even though we are al-
ways considering leptonic final states.

As discussed in Refs. [72-75], compared to the domi-
nant f-channel configurations, contributions from
s-channel electroweak boson exchange and identical fer-
mion effects are negligible in the phase-space regions
where VVjj production is observed experimentally. They
are therefore disregarded for our analysis. In Ref. [74] it
has been demonstrated that next-to-leading order (NLO)

u

FIG. 2. Modified weak boson fusion topology. The shaded area
contains different Kaluza-Klein intermediate states.

L
W~ _
vy,
u u u
Ve
W W+
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H et
- _ Z
W 7, )
C C C

Examples of Feynman-graph topologies contributing to EW W W~ jj production at O(«®).

QCD effects can be well approximated also in distributions
by a proper choice of the factorization scale, pr, in the LO
calculation: for each fermion line choose the momentum
transfer Q between the respective initial- and final-state
quarks. We therefore set up = Q for all EW VVjj
processes.

2. Higgsless V'V jj production

The implementation of the Kaluza-Klein scenario de-
scribed in Sec. IIB into the VBFNLO framework is de-
scribed in detail in Refs. [43,44]. The leptonic tensors for
subamplitudes such as ZZ — et v, u" b » in Fig. 2 have
been extended by the different Kaluza-Klein intermediate
states. We discard interactions of non-SM Kaluza-Klein
gauge bosons with the light SM fermions. The coupling of
the Kaluza-Klein W and Z, to the W; and Z, steeply drops
off with the Kaluza-Klein index k. For k = 3, contributions
of Kaluza-Klein excitations to cross sections and distribu-
tions are tiny [44]. In our studies we include all Kaluza-
Klein states up to W, and Zg with the masses and widths as
given in Table 1.

Gauge boson pair production in the presence of Kaluza-
Klein excitations proceeds analogously to Higgs-mediated
VVjj production. In order to absorb the dominant NLO-
QCD effects we therefore use the same factorization scales
as for EW VVjj production, i.e. up = Q [43,44].

TABLE 1. Masses and widths of the Kaluza-Klein resonances
used in the simulation. The spectrum corresponds to a Planck
brane localization R = 9.75 X 1072 GeV .

Particle m (GeV) I' (GeV)
W, 700 13.7
Z, 695 8.7
Z; 718 6.4
W; 1106 31.0
Z 1112 26.5
w, 1585 56.5
Zs 1580 31.7
Ze 1605 24.1
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3. QCD VVjj production

QCD-induced VVjj production calculated at order
O(a?a?) includes the production processes

q8 — qgVV, (8)

with subsequent leptonic decays, and all crossing-related
reactions.

For these processes we use wy = min(pyz;,, pr;,)- The
renormalization scale is chosen such that the strong cou-
pling factor takes the form a? = a(pr;,) - a,(pr),), i-e.
the transverse momentum of each parton is taken as the
relevant scale for its production.

q9q9 — qqVV,

4. tt + jets production

Because of the large top-quark production rate at the
LHC and because the branching ratio B(t — Wb) is essen-
tially 100%, tf + jets processes constitute a major back-
ground to EW W*W~jj production. We consider the
reactions pp — tf, ttj, and tfjj which include full off-shell
and finite width top and W effects and take into account the
double-resonant, single-resonant, and nonresonant contri-
butions at order O(a’a?), O(a’a?), and O(a’a?), respec-
tively. To avoid double counting, the top-quark
backgrounds are separated into three categories, depending
on whether two, one, or zero b(b) quarks are identified as
tagging jets and are referred to as f7, t7j, and t7jj back-
ground, respectively. When combining these processes, we
proceed as follows: For t7jj production both tagging jets
are required to arise from massless partons, while in the #7;
case exactly one tagging jet is allowed to emerge from a b
or b quark. For ¢7 production both tagging jets stem from b
quarks [22,23]. When presenting cross sections and kine-
matic distributions, the three #f + jets backgrounds are
combined for clarity even though their individual distribu-
tions are slightly different.

In all cases, the factorization scale is chosen as up =
min(my,) of the top quarks and additional jets, where each
mr, is given by the transverse momentum and mass of the
respective entity 7 as

my, = WIP%,' + ml2 9)

The overall strong coupling factors for the 77 + njets cross

. +2 _ T2
section are calculated as (ar;)""* = [T27 a,(my,).

B. Selection cuts

In order to suppress the backgrounds with respect to the
signal processes, the design of dedicated selection cuts is
essential. For our analysis we have developed various sets
of cuts, which are given as follows:

(D Inclusive cuts: Basic selection cuts need to be intro-
duced to render our calculation of the production
cross sections of all signal and background processes
finite. This is achieved by identifying all final-state
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massless partons with high transverse momentum
jets. The two jets of largest transverse momentum
are called “‘tagging jets” and are required to carry

p‘;jg > 30 GeV. (10)

All jets need to lie in the rapidity range accessible to
the detector,

In,| <45, (11)

and are supposed to be well separated,

ARjj = J(nj] - 77]2)2 + (d)jl - ¢j2)2 > 0.7,
(12)

with 1; denoting the jet rapidity and AR;; the sepa-
ration of any pair of jets in the rapidity-azimuthal
angle plane. For all VVjj production processes, the
tagging jets are identified with the massless final-
state partons of the reaction. For the 7 + jets back-
grounds, the tagging jets can stem from a massless
quark or gluon, or from the decay products of the top
quarks.

In order to ensure well-observable isolated charged
leptons in the central-rapidity region, we require

Pre > 20 GCV, Ajo > 04,
(13)

where ARy; stands for the separation of a charged
lepton from any jet. Since any b quark close to a
charged lepton is very likely to also spoil lepton
isolation, we require ARy, > 0.4 even if the
b quark is too soft to qualify as a jet. Finally, a cut
on the invariant mass mg, of two charged leptons of
the same flavor is applied to avoid virtual photon
singularities stemming from quasicollinear y* —
€€~ decays,

|’)7€| < 25,

mee > 15 GeV. (14)

(IT) VBF cuts: VBF events are characterized by two

tagging jets in the far forward and backward regions
of the detector, while the leptonic decay products of
the vector bosons are typically located in the
central-rapidity range between the jets. To favor
such configurations, we demand that the charged
leptons fall between the tagging jets,

nt]?im <M< T];’?rgnax’ 15)

which are well separated in rapidity,

Any = In;® — 08l >4, (16)

and occupy opposite detector hemispheres,

;e X 7 <0 (17)
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FIG. 3 (color online). Invariant mass distribution of the two
tagging jets for pp — W W~ jj after imposing the cuts of
Egs. (10)~(17), a b veto, a CJV, and requiring p;(€) >
100 GeV. Plotted are results for the heavy Higgs boson scenario,
the Higgsless Kaluza-Klein model, and the relevant SM back-
grounds.

Furthermore, the tagging jets are required to have a
large invariant mass,

where m;»“ji“ = 1000 GeV for the W" W~ jj signal
and background processes and m™" = 500 GeV

Ji

for all other channels.
To illustrate the significance of the m;; cut, the
invariant mass distribution of the two tagging jets
in pp — W*W~ jj is shown in Fig. 3, after apply-
ing the cuts of Egs. (10)—(17) and requiring pr(¢) >
100 GeV. For reducing the 7 + jets backgrounds,
additionally a b veto and a central jet veto have been
imposed, as discussed below. While large invariant
masses of the tagging jets are characteristic for VBF
processes, QCD-induced reactions tend to peak at
small values of m;;. Requiring m;; > 1000 GeV
thus efficiently suppresses contributions from ¢f +
jets and QCD V'V ;j production with respect to the
signal processes.

(IIT) Leptonic cuts: In all channels, the signal processes
feature energetic leptons of high p; and large
invariant mass. The decay products of the back-
grounds are less back-to-back in the transverse
plane and are characterized by lower transverse
momenta. These features suggest the application

PHYSICAL REVIEW D 80, 035027 (2009)

of extra selection cuts specific to each decay chan-
nel:
(1) ZZjj— 4Ljj:

my; >500 GeV,  pr(€€)>0.2X my,. (19)

Here, my; is the invariant mass of the four-lepton
system, and p7(€€) the transverse momentum of two
same-flavor charged leptons.
(i) ZZjj— 2€2vjj:
my(ZZ) > 500 GeV, pimiss > 200 GeV, (20)
with pss being the transverse momentum of the
neutrino system and

mA(22) = [m + pA(C6) + m + (pipis) P
— [pr(€6) + pPsT Q1)

(i) W=Zjj:
mp(WZ) > 500 GeV, piRiss > 30 GeV, (22)

where

mA(WZ) = [\m2(600) + p}(e€c) + |pyiss|P
= [pr(eee) + ppsP, (23)

with m(€€€) and pp(£€€) denoting the invariant
mass and transverse momentum of the charged-
lepton system, respectively.

(iv) WrW~jj:
pre > 100 GeV,
APT(ee) = |]_5T,€1 - ﬁT{zl > 1250 GeV, (24)

Mgy > 200 GCV,
min(mg;) > 180 GeV,

where A p,(€€) is the difference between the trans-
verse momenta of the two charged decay leptons,
and min(m,;) the minimum invariant mass of a
tagging jet and any charged lepton.

To motivate this set of selection cuts, we show representa-
tive distributions for the pp — W W~ jj channel in the
following. In Fig. 4, the transverse momentum distribution
of the softest charged lepton is shown after imposing the
cuts of Egs. (10)—(18), a b veto, and a central jet veto.
While the heavy Higgs and the Kaluza-Klein distributions
can barely be distinguished from the QCD and EW back-
grounds at low transverse momenta, the signal cross sec-
tions start to deviate from the EW WW; background at
about pr, = 100 GeV. Removing events with p7, <
100 GeV therefore helps to suppress irreducible back-
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FIG. 4 (color online). Transverse momentum distribution of
the softest charged lepton for pp — W+ W™ jj after imposing the
cuts of Egs. (10)—(18), a b veto, and a CJV. Plotted are results for
the heavy Higgs boson scenario, the Higgsless Kaluza-Klein
model, and the relevant SM backgrounds.

grounds from SM-like W* W~ jj production processes. For
reducing the still sizable ¢f + jets cross sections, additional
cuts are necessary.

KK
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FIG. 5 (color online).
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Figure 5(a) displays the invariant mass distribution of
the two charged final-state leptons after all inclusive and
VBF cuts have been applied, and a b veto, a central jet veto,
pr(€) > 100 GeV, and min(m,;) > 180 GeV have been
imposed. In the heavy Higgs and Kaluza-Klein signal
processes, the invariant mass distribution peaks at
rather large values of my,, while smaller invariant
masses are preferred by the background processes, which
therefore can be reduced considerably by requiring
mee > 200 GeV.

Choosing the cut on the difference in the transverse
momenta of the decay leptons is a subtle issue, as the peaks
of the signal and background distributions are located
rather closely in Apr(€€); see Fig. 5(b). Selecting events
with Apy(€€) > 250 GeV turns out to be a reasonable
choice, however, which suppresses contributions from the
tt + jets and the QCD V'V processes, while the Kaluza-
Klein and heavy Higgs cross sections are retained to a large
extent.

The cut on the minimum invariant mass of the tagging
jet and any charged lepton, depicted in Fig. 6, is particu-
larly effective in reducing the 7 and #7j backgrounds, i.e.
the cases where at least one of the tagging jets arises from a
b quark which is a top decay product. For top quarks which
are almost on mass shell, this b quark must have an
invariant mass with the charged lepton from the same
top-quark decay of m; < m,. The min(m,;) cut will thus
reduce the 77 + jets background to mostly its ¢7jj compo-
nent. At the same time, the signal processes are only

- (b) ]

do/dAp;(11)[ab/GeV]

400 600
Apr(11)[GeV]

800

Invariant mass distribution of the two charged leptons (a) and the difference between their transverse

momenta (b) for the pp — W*W~ jj process after imposing the cuts of Egs. (10)-(18), a b veto, a CJV, and requiring p,({) >
100 GeV and min(n;;) > 180 GeV. Plotted are results for the heavy Higgs boson scenario, the Higgsless Kaluza-Klein model, and the

relevant SM backgrounds.
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FIG. 6 (color online). Minimum invariant mass distribution of
a tagging jet and a charged lepton for the pp — W W~ jj
process after imposing the cuts of Eqgs. (10)—(18), a b veto, a
CJV, and requiring p7(€) > 100 GeV. Plotted are results for the
heavy Higgs boson scenario, the Higgsless Kaluza-Klein model,
and the relevant SM backgrounds.

slightly affected, as their m; shapes are peaking well
above 200 GeV.

The powerful sets of selection cuts introduced so far
exploit the characteristic features of VBF processes and the
fact that we are looking for the decay products of massive
objects or, more precisely, for low partial waves in high
energy vector boson scattering. We did not impose further
leptonic cuts for the ZZjj and W*Zjj channels, because
the amount of improvement in the significance of the signal
would be marginal. However, in the case of pp —
W' W~ jj additional measures are necessary to suppress
the overwhelming ¢7 + jets backgrounds.

(IV) Central jet veto: QCD-induced processes tend to
exhibit more jet activity in the central-rapidity
region than VBF reactions with colorless weak
boson exchange in the ¢ channel. A central jet
veto (CJV) can therefore be applied to reduce
QCD backgrounds by eliminating events where
in addition to the tagging jets at high rapidity
secondary jets with a high transverse momentum
are found in the central regions of the detector.
We veto any such activity by discarding all events
with an extra veto jet of

PY© > 25 GeV, (25)

located in the gap region between the two tagging
jets,

PHYSICAL REVIEW D 80, 035027 (2009)

TABLE II. Assumed b-tagging efficiencies as functions of the
transverse momentum of the jet for different rapidity ranges.
pr° (GeV) L4 <|py] <24 Inyeel <1.4
30-50 60% 70%
50-80 65% 75%
80-120 70% 80%
120-170 70% 80%
>170 65% 75%
tz tz
nj?r%lin < T’}{eto < n;rgnax' (26)

In our simulations we do not yet model extra QCD
radiation which might be subject to the central jet
veto. Such refinements are beyond the scope of the
present work. However, the #fj and t7jj back-
ground processes typically have additional
b-quark jets from top-quark decay in the central
region. The CJV thus is very effective in reducing
these backgrounds.

(V) b-tagging jet veto: Discrimination between jets
originating from b quarks and those emerging
from light quarks or gluons by efficient b tagging
helps additionally to suppress 17 + jets backgrounds
in the W" W™ jj channel: we eliminate any events
where at least one of the tagging jets is identified as
arising from a b quark. We use the results of a CMS
analysis [76] for our assumptions on b-veto effi-
ciencies and mistagging probabilities. For a 10%
mistagging probability per jet one finds b-veto effi-
ciencies in the range 60%—80%, depending on the
transverse momentum and pseudorapidity of the jet
as listed in Table II.

IV. RESULTS AND DISCUSSION

We now turn to a discussion of numerical results for the
signal and background processes of the scenarios discussed
in the previous sections. In all cases the cross sections
correspond to two generations of charged leptons and three
neutrino species for Z — vv. They are listed in Tables III,
IV, V, VI, and VII for all processes contributing to a
specific leptonic final state, after different sets of selection
cuts have been applied. The impact on inclusive cross
sections of only the VBF cuts or only the leptonic cuts is
shown in the lines labeled “INC. + VBF”* and “INC. +
LEP.,” respectively. In each case, we consider the QCD
VVjj background, EW VVj;j production assuming a light
or a heavy Higgs boson, and a warped Higgsless scenario
with additional spin-one resonances. For the W W™ jj
channel also the ¢7 + jets background is given and the
impact of CJV and b-veto cuts on the cross section after
inclusive and VBF cuts is also shown. In Table VIII, results
for 11, tj, and t7jj production are listed separately to better
illustrate the impact of the individual contributions.
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In all channels, VBF cuts reduce the QCD VVj; back-
grounds efficiently, decreasing inclusive production rates
by factors of 25-85 as shown in the respective second lines
of Tables III, IV, V, VI, and VII. VBF cuts are even more
efficient in the case of the 7, t7j, and t7jj background
processes, as illustrated by Table VIII. At the same time,
rates for the heavy and light Higgs boson scenarios as well
as for the Higgsless Kaluza-Klein model have decreased by
a factor of 2-3 only.

PHYSICAL REVIEW D 80, 035027 (2009)

Imposing leptonic cuts, on the other hand, helps to
suppress EW backgrounds, while the respective signal
processes remain substantial, as apparent from the third
rows of Tables III, IV, V, VI, and VII. Combining the
leptonic and VBF cuts one finds sufficient background
suppression for the ZZjj and WZj; final states, as shown
in the fourth rows of Tables III, IV, V, and VI. For the ¢7 +
jets backgrounds to W* W~ jj final states the impact of the
leptonic cuts is even more pronounced than the effect of the

VBF cuts. However, total rates are still much higher for the

TABLE III. Cross sections (in fb) for various ZZjj — 4€jj production processes with different Higgs boson masses and the
Higgsless Kaluza-Klein scenario, after different levels of selection cuts have been applied, as defined in Sec. III. Statistical errors in all
cases are well below 0.5%.

Level of cuts QCD VBF VBF KK
my = 100 GeV my =1 TeV

INCLUSIVE 3.83 0.2323 03101 0.2725

INC. + VBF 0.0752 0.088 3 0.1503 0.11152

INC. + LEP. 03755 0.028 27 0.08302 0.04227

INC. + VBF + LEP. 0.00951 0.01171 0.059 48 0.02147

TABLE IV. Cross sections (in fb) for various ZZjj — 2€2vjj production processes with different Higgs boson masses and the
Higgsless Kaluza-Klein scenario, after different levels of selection cuts have been applied. Statistical errors in all cases are well below
0.5%.

Level of cuts QCD VBF VBF KK
my = 100 GeV my = 1 TeV

INCLUSIVE 36.13 1.961 2482 2.260

INC. + VBF 0.867 0.778 8 1.196 0.953 1

INC. + LEP. 1.717 0.1163 0.4230 0.1852

INC. + VBF + LEP. 0.0518 0.049 07 0.3194 0.098 83

TABLE V. Cross sections (in fb) for various W' Zjj production processes with different Higgs boson masses and the Higgsless
Kaluza-Klein scenario, after different levels of selection cuts have been applied. Statistical errors in all cases are well below 0.5%.

Level of cuts QCD VBF VBF KK
my = 100 GeV my =1 TeV

INCLUSIVE 54.96 1.834 1.897 2.718

INC. + VBF 2.189 0.6933 0.7382 1.273

INC. + LEP. 4.301 0.2382 0.2599 09161

INC. + VBF + LEP. 0.1719 0.0888 0.1077 0.5435

TABLE VI. Cross sections (in fb) for various W~ Zjj production processes with different Higgs boson masses and the Higgsless
Kaluza-Klein scenario, after different levels of selection cuts have been applied. Statistical errors in all cases are well below 0.5%.
Level of cuts QCD VBF VBF KK
my = 100 GeV my =1 TeV

INCLUSIVE 37.48 1.1072 1.1445 1.5863
INC. + VBF 1.304 0.3798 0.404 8 0.6784
INC. + LEP. 2.385 0.1233 0.1344 0.4828
INC. + VBF + LEP. 0.0838 0.04324 0.05272 0.2758
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TABLE VII.
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Cross sections (in fb) for various W* W~ jj production processes with different Higgs boson masses and the Higgsless

Kaluza-Klein scenario after different levels of selection cuts have been applied. Also given is the sum of the 7, 7/, and t7jj
backgrounds for m, = 172.5 GeV and my = 100 GeV. Statistical errors are well below 0.5% for the W W™ jj processes and below

1% for tf + jets.

Level of cuts tf + jets QCD VBF VBF KK
my = 100 GeV my =1 TeV
INCLUSIVE 28710.0 504.5 16.76 18.55 19.80
INC. + VBF 228.667 5.918 5.063 6.165 6.536
INC. + LEP. 27.4090 6.72 0.828 1.620 1.702
INC. + VBF + b VETO 64.055 5.473 4.77 5.86 6.22
INC. + VBF + CJV 43.197
-+-+ b VETO 24.025 5.47 4772 5.856 6.217
-+ + LEP. 0.381 644 0.202 0.1969 0.7011 0.588

backgrounds than for the corresponding signal process.
Thus, additional cuts have to be applied for the W* W~ jj
production mode. In order to reduce the large ¢7 + jets
backgrounds we make use of a b veto and a CJV. We
discard all events where one or both tagging jets can be
identified as b jets, allowing for an overall mistagging
probability of 10% for light partons with p; > 30 GeV
and || < 2.4. This results in a reduction of less than 10%
for the signal and all backgrounds apart from #f + jets. The
b veto reduces these top-induced backgrounds by a factor
of 2-4. The CJV is particularly efficient for the #7jj pro-
cess. In this case, an additional reduction factor of 18 is
obtained. The last row of Table VIII shows that after the
application of all cuts the 77 + jets background rates are
comparable in size to those of the other individual
backgrounds.

In Tables IX and X, the signal and combined background
cross sections oy and o are listed together with the ratios
S/B, S//B, and S/+/S + B, where S and B denote signal
and background rates, respectively. They are calculated for
a luminosity of 300 fb™! from the cross sections tabulated
in Tables II1, IV, V, VI, VII, and VIII, after all selection cuts
have been applied, with the signal defined according to
Egs. (5) and (6). The W™ Zjj channel exhibits features very
similar to the related W* Zjj mode, while its production
rates are always smaller by approximately a factor of 2,
which is due to the size of the parton distribution functions
of the dominant subprocesses for the respective production
modes. In Tables IX and X we therefore combine the
W*Zjjand the W~ Zjj channels to enhance the statistical
significance of the W*Zjj mode.

TABLE VIII. Cross sections (in fb) for the 7 + nj production processes, where n = 0, 1, 2, with m, = 172.5 GeV and my =
100 GeV, after different levels of selection cuts have been applied. Statistical errors in all cases are well below 1%.

Level of cuts 1t 1tj ttjj Sum (z7 + jets)
INCLUSIVE 13850.0 13260.0 1600.0 28710.0
INC. + VBF 1.967 131.4 95.3 228.667
INC. + LEP. 0.0490 3.02 24.34 27.4090
INC. + VBF + b VETO 0.915 38.57 24.57 64.055
INC. + VBF + CJV 1.967 35.82 5.41 43.197
-+++ b VETO 0.915 18.24 4.87 24.025

-+ + LEP. 0.000 844 0.0518 0.329 0.381 644

TABLE IX. Cross sections for the heavy Higgs boson signal and overall background for various channels (in fb) after all selection
cuts have been applied. Also listed are several ratios for signal and background rates together with the number of signal and
background events for an assumed integrated luminosity of 300 fb~! at the LHC.

Process o op S/B S/B S/JS+ B NM Nokga
ZZjj— 4Ljj 0.048 0.021 22 5.7 3.1 14 6
ZZjj— 212vjj 0.27 0.10 27 14.8 7.7 81 30
WHW~jj 0.51 0.78 0.6 10.0 7.8 153 234
W*Zjj 0.031 0.386 0.1 0.9 0.8 9 116
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TABLE X. Cross sections for the Higgsless Kaluza-Klein scenario and overall background for various channels (in fb), after all
selection cuts have been applied. Also listed are several ratios for signal and background rates together with the number of signal and
background events for an assumed integrated luminosity of 300 fb~! at the LHC.

Process o op S/B S/+/B S//S+ B N Nokga
W*Zjj 0.68 0.39 1.7 189 11.4 204 117
WHw~jj 0.40 0.78 0.5 7.9 6.4 120 234
ZZjj— 4djj 0.009 0.021 0.4 1.1 0.9 3 6
ZZjj— 202vjj 0.05 0.10 0.5 2.7 22 15 30

Considering the SM with a heavy Higgs boson as a
prototype for scenarios with a broad scalar, isoscalar reso-
nance, an indicator for the LHC sensitivity is provided by
the cross section enhancement in the ZZjj and W* W~ j;j
channels for VBF with my = 1 TeV. These two channels
provide excellent possibilities for the study of strongly
interacting gauge boson systems via scalar resonances;
see Table IX. Particularly encouraging is the signal rate
for the ZZjj — 2€2vjj mode. The absence of a significant
enhancement in the WZjj channel is a crucial factor in
identifying the isoscalar character of such a resonance.

A 50 statistical significance, defined here as S/ \/E =
5o, for a signal with a heavy Higgs boson can already be
obtained with an integrated luminosity of 240, 35, and
75 fb~!, respectively, for the ZZjj — 4€jj, the ZZjj —
2€2vjj, and the WH W~ jj processes. It should be noted,
however, that event rates for ZZ — 4 charged leptons are
very small, and Poisson significances would be substan-
tially smaller. W*Zjj production, with heavy Higgs boson
contributions entering via #- and u-channel exchange dia-
grams only, is hardly affected by the Higgs resonance. No
significant deviation from background is expected in this
channel for the heavy Higgs scenario.

In contrast, the warped Higgsless Kaluza-Klein model
with a tower of additional vector resonances can be studied
most easily via the W*Zjjand W* W~ jj modes, as shown
in Table X. In the W*Zjj channel, the first of the W,
resonances, W,, can be observed. Two Z, resonances,
which are difficult to disentangle, Z, and Z3, are accessible
in the W W~ jj process. A 50 statistical significance for
the Higgsless signal, calculated using the same formula as
in the heavy Higgs boson case, can be obtained with a
minimal integrated luminosity of 25 and 125 fb~!, respec-
tively, for the W=Zjj and the W W~ jj processes for our
choice of the model parameter R = 9.75 X 10~°. The two
ZZjj channels are much less sensitive to this model, since
in these production modes the W) Kaluza-Klein excitations
occur only in 7- and u-channel exchange diagrams. A
similar study for the W* W~ j;j channel in the context of
a Higgsless Kaluza-Klein scenario has been performed in
Ref. [77], yielding a signal significance of comparable size.

Altogether, a reasonable number of signal events can be
achieved at the LHC for an integrated luminosity of
300 fb~!; see Tables IX and X. Our cuts have considerably

reduced backgrounds, so that even a relatively small num-
ber of excess signal events should be observable. The
W=Zjj channel per se is not sensitive to a scalar resonance
like a 1 TeV Higgs boson. Similarly, the ZZjj mode is
barely sensitive to the W* KK mode. It is however the
combined analysis of all channels that eventually allows
one to select between the models as distinct realizations of
electroweak symmetry breaking.

In addition to the signal and background rates listed
above, we have studied various kinematic distributions
for each production process. Representative results are
presented in the following, with histograms corresponding
to the cross sections listed in Tables III, IV, V, VI, and VII.
Because of the large 17 + jets cross sections, the WY W~ jj
mode constitutes the biggest challenge. In Fig. 5(a), we
have shown the invariant mass distribution of the two
charged leptons in pp — W' W™ jj after the application
of general selection cuts. At this level of cuts, the 77 + jets
background was still sizable. If additionally all process-
specific cuts of Eq. (24) are imposed, the 7 + jets cross
sections can be further reduced, while the signal distribu-
tions are barely affected; cf. Figure 7(a).

In Fig. 7(b), the cluster transverse mass of the produced
W*HW~ system, defined by

MWW = [ (€0) + pH(ee) + [pp=[P
— [ﬁT(ge) + ﬁr]r}iss 2, (27)

is shown. Similar to the my, distribution, QCD and EW
VVjj backgrounds are small, and 7 + jets is well under
control. The Kaluza-Klein scenario we consider exhibits a
pronounced resonance peak, well above the backgrounds.
The heavy Higgs cross section is distributed more broadly
in mp(WW), but still well distinguishable.

The heavy Higgs scenario can also be well identified in
the ZZjj production modes, which are, however, less
sensitive to Kaluza-Klein resonances as discussed above.
Figure 8(a) shows the invariant mass distribution of the
four charged leptons in pp — ZZjj— 4€jj after all
process-specific selection cuts have been applied. The
impact of the heavy Higgs resonance is evident at m,, =
1000 GeV, where all backgrounds are small. The Kaluza-
Klein cross section exceeds the QCD and continuum EW
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results, but does not exhibit a characteristic resonance
behavior. The Higgsless model’s excess over the EW con-
tinuum can be understood from the absence of an isoscalar
exchange contribution to weak gauge boson scattering,
which in the SM enters with an amplitude of opposite
phase as the gauge boson exchange graphs. Another dis-
tinction can be observed in the invariant mass distribution
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ZZ7jj— 4€jj process after imposing all levels of cuts.
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system (b) for the pp — W+ W~ jj process after imposing all levels of cuts.

of the tagging jets displayed in Fig. 8(b). The excess events
from enhanced VBF production correlate with large dijet
invariant masses, while the QCD background mostly re-
sides at m;; < 1 TeV and rapidly falls off as m;; increases.

This behavior is completely independent of the gauge
boson decay, as illustrated by Fig. 9(a), where the m;;
distribution is shown for the ZZjj— 2€2vjj mode.
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Apparently, the shapes of the invariant mass distribution
are identical to the ZZjj— 4€jj case. The overall
normalization differs due to the Z — »v branching ratio
exceeding the one for Z— €*¢~. Figure 9(b)
illustrates the cluster transverse mass of the ZZ system in
the 2¢2vjj decay mode. Similar to the m, distribution in
pp — ZZjj— 44jj, the heavy Higgs cross section domi-
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nates over all backgrounds. However, the Higgs resonance
does not manifest itself in a pronounced peak, but is
smeared out over a large range in my(ZZ).

The most distinctive signatures of isovector Kaluza-
Klein excitations are observed in the W=Zjj mode, since
these heavy spin-one states contribute to resonant W=Z
scattering, which does not occur in scenarios with a scalar
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Cluster transverse mass distribution of the W Z system (a) and invariant mass distribution of the two tagging

jets (b) for the pp — W™ Zjj process after imposing all levels of cuts.
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Higgs boson. This is illustrated by Fig. 10(a), which shows
the cluster transverse mass distribution for the W*Zjj
case. The mp(WZ) distribution exhibits a characteristic
peak at about 700 GeV due to the impact of the first
massive Kaluza-Klein excitation W,. The QCD and EW
backgrounds as well as the heavy Higgs cross section are
smoothly distributed over m(WZ). As expected, the VBF
cross sections for the my = 100 GeV and the mpy =
1 TeV case are very similar, because the scalar Higgs
boson contributes to W™ Z scattering only via nonresonant
diagrams. Also for W* Zjj production, the invariant mass
distribution of the two tagging jets, as shown in Fig. 10(b),
shows the characteristic distinction between QCD back-
grounds and VBF processes. Shapes for W~ Zj j production
are almost identical to the W*Zj;j case and therefore not
displayed here.

In summary, signatures of a heavy Higgs boson scenario
as well as of Kaluza-Klein excitations should be observ-
able in gauge boson scattering processes at the LHC. While
an isoscalar resonance like a heavy Higgs boson manifests
itself most distinctively in the WFW~jj and the ZZj;
channels, a Higgsless scenario with isovector resonances,
such as the Kaluza-Klein model which we have consid-
ered, can be studied best in the W=Zjj channel. A multi-
variate analysis with full detector simulation might yield a
slightly different shape of the distributions and total rates.
However, our conclusions on the observability of strong
interaction signatures should remain valid.

V. CONCLUSIONS

The origin of electroweak symmetry breaking is still
unknown. While a perturbative Higgs sector with a light
SM-like Higgs boson is a preferred solution at present,
experimental tests are needed to probe other scenarios
where new strong interactions are responsible for the
weak gauge boson masses. With the luminosity and energy
available at the LHC the search for such scenarios becomes
feasible via studies of weak boson scattering as realized in
vector boson fusion processes.

We have performed a broad study of the possibility to
probe the strongly interacting electroweak symmetry
breaking sector in gauge boson scattering reactions leading
to ZZjj, W=Zjj, and W*W~ jj final states at the LHC,
using only leptonic decay modes. By performing full tree-
level simulations of the dominant backgrounds, at a level
where double forward jet-tagging acceptances can be reli-
ably calculated, we have established selection cuts which
allow one to isolate the strong weak boson scattering
signals. We have found that, for each of the models we
considered, an observable excess of events occurs in at
least one of the production modes, after three years of
running with an annual luminosity of 100 fb~!. As com-
pared to Ref. [19], higher signal rates for a SM-like 1 TeV
Higgs boson could be obtained with loosened leptonic cuts

PHYSICAL REVIEW D 80, 035027 (2009)

by tagging two jets of high transverse momenta. Defining
such high acceptance signal regions for the various vector
boson fusion channels and providing realistic background
estimates in these regions was a second goal of our work.
These results can now be used for further studies, be it of
other scenarios for weak boson scattering, for the assess-
ment of higher order QCD corrections, or for refinements
such as improved central jet veto techniques. We should
stress that our analysis has been conservative, as a central
jet veto offers promising prospects for a further enhance-
ment of the signal-to-background ratio. From related stud-
ies on pp — Z + 2jets and pp — H + 2jets [78,79] one
expects additional suppression of the QCD backgrounds by
about 70%, while around 90% of the VBF signal are
retained when a central jet veto is imposed.

In the search regions defined in Sec. IIl, ignoring im-
provements from a central jet veto on the QCD back-
grounds, even the SM light Higgs scenario yields weak
boson fusion signal cross sections which are of the same
order as the QCD backgrounds, with signal-to-background
ratios of 1:1 for ZZjj final states, 1:2 for the higher
statistics WZjj mode, and 1:3 for W*W~jj. With ex-
pected statistical samples of 36, 116, and 234 signal plus
background events, respectively, in 300 fb~! of data, an
increase of the VBF cross section by a factor of 2 in any of
these channels should be observable at the LHC. Our
conclusions are thus valid beyond the details of the models
considered and will certainly apply to any scalar or vector
resonances of sufficient size but general peak location.

Should a light Higgs boson be found rather than first
signatures of strong gauge boson interactions, the precise
measurement of event rates at high invariant mass is essen-
tial to ensure that the Higgs boson indeed cures the bad
high energy behavior of gauge boson scattering processes
as predicted by the SM. Given the results mentioned above,
a measurement of the high vector boson pair invariant mass
cross section in several vector boson fusion channels, with
a statistical accuracy of order 30%, seems possible after
several years of LHC running. Improvements on this result
appear feasible, in particular, with a more realistic calcu-
lation of central jet veto acceptances for QCD-induced
background events, which make use of the elevated level
of central soft gluon radiation in such events. We leave
such refinements to future work.
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