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ABSTRACT: We discuss the signatures of a representative Higgsless model with ideal fermion
delocalization in vector-boson fusion processes, focusing on the gold- and silver-plated
decay modes of the gauge bosons at the CERN-Large Hadron Collider. For this purpose,
we have developed a fully-flexible parton-level Monte-Carlo program, which allows for the
calculation of cross sections and kinematic distributions within experimentally feasible
selection cuts at NLO-QCD accuracy. We find that Kaluza-Klein resonances give rise to
very distinctive distributions of the decay leptons. Similar to the Standard Model case,
within the Higgsless scenario the perturbative treatment of the vector-boson scattering
processes is under excellent control.
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1 Introduction

The mechanism of electroweak symmetry breaking remains one of the most important issues
to be addressed at the CERN Large Hadron Collider (LHC). Even though the Standard
Model (SM) accounts extraordinarily well for many measurements, the postulated Higgs
mechanism could not yet be verified experimentally. Moreover, the SM exhibits various
theoretical caveats that have led to a plethora of alternative models of electroweak sym-
metry breaking (EWSB). One of the flaws of the SM that is considered to be seminal to
a more fundamental theory is the so-called “hierarchy problem”, which is tantamount to
the radiative instability of the scalar Higgs boson’s vacuum expectation value v in the SM.
The interpretation of the observed hierarchy v < Mp; between the scale of EWSB and the
four-dimensional Planck scale Mglz‘l in terms of additional, compactified dimensions has
lead to the renaissance of theories with extra compactified dimensions [1-3]. In particular,
the Randall-Sundrum RSI scenario equipped with a bulk gauge group SU(2);, x SU(2)g x
U(1)p—L, along with its dual interpretation driven by the AdS/CFT conjecture [4] allows
for consistent gauge symmetry breaking by boundary conditions, without relying on scalar
relics in the particle spectrum, yet being consistent with electroweak data [5, 6] to leading
order. These minimal models of EWSB suffer, however, from a tension between high-scale
partial wave unitarity and consistency with precision electroweak data [7-9].



Crucial to the consistency with measurements of the oblique corrections to leading
order, that is mainly the, typically O(1), positive size of Technicolor-like theories’ S pa-
rameters, is that light fermions added to the theory have to be allowed to propagate into
the bulk with small to vanishing couplings to the non-SM states of the Kaluza-Klein (KK)
gauge tower [10]. This leads to a suppressed production of Kaluza-Klein states by Drell-
Yan processes, and strongly motivates vector-boson fusion (VBF) reactions as possible
discovery channels for the non-SM resonances. Because of the dimensionful couplings of
the higher-dimensional gauge theory, the model is valid only up to a scale set by Naive
Dimensional Analysis [11].

The compactification of the additional dimension in bulk-gauged Randall-Sundrum
models results in an infinite tower of neutral as well as charged weak boson states, due
to the quantization of momenta along the compactified dimension. This constitutes a
phenomenologically striking implication of the scenario: The appearance of spin-one reso-
nances in VBF processes with three-leptons-plus-missing transverse momentum p_, in the
final state is in sharp contrast to the SM as well as to general two-Higgs doublet models,
where resonances are heavily suppressed by the absence of charged Higgs couplings to weak
bosons and by the smallness of the couplings of (pseudo-)scalar Higgs bosons to the exter-
nal quarks. Together with massive excitations of the neutral gauge bosons, this leads to
interesting phenomenological implications at the LHC, which have been studied in [12, 13].

Not addressing the pending model-building provisos, we consider this minimal model
as a prototype of a perturbatively calculable scenario of dynamical EWSB with iso-vector
resonances. This allows us to generically access the phenomenological implications of com-
posite vector excitations, and to examine the impact of QCD corrections on their produc-
tion in VBF. This is straightforwardly done by employing the parton-level Monte Carlo
program VBFNLO [14], which features the calculation of cross sections and differential dis-
tributions of VBF processes at NLO-QCD accuracy. Due to the modular implementation
of the QCD corrections, VBFNLO can be easily adapted for the study of the VBF phe-
nomenology of non-standard models of EWSB. The present study provides an example for
such an implementation of non-SM effects.

The article is organized as follows: The theoretical aspects of the Warped Higgsless
model relevant for our analysis are sketched in section 2. For a more thorough review, we
refer to the literature, e. g. ref. [7]. We discuss the mass spectra and couplings used for our
numerical study, justify the approximations made, and give details on the implementation
of the Kaluza-Klein excitations into VBFNLO. In section 3, tree-level results are presented
for the production modes WHW=jj, W*Zjj, and ZZjj, including off-shell and finite width
effects of the gauge boson decays for different Kaluza-Klein mass scenarios. In section 4 we
discuss the impact of the dominant NLO-QCD corrections on the phenomenology of the
considered Higgsless model. More details on the model can be found in the appendix.

2 Warped Higgsless Kaluza-Klein scenario

In this work, we consider a Warped Higgsless model which is a SU(2), x SU(2), x U(1)
bulk-gauged version of the RSI scenario of ref. [3]. In this model, the gauge theory is
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Figure 1. Sketch of the Higgsless model’s symmetry breaking pattern [5].

defined on a slice of a five-dimensional Anti-de Sitter space (AdSs) with metric

R2
ds® = el (gudatda” — dy2) , (2.1)

where x denotes the coordinate of the ordinary four dimensions and y the coordinate along
the extra dimension. Neglecting heavy-flavor contributions, X can be identified as baryon-
minus-lepton number, B — L. We focus on a scenario with identical couplings for the
SU(2), and SU(2) ; subgroups in five dimensions, gs 1, = g5,r = g5. The extra dimension is
compactified on an interval, R < y < R/, and bounded by two branes, which are referred to
as Planck (UV) and TeV (IR) brane, respectively. The symmetry breaking pattern of the
scenario is depicted in figure 1: The SU(2)  x SU(2), x U(1) x gauge symmetry is broken on
the Planck brane to the electroweak group SU(2); xU(1)y. Electroweak symmetry breaking
takes place on the TeV brane, reducing SU(2), x SU(2) to SU(2), where D denotes the
diagonal subgroup. Restricting y to a finite interval, the gauge sector of the effective four-
dimensional theory contains a Kaluza-Klein tower of W,;t and Zj, bosons of mass myy, and
mgz, , respectively, and a massless mode Z;—y to be identified with the photon. The first
massive modes are labeled by k = 1 and are interpreted as the W= and Z bosons of the SM.

Relations between the couplings and masses of the Kaluza-Klein resonances and the
SM gauge bosons can be derived from constraints on the high-energy behavior of longitu-
dinal SM gauge boson scattering. In the absence of a Higgs boson, the corresponding SM
scattering amplitudes grow with energy, thus violating unitarity at energies beyond about
1.2 TeV. In Higgsless models, this deficiency is cured by the following sum rules on the
various masses and the triple and quartic gauge boson couplings,

2
gWw Wy wiw, = Zgwlwlzka (22)
k>0
2 2 2
4mW1.gW1W1W1W1 = 3ZmZkgW1W12k ) (2'3)
E>1
2
IWAW1Z1Z1 = ZngV[tha (2'4)
E>1
2 2 2
2 2 2 2 (mz, —myy,)
2(m21 + mwl)gwlwlzlzl = Zngwlzl <3ka - 1m2 - : (25)
k>1 Wi



These constraints follow from the orthogonality and completeness of the gauge bosons’
wave functions along the y direction [5, 12| and from requiring gauge invariance in five
dimensions. Relations for the remaining gauge boson couplings are determined by the
U(l)QED gauge symmetry and orthogonality of the Kaluza-Klein wave functions along
the extra dimension.

Being an effective theory, the model described is valid only up to a cut-off scale of
order several TeV. Kaluza-Klein states with a mass comparable to this cut-off are therefore
sensitive to the UV completion of the model [5]. In addition, the UV sector gives rise
to non-renormalizable operators in the effective Lagrangian, which are suppressed at low
energy. The exact form of these operators depends on the UV completion of the model,
which is beyond the scope of this work. Our choice of truncation scheme corresponds to a
specific choice of the effective Lagrangian.

We find that the phenomenology of the considered processes in the fermiophobic limit
is entirely determined by the first non-SM Kaluza-Klein state whose mass is well below
the UV cut-off over the considered parameter range. Outside this resonance region the
Higgsless model shows little deviations from the SM thus signifying negligible contributions
from extra effective Lagrangian terms.

2.1 Mass spectrum of the Kaluza-Klein states

Interpreting the k = 1 excitations of the charged Kaluza-Klein tower as the W bosons
of the SM fixes the location of the IR-brane as a function of the WljE mass and the UV-
brane location. This leaves the W,;t mass spectrum entirely determined, once the UV brane
location R is fixed. The coupling of the unbroken gauge group’s massless state Zj to these
Wli bosons is identified with the QED coupling

gw w2z, = €.

We choose the gauge kinetic terms to be normalized canonically. This yields a relation
between g5 and the U(1)x coupling g5 (cf. appendix A),

2~2
2 _ 9595 '
(2g2 + g2)Rlog(R'/R)

The mass of the SM Z boson, identified with the first massive, neutral Kaluza-Klein state,
eventually fixes the absolute values of the couplings g5 and g5 as functions of R. Thus, the
neutral gauge bosons’ mass spectrum is fully determined as a function of R, see figure 2.

The mass spectrum exhibits characteristic features, due to the mixing of the gauge
fields by the chosen set of boundary conditions. The states can be classified in two cat-
egories: First, Kaluza-Klein states that arise mostly from the Planck-brane located sym-
metry breaking pattern along with a massive excitation of the photon, such as the states

(W;, Zy, Z3). Second, states following from TeV-brane located symmetry breaking analo-
gous to the SM, like (W?)i, Zy). These states can be considered as Kaluza-Klein excitations
of the Standard Model gauge bosons — in contrast to states that follow from Planck-brane
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Figure 2. Massive Kaluza-Klein Z;, and W}, states (a) as functions of the Planck brane localization
R and (b) couplings of the Kaluza-Klein W= states to the SM modes, normalized to the SM value of
the WTW ™~ Z coupling, for a Kaluza-Klein spectrum with the mass of the lowest non-SM excitation
being my, = 700 GeV. Circles indicate the TeV-brane related states, squares refer to the Planck-
brane related states.

located symmetry breaking. For the latter, the weak Z state is lighter than the correspond-
ing W¥ state, so that no electroweak mixing angle analogon to the SM can be defined for
these excitations.

The difference between Planck-brane and TeV-brane related Kaluza-Klein states is also
visible in the structure of their couplings to the SM gauge bosons, sketched in figure 2.
The circles in figure 2 refer to the TeV-brane related Kaluza-Klein states, while the squares
indicate the couplings of the Planck-brane excitations. Obviously, low excitations couple
to the SM bosons more strongly than high-mass states, implying rapid convergence of the
sum rules, egs. (2.2)—(2.5). According to our choice of gauge couplings, the model is fixed
by the single parameter R. Matching gw,w, z, = e results in an R dependence of gy, w,z, -
The latter deviates from the SM value by less than 2% in the considered parameter range
R <1077 GeV ™! [10], which is compatible with LEP2 data [15].

2.2 Implementation into the Monte Carlo program Vbfnlo

The calculation of the Feynman diagrams contributing to the production of four leptons
plus two jets via VBF in Warped Higgsless models is performed in complete analogy to the
SM case presented in ref. [16] and implemented in the parton-level Monte Carlo program
VBFNLO [14]. We consider pp — etvepu™ 0,57, pp — e vep ™ jj, and pp — e vept ™ jj
via VBF, which for simplicity are referred to as WTW ~jj, W+Zjj, and W~ Zjj produc-
tion, respectively, and VBF ZZjj production with subsequent decay of the Z bosons into

Te~putpTjj, or into two charged leptons and two neutrinos,

four charged leptons, pp — e
pp — et e v,17,55. The structure of the calculation is illustrated by means of the WW ™~ jj

mode in the following. The VBF WZjj, W~ Zjj, and ZZjj channels are tackled in a



Figure 3. Feynman-graph topologies contributing to the Born process uc — ucetvep v, in the
WFW =355 channel.

very similar manner.

The Feynman diagrams contributing to pp — e vep7,jj can be grouped into six
topologies, which are sketched in figure 3 for the uc — uce®vep~ v, sub-process. The first
two groups correspond to the emission of the external W and W~ bosons from the same
(a) or different (b) quark lines. The remaining topologies are characterized by so-called
“leptonic tensors” T{,J‘Vﬁ Vs Tg/ﬁ Ver Lf}%, and I'{;, which describe the tree-level amplitudes of
the sub-processes W~V — p 0, WV — e, VV — et vy, and V — etvep 1,
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Figure 4. Representative diagrams contributing to the scattering amplitude L% of figure 3 (e)
that describes the SM tree-level sub-process ZZ — e*veu~ 1, with the Z bosons carrying tensor
indices v and (3.

respectively. In each case, V stands for a virtual photon or Z boson, and «, (3 are the
tensor indices carried by the vector bosons. For each gauge boson with momentum ¢, mass
m, and width I, the leptonic tensors include a propagator factor 1/(¢?> —m? + imI'). The
explicit structure of one of these leptonic tensors is depicted in figure 4, which shows some
Feynman diagrams contributing to L?‘//‘s/ within the SM.

Since the leptonic tensors parameterize all interactions in the gauge boson sector, they
can easily be generalized from the SM to a model including different gauge boson interac-
tions. In particular, the Kaluza-Klein scenario we consider is consistently accounted for by
adapting the gauge boson couplings entering T{/){/ﬁ Vo T‘?‘Vﬁ Vier L?f‘a/, I'Y;, and complementing

the Feynman diagrams contributing to L?f‘;/ The actual modification proceeds in two steps:

1. All relevant couplings, masses and widths of the Kaluza-Klein model are calculated
from the input parameters mz,, my,, and R according to eqs. (A.4)—(A.8) in ap-
pendix A. Given the convergence of the sum rules, egs. (2.2)—(2.5), the Kaluza-Klein
spectrum is cut at £k = n. This procedure amounts to an explicit breaking of the
higher-dimensional gauge invariance. In order to maintain a reasonable high-energy
behavior, the effect of neglecting the higher excitations is balanced by re-defining
the quartic vertex coupling and the coupling of the n-th Kaluza-Klein mode to the
SM bosons via the sum rules, egs. (2.2)—(2.5). For the phenomenological studies of
sections 3 and 4, states up to Wy and Z1¢ are included. The results have been found
to be stable with respect to changes in n.

2. The leptonic tensor L{'}Q, for the VV — WTW ™ sub-amplitude of figure 3 (e) is
extended by Kaluza-Klein exchange contributions, while the Higgs contribution of
figure 4 (a) is dropped. In figure 5 the extra diagrams for the ZZ — WHTW ™ sub-
process are depicted.

Finite-width effects in massive vector boson propagators are treated by means of a modified
version of the complex mass scheme throughout [17, 18]: Vector-boson masses m? are
globally replaced with m? — imI, while a real value of sin® 8y is retained.

For VBF W W ™4 production, contributions from anti-quark initiated ¢-channel pro-

cesses such as uc — ucetvepu~ v, or u¢ — uc et v~ v, which are obtained by crossing the
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Figure 5. Diagrams contributing to the sub-process ZZ — e*v.pu~ 7, in the context of the Warped
Higgsless model.

quark-quark scattering diagrams shown above, are fully taken into account. In the same
way, u-channel exchange diagrams are considered, which occur for diagrams obtained by in-
terchange of identical initial- or final-state (anti-)quarks, such as in the uu — vuetvep~v,
sub-process. However, interference effects of ¢-channel with u-channel diagrams are ne-
glected, as well as s-channel exchange diagrams which comprise the decay of a time-like
vector boson into a pair of jets. In the phase-space regions where VBF can be observed ex-
perimentally, with widely separated jets of large invariant mass, the impact of the neglected
contributions is very small [19].

While the amplitudes for VBF WTW 34, W Zjj, W~Zjj, and ZZjj production
have been implemented in VBFNLO for specific input parameters of the Warped Higgsless
model described above, the program may also be used in combination with externally
calculated masses, couplings, and widths interfaced to VBFNLO.

2.3 Impact of the fermion sector

For the model being consistent with measurements of the oblique corrections it is necessary
to let the fermions be spread out in the bulk with a profile that minimizes their interaction
with the Kaluza-Klein towers [10, 20]. This allows for small contributions to the S param-
eter and small couplings of the light fermions to the non-SM Kaluza-Klein gauge bosons.
Existing bounds on the 7 parameter further impose R < 10~"GeV~!. For VBF processes
these contributions are at least suppressed by roughly [10]

gffzggwlwlzg mQZ

2

5 <107t
9sm my,

The error induced by neglecting the fermion interactions with the Kaluza-Klein gauge-
boson sector in VBF should thus be negligible as compared to the uncertainties stemming
from the dependence of the respective cross sections on factorization and renormalization
scales and higher order corrections to be discussed below. We therefore disregard these
fermion effects in the following. Consequently, all non-SM physics is encoded in the gauge
sector. We calculate the widths of the Kaluza-Klein excitations from their decays to the
lower lying states, following [12]. The considered model may thus be regarded as a type of
the “Higgsless-top Higgs scenario” of ref. [21], which avoids inconsistencies in the heavy-
quark sector [22, 23].
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Figure 6. Invariant mass distribution of the four leptons in pp — eTveu~7,jj for the cut set-up
of section 3 with an additional cut of my s > 500 GeV. The vertical solid lines mark the Kaluza-
Klein Zj, resonances in the s-channel of the gauge-boson scattering sub-process VV — WTW .
The uppermost Zj resonance we have taken into account is enhanced as a consequence of balancing
the sum rules (2.2), (2.3).

Entirely neglecting the fermion interactions with the Kaluza-Klein gauge bosons in
principle leads to a residual growth of the VBF amplitude resulting from processes such as
WtZ — etv, or Z,y — eTvepu i, as a consequence of the modification of the Wi W, Z;
coupling from its SM value [24]. This amounts to explicitly violating gauge invariance when
the first Kaluza-Klein modes, identified as the W= and Z bosons of the SM, are coupled
to fermions with SM strength in the leptonic tensors T{/D{/ﬁ % M,T‘?‘Vﬁ Ve and I'{, of figure 3.
In a fully consistent model these effects would be mended by respective contributions
from a modified fermion sector, coupling to the Kaluza-Klein gauge bosons. In figure 6 we
compare the high-energy behavior of a Kaluza-Klein model with R = 9.75x 10~ to the SM
prediction for W W ~jj production. With my = 120 GeV and myy+y- > 130 GeV, the
SM scenario is considered as prototype of a fully unitarized model without a visible Higgs
resonance. Even at large invariant masses, no significant enhancement over the SM results
occurs in the Kaluza-Klein distribution, which we take as an a posteriori justification of
the method laid out above. The small change in the coupling induced by the Kaluza-Klein
excitations leaves the overall gauge cancellations unaffected in practice. The visible excess
over the SM estimate at high values of my+y/- results from a residual logarithmic growth
of the VV — WTW = sub-amplitude at invariant masses large compared to the first Kaluza-
Klein resonance [10, 25]. Figure 6 furthermore illustrates that a discovery of Kaluza-Klein
Z, states with k£ > 3 (let with k& > 2) is impossible in the considered VBF processes.

3 Vector boson scattering at the LHC

In this section we briefly discuss the phenomenological implications of the Warped Higgsless
model described in section 2. We closely follow the discussion of ref. [16]. For a more thor-



scenario | R [GeV~!] | mw, [GeV] | mz, [GeV] | mz, [GeV]
A 9.75 x 107 700 695 718
B 10~19 1190 1187 1200

Table 1. Parameters of the Warped Higgsless Kaluza-Klein scenarios used in the simulation.

process SM | KK (A) | KK (B)
WHW~— — etvep v, | 1.695 | 2.28 2.03
WtZ — etvepTp~ | 0.184 0.35 0.24
W~Z — e veptpu~ | 0.102 0.19 0.13
727 —ete vy, 0.132 | 0.17 0.16
Z7Z —ete putu~ 0.04 0.06 0.06

Table 2. Cross sections (infb) for various V'V jj production processes in the SM and the Warped
Higgsless Kaluza-Klein scenarios of table 1 within the cuts of egs. (3.1)—(3.7). For the SM predic-
tions, additionally eq. (3.8) has been imposed. Statistical errors are below 0.1%.

ough study of the discovery potential including a dedicated cut analysis, we refer to ref. [13].

Throughout, we use the CTEQ6M parton distributions [26] with as(mz) = 0.118 at
NLO, and the CTEQ6LI set at LO. We choose mz, = 91.188 GeV, my, = 80.423 GeV and
Gr = 1.166 x 107° GeV 2 as electroweak input parameters and derive aqgp and sin 0,, via
SM tree-level relations. Jets are recombined from the final state partons via the kr algo-
rithm [27] with resolution parameter D = 0.8. We apply inclusive VBF cuts, requiring at
least two jets of large transverse momentum, which are referred to as “tagging jets”, with

p?% > 20 GeV. (3.1)
All jets need to lie in the rapidity range accessible to the detector,
Inj| < 4.5, (3.2)

and are reconstructed from massless partons of pseudorapidity |n| < 5. The visible decay
leptons are supposed to be hard and located at central rapidities,

pre > 20 GeV, me| <2.5. (3.3)

They are furthermore required to be well-separated from each other and from the jets,

ARy >02,  ARj > 0.4, (3.4)

where ARy is the lepton-lepton and AR, the jet-lepton separation in the azimuthal angle-
pseudorapidity-plane. Via the ARy cut, collinear singularities from the virtual photon
decay v — £/~ are avoided. We impose a large rapidity gap between the tagging jets

and demand that they be detected in opposite detector hemispheres,

tag

t
Anjj = [0 =08 >4, 7 x <0, (3.5)

,10,



with a large invariant mass,

tag
m;% > 600 GeV. (3.6)

In addition, the leptons are required to fall into the rapidity gap between the two tag-
ging jets,

. t t t t
min{n;;%, 7,75} < ne < max{n;'*, 0%} (3.7)

If not specified otherwise, factorization and renormalization scales, ugr and up, for the
upper and lower fermion lines are set equal to the momentum transfer ) carried by the
vector boson attached to the respective quark line in VBF graphs as in figure 3 (e) [16]. At
tree-level, we include detector-resolution effects based on Gaussian smearing of the events
according to [28, 29] throughout.

As representative Warped Higgsless models, we consider the two Kaluza-Klein spectra
sketched in table 1. Scenario A corresponds to a relatively light Kaluza-Klein spectrum,
which postpones unitarity violations in gauge boson scattering reactions to an energy range
of several TeV. In scenario B, the location of the Planck brane is identified with the fun-
damental scale of the RSI model, R = 10719 GeV~! ~ 1/Md? ~ 1/]\4&:5’13”817 with a
partial wave unitarity violation scale of about 2.8 TeV. For reference, we also compute SM
predictions, setting my = 120 GeV and

myy > 130 GeV . (3.8)

Leading order (LO) cross sections for various SM and Kaluza-Klein V'V jj production
processes are listed in table 2 within the selection cuts of egs. (3.1)—(3.7). For the SM pre-
dictions, we additionally imposed eq. (3.8). The process-specific features of the individual
VBF channels are discussed in the following.

3.1 W*Wjj production

In the energy range accessible at the LHC, the W W ~jj channel is sensitive to the two
Kaluza-Klein resonances Z, and Z3. Irrespective of the details of the Kaluza-Klein spec-
trum, production cross sections are considerably enhanced with respect to the SM, cf.
table 2. In scenario A, the wave functions of the Z5 and the Z3 excitation are very similar.
Thus, they contribute almost equal shares to the sum rules of egs. (2.2)—(2.5), and have
approximately equal couplings to the Wli bosons. For the heavier Kaluza-Klein spectrum
of scenario B, the couplings are controlled by the sum rule of eq. (2.3), so that Z3 couples to
the SM modes more weakly than the first excitation. In particular, the coupling gw,w, z,
of scenario B amounts to only 57% of gw,w,z, in scenario A. Together with the decreased
phase-space available, this leads to smaller cross sections for the heavier Kaluza-Klein mass
spectrum than for the light scenario. A heavy particle in the s-channel of the leptonic ten-
sor L affects the angular correlations of the visible leptons such as the azimuthal angle
between the two charged leptons shown in figure 7 (a). The leptons tend to be back-to-back
as they undergo large boosts resulting from the large momenta of the W* bosons in the
Kaluza-Klein Zj, rest frame. Accordingly, the leptons are somewhat harder than in the SM
case, which is balanced by the slightly softer jet-pr spectrum, cf. figure 7 (b).

— 11 —
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Figure 7. Azimuthal angle distribution of the two decay leptons (a) and transverse momentum
distribution of the hardest jet (b) for pp — WTW~jj. Shown are predictions for the SM (red,
solid), and for the two Higgsless scenarios A (blue, dashed) and B (green, dot-dashed).

3.2 ZZjj production

In the absence of a Higgs boson in the particle spectrum, ZZ — ZZ scattering does not
occur at tree-level. Consequently, the ZZjj channels are rather insensitive to the choice
of R and the corresponding Kaluza-Klein mass spectrum, as W,;t excitations enter only
via t-channel exchange contributions in WTW~ — ZZ sub-amplitudes. Indeed, the LO
Z 7 jj production cross sections listed in table 2 are comparable for the two scenarios of
table 1. Nonetheless, larger cross sections are obtained in Higgsless models than in the SM
due to the lack of scalar Higgs boson exchange diagrams. In the SM, such contributions to
WHW~ — ZZ scattering differ in sign from pure gauge boson exchange terms and thus
cause a decrease of the full scattering amplitude.

In figure 8 (a) this feature is illustrated by the invariant mass distribution of the decay
leptons in the pp — ZZjj — 4£jj channel, which is slightly larger in the Warped Higgsless
scenario than in the SM, but very similar in shape. In contrast, the lego-plot separation of
the two charged leptons in pp — ZZ5j — %pT jj, shown in figure 8 (b), changes shape as
well, tending to lower values in the Kaluza-Klein model than in the SM.

3.3 W*Zjj production

For distinguishing the Warped Higgsless scenario from other models of electroweak sym-
metry breaking, the W*Zjj channels with their striking resonance structure are most ap-
propriate. In the following, we focus on the W Zjj mode. The W~ Zjj channel exhibits
distributions of very similar shape [13], but an approximately 50% smaller cross section
(cf. table 2), due to the size of the parton distribution functions entering the dominant
sub-process cross sections.

Because of the invisible neutrino in the final state, the invariant mass of the W*Z

system cannot be fully reconstructed. However, the mass of the Kaluza-Klein resonance
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Figure 8. Invariant mass distribution of the four decay leptons in pp — ZZjj — 4¢55 (a) and ARy,
separation of the two charged decay leptons in pp — ZZj5 — %pT jj (b). Shown are predictions
for the SM (red, solid) and for the Warped Higgsless scenario A of table 1 (blue, dashed).
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Figure 9. Transverse cluster mass distribution (a) and transverse momentum distribution of the
hardest tagging jet (b) for pp — W Zjj. Shown are predictions for the SM (red, solid), and for
the two Higgsless scenarios A (blue, dashed) and B (green, dot-dashed).

can be deduced from the Jacobian peak in the transverse cluster mass, defined by [30]

m(W2Z) = (/P W0+ 5r (007 + lpy ) — (Gr(eeo) + fy)? (3.9)

We depict mp(W Z) in figure 9 (a) for the SM and the two Kaluza-Klein mass spectra of
table 1. For both parameter choices, the W; excitation manifests itself in a pronounced
resonance peak, which clearly distinguishes these scenarios from the SM.

In contrast to the previously discussed WHW ~jj and ZZjj channels, in the W*Zjj
mode Kaluza-Klein resonances cause sizeable modifications of the jet distributions. The
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the two Higgsless scenarios A (blue, dashed) and B (green, dot-dashed).

transverse momentum distribution of the hardest tagging jet, shown in figure 9 (b), peaks
at smaller values of p?ﬁ in the Higgsless scenarios than in the SM. At the same time, the
rapidity differences of the tagging jets, |77;.‘?g — n;jg|, depicted in figure 10 (a), and of the
tagging jets and the charged leptons, |77;Eng — 1|, are shifted to larger values. This is due
to the leptons being produced slightly more centrally because of the small boost of the
VV2Jr resonance. The charged leptons, on the other hand, tend to be closer to each other,

resulting in smaller values of ARy, cf. figure 10 (b).

4 Impact of NLO-QCD corrections

Including the unbroken QCD gauge group SU(3)¢ in the bulk of the Warped Higgsless
model yields testable predictions [7] beyond the electroweak sector: As a consequence of
the unbroken gauge symmetry in the four-dimensional effective theory, gluonic excitations
in the TeV range emerge. However, in the kinematic regime of gauge boson scattering at the
LHC, the impact of the first massive gluonic excitation is negligible. It is thus reasonable
to disregard contributions from massive Kaluza-Klein gluons when contemplating QCD
corrections to weak boson scattering processes in the context of Higgsless models. Within
this approximation, NLO-QCD corrections to VBF in Higgsless models can be determined
in complete analogy to the SM [16]. Doing so, we treat QCD as entirely decoupled from
the strongly interacting sector that breaks the electroweak symmetry.

VBF processes are characterized by a particularly simple QCD structure due to the
color-singlet nature of the gauge bosons exchanged in the ¢-channel. This feature is not
spoiled by the inclusion of Kaluza-Klein excitations in the leptonic tensors of the gauge-
boson scattering sub-amplitudes. The form of the NLO-QCD corrections to VBF in Warped
Higgsless models is thus identical to the SM and can readily be adapted from ref. [16]. We
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Figure 11. Representative diagrams contributing to the real emission (a) and the virtual correc-
tions (b) to uc — ucetvpu~v,. The shaded area contains different intermediate states.

employ the dipole subtraction formalism [31], which requires the computation of real emis-
sion and virtual corrections to the Born amplitude Mp, and of counter terms to absorb
singularities which emerge in intermediate steps of the calculation. The calculation is per-
formed in the dimensional reduction scheme [32] in d = 4—2¢ dimensions. The real emission
contributions are obtained by attaching an extra gluon to the (anti-)quark initiated Born
processes in all possible ways (e.g. uc — ucg et vepu~ v, see figure 11 (a)) and furthermore
including channels with a gluon in the initial state, such as g¢ — wiucetvepu 7,. For the
virtual contributions, triangle, box, and pentagon corrections to either the upper or the
lower quark line have to be considered. An exemplary class of diagrams has been depicted
in figure 11 (b). Graphs with a gluon attached to both the upper and the lower quark line
vanish at order ay since they do not interfere with the color-singlet Born amplitude, within

our approximations. Upon summing all virtual corrections, we find

2 €
2 Re [My M| = [Mp|2 22UR) o, <%> T(1+e)

2 Q?
2 3 v
[_6_2 - + ) —7] + 2Re My ME], (4.1)

where Cp = 4/3, and Mvv is a completely finite remainder. The poles in the virtual
contribution are canceled by respective singularities in the phase-space integrated counter
terms. For the evaluation of the five-point tensor integrals entering Mvv, we resort to
the procedure of ref. [33]. Two-, three- and four-point tensor integrals are evaluated by a
standard Passarino-Veltman reduction [34].

With the NLO-QCD corrections being of exactly the same form as in the SM, the
implementation of the Warped Higgsless model into the framework of VBFNLO is rather
straightforward: the same leptonic tensors can be used for the O(a;) corrections and the
LO calculation and these leptonic tensors fully contain the BSM effects. VBFNLO allows
for the computation of cross sections and arbitrary infrared-safe distributions at order
O(abay) accuracy within experimentally feasible selection cuts in the same manner as the
LO version of the program.

Since the signatures of the Higgsless models we consider are most distinctive in the
W=*Zjj channel, we study NLO-QCD corrections for this production mode within the
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Scale p o0 [fb] | oNEO [fb] | K factor
(mw +mz)/2 | 0.359 0.355 0.989
Q 0.349 0.356 1.020
mw, 0.283 0.346 1.223

Table 3. Cross sections and K factors for W+ Z;jj production in the Warped Higgsless sce-
nario A of table 1 within the cuts of egs. (3.1)—(3.7) for different choices for the factorization and
renormalization scales. The statistical errors are below 0.5%.
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Figure 12. LO (black dashed line) and NLO (red solid line) distribution of the transverse cluster
mass of the W7 system (left panel) in the Warped Higgsless scenario A of table 1 and differential

K factor (right panel). Scales are set to ugp = ur = Q.

settings of section 3 as an example. The impact of the NLO contributions in the Kaluza-
Klein scenario turns out to be comparable to the SM [16]. To quantify the size of the
NLO-QCD corrections, we consider the differential K factor

dO’NLO dO’LO
K(0) =< /do' (4.2)

In [16] it was pointed out that in the SM a suitable choice of the factorization scale pp can
help in obtaining LO shapes which closely resemble the NLO predictions for VBF processes.
In particular, choosing pur = @ was found to result in LO distributions very similar to the
NLO predictions and yield K factors close to one. NLO results, on the other hand, are
barely sensitive to the scale choice. This feature remains unaffected by the inclusion of new
interactions in the color-neutral gauge boson sector as in Warped Higgsless models, and is
thus present also in the scenario we consider, independently of the actual mass spectrum
of the underlying Kaluza-Klein tower. To better illustrate the scale dependence of the LO
and NLO results, table 3 gives cross sections and K factors for the Kaluza-Klein scenario
A of table 1 within the cuts of egs. (3.1)—(3.7) for different choices of the factorization
scale. The renormalization scale g, which enters only at NLO, is taken to be equal to the
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Figure 13. LO (black dashed line) and NLO (red solid line) distribution of the tagging jet with
the largest transverse momentum (left panel) in the Warped Higgsless scenario A of table 1 and
differential K factor (right panel).

factorization scale (= pup = pgR).

While beyond LO the difference in the results due to residual scale dependences is below
3%, at LO a suitable choice of p is crucial to minimize the impact of higher order corrections.
The K factor turns out to be largest for the choice p = myy,, where the NLO corrections
amount to about 22% of the LO cross section. For p = @, the LO result best approximates
the NLO prediction. With this setting, the shape of distributions barely changes when
going from LO to NLO. This is illustrated by figure 12, which shows the transverse cluster
mass of the W17 system in the Kaluza-Klein scenario at LO and NLO together with the
differential K factor. The pronounced resonance behavior of the distribution is retained,
with NLO corrections amounting to at most 5% in the considered range of mp(WZ2).
Slightly larger shape distortions are found for the transverse momentum distribution of the
hardest tagging jet, depicted in figure 13. At low transverse momenta, NLO corrections of
up to 20% are obtained. These are mostly due to the radiation of an extra parton in the real
emission contributions, which carries part of the overall transverse momentum available in
the reaction. This behavior is completely analogous to the SM case, cf. ref. [16].

In summary, NLO-QCD corrections to VBF processes are as small in Warped Higgs-
less models as in the SM. With K factors being close to one for cross sections and over a
large kinematic range also for distributions, most quantitative estimates can be obtained
at the LO level already. For precision predictions, however, the inclusion of NLO-QCD
corrections is desirable.

5 Conclusions

Vector-boson fusion processes represent a promising class of reactions at the LHC: Higgs
production via VBF has been discussed as a possible discovery channel of a scalar, spin
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zero boson as predicted by the SM. Moreover, gauge boson scattering reactions in VBF
are sensitive to the mechanism of electroweak symmetry breaking per se. It is thus vital
to access the theoretical uncertainties of weak boson fusion processes at the LHC within
the SM and beyond.

While EW V'V jj production in the context of the SM has been studied at NLO-QCD
accuracy before [16], in the present paper we have focused on Warped Higgsless models
resulting from the compactification of a gauge theory on an RSI background. In such
scenarios, electroweak symmetry breaking is realized by appropriate boundary conditions
for the wave functions of the vector bosons along the fifth dimension. The compactification
gives rise to towers of Kaluza-Klein gauge bosons, which manifest themselves as high-mass
excitations of the photon, the W*, and the Z boson in the particle spectrum, and can be
interpreted as vector composites from the AdS/CFT point of view.

We have implemented a representative Warped Higgsless model, including NLO-QCD
corrections, into the framework of the versatile parton-level Monte Carlo program VBFNLO,
which is publicly available from [35]. With this code at hand, we have studied the signa-
tures and implications of two particular scenarios. We found that irrespective of the details
of the model, cross section enhancements with respect to the SM occur in all production
modes, ZZjj, WHW~jj, W*Zjj. However, the W*Zjj channel is most sensitive to the
Kaluza-Klein excitations W;E, which show up as resonant states in the W+Z — W=*Z sub-
amplitudes, yielding characteristic distributions of the decay leptons. This feature is not
obscured by large QCD uncertainties, as an explicit calculation of the dominant NLO-QCD
corrections revealed. We have investigated K factors of cross sections and distributions,
finding that QCD corrections amount to only a few percent in all kinematic ranges and
never exceed about 20%. Choosing the momentum transfer of the scattering quarks as
factorization scale minimizes the effect of the QCD corrections within the Kaluza-Klein

scenario. This is in complete analogy to what has been found for gauge boson scattering

in the SM [16].
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A The Warped Higgsless model

The compactification of the Warped Higgsless model sketched in figure 1 explicitly breaks
higher-dimensional Lorentz invariance. Yet, the metric defined in eq. (2.1) is manifestly
Lorentz invariant in four dimensions. Under the unbroken four-dimensional subgroup,
a five-dimensional bulk vector field decomposes into a vector and a scalar field in four
dimensions. After appropriate bulk gauge-fixing, the scalar components of the gauge fields
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transform into the longitudinal degrees of freedom of the massive vector bosons in the
four-dimensional effective theory [5]. The wave functions for the k-th mode of the vector
bosons along the fifth dimension are given by solutions of the Bessel differential equation,

Vr(y) =y (arJr(miy) + beY1(mry)) (A1)

where my, is the mass of the Kaluza-Klein state and k is the index of the Sturm-Liouville
problem’s solution. The mass spectrum is thus determined by the boundary conditions.
Symmetry breaking is triggered by choosing Dirichlet boundary conditions for the gauge
fields, while unbroken gauge symmetries are realized via Neumann boundary conditions on
the brane. For the Warped Higgsless Model, the appropriate choice of boundary conditions
according to figure 1 leads to a Kaluza-Klein decomposition of the gauge fields

Zi(x,y) = Z%“ VZP (@), (A-2)
Wilw,y) = Zm“ PRI (A.3)

where ¢ = L, R, neglecting B — L contributions for convenience. The mass spectrum of the
Kaluza-Klein towers is determined by the solutions of the following set of equations:

W+ tower: (RO - Rl)(RO - Rl) — (R(] - RO)(Rl — Rl) =0 (A4)
Z tower: K2 {(RO — Ro)(Rl - Rl) + (Rl - RQ)(RN() — Rl)}
+2(R1 — Ro)(Ro — R1) = 0 (A.5)
photon tower: Ry — Ry =0 (A.6)
with

- R - /
_ % g BmR) s Yi(meR) (A7)

g5 Ji (mkR) Ji(miR")

Inserting the Kaluza-Klein-decomposition, eqgs. (A.2)—(A.3), into the Lagrangian of the
five-dimensional theory and integrating over the compactification direction y, the gauge
boson couplings can be expressed in terms of their eigenfunctions (A.1), yielding, e. g.,

» [ R V), (W), 5(2)
gwn = g8 [ dys 3 {u e} (A8)
R Y.ZTr
The sum rules, egs. (2.2)—(2.5), follow from a completeness relation for the wave functions
along the y direction and the underlying higher-dimensional gauge invariance [5].
A code that determines the Kaluza-Klein masses and couplings needed for the results
of sections 3 and 4 is included in VBFNLO.

References

[1] T. Kaluza, On the problem of unity in physics, Sitzungsber. Preuss. Akad. Wiss. Berlin
(Math. Phys.) 1921 (1921) 966 [SPIRES];
O. Klein, Quantum theory and five-dimensional theory of relativity, Z. Phys. 37 (1926) 895
[Surveys High Energ. Phys. 5 (1986) 241] [SPIRES].

,19,


http://www-spires.slac.stanford.edu/spires/find/hep/www?j=SPWPA,1921,966
http://dx.doi.org/10.1007/BF01397481
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=SHEPD,5,241

2]

[13]

N. Arkani-Hamed, S. Dimopoulos and G.R. Dvali, The hierarchy problem and new
dimensions at a millimeter, Phys. Lett. B 429 (1998) 263 [hep-ph/9803315] [SPIRES];
I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G.R. Dvali, New dimensions at a
millimeter to a Fermi and superstrings at a TeV, Phys. Lett. B 436 (1998) 257
[hep-ph/9804398] [SPIRES].

L. Randall and R. Sundrum, A large mass hierarchy from a small extra dimension,
Phys. Rev. Lett. 83 (1999) 3370 [hep-ph/9905221] [SPIRES].

J.M. Maldacena, The large-N limit of superconformal field theories and supergravity, Adv.
Theor. Math. Phys. 2 (1998) 231 [Int. J. Theor. Phys. 38 (1999) 1113] [hep-th/9711200]
[SPIRES];

N. Arkani-Hamed, M. Porrati and L. Randall, Holography and phenomenology,

JHEP 08 (2001) 017 [hep-th/0012148] [SPIRES].

C. Cséki, C. Grojean, H. Murayama, L. Pilo and J. Terning, Gauge theories on an interval:
unitarity without a Higgs, Phys. Rev. D 69 (2004) 055006 [hep-ph/0305237] [SPIRES];

C. Cséki, C. Grojean, L. Pilo and J. Terning, Towards a realistic model of Higgsless
electroweak symmetry breaking, Phys. Rev. Lett. 92 (2004) 101802 [hep-ph/0308038]
[SPIRES].

K. Agashe, A. Delgado, M.J. May and R. Sundrum, RS1, custodial isospin and precision
tests, JHEP 08 (2003) 050 [hep-ph/0308036] [SPIRES].

H. Davoudiasl, J.L. Hewett, B. Lillie and T.G. Rizzo, Higgsless electroweak symmetry
breaking in warped backgrounds: constraints and signatures, Phys. Rev. D 70 (2004) 015006
[hep-ph/0312193] [SPIRES].

R. Barbieri, A. Pomarol and R. Rattazzi, Weakly coupled Higgsless theories and precision
electroweak tests, Phys. Lett. B 591 (2004) 141 [hep-ph/0310285] [SPIRES].

R. Barbieri, G. Isidori, V.S. Rychkov and E. Trincherini, Heavy vectors in Higgs-less models,
Phys. Rev. D 78 (2008) 036012 [arXiv:0806.1624] [SPIRES].

G. Cacciapaglia, C. Csaki, C. Grojean and J. Terning, Curing the ills of Higgsless models:
the S parameter and unitarity, Phys. Rev. D 71 (2005) 035015 [hep-ph/0409126] [SPIRES].

M. Papucci, NDA and perturbativity in Higgsless models, hep-ph/0408058 [SPIRES].

A. Birkedal, K. Matchev and M. Perelstein, Collider phenomenology of the Higgsless models,
Phys. Rev. Lett. 94 (2005) 191803 [hep-ph/0412278| [SPIRES];

K. Agashe et al., LHC signals for warped electroweak neutral gauge bosons,

Phys. Rev. D 76 (2007) 115015 [arXiv:0709.0007] [SPIRES];

H.-J. He et al., LHC signatures of new gauge bosons in minimal higgsless model,

Phys. Rev. D 78 (2008) 031701 [arXiv:0708.2588] [SPIRES];

K. Agashe, S. Gopalakrishna, T. Han, G.-Y. Huang and A. Soni, LHC signals for warped
electroweak charged gauge bosons, arXiv:0810.1497 [SPIRES].

C. Englert, B. Jager, M. Worek and D. Zeppenfeld, Observing strongly interacting vector
boson systems at the CERN Large Hadron Collider, arXiv:0810.4861 [SPIRES];

C. Englert, Spin 1 resonances in vector boson fusion in Warped Higgsless models, Diploma
Thesis, Karlsruhe University, Karlsruhe, Germany (2007)
http://www-itp.particle.uni-karlsruhe.de/diplomatheses.en.shtml.

K. Arnold et al., VBFNLO: a parton level Monte Carlo for processes with electroweak bosons,
arXiv:0811.4559 [SPIRES].

,20,


http://dx.doi.org/10.1016/S0370-2693(98)00466-3
http://arxiv.org/abs/hep-ph/9803315
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9803315
http://dx.doi.org/10.1016/S0370-2693(98)00860-0
http://arxiv.org/abs/hep-ph/9804398
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9804398
http://dx.doi.org/10.1103/PhysRevLett.83.3370
http://arxiv.org/abs/hep-ph/9905221
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9905221
http://arxiv.org/abs/hep-th/9711200
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/9711200
http://jhep.sissa.it/stdsearch?paper=08%282001%29017
http://arxiv.org/abs/hep-th/0012148
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/0012148
http://dx.doi.org/10.1103/PhysRevD.69.055006
http://arxiv.org/abs/hep-ph/0305237
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0305237
http://dx.doi.org/10.1103/PhysRevLett.92.101802
http://arxiv.org/abs/hep-ph/0308038
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0308038
http://jhep.sissa.it/stdsearch?paper=08%282003%29050
http://arxiv.org/abs/hep-ph/0308036
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0308036
http://dx.doi.org/10.1103/PhysRevD.70.015006
http://arxiv.org/abs/hep-ph/0312193
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0312193
http://dx.doi.org/10.1016/j.physletb.2004.04.005
http://arxiv.org/abs/hep-ph/0310285
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0310285
http://arxiv.org/abs/0806.1624
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0806.1624
http://dx.doi.org/10.1103/PhysRevD.71.035015
http://arxiv.org/abs/hep-ph/0409126
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0409126
http://arxiv.org/abs/hep-ph/0408058
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0408058
http://dx.doi.org/10.1103/PhysRevLett.94.191803
http://arxiv.org/abs/hep-ph/0412278
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0412278
http://dx.doi.org/10.1103/PhysRevD.76.115015
http://arxiv.org/abs/0709.0007
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0709.0007
http://dx.doi.org/10.1103/PhysRevD.78.031701
http://arxiv.org/abs/0708.2588
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0708.2588
http://arxiv.org/abs/0810.1497
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0810.1497
http://arxiv.org/abs/0810.4861
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0810.4861
http://www-itp.particle.uni-karlsruhe.de/diplomatheses.en.shtml
http://arxiv.org/abs/0811.4559
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0811.4559

[15]

[16]

[27]

28]

[29]

LEP, ALEPH, DELPHI, L3, OPAL and the LEP TGC WORKING GROUP
collaborations, A combination of results on charged triple gauge boson couplings measured by

the LEP experiments, LEPEWWG /TGC/2005-01 (2005).

B. Jager, C. Oleari and D. Zeppenfeld, Next-to-leading order QCD corrections to Z boson
pair production via vector-boson fusion, Phys. Rev. D 73 (2006) 113006 [hep-ph/0604200]
[SPIRES]; Next-to-leading order QCD corrections to WTW ™ production via vector-boson
fusion, JHEP 07 (2006) 015 [hep-ph/0603177] [SPIRES];

G. Bozzi, B. Jéager, C. Oleari and D. Zeppenfeld, Next-to-leading order QCD corrections to
W+Z and W= Z production via vector-boson fusion, Phys. Rev. D 75 (2007) 073004
[hep-ph/0701105] [SPIRES].

A. Denner, S. Dittmaier, M. Roth and D. Wackeroth, Predictions for all processes
ete” — dfermions + v, Nucl. Phys. B 560 (1999) 33 [hep-ph/9904472] [SPIRES].

C. Oleari and D. Zeppenfeld, Nezt-to-leading order QCD corrections to W and Z production
via vector-boson fusion, Phys. Rev. D 69 (2004) 093004 [hep-ph/0310156] [SPIRES].

M. Ciccolini, A. Denner and S. Dittmaier, Electroweak and QCD corrections to Higgs
production via vector-boson fusion at the LHC, Phys. Rev. D 77 (2008) 013002
[arXiv:0710.4749] [SPIRES].

R. Sekhar Chivukula, E.H. Simmons, H.J. He, M. Kurachi and M. Tanabashi, Ideal fermion
delocalization in higgsless models, Phys. Rev. D 72 (2005) 015008 [hep-ph/0504114]
[SPIRES].

G. Cacciapaglia, C. Csaki, C. Grojean, M. Reece and J. Terning, Top and bottom: a brane of
their own, Phys. Rev. D 72 (2005) 095018 [hep-ph/0505001] [SPIRES].

K. Agashe, R. Contino, L. Da Rold and A. Pomarol, A custodial symmetry for Zbb,
Phys. Lett. B 641 (2006) 62 [hep-ph/0605341] [SPIRES].

G. Cacciapaglia, C. Cséki, G. Marandella and J. Terning, A new custodian for a realistic
higgsless model, Phys. Rev. D 75 (2007) 015003 [hep-ph/0607146] [SPIRES].

U. Baur and D. Zeppenfeld, Unitarity constraints on the electroweak three vector boson
vertices, Phys. Lett. B 201 (1988) 383 [SPIRES].

A. Birkedal, K.T. Matchev and M. Perelstein, Phenomenology of higgsless models at the LHC
and the ILC, hep-ph/0508185 [SPIRES].

J. Pumplin et al., New generation of parton distributions with uncertainties from global QCD
analysis, JHEP 07 (2002) 012 [hep-ph/0201195] [SPIRES].

S. Catani, Y.L. Dokshitzer, M.H. Seymour and B.R. Webber, Longitudinally invariant K(T)
clustering algorithms for hadron hadron collisions, Nucl. Phys. B 406 (1993) 187 [SPIRES].

H.F. Pi, P. Avery, D. Green, J. Rohlf and C. Tully, Measurement of missing transverse
energy with the CMS detector at the LHC, Eur. Phys. J. C 46S1 (2006) 45 [SPIRES].

A. Heister, O. Kodolova, V. Konoplyanikov, S. Petrushanko, J. Rohlf, C. Tully and
A. Ulyanov, Measurement of jets with the CMS detector at the LHC,
CERN-CMS-NOTE-2006-036 [SPIRES].

J. Bagger et al., The strongly interacting WW system: gold plated modes,

Phys. Rev. D 49 (1994) 1246 [hep-ph/9306256| [SPIRES]; CERN LHC analysis of the
strongly interacting WW system: gold plated modes, Phys. Rev. D 52 (1995) 3878
[hep-ph/9504426] [SPIRES].

— 21 —


http://dx.doi.org/10.1103/PhysRevD.73.113006
http://arxiv.org/abs/hep-ph/0604200
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0604200
http://jhep.sissa.it/stdsearch?paper=07%282006%29015
http://arxiv.org/abs/hep-ph/0603177
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0603177
http://dx.doi.org/10.1103/PhysRevD.75.073004
http://arxiv.org/abs/hep-ph/0701105
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0701105
http://dx.doi.org/10.1016/S0550-3213(99)00437-X
http://arxiv.org/abs/hep-ph/9904472
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9904472
http://dx.doi.org/10.1103/PhysRevD.69.093004
http://arxiv.org/abs/hep-ph/0310156
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0310156
http://dx.doi.org/10.1103/PhysRevD.77.013002
http://arxiv.org/abs/0710.4749
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0710.4749
http://dx.doi.org/10.1103/PhysRevD.72.015008
http://arxiv.org/abs/hep-ph/0504114
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0504114
http://dx.doi.org/10.1103/PhysRevD.72.095018
http://arxiv.org/abs/hep-ph/0505001
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0505001
http://dx.doi.org/10.1016/j.physletb.2006.08.005
http://arxiv.org/abs/hep-ph/0605341
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0605341
http://dx.doi.org/10.1103/PhysRevD.75.015003
http://arxiv.org/abs/hep-ph/0607146
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0607146
http://dx.doi.org/10.1016/0370-2693(88)91160-4
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B201,383
http://arxiv.org/abs/hep-ph/0508185
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0508185
http://jhep.sissa.it/stdsearch?paper=07%282002%29012
http://arxiv.org/abs/hep-ph/0201195
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0201195
http://dx.doi.org/10.1016/0550-3213(93)90166-M
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA,B406,187
http://dx.doi.org/10.1140/epjcd/s2006-02-004-8
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=EPHJA,C46S1,45
http://www-spires.slac.stanford.edu/spires/find/hep/www?r=CERN-CMS-NOTE-2006-036
http://dx.doi.org/10.1103/PhysRevD.49.1246
http://arxiv.org/abs/hep-ph/9306256
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9306256
http://dx.doi.org/10.1103/PhysRevD.52.3878
http://arxiv.org/abs/hep-ph/9504426
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9504426

[31]

[32]

S. Catani and M.H. Seymour, A general algorithm for calculating jet cross sections in NLO
QCD, Nucl. Phys. B 485 (1997) 291 [Erratum ibid. B 510 (1998) 503] [hep-ph/9605323]
[SPIRES].

W. Siegel, Supersymmetric dimensional reqularization via dimensional reduction,
Phys. Lett. B 84 (1979) 193 [SPIRES]; Inconsistency of supersymmetric dimensional
regularization, Phys. Lett. B 94 (1980) 37 [SPIRES].

A. Denner and S. Dittmaier, Reduction of one-loop tensor 5-point integrals,
Nucl. Phys. B 658 (2003) 175 [hep-ph/0212259] [SPIRES]; Reduction schemes for one-loop
tensor integrals, Nucl. Phys. B 734 (2006) 62 [hep-ph/0509141] [SPIRES].

G. Passarino and M.J.G. Veltman, One loop corrections for eTe™ annihilation into p*pu~ in
the Weinberg model, Nucl. Phys. B 160 (1979) 151 [SPIRES].

VBENLO — a parton level Monte Carlo for processes with electroweak bosons homepage,
http://www-itp.particle.uni-karlsruhe.de/~vbfnloweb/.

— 292 —


http://dx.doi.org/10.1016/S0550-3213(96)00589-5
http://arxiv.org/abs/hep-ph/9605323
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9605323
http://dx.doi.org/10.1016/0370-2693(79)90282-X
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B84,193
http://dx.doi.org/10.1016/0370-2693(80)90819-9
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B94,37
http://dx.doi.org/10.1016/S0550-3213(03)00184-6
http://arxiv.org/abs/hep-ph/0212259
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0212259
http://dx.doi.org/10.1016/j.nuclphysb.2005.11.007
http://arxiv.org/abs/hep-ph/0509141
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0509141
http://dx.doi.org/10.1016/0550-3213(79)90234-7
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA,B160,151
http://www-itp.particle.uni-karlsruhe.de/~vbfnloweb/

	Introduction
	Warped Higgsless Kaluza-Klein scenario
	Mass spectrum of the Kaluza-Klein states
	Implementation into the Monte Carlo program Vbfnlo
	Impact of the fermion sector

	Vector boson scattering at the LHC
	W*+W*-jj production
	Z Z jj production
	W*+- Zjj production

	Impact of NLO-QCD corrections
	Conclusions
	The Warped Higgsless model

