PROCEEDINGS

OF SCIENCE

Collider phenomenology of vector resonances in
WZ scattering processes

Rafael L. Delgado*“ A. Dobado,” D. Espriu,° C. Garcia-Garcia,’ M.J. Herrero,’
X. Marcano® and J.J. Sanz-Cillero®

4 Physik-Department T30f, Technische Universitit Miinchen,
James-Franck-Str. 1, D-85747 Garching, Germany

bDepartamento de Fisica Teérica, Universidad Complutense de Madrid,
Plaza de las Ciencias 1, 28040 Madrid, Spain

“Departament de Fisica Quantica i Astrofisica and Institut de Ciéncies del Cosmos (ICCUB),
Universitat de Barcelona, Marti i Franqués 1, 08028 Barcelona, Catalonia, Spain

4 Departamento de Fisica Tedrica and Instituto de Fisica Tedrica, IFT-UAM/CSIC,
Universidad Autonoma de Madrid, Cantoblanco, 28049 Madrid, Spain.

¢Laboratoire de Physique Théorique CNRS,
Université Paris-Sud, Université Paris-Saclay, 91405 Orsay, France

E-mail: rafael.delgado@tum.de, dobado@fis.ucm.es, espriulRicc.ub.eduy,
claudia.garcia@uam.es, maria.herrero@uam.es,
xabier.marcano@th.u-psud.fr, jjsanzcillero@ucm.es

We study the production of vector resonances at the LHC via WZ scattering processes and explore
the sensitivities to these resonances for the expected future LHC Iuminosities. The electroweak
chiral Lagrangian and the Inverse Amplitude Method (IAM) are used for analyzing a dynamically
generated vector resonance, whose origin would be the (hypothetically strong) self interactions
of the longitudinal gauge bosons, Wy and Z;. We implement the unitarized scattering amplitudes
into a single model, the IAM-MC, that has been adapted to MadGraph 5. It is written in terms
of the electroweak chiral Lagrangian and an additional effective Proca Lagrangian for the vector
resonances, so that it reproduces the resonant behavior of the IAM and allows us to perform a
realistic study of signal versus background at the LHC. We focus on the pp — WZjj channel,
discussing first on the potential of the hadronic and semileptonic channels of the final WZ, and
next exploring in more detail the clearest signals. These are provided by the leptonic decays
of the gauge bosons, leading to a final state with lf”lf l; vjj, Il = e, u, having a very distinctive
signature, and showing clearly the emergence of the resonances with masses in the range of 1.5-
2.5TeV, which we have explored.
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1. Introduction

These proceedings are based on our work [1]. The ATLAS and CMS experiments at CERN
discovered a new scalar boson compatible with the properties of the Standard Model (SM) one [2,
3], and an energy gap for any new physics [4-6]. The Higgs boson is a key component of the
electroweak symmetry breaking sector (EWSBS) of the SM. And the LHC is a direct search collider
exploring the EWSBS on the TeV energy scale for the first time. Hence, if there is new physics
associated to the EWSBS this could appear at this TeV scale being explored by the LHC. The
existence of an energy gap between the electroweak scale and the new physics scale (if any) would
naturally fit into a BSM model with a strongly interacting EWSBS. These models introduce a new
energy scale f > v =246 GeV where some new strong interactions trigger the dynamical breaking
of a global symmetry group G to a certain subgroup H. As indicated by the Equivalence Theorem
(ET), at high energies > v, the constituents of the EWSBS behave as scalar Goldstone bosons.
At lower energies, 3 of these Goldstone bosons give rise to the longitudinal components of gauge
bosons. Hence, taking into account the SM suppression of the longitudinal gauge boson production
at the LHC, a resonance on the longitudinal gauge boson scattering processes would be a smoking
gun for new physics at the LHC involving the EWSBS.

There are two approaches for studying the collider phenomenology of beyond-SM (BSM)
physics. The first one, top-down, takes a particular model with a UV-completion scheme which is
studied at the TeV scale. This model can be a fully renormalizable one. The disadvantage is that
we have no clue about the actual UV-completion of the underlying BSM theory (if any) and some
BSM models, like the MSSM, have ~ 100 free parameters.

The second approach, bottom-up, involves developing an effective field theory (EFT) as gen-
eral as possible. In particular, without making assumptions about the particular UV-completion
scheme. In this work, the second approach is used. Hence, we will assume the SM spontaneous
symmetry breaking pattern SU(2);, x SU(2)g — SU(2)r+r, which involves 3 Goldstone bosons
and the Higgs boson, and is the minimum to generate the electroweak (EW) gauge bosons masses
(longitudinal modes of W=, Z) while preserving the custodial symmetry SU(2)c = SU(2)1.r (SM
tree level relation my = cos Oy mz), by means of the Effective Electroweak Chiral Lagrangian
(EChL). It was developed from the eighties [7—13], alongside the well established chiral pertur-
bation theory (ChPT) of low energy QCD [14-16]. It was used in the early nineties for LEP
phenomenology [17, 18], and for LHC prospects (mostly Higgs) [19-22]. Although in principle it
described just the interactions among EW Goldstones, it has incorporated the scalar field H in the
last years as a consequence of the discovery of a light Higgs-like particle [23—-34].

If the electroweak sector happens to be strongly interacting, the perturbative analysis will
break down at the TeV scale. As well known in the case of low energy QCD [14-16], dispersion
relations, encoded in the so—called unitarization procedures, are needed. A detailed study regarding
the usage of dispersion relations, including coupled channels, can be found on [35]. This work,
based on [1, 32], is part of the effort on exploring the main implication of the EChL for LHC
phenomenology. The absence of signals of strongly interacting EWSBS sets experimental bounds
on the values of the chiral parameters of the EChL [4,29,33,36-41].

To study its collider phenomenology, we introduce a unitarized EChL description of WZ scat-
tering on MadGraph 5 by means of an intermediate effective Proca Lagrangian. Other approaches
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found on the literature are form-factors [42] or modified Feynman vertices [43]. The direct output
of dispersion relations is an on-shell matrix element, whereas the input of Monte Carlo programs
are Feynman rules and, of course, they deal with off-shell processes.

2. EChL and Effective Proca Lagrangian

In this work, we compute the cross section for the processes pp — W*Zjj — ITIT17vjj,
where the vector resonance is produced in the intermediate VBS subprocess WZ — WZ, by means
of the IAM and an effective Proca Lagrangian. We use the non-linear EChL, . = % + %, with
a derivative expansion,

b= —f;zTr(Wqu”V) - zg%Tr(éuvéﬂv) + VZZ {1 +2a% +blj—22} Tr(DU DU ) + %B”HﬂuH—&- - @1
L= alTr(UBHvUTWW) + iazTr(Uéuvu*[w,W]) - iaﬂr(%v[w,'yw) tay {Tr('z/#%)] {Tr(ww)]

Fas [T [T —ew gTr(WWWW) chgTr<1§uvé“v) 4. 22)

Here, U(w*,z) = 1 +iwt® /v + O(w?), DyU = 9yU +iW,U — iUBy, Wyy = Wy — oW, +
iWu, Wy, Buy = duBy — OBy, Wy = gW, /2, By = ¢'By7>/2 and ¥, = (D, U)U.

Note that some higher order operators that appear at dimension 8 in linear representation [44,
45] can contribute to a lower order in the non-linear one. In particular, this is the case of the chiral
parameters a4 and as, whose contribution is crucial for the processes we are considering here.

We use the on-shell Vector Boson Scattering (VBS) matrix elements computed by mean of the
IAM [1] to adjust an effective Proca Lagrangian so that it reproduces the behaviour of the computed
matrix elements up to the first resonance, which is the energy scale where the underlying EChL
breaks. The Proca Lagrangian can be directly introduced inside MadGraph 5 [46,47] by means of
FeynRules [48]. The key element is that we let the effective Proca couplings to be functions on
the scale energy of the process, by means of ad hoc Fortran functions inside our UFO model'. In
some way, this approach has some similarities with other approaches like the form-factor one [42]
or with the effective approach of Kilian et. al. (appendix D of Ref. [43]). However, our underlying
physical model is pretty different, specially from the form-factor approach, since we are, indeed,
considering a BSM resonance coming from a strongly interacting EWSBS. This is why we are
introducing an effective Proca Lagrangian, which explicitly introduces a vector resonance V with
a mass My, a width I'y (that enters into the V propagator) and couplings fy and gy,

ify

Ly = L0 — v miy V(W W =Y — Wy W) L mymzVif (W ZRY — Zy WY )+ mymzVy (Z, WY — WJZ‘”)}

2igy

= | VO W WY g VYW Zy -z V “"Z,LWV*} 2.3)

Whel‘e V[j\/ - a‘uv‘? - 8\;Vﬁ (Ll - :|:,O), Wﬁv - a‘uW‘(} - avWﬁ (a - :I:), and Z'uv - a‘qu - 8\;2,_1 Our
requirements are [1]:

e At low energies, below the resonance, the predictions from the effective Proca Lagrangian
should mimic the unitarized scattering matrix element.

!'Universal FeynRules Output, see Ref. [49].



Collider phenomenology of vector resonances Rafael L. Delgado

e Above the resonance, the cross section should not grow faster than the Froissart bound. That
is, 6(s) < oplog? (s/s0).

Since we are studying deviations from the SM coming from the EWSBS, we are mostly focused
on the longitudinal polarizations, so that we can set fy = 0 on Eq. (2.3). The function g7 (z) =
[0(M7 —s) (M} /2) + 0 (s —M§)(My /2%)] - g3 (M7) is well suited for the coupling gy, where z =
s,t,u when the resonance V is propagating in the s, r and u channels, respectively.

Hence, for each benchmark point, we set My and I'y to the pole of the unitarized scattering am-
plitude. We extract gy (M‘z/) requiring that, for s = M‘% (on the resonance peak), a]ElChL“ee + a‘l/1 =
’alﬁM , where aj; stands for the isovector partial wave (IJ = 11, see Ref. [35]); EChL., for the
perturbative .%> EChL amplitude [Eq. (2.1)]; V, for the Proca Lagrangian [Eq. (2.3)]; and IAM,
for the unitarized scattering amplitude. Then, we substitute gy by gy (s), gv () and gy («) when the

resonance V appears in the s,  and u channels, respectively.

3. Results

We have chosen 6 benchmark points (BPs), which are cited on table 1 and Fig. 1. These are
sets of a, a4 and as chiral parameters that have been chosen to dynamically generate resonances in
the isovector IJ = 11 channel, with masses around 1.5, 2 and 2.5TeV.

BP My (GeV) | T'y(GeV) gv(M}) a az-10* as-10*
BP1 1476 14 0.033 1 3.5 -3
BP2 2039 21 0.018 1 1 —1
BP3 2472 27 0.013 1 0.5 —-0.5
BPI’ 1479 42 0.058 0.9 9.5 —6.5
BP2’ 1980 97 0.042 0.9 5.5 2.5
BP3’ 2480 183 0.033 0.9 4 —1

Table 1: Selected benchmark points (BPs) of dynamically generated vector resonances. The mass, My,
width, Ty, coupling to gauge bosons, gy (My ), and relevant chiral parameters, a, a4 and as are given for
each of them. b is fixed to b = a”. This table is generated using the FORTRAN code that implements the
EChL+IAM framework, borrowed from the authors in Refs. [26,30,31].

For each BP, we generate two runs. One, with W*Zjj as final state. The other one, including
the leptonic decays W — [Tv, Z — [1~. In all the cases, the following cuts are set over the final
2-jets: 2 < M| <5 Mj, My, <0, pi”2 > 20GeV and M;; > 500GeV. For the W*Zj;j final
state run, an additional cut |nw z| < 2 is used. For the leptonic decay run, we set the additional cuts
M7z —10GeV < M@G <Mz+10GeV, Ma/z = M&ev > 500GeV, Pr> 75GeV and pl} > 100GeV.
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Figure 1: Selected benchmark points, with My, I'y and gy (M‘%) From the IAM 1J = 11 partial wave. Only
the extremes a = 0.9 and @ = 1 are used for the main analysis.

On top of the BSM signals, we have computed two SM backgrounds: pure SM-EW background

(shown in Fig. 2), ¢1g> — q3q4aW ™ Z scattering at order (). And mixed SM-QCDEW, at order
O(oas).
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Figure 2: Pure SM-EW background. Left, invariant mass of W™ Z. Right, transverse momentum of the most

energetic jet. Cuts: |1, j,| <5, 1, -nj, <0, |nwz| < 2. Polarizations are separated. Note the suppression
of longitudinal polarization in the SM.

Finally, we make a prediction on the number of events expectable at 14 TeV for different LHC
luminosities (see table 2 and Fig. 5). The results for the cross sections are shown in Fig. 4. The

results for the relevant partial wave a;; are shown in Fig. 3. For the statistical significance, we are
using the standard expression ;' = S;/\/B, S; = NIAM-MC _ \SM g, — NSM i

. =N(pp —
lfrll_l;ijj)’, and the following ranges of MIT”V:

BP1: 1325 —1450 GeV, BP2: 1875 —2025 GeV,

BP3 : 2300 — 2425 GeV,
BP1': 1250 — 1475 GeV, BP2':1675—2000 GeV,

BP3':2050—-2475GeV. (3.1)

The cases with a = 1 have smaller significances, and only the lightest resonances My = 1.5TeV
(BP1) could be seen at ~ 30 and the highest luminosity (3000 fbfl). Note that the cells without
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Figure 3: Absolute value of the isovector-vector partial wave, aj; (IJ = 11) for BP1’ (see table 1). EChL(z)

tree

and EChLl((?;;‘) , perturbative (non-unitarized) LO and NLO computation with the EWChL; IAM, unitarized

partial wave; ECth(rze)e + %y, perturbative LO computation in the EChL + Proca Lagrangian (constant gy );
TAM-MC, the MadGraph 5 model developed in this work.
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Figure 4: BP1’ (see table 1). W*Zjj in final state (left) vs. leptonic decay (right).

data means lack of statistics. The cases with heavier My ~ 2.5TeV seem difficult to observe, due
to poor statistics in the leptonic channels. Only BP3’ obtain a significance > 2 (for 3000fb~1).
Hence, semileptonic and fully hadronic channels look necessary to improve these significances. On
the other case, the largest significances are obtained for a = 0.9 and the lightest resonances, which
corresponds to our BP1’. Significances ~ 2.86, 5.16 and 8.9¢ are predicted for LHC luminosities
£ =300fb~"!, 1000fb~! and 3000fb~", respectively.

4. Conclusions

In this work, we have developed a MadGraph 5 model for strongly interacting Vector Boson
Scattering in the isovector channel (/J = 11), by means of the Inverse Amplitude Method (IAM)
and an effective Proca Lagrangian. The process pp — W Zj j via VBS, with a fully leptonic decay
W+ — [Tv,Z — [T, has been studied.

We selected 6 benchmark points, with My = 1.5, 2, 2.5TeV and a = 0.9, 1. We have selected
our BPs to make a first scan of the parameter space of the chiral parameters a € (0.9,1), b = a*
and ay, as € (1074,1073). For the sake of completeness, we have included on Fig. 1 additional



Collider phenomenology of vector resonances Rafael L. Delgado

BPI | BP2 | BP3 | BPI' | BP2' | BP3
o | NBMMC o fos [ or |5 | 2 | 07
% NoM 1 | 04 | 0.1 2 06 | 03
N| o= |09 | - - | 28 | 14 | -
o | NAMMC g o o4 |18 | 5 | 2
é NZM 4 1 | 03| 6 2 1
3! o™ |16 (03| - | 51 | 25| 14
o NAMMC oy fs o s | 1e | 7
% NgM 12 | 4 1 17 6 3
5: o | 2706 | 03 | 89 | 44 | 24

Table 2: Predicted number of pp — [;7I; 1} vjj events of the IAM-MC, NJ*M~MC "and of the SM back-
ground (EW+QCDEW), NISM, at 14TeV, for different LHC luminosities: . = 300fb~!, ¥ = 1000fb !
and .Z = 3000 fb~!. We also present the corresponding statistical significances, o

intermediate points to show the dependence of My, I'y and gy (M‘z,) on the chiral parameters. For
each benchmark point, a MadGraph 5 Monte Carlo model has been developed and run, both with
and without leptonic decay. For the sake of brevity, only BP1’ is reproduced here. However, the
full analysis can be found on Ref. [1].

Finally, we have included a prediction of number of events for several LHC luminosities at
14 TeV (see table 2). As discussed on section 3, semileptonic and hadronic studies seem necessary
in order to improve the sensitivity of LHC Run-II to the BSM effects in this process. Besides the
leptonic channels considered here, a discussion on the semileptonic and hadronic channels can be
found in [1].
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