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The Higgs boson may well be a composite scalar with a finite extension in space. Owing to the
momentum dependence of its couplings, the imprints of such a composite pseudo Goldstone Higgs may
show up in the tails of various kinematic distributions at the LHC, distinguishing it from an elementary
state. From the bottom up, we construct the momentum-dependent form factors to capture the interactions
of the composite Higgs with the weak gauge bosons. We demonstrate their impact in the differential
distributions of various kinematic parameters for the pp — Z*H — I71~bb channel. We show that this
channel can provide an important handle to probe the Higgs’ substructure at the HL-LHC.
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I. INTRODUCTION

Since its discovery [1,2], the properties of the Higgs
particle have been under intense theoretical and experi-
mental scrutiny. A primary question relates to the existence
of possible internal structure of the Higgs boson. The
upcoming runs of the Large Hadron Collider (LHC) and all
future collider experiments are mandated to study the
properties of the Higgs, including exploring the possibility
of the Higgs having a finite extension in space.

Interestingly, a composite Higgs having a nontrivial
internal structure is known to be a handle in addressing
the notorious gauge hierarchy problem of the Standard Model
(SM) [3-10]. In this paper, we consider the well-motivated
composite Higgs framework where the Higgs is identified
with a pseudo Nambu-Goldstone boson (pNGB) of a strongly
interacting sector. Within this paradigm, the Higgs boson
may be considered as a composite of underlying chiral
fermions [11-13]. The compositeness scale Ay is related to
the length scale I ~ 1/Ay governing the geometric size of
the Higgs. To conform with the electroweak precision data, a
separation of Ay and the weak scale (v << Ag) is introduced
by considering the Higgs as a pNGB of the strong sector.
In this framework, existence of new resonances near the
compositeness scale (mgy ~ Ay) is expected, which can be
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searched directly at the LHC [14-23]. These exotic states,
along with the modification of Higgs couplings, are the two
major conventional signatures of this setup that have been
actively chased in collider experiments [24-31]. The mod-
ifications of the Higgs couplings originate from two sources.
First, a deviation from the SM value of the coupling arises
due to the nonlinear structure of the pNGB chiral Lagrangian.
The measurements of the Higgs signal strengths at the LHC
constrain these deviations to less than 10%—15% from their
SM values [24-28]. An additional source of modification
arises from the extension of the Higgs in space, resulting in a
dramatic scaling of the Higgs coupling with the transferred
momentum. It is this latter phenomenon that provides a more
direct evidence of the nonelementary nature of the Higgs
[32-40].

We construct the Higgs-elementary coupling form factors
from the bottom up, relying on the empirical Lorentz
structure and inspiration from large N tools for composite
states [41-43], assuming an underlying strongly interacting
hypercolor dynamics. We demonstrate that the high lumi-
nosity LHC (HL-LHC) [44] can explore a significant portion
of the parameter space where the momentum dependence of
the Higgs coupling implies pronounced deviation from the
SM predictions in the differential distribution of kinematic
parameters. This provides an interesting handle to explore
the Higgs compositeness, even if the compositeness scale
lies just beyond the LHC reach. As a proof of principle, we
consider the pp — Z*H — [*1~bb channel at the HL-LHC
and demonstrate that there is a considerable deviation in the
kinematic distributions of the final state objects for this
channel that can be used to explore the nonelementary nature
of the Higgs boson.

The rest of the paper is organized as follows. In Sec. II, we
construct the form factors associated to the Higgs couplings

Published by the American Physical Society
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with the weak gauge bosons. In Sec. III, we perform the
collider analysis to demonstrate the importance of the
differential distributions in probing the composite nature
of the Higgs boson. In this regard, we show the prospects of
the HL-LHC in Sec. 1V, before concluding in Sec. V.

II. COMPOSITE HIGGS COUPLINGS
In the SM, the Higgs couplings to the massive gauge
bosons (V = W*, Z) are given by
Lyyy = MRV, VH,

g

2 " 2c0820y

where {g", g™

}, and v =246 GeV. (2.1)

On the other hand, in composite Higgs frameworks, the
above coupling can, in general, be written as

SM H/(/D(Pl’PZ)

Lyyy = gy fz hVﬂ(Pl)Vu(Pz)v (2.2)

where the scale f denotes the decay constant of the pPNGB
Higgs. The compositeness scale Ay is related to f as
Ay ~g.f, where g, represents a generic strong sector
coupling as 1 < g, <4x. The momentum-dependent
form factor IT;, captures the nonperturbative dynamics
of the strong sector leading to a nonelementary Higgs with
a finite shape. Assuming the Higgs to be a purely CP-even
state, the Lorentz structure of the form factor can be
decomposed as [35,45,46]

Iy

1
Iy + e {1 (w“ py.p2 — P5PY)
H

+ I P ps + T pipY + TS phps } . (2.3)
In the above equation, the momentum-dependent func-
tions HlV(pl, p>) have mass dimension 2, and we have

extracted appropriate powers of Apy on the basis of
dimensional analysis. Demanding that the SM coupling

is reproduced at the low energy (p;.p; < A2), modulo a
suppression due to the nonlinearity of the pNGB, we can
constrain the IR behavior of IT} as

SM HY(O’ O)
\%4 f2
=gV 1=

The usual suppression by a factor of /1 —& (where
&= 1?/f?)is considered to reproduce the 4VV coupling in
the minimal composite Higgs model. A full nonperturba-
tive calculation is, in general, required to find the detailed
momentum dependence of the form factors. However, one
can guess some ansatz for I1)" from the wisdom of large N
formalism [6,7,47-49]. We follow this approach below to
adopt an ansatz for the three-point vertex form factors.

SM H/\t/y(pl s Pz) N
f? -

lim Y
p,v.pj<<A§1

(2.4)

A. Large N implications

To progress further, we assume that the strong sector has
an underlying confining SU(N) gauge dynamics with a
suitably large N. In the large N limit, the n-point correlators
between composite operators Oy, O,, ...O,, of this confin-
ing theory scales as (0,0,...0,) ~ N at the leading order
[41-43]. In this limit, one can show that a two-point
correlation function as shown in Fig. 1(a) can be approxi-
mated at the leading order in N as

s 2
(O(p)O(-p)) ~ ;pz —m2 +Fitim[M§(P)] ’

F, = (0|0]a). (2.5)

The masses of the single-particle mesonic states are given
as m, = g,F,, where g, ~1/y/N. The large N counting
shows that the decay constant F, ~ v/N so that {(OO) ~ N.
Here, M2(p) represents the radiative corrections to the 1PI
resummed propagators of the mesonic states. Similar
arguments can be extended to three-point correlators as

well, where two different structures are possible as follows
[43] [see Figs. 1(b) and 1(c)]:

VN
(00) ~ & (000) ~ n
VN VN 1
VN
(a) (b) ©

FIG. 1.

Large N scaling for two-point (left) and three-point (right) correlators in a strongly coupled SU(N) gauge theory.
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Fan<O|O|ab>

52 (p7 = mg + ilm[MZ(p)])(p3 — mj + ilm[M}(p)])

(2.6)

FanFch—mb

o= (1 = mg + im[MG(p))) (P35 — my + im[MG(p)]) ((py + p2)* = mg + im[MZ(p)])”

In the first case, one of the operators creates two meson
states (with amplitude (0|O|ab)), which are annihilated by
the other two operators, while in the second case, each
operator excites a single meson, and they interact via a local
three-point vertex (given by I'._, ;). Clearly, the leading N
scaling suggests that (0|O]ab) ~1 and T',_, ~ 1/+/N.
We apply these results to the composite pNGB Higgs
scenario. The relevant correlation function for the AVV
coupling is a correlator between three currents (J,J,J,).
The vector currents J,, mix with the weak elementary
gauge bosons, implying a linear mixing between the W+
and Z bosons with composite spin-1 mesons. The current
J, can excite a pNGB Higgs boson, which is a purely
composite condensate. In Fig. 1(b), the Higgs boson is
generated from the vacuum by nonperturbative dynamics
|

(2.7)

I
with a strength proportional to (0|J,|ab), where a, b
denotes the two spin-1 meson states. On the other hand,
in Fig. 1(c), the pNGB Higgs, which is denoted by the
horizontal double line, interacts with the composite mesons
through derivative couplings. As a result, the coupling
strength T'._, in Eq. (2.7) has an additional O(p7/A%)
suppression in comparison to Eq. (2.6), where p;, denotes
the momentum passing through the Higgs.1 It is expected
that the underlying strong dynamics leads to a unique
meson spectrum. As a consequence, all the form factors I1)
should have an identical pole structure in the large N limit.
Equipped with these results, we adopt an ansatz for IT) at
the leading order in N as well as in the momentum passing
through the Higgs as

Z CzVFan<0|Jn:‘ab>
52 (Pt = mg +im[MZ(p)]) (p3 — mj + ilm[M}(p)])

IL;(p1. p2) (2.8)

The constant coefficients ¢} parametrizes our ignorance about the details of the strong dynamics. Although the form factor
contains an infinite sum over the meson states, the convergence of the series is ensured by assuming that the masses of the
mesonic states appearing in the successive terms are hierarchical [6,7,47-49]. We take the dominant contribution coming

from the first term in the summation and use the low energy constraint given in Eq. (2.4) to obtain

.T .T
Lrmim3(1 =i 5 (1= i2)

o __
Iy, =-—

+ ey pips + ey pipt + Csvp’z‘pﬁ}] :

In the above equation, we use the narrow width approxi-
mation to replace Im[M2(p)] by m,I",, where ', denotes
the total width of the mesonic states, and identified

! Another possibility, not considered in this paper, may arise if an
elementary Higgs boson mixes with a composite scalar [S0-52]. In
that case, I'._,,;, denotes local interaction between the additional
composite scalar with two spin-1 mesons, which may arise at the
same order as Eq. (2.6).

{\/@ﬂ’” + :

(pi = mi + imTy)(p3 = m3 + imyly)

V (v _ M
mlmz{cz(n P1-p2 — P5pY)

(2.9)

|
Ay = /mym,. Interestingly, the insertion of two lightest
meson states in the form factor as above provides a handle
to arrive at a convergent radiative Coleman-Weinberg
potential for the pNGB Higgs [7,47,48].

The strongly interacting light Higgs (SILH) description
provides an alternative way to describe the composite
Higgs models through an effective field theory framework
[53-61]. The relevant custodial A/V'V operators at leading
order are given by

095021-3
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CH_ou(HTH)O,(H'H) + ’26 w9

L D —5
SILH 2f

2
n,
iCywg
1622 f2

+

If we identify m; = m, =m, < 4nf, then the effective
hV'V coupling obtained from the SILH Lagrangian can be
mapped into the leading order expansion ~O(p?/ mf,) of
the form factor, as shown in Appendix.

We take a quick look at the existing constraints on the
hV'V couplings to device our benchmark. Modification of
the Higgs couplings by measuring inclusive cross sections of
the Higgs production processes at the LHC Run 2 exclude
f <1 TeV [25,26]. Although the constraints from electro-
weak precision data have considerable dependence on the
UV constructions [7,49,62-64], a somewhat conservative
limit of m;, 2 2-3 TeV is reported in [65]. Similarly, a
direct search of nonstandard vector bosons at the LHC puts a
limit on the masses of these exotic states in the same ballpark
region [20-23,66], though the individual analyses involve
several assumptions on model parameters and branching
ratios to specific channels. Considering the values of &,
allowed by the Higgs coupling measurements, we find that
the limits on the m; , from unitarity [67,68] is considerably
weaker than the electroweak precision data and direct search
limits. Current limits on the SILH coefficients are extracted
from [69-72] and listed in the Appendix. However, using
these limits to arbitrarily high momenta (p? > M3%,) is not
justified as it will violate the EFT expansion [46].

III. PROBING THE HIGGS FORM FACTOR AT
COLLIDER EXPERIMENTS

In this section, we explore the possibility of utilizing the
pp — Z*H — IT1~bb channel (where | = e, u, see Fig. 2)
to probe the 1ZZ form factor introduced in Egs. (2.2) and
(2.9). In contrast to the conventional searches for the Higgs-
strahlung process at the LHC [73,74], we focus on the tails of
the distributions of various kinematic observables where the

FIG. 2. Feynman diagram corresponding to the pp — Z*H —
[*1=bb process. The form factor involved in the hZZ vertex is
denoted by the blue blob.

(Hio*D"H)D*W4, +

(D*H")o“(D"H)W, +

icgd
2
P

(H'D'H)?*B,,

. /
ICHRY

Tor2f2 (D*H")(D*H)B,,.

(2.10)

|
Z boson is far off shell. Despite a relatively low cross section,
it is easier to get an off-shell Z in the associated Higgs
production mode in comparison to the weak boson fusion or
processes involving decay of Higgs into diboson. In par-
ticular, the presence of a s-channel Z boson in the Z*H
production mode proves to be most advantageous to probe
the impact of the form factor.

The form factor is implemented in the SM Universal
Feynrules Output (UFO) format in MadGraphs [75]. Guided by
the existing constraints presented in the previous section, we
consider & = 0.06, m; =m, =25 TeV, and ¢Z, =1 as
the benchmark values to present our results. Note that the
second term in Eq. (2.3) also receives a contribution from the
SM at one loop; however, we have encoded that contribution
inside the free parameter ¢ together with the effects from
the strong dynamics. Composite Higgs models generically
predict the existence of broad spin-1 resonances [76,77].
Here, we take a purely phenomenological approach and
choose two extreme benchmark cases I'y ,/m; , = 1% and
20% to compare the impact of a narrow and a broad
resonance in the differential distributions. We assume
SM-like Higgs-bottom coupling in our analysis.2

The parton level cross section for the Higgs-strahlung
process (¢q — ZH), assuming m; = m, (I} =15) and
neglecting the light quark masses, is given by

oM (3)m(1+ )
1
(8 = m2)2 + m2T2][(MZ — m2)? + m3T7]

24/ T=EcEME /2 + 22 4
x[(1-¢)- S o( %))

mi (2> + %)

3
where

*Unlike the hVV term, the modification of the Yukawa
coupling in partial compositeness framework depends on the
details of the model. More specifically, it depends on which
representation of the global symmetry of the strong sector is used
to embed the bottom quark. To avoid this model specific
uncertainties, we assume the hbb coupling to be equal to its
SM value. As an example, in MCHM, scenario, modification of
the hbb coupling leads to a overall reduction of the cross section
by 6% (for f =1 TeV).

3The coefficients v, and a, denote the vector and axial vector
couplings of the gg pair with the Z boson.
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A 12M2
O'SM(:S\‘) — (g§M>2(v§ + aé)ﬂs(ﬂ’z + T)
576xM%[(5 — M%)* + M3T%]°

l_\/<1_M§_mﬁ>2_4M%mi
n § 5 §2
Z Z

In the above equation, the terms proportional to ¢%, %, cs
are neglected in the limit where the quark masses are
negligible. In Fig. 3, we display the cross section of the
parton level process (qg — ZH) as a function of the partonic

center of mass energy /§ for the elementary (red) and the
composite Higgs setup with I';,/m;, = 1% (blue) and
I'y2/my, = 20% (magenta, dashed). The simulated results
with our implementation of the form factor given in Eq. (2.9)
are also plotted in the same figure and match well with the
theoretical prediction for the cross section discussed above.
Figure 3 shows that the presence of momentum-dependent
couplings at the hZZ vertex in contrast to the elementary
Higgs scenario causes an enhancement of the cross section
near the tail of the distribution and eventually leads to a
peak at m; , due to the pole structure of Eq. (2.9). However,
we expect additional threshold contributions (depending

(3.2)

on specific UV completion) near the /3 ~ m 12 that may
significantly modify the cross section in this region.
The gray dotted curve in the Fig. 3 denotes the cross section
in the effective SILH framework as given in the Eq. (2.10),
with cy =1, cy=cg=1/2, and cyy =cyp=
(872f%/m?) ~ 12. The dependence of the cross section
on the parameters cyy and cyp are milder than the others.
This choice of coefficients is adapted to match with the
leading order expansion of our form factor parametrization
and is well within the present limits (see Appendix for

Elementary Higgs
-------- EFT (SILH)
Composite Higgs (I'y2/my 2 = 1%)

----- Composite Higgs (I'y 2/m; » = 20%)

0.5 1.0 1.5 2.0 2.5 3.0

V3 [TeV]

FIG. 3. Variation of cross section given in Egs. (3.1) and (3.2)
with partonic center of mass energy (\/3) for the elementary (red)
and the composite Higgs scenario with I', ,/m;, = 1% (blue)
and 20% (magenta, dashed) are displayed. For comparison, the
cross section for the SILH framework (gray, dotted) is also
shown. To validate the implementation of the form factor in
MadGraph5, we plot the simulated cross section by different
colored points.

details). In the region displayed in Fig. 3, the SILH result
matches fairly well with that obtained using the form factors
when only the leading order terms in the expansion around
§/m7 are kept in Eq. (3.1). However, the cross section at high
center of mass energies for the SILH case grows with energy
aso~5/ mﬁ, which would lead to a violation of tree level
unitarity [57]. To correct for this, the SILH framework needs
to be supplemented with higher derivative terms and addi-
tional dynamic degrees of freedom near the threshold region
5= m,z, On the other hand, the cross section using the form
factor decreases with § at large energies as o ~ M%/32,
thereby preserving unitarity. Thus, for the differential dis-
tributions, the form factor defined in Eq. (2.9) may provide a
more tractable resume of the composite Higgs in contrast
with the elementary case.

In passing, we note that the form factor scenario
discussed here can, in principle, be distinguished from
the s-channel exchange of a weakly coupled BSM particle
like a Z’ boson with hZ'Z’ coupling. Unlike the case for a
7', the form factor with proper normalization as given in the
Eq. (2.9) does not give any propagator suppression away
from the pole of the mesonic states; rather, it approaches 1.
Further, the interference between the Z' mediated process
and the SM process creates differences in the distribution.
There is discernible distortion in the line shape around the
pole compared to the form factor case, making them easily
distinguishable.

We generate 107 events at the leading order (LO) and at
center of mass energy /s = 14 TeV for both the elemen-
tary and the composite Higgs scenario in MadGraphs, after
applying the generator level cuts listed in Table I. These
cuts have been chosen to remove soft b jets and leptons and
to ensure that the dilepton pair and the bb pair are produced
from the final state objects. We parton shower the events
using PYTHIAS [78], jet cluster using Fastlet [79], pass them
through detector simulation in DELPHES [80] using the
default c™ms card, and finally generate the distributions in
MadAnalysis5 [81].

In Fig. 4, we present the distributions of various
kinematic parameters for the elementary (red) and the
composite Higgs with I';,/m, = 1% (blue) and 20%
(magenta, dashed). In the vertical axis, we plot the
normalized events N; = N;/N ., where N; and N
denote the number of events in the ith bin and the total
number of events for each scenario, respectively. We

TABLE I.  Generator level cuts on the transverse momenta ( plT'b ),
pseudorapidity (17;,), and the angular separation (AR ;- ;) of the
final state objects, which are used to remove soft b jets and leptons
and to assure that the [/~ and the bb pairs are produced from same
outer legs, respectively.

Observable i b AR pp

Cut > 25 GeV <25 <3.0

095021-5
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FIG. 4. Reconstructed level event distributions for observables displaying significant enhancement for the composite Higgs scenario
with T'j»/m > = 1% (blue) and 20% (magenta, dashed) over the elementary case (red) near the tails. We choose & = 0.06,
my = m, = 2.5 TeV, and Ciz#l = 1. The normalized events in the vertical axis represent the number of simulated events normalized to

one event.

highlight the tails of the distributions where some devia-
tions from the elementary case can be observed for all the
observables presented. Leptons being one of the cleanest
final state at the LHC, pZTi and AR;+;- may provide an
acceptable signal over the background, as discussed in the
next section. The enhancement over the elementary
scenario is pronounced when one of the momenta appear-
ing in the form factor comes close to m; or m,. Larger
enhancement of the cross section at the tail is observed for
the form factor involving narrower composite states.
Evidently, with smaller values of m; ,, more pronounced
effects can be observed. In Fig. 4, the bump for
[y2/myj, = 1% at small values of AR+ corresponds

TABLE II.

to highly collimated final state leptons. The bump arises as
a consequence of the threshold effects around s ~ m? , due
to the unique pole structure of the form factor in Eq. (2.9).
The bump is suppressed for I'j ,/m;, = 20% due to the
diminished cross section around the threshold region for
wide resonances. One interesting possibility is to inves-
tigate the hadronic decay of the Z boson near the
resonance, which has a larger branching ratio than
the leptonic channel. The fat jets formed due to the
collimation of the hadronic decay products of Z near
the pole of the form factor can be employed to efficiently
discriminate the signal from the background using the jet
substructure techniques [82]. However, we concentrate on

LO cross sections and efficiencies for the signal (keeping m; = m, = 2.5 TeV) and

background processes at 14 TeV using our benchmark parameters and after applying the generator level

cuts in MadGraphs.

Signal Cross section (pb) Efficiency
Composite Higgs (I'y 5/m 5 = 1%) 0.0109 + 0.0003 1.5x 1072
Composite Higgs (I') 5/m 5 = 20%) 0.0098 + 0.0002 1.5x 1072
Elementary Higgs 0.0100 =£ 0.0002 1.3 x 1072
Background Cross section (pb) Efficiency
fi(— 1T~ + bb + Er) 6.23 +£0.01 2.0x 1073
tW(= I+ b+ Er) 0.565 £ 0.005 1.4 x 1074
diboson (= I*1~ + bb + E7) 0.908 + 0.001 1.1 x1073
Z +jets(— ITI™ + jets) 287 +2 1.1 x107°
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FIG. 5.

Reconstructed level event distributions for the composite Higgs signal with I"y , /m; , = 1% (blue), 20% (magenta, dashed),

and the combined background events (black) are shown. The benchmark values of the model parameters are same as in Fig. 4.

the cleaner leptonic channel, which may be a better
discriminator away from the pole. Our analysis empha-
sizes the importance of studying these differential dis-
tributions to probe a nonelementary nature of Higgs boson
at the future runs of LHC.

IV. REACH AT HL-LHC

In this section, we discuss the reach of HL-LHC to
explore the parameter space of the composite Higgs
couplings to Z bosons in the associated Higgs production
channel. The HL-LHC is expected to run at a center of
mass energy of 14 TeV and collect data till 3 ab™! of

integrated luminosity with the provision to reach up to
4 ab~! [44]. The major backgrounds at the LHC from the
signal channel considered here come from the 77, single
top in the W channel, diboson, and Z + jets events. We
generate the background events by imposing the same
generator level cuts given in the Table I. The LO cross
sections and efficiencies for the signal and background
processes are displayed in the Table II. In Fig. 5, we
present the normalized kinematic distributions of various
observables for both the background and the composite
Higgs signals by generating 10° events in each case.
Taking cue from the distributions presented in Fig. 5, we

TABLE III. Reconstructed level cuts used to focus on the tails of the distributions.
Observable Py Py M- My AR - 45 M i-pp E1 miss
Cut > 50 GeV > 50 GeV > 80 GeV > 80 GeV <20 > 500 GeV < 70 GeV
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devise the reconstructed level cuts as summarized in
Table III. In the standard Higgs searches performed by
CMS and ATLAS [73,74], cuts on M- and M,; are
designed to focus on the Higgs peak, providing a huge
discrimination between the signal and the backgrounds.
On the other hand, we do not place any upper cut on the
invariant momenta of the final states to focus on the tails
of the distributions in order to maximize the deviation
between the composite Higgs from the elementary Higgs
scenario, at the cost of lowering overall signal to back-
ground significance. To account for the higher order
(NLO) effects, we multiply the LO cross sections with
the appropriate K factors for both the signal and the
backgrounds, assuming that the efficiencies remain
unchanged. In case of the composite Higgs signal, we
have used the same K factor as obtained for the SM
process which has been conservatively estimated as 1.2
[83]. The K factors for the background are 1.47 for ¢7, 1.09
for singletop in the tW channel, 1.43 for diboson, and 1.35
for Z + jets [75,84]. We generate composite Higgs signal
events by varying both m; and m, from 1.5-3.5 TeV. The
expected number of signal (S) and background (B) events
at a certain integrated luminosity £ is given by

S,B=o0g5px€5p %L, (4.1)
where ogp denote the signal and background cross
sections obtained from MadGraph5 and multiplied with
the appropriate K factors, respectively. The signal (back-
ground) efficiencies €5 (ep), defined as the ratio of the
number of signal (background) events surviving after
applying the cuts listed in Table III to the initial number
of events, are calculated for the elementary Higgs, the
composite Higgs scenario, and the background processes
by generating 5 x 10* (1.5 x 10 for backgrounds) events

my [TeV]

for each case. In Fig. 6, we present the contours of 5o
signal significance (defined as S/+/B) in the m; —m,
plane for 3 ab=! (solid) and 4 ab™! (dashed) integrated
luminosities. In the same figure, the signal efficiency
eg varies between [0.013-0.036] for I'j,/my, = 1%
and [0.013-0.019] for I'y,/m;, = 20%, respectively.
Using the cuts given in Table III, we find S//B for
the elementary case are 3.92 and 4.53 at 3 ab~! and
4 ab~!, respectively. To show the percentage deviation
between the composite Higgs signal from the elementary
case, we define a quantity &(m;,m,), as a function
of my, as

SCH(mb m2) — SeL

&(my, my) = 100 x
SEL

(4.2)

where we calculate the expected number of signal events
Scu(my, m,) for the composite Higgs scenario and Sg; for
the elementary case using the Eq. (4.1). The density plot in
Fig. 6 shows the variation of §(m;, m,) with the masses of
the mesonic states. We find that the J varies from 8%—-30%
(8%—20%) for 'y 5 /m; , = 1%(20%) in the region explor-
able with at least 5¢ signal significance at 4ab~! integrated
luminosity and allowed by the conservative limit from the
S parameter (shown by the black dashed line). Note that
for both cases, the entire parameter space shown in the Fig. 6
has a signal significance more than 3¢. Inclusion of 1%
background systematic uncertainty can reduce the signifi-
cance by up to 30%. In Fig. 7, on the other hand, we show
how the prospects of getting a 36 (50) signal significance
vary with the integrated luminosity for different values of
my (= m,). We observe that for I'; ,/m; , = 1%(20%) and
L£>26ab~! (3.3 ab7!), a significant region of allowed
parameter space can be probed with 5o significance.

FIG. 6. Contours of 5¢ signal significance in the m, — m, parameter space at 3 ab~! (solid) and 4 ab~! (dashed) integrated luminosity
are shown forI'y , /m; , = 1% (a) and 20% (b), respectively. The density plot shows the deviation of number of expected signal events in
the composite Higgs scenario in comparison to the elementary case. The black dashed lines in both the panels denote the limits from the

S-parameter at 99% CL [7].
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FIG. 7. 50 (dashed) and 30 (solid) contours in the
(my =m,) — L plane for I'j,/m, = 1% (blue) and 20%
(magenta). The black dashed line denotes the limit from the
S parameter at 99% CL [7].

V. CONCLUSIONS

In this paper, we demonstrate that a possible geometric
shape of the Higgs boson may be probed at the future runs
of the LHC, even if the compositeness scale is just beyond
accessible range, by investigating the differential distribu-
tions of various Higgs production and decay channels. As a
proof of principle, we focus on the pp — Z*H — I*1~bb
channel in this paper.

The couplings of composite pNGB Higgs boson with
other SM particles are written in terms of momentum
dependent form factors, which capture the essential features
of the underlying strong dynamics. We construct the form
factor involved in the three-point ZVV vertex from a
bottom up approach, taking into account the results from
large N formalism. The collider analysis for the pp —
Z*H — I~ bb channel shows that even below the reach of
the resonance scales, the composite Higgs signals start
deviating from the elementary scenario, as is evident from
Fig. 4. In this context, we observe that for the pp —
Z*H — [7Ibb channel, the distributions of the total
invariant mass of the final states, their individual p; and
AR;+;- may provide strong indications of a deviation from
the elementary nature of the Higgs. It will be worthwhile to

investigate the distributions of these (and other relevant)
observables in more details at higher luminosity runs of the
LHC. We further present the prospects for the HL-LHC to
probe the Higgs form factor. Our conservative limits show
that at 4 ab~! integrated luminosity, 5¢ signal significance
can be achieved for a reasonable region of parameter space
of the composite Higgs setup.

ACKNOWLEDGMENTS

We thank Gabriele Ferretti and Diogo Buarque Franzosi
for useful discussions. A. B. acknowledges support from the
Knut and Alice Wallenberg foundation (Grant No. KAW
2017.0100, SHIFT Project). A. B. was also supported by the
Department of Atomic Energy, Government of India during
the initial stage of the project. T.S.R. acknowledges
Department of Science and Technology, Government of
India, for support under Grant Agreement No. ECR/2018/
002192 (Early Career Research Award). S. D. acknowledges
MHRD, Government of India for the research fellowship.

APPENDIX: MAPPING TO THE SILH
FRAMEWORK

To map the coefficients of the SILH Lagrangian with the
form factor given in Eq. (2.9), we expand the latter up-to-
leading order in O(p*/m3) as

2 2
+p
l—[;‘t/vzf2|:<1__+pl 2),,,/41/
2 m%

1
s {eY (" p1.p2 — P5PY) + Y P ph
1

+efpipi + Csvpﬁp%}} , (A1)
where we have assumed m; = m, = m,. In Table IV, we
present the explicit expressions for the coefficients in
Eq. (2.10) for which the SILH Lagrangian can be mapped
to I}, and I In Fig. 3, we have employed values of the
SILH coefficients using the Table IV to match with
the benchmark parameters chosen for the form factor

TABLE IV. Comparison between the coefficients of the SILH Lagrangian and the form factors.

SILH

Our parametrization

CH
m,
cw + caw(z)

cos® Oy [cw + CHW(%)Z} + sin® Oy [cp + CHB(%)Z] 1

ZCHW(%)Z
2(cos? Oy ey + sin? HWCHB)(%/}-)
0

n,

cy + CHW(4,,f)2

2

cos® Oy [cw + CHW(KT/})Z} + sin’ Oy [c + CHB(;%)Z]

cy
cf
=%
—cf ==c¥
—c§ =—c¢
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TABLE V. Limits at 95% CL on the coefficients of the SILH Lagrangian. In the last column, we provide our
choice of parameters with f =1 TeV and m, = m; = m, = 2.5 TeV.

Coeftficients Relation with ¢; Global fit [69] ATLAS [70] CMS [71] Our choice
Cy CH;% [-2.3,0.1] 0.06
Cwy +Cp (cw + cp) M%;/ [-0.05,0.05] 0 0 0.001

2
Cw —Cp (cw = cp) A:l;/ [-0.12,0.04] [-0.006,0.014] [-0.09,0.08] 0
Cuw CHW#EVJ&/} [-0.03,0.03] [-0.003, 0.008] [-0.08,0.08] 0.0005
CHp CHB% [-0.05,0.02] [-0.022, 0.049] 0.0005

parametrization. In particular, we assume cy = 1, cy =
cg =1/2, and cyy = cyp = (87%f%/m?) ~ 12. Note that
the form factor approach strongly correlates with the
SILH coefficients. Bounds on the SILH coefficients are
generally given in terms of the dimensionless parameters
¢; =c;(M},/A?) [69-72], where A denotes the new

physics scale. In Table V, current limits on the SILH
coefficients and our choice of benchmark values are
summarized. From the table, it is evident that our choice
of parameters is well within the present experimental
bounds. We also list the explicit relations between ¢; and
the coefficients of each operators appearing in Eq. (2.10).
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