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ABSTRACT: The next generation electron-positron colliders are designed for precision stud-
ies of the Standard Model and its extensions, in particular in the Higgs sector. We consider
the potential for discovery of composite Higgs models in Higgs pair production through
photon collisions. This process is loop-generated, thus it provides access to all Higgs cou-
plings and can show new physics effects in polarized and unpolarized cross-sections starting
at relatively low collider energies. It is, therefore, relevant for all electron-positron colliders
planned or in preparation. Sizeable deviations from the Standard Model predictions are
present in a general class of composite Higgs models, as couplings of one or more Higgs
bosons to fermions, or fermionic and scalar resonances, modify the destructive interference
present in the Standard Model. In particular, large effects are due to the new quartic
coupling of the Higgs to tops and to the presence of a light scalar resonance.
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1 Introduction

After the discovery of the Higgs boson at the Large Hadron Collider (LHC) [1-3], the
question of the origin of the scalar sector has become a central focus for both theorists and
experimentalists. Model building efforts and specific searches aim at discovering features
that can shed light on the fundamental mechanism behind the Higgs sector. A popular
extension of the Standard Model (SM) consists of replacing the Higgs sector by a new
strong-interaction at the electroweak scale, giving rise to electroweak symmetry breaking
of a dynamical origin [4-6]. In this framework, the relative lightness of the Higgs boson can
be explained by the pseudo Nambu-Goldstone Boson (pNGB) nature of this particle, which
stems from the broken global symmetry [7]. In recent years detailed models were proposed
based on a holographic description [8—11], or based on an underlying gauge-fermion theory,
where the global symmetry is broken by the bilinear condensate of techni-fermions [12-15].
The underlying theories are designed to feature a vacuum alignment that does not break
the SM gauge symmetry and a Higgs doublet in the pNGB sector (for a review see [16]),
contrary to the old-school Technicolor theories that break the electroweak symmetry at
the condensation scale without a Higgs boson [4]. The exploration of these Beyond the
Standard Model (BSM) scenarios is an active research subject both at present and for
future colliders.



However, BSM searches at the LHC have not yet led to a discovery of new particles or
new phenomena, a sign that BSM physics is subtler and/or fainter than what was originally
expected. Possible search strategies at colliders include increasing the luminosity, increasing
the center-of-mass energy, colliding other types of particles, or searching for new physics in
more complex configurations. The electron-positron collider option provides rather clean
experimental conditions in comparison to the LHC, where the quantum chromodynamics
(QCD) background is intense and hard to master. This is an asset for high precision
measurements, at the price of a reduced center of mass energy. Among the different future
electron-positron colliders there are both circular designs, as for example the FCC-ee at
CERN [17, 18] and the CEPC in China [19, 20], and linear ones, such as the International
Linear Collider (ILC) [21]. All proposals allow the exploration, to high precision, of the
energy domain from around the Z boson mass up to the TeV scale. In particular, the first
runs at the Z pole and at the W+ W~ threshold will allow for high-accuracy measurements
of the electroweak sector, surpassing those of the LEP experiments, while runs at a Higgs
factory stage of future colliders at /s ~ 240-250 GeV and at the ¢t threshold and above
will allow for the study of the Higgs production, both singly and in pairs. It is the pair
production that will be the main focus of this work.

Compton back-scattering of laser photons on electrons at linear colliders allows the
production of high energy photons. These photon beams can reach energies close to those
of the initial electrons. The photon collider is therefore a compelling option for the ILC [22].
The possibility of measuring the triple Higgs coupling via the process vy — hh has been
widely discussed in the literature, as the sensitivity of this channel to the Higgs self-coupling
is maximal at the threshold 2m;, and greater than the sensitivities achieved directly at eTe™
colliders in processes such as ete™ — Zhh and ete™ — vihh in a wide range of center
of mass energies [23, 24]. The vy — hh process [25] is loop mediated and goes through ¢
and W¥ loops, see for example [26-28] for details. In the SM these loops have destructive
interference, resulting in small values of the cross-section, which reaches a maximum of
roughly 0.5 fb. In BSM scenarios there can be a substantial change in the production cross-
sections as the cancellation between top quark and W boson loops can be spoilt [26-28].
Compared to other di-Higgs channels at tree level, e.g. the production in association with
a pair of neutral or charged leptons, the photon fusion channel is of more interest because
it provides access to more couplings of the Higgs, which enter in the loops [27]. This is
particularly attractive in BSM scenarios, where the top quark plays an important role due
to its large mass.

The vy — hh process is an excellent probe of Composite Higgs models (CHMs): in
fact, all models in this class feature modifications of the Higgs couplings to gauge bosons
and fermions (in particular the top quark), which can spoil the cancellations that occur in
the SM. The importance of the new coupling of two Higgses to the top (generated by pNGB
non-linearity) has already been highlighted for the gluon-fusion process at the LHC [29, 30].
Composite resonances, if relatively light, can also provide additional contributions. This
in turn has effects both on the cross-section and on the helicity distributions, allowing
models based on the composite Higgs idea to be further constrained (or discovered). In
this paper we therefore study the (polarised) cross-section for the 4y — hh process at ete™



colliders, comparing predictions in the SM to those in CHMs, with the aim to understand
the sensitivity of this process to the modified couplings and possible new particles. In
minimal CHMs, where only the modifications of the pNGB Higgs are included, we focus
on the interplay between the couplings to fermions and gauge bosons, involving both one
and two Higgses. We also explore models with light resonances, in particular models with
a heavy scalar below the TeV and with top partners. In both cases, the presence of these
states is required by the generation of the top mass and the softening of the constraints
from electroweak precision on the compositeness scale.

In the next section we summarise the details of the calculation of di-Higgs production
via photon fusion in the SM. In section 3 we discuss minimal CHMs, where only modi-
fications of the SM Higgs couplings are included, with the exception of a coupling of two
Higgses to tops, which is peculiar to the non-linear pNGB couplings. As a next step in
section 4 we include a second singlet scalar, a resonance of the composite sector, discuss
the implications for the model and analyse how this affects the cross section. While the
couplings of this scalar are analogous of those of the Higgs to fermions and gauge bosons,
we note that there is a derivative coupling to two Higgs bosons relevant to our process. In
section 5 we add top partners to the model, and study the consequences at the numerical
level for cross-sections. We conclude in section 6, and consider the future outlook.

2 Di-Higgs production in photon fusion

Di-Higgs production at a photon collider (yy — hh) occurs only at one-loop level in the
SM. The diagrams responsible for the process are shown in table 1. In the process, there
are four helicity amplitudes M (A1, A2), where (A1, \y = %) are the photon polarisations,
with only two of them being independent. In fact, parity relates the following pairs:

M(+,+) = M(—,—), M(+,—)=M(—,+).

For each helicity pair, one can define a differential cross section as follows:

ds(A, ) 11

2 2 2
2A2) 2.1
7 51162 W |IM(A1, A2)|” (2.1)

for the process vy — hh at the parton level.! For further convenience, we can also split
each amplitude into three parts, depending on which Higgs couplings enters: cy for the
top Yukawa, ¢, for the couplings of a single Higgs to gauge bosons (W*), and ¢y, for the
coupling of two Higgs to W’s (see the corresponding diagrams in table 1). The notation
is borrowed from the coupling modifiers we will introduce in the next section, and this
separation will allow us to study the various BSM contributions in more detail later on. In
the SM, the helicity cross-sections are shown in figure 1, together with those deriving from
the split amplitudes (i.e. we remove all diagrams except those corresponding to the partial
amplitude). This separation is not physical as interference terms are ignored, but it allows
us to understand the relative weight of each contribution. The individual contributions

!Note that a misprint was present in formula (2.5) of [25] as already noted in [26].
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Table 1. Diagrams for the di-Higgs production at a photon collider (yy — hh) in the SM, with
the corresponding partial amplitudes as defined in the text.

have cancellations among themselves resulting in a total cross-section that is much smaller
compared to some of the individual contributions. In particular, the two amplitudes gen-
erated by gauge bosons, M., and M., , feature large destructive interference driven by
gauge invariance: for this reason, we will always consider them together in the following
and define M, .,, that includes interference. It is also to be noted that only box diagrams
contribute to the channels having different photon helicities, i.e. o4 _, whereas all kind of
diagrams (box, triangle, self-energy) contribute to channels having same photon helicities,
i.e. 044, thereby resulting in some interesting features in o .

The photons for the v collider can be obtained from laser back-scattering at eTe™
colliders. Denoting 5 and s as the center-of-mass energies of the vy and ete™ systems
respectively, the total cross section of e~ e™ () — hh can be evaluated by convoluting the
parton 7y — hh cross-section with the photon luminosity function f,(x,y) [31], as follows:

L+86
2

Yin L
J:/ de 1
4

152 4 A
Lo, ), (2.2)
m? /s dr

where 512 are the mean photon helicities of the two beams (see [31] for the detailed formulas
of the mean photon helicities), and the differential luminosity takes the form

dLy,  [Ym dy
e B COLICR Y 2.3
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Figure 1. vy — hh cross-section for same photon helicities (left panel) and opposite photon
helicities (right panel) in the SM. The contributions labeled ¢; and ¢, + cg, refer to the individual
contributions of tops and gauge bosons respectively (cf. table 1).

where 7 = §/s, y = E,/E}, with E, and E}, being the energy of photon and electron beams
respectively, and the maximal energy fraction of photon y,,, = x/(1+2) with 2 = 4FEywq/m?
where wy is the laser photon energy and me is the electron mass. The photon luminosity
spectrum is given by [31]

fy(@,y) = sz) [1;, Floy—ar(l=n - 2re@r-De-y)| . (24
D(x)z( —i—;)ln(l—i-m)—l—;—i—i—m
2 ) 1 1
+2)\6)\7[(1+x>ln(1+x)—2+1+x—2(1+m)2], (2.5)

where r = 7 and Ae(Ay) is the helicity of the electron (photon). In our analysis,

y
we set the (fi(rileilsionless parameter x = 4.8 (giving y,, = 0.82) and A\; = A, = 0.45,
Ay, = Ay, = —1 [25]. In using this prescription as given in [25], we are assuming that a
very high degree of electron beam polarization (90%) and correspondingly very high laser
circular polarization (100%) of the photon beam is achievable. The mean photon helicities

of the two beams are defined by [31]:

Oy

y C20
£i (xay) - COO ) (26)

with
Coo = 1:1/ b1 —y—dr(l—7) — 22N 2 (2r — 1)(2— ), (2.7)
Cao = 2\ [1 +(1—y)2r— 1)2] -\ (2r—1) (11 +1-— y) . (2.8)

The total ete™ — hh is shown in figure 2.
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Figure 2. Production cross-section (ee~ — hh) in the SM. The contributions labeled ¢; and
¢y + C9, refer to the individual contributions of tops and gauge bosons respectively (cf. table 1).

3 Minimal Composite models

We will consider first Minimal Composite Higgs models, where the vacuum is only mis-
aligned along one direction that breaks the electroweak (EW) symmetry. This implies that
the composite Higgs does not mix with other pNGBs, and that the misalignment can be
described in terms of a single angle 6 [7], defined as follows:

v = fsin(0). (3.1)

The equation above provides the relation between the EW symmetry breaking scale v and
the compositeness scale f. This definition is independent of the coset G/H that the model
is based upon, and leads to an angle varying from 6 = 0 (where the EW symmetry is
restored) to § = w/2 (corresponding to a Technicolor-like theory [15]).

Following eq. (3.1), independent of the coset, the masses of the EW gauge bosons
W*/Z are given by:

2 2 2,2
g f° . g*v 1
miy(0) = 1 sin? 0 = T m%(6) = CTm%V(H), (3.2)
W

where the relation between the two is guaranteed by the custodial symmetry embedded
in G/H [32]. The coset-independence of the relation between the W*/Z masses and the
compositeness scale leads to universal couplings of the Higgs boson to the electroweak
gauge bosons, as observed in refs. [33, 34]. These couplings can be elegantly expressed in
terms of derivatives with respect to the misalignment angle, as follows:

10mé,(0) 2m¥,

IWWwh = o0 T v cos (3.3)
1 *m%,(0) 2m?
gWW]’Lh = ﬁ 822 = U2W COS 20, (34)



and so on. Similar results also stand for the couplings to the Z boson, which are related via
the custodial symmetry. For convenience, we will use the parameterisation in refs. [29, 30],
which reads

h h?
ﬁzm%/VWjWi'u <1+2CUU+CQUU2+...> ; (35)
with
ey =cosl =+/1—-¢&, Copy = Cc0s260 =1 — 2¢; (3.6)

where ¢ = v?/f? = sin? 6.

The couplings of the composite Higgs to SM fermions, in particular the tops, are not
universal. Nevertheless, they can also be expressed in terms of derivatives with respect to
the misalignment angle, as follows:

gdffh = F o0 9ffhh = 2002

(3.7)

The expressions now depend on the details of the model, and in particular on the depen-
dence of the top mass on the misalignment angle 8. We will consider here two scenarios: the
first is realised in the SO(5)/SO(4) CHM with top partners in the spinorial representation
of the global SO(5) (MCHM4). For this model, we have:

my
{gffh = TCOSQ,

A
mt(ﬂ):—fsiHG = me .
9ffhh = _UTSID 0.

% (3.8)

We remind the reader that this is a much more general case, which can also be realised in
other models, depending on the representation of the top partners. The second case is re-
alised in the SO(5)/SO(4) model with the fundamental representation of SO(5) (MCHMS5),
for which:

\ _ my cos 20
my(60) = \/J; sin20 = T 5980 ’2 (3.9)
9ffhh = —1)748111 0.

Again, this case can be realised in other cosets as well. It is also interesting to note that
cases where the top mass receives both contributions can also be realised [35], for which:

me A1 + 8Aacosl . 29 (3.10)

my(f) = i()\1 sinf 4+ Aosin20) = grpnn = T2 N+ 2 cosd sin

V2
The coefficient of the quartic coupling, which, as we will see, plays the most important
role in the di-Higgs production, interpolates between the two cases we consider. For con-
venience, we will parameterise the coupling modifier following ref. [36] as:

_ h h?
L=—my(tLtr) <1+cfv+czfvg+...> + h.c. (3.11)

The last relevant coupling modifier is associated to the Higgs trilinear coupling. Its
value in CHMs is highly dependent on the details of the model, as the calculation for
the Higgs potential varies greatly depending on the coset and on the choice of top partner



Model hff(cp) | hhff(cay) | BWTW™(cy) | RRWFW ™ (c20) | can
MCHMA4 [9] 1-¢ —¢ VI—¢ 1—2¢ VI—¢
MCHMS5 [11] 1—12_56 —4¢ VI=¢ 1—2¢ %

MCHM5-Higgs % —4¢ 1-¢ 1—2¢ A

Table 2. The 3 benchmarks for the Higgs couplings as a function of £ = v?/f? = sin? 6, with 0 the
misalignment angle [29, 30].

Diagrams Amplitude

t 7’
M,

Table 3. Additional diagram in minimal composite Higgs models, with the corresponding partial
amplitudes.

representations. We have therefore decided to focus on three benchmarks: first we consider
the results obtained in the MCHM4 [9] and MCHMS5 [11] specific models, as reported in
table 2, while a third benchmark has the top coupling modifiers of MCHMS5 but a generic
trilinear coupling modifier. The latter case is chosen to explore the numerical effect of the
trilinear coupling. The effect of anomalous Higgs couplings (including trilinear one) within
the context of the SM was studied in [23].

For the photon initiated di-Higgs production process, a summary of the benchmark
cases considered in the numerical study is reported in table 2. Besides the SM diagrams
(with modified couplings), the calculation needs to be extended by including the quartic
coupling of two Higgs bosons to the top quark, as shown in table 3.

3.1 Numerical results

The helicity cross-sections as a function of the di-photon center-of-mass energy are shown
in figure 3, for two values of £ = 0.1, 0.04 and compared to the SM value. The main
difference between the MCHM4 and MCHM5 benchmarks is a larger top quartic coupling
(cf. table 2) for the latter. This explains the increase in the o4 cross-section compared
to the SM one, while for the MCHM4 case we observe a systematic decrease. This result
highlights the importance of this new coupling in affecting the photon fusion production of
two Higgs bosons. In the appendix we also report the results for the partial contributions
to the cross-section. The increase in the cross-section for the same helicity photons (o)
could be more than 50% in MCHMS5 and is the result of larger top quartic coupling (caf).

The modifications of the SM couplings, which always result in reducing their strength,
only contribute to a reduction of the cross-section compared to the SM one, as highlighted
by the o4 _ cross-section, which is only sensitive to the box diagrams.
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Figure 3. 7y — hh helicity cross-section for same photon helicities (top panels) and opposite
photon helicities (bottom panels) in the MCHM4 (left-column) and MCHMS5 (right-column) bench-
marks.

In figure 4 we report the eTe™ cross-section as a function of the electron-positron
center-of-mass energy for the same benchmarks. In the MCHM4 benchmark, we observe
a systematic decrease in the total cross-section, with sizeable effects emerging for center-
of-mass energies above 500 GeV. Thus, this scenario can only be tested at a high-energy
version of the collider. On the other hand, the MCHMS5 benchmark can feature an increase
in the cross-section compared to the SM one, driven by the tthh coupling cs 7. This effect
can go up to 20% above the ¢t threshold (for & = 0.1).

In figure 5 we have further shown the results in the MCHMS5 case, whereby the trilinear
Higgs coupling is taken to be another independent parameter. This scenario is given in the
third row of table 2. The variation in the cross-sections could be even more than 25% de-
pending upon the value of trilinear Higgs couplings. We have not shown the results for the
photon production cross-sections for opposite helicity photons as these contributions essen-
tially arise from box diagrams and hence are independent on the trilinear Higgs coupling.

We have also given an estimate of the statistical sensitivity (Sstat) as given in [28§],

[N — Nsml| _  Llno —nosw|
Nobs \/5(770 + nBGUBG)

Sstat = (3.12)
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(right panel) in MCHM5-Higgs, compared to the MCHMS5 benchmark. Here we fix £ = 0.1. The
percentage change in above plots represents change when the value of trilinear Higgs coupling is
taken as an independent parameter as compared to the MCHMS5 values for £ = 0.1.

with £ being the Luminosity. o and ogyr are the cross section of the Higgs boson produc-
tion in the CHMs and SM, while L, n, npg, and opg are the integrated luminosity, the
detection efficiency for the signal, the detection efficiency for backgrounds, and the cross
section of background processes, respectively. For the statistical sensitivity we have used
an integrated luminosity of £ = 2 ab~!. The backgrounds used in the estimation are as
given in [28] and used the cut efficiencies as estimated in table V of [28]. In estimating the
statistical significance we have evaluated the cross-section (for signal and backgrounds) as
a function of E,, whereas the cut efficiencies as given in [28] are taken to be constant. In
addition in the results we have not included another significant background v+ — tt. The
statistical sensitivities for MCHM4 and MCHMb5 are shown in figure 6.

~10 -



ﬁ‘(MCHMAl‘):()‘m‘_ T ——
€ (MCHM4)=0.1 - - - -
r € (MCHMS) =0.04 ------ :
EMCHM5)=0.1 —-— |
6 .
7
5
- _/’
2 4 L
v
/
. ' - RIS N e
v’ e - T ~ < -
2 / . g
N o .
1 y ooy
0 .
200 300 400 500 600 700 800 900 1000
E,,(GeV)

Figure 6. Statistical Sensitivity for vy — hh in MCHM4 and MCHMS5.

1F ! l+l’ _‘ _______
SMI'T ---| e -
VAUREEEEE B -
SM,vy —-— e -
—"- —/
A R
g e
= ol
= L
) Lo
o S
T 4
o s
k) b
© 0.01 f., \\.
B ] ——
Y \
| B
500 1000 1500 2000 2500 3000
E.. (GeV)
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(£=0.1).

3.2 Production in association to leptons in the minimal CHMs

The photon initiated di-Higgs production process we consider is a loop mediated process,
and one can also have similar processes at tree level at lepton colliders. In particular,
production in association to neutrinos gives typically larger rates in the SM. It is therefore
crucial to study the effects observable from CHMs and compare them to the process we
consider, in order to correctly evaluate the relevance of the photon production. In figure 7
we show the cross-section for the tree level channels £*¢~hh/vvhh as function of the center-
of-mass energy. For the evaluation, we used our own implementation of the MCHMS5 model
using FeynRules [37] and MadGraph [38]. We should remark that these production channels
only depend on the universal modifications of the gauge couplings (thus being the same
for all models), and only at a minor level on the model-specific trilinear couplings. Our
results show that the production cross-section for hh¢*¢~ is much smaller compared to the

- 11 -



photon one. The cross-section for hhvv gives comparable rates to the photon one, however
it is much less sensitive to effects from composite models, thus making it less effective
in revealing new physics effects. Furthermore, the presence of a large amount of missing
energy (due to neutrinos in the final state) renders it less favorable for a precision study.
These considerations also apply to the cases with resonances, we analyse them in the

next two sections.

4 Introducing a heavy scalar

The presence of a rather light scalar resonance in the spectrum of CHMs has been shown
to help in reducing the constraints on the misalignment angle [39]. This situation seems to
be rather common and realistic, as there are indications from several sources of its presence
if the theory has a near scale-invariant behavior, as needed for modern composite Higgs
models. As an example, lattice calculations [40-42] for a QCD-like theory with 4 light
flavours (to generate a composite Higgs model) and 6 or 8 heavy ones feature a 07" scalar
resonance with a mass lower than half of the p mass. This result has been found also in
gravity dual theories [43, 44] and more recently in holographic realisations [45-47].

For our purposes, the presence of a relatively light scalar can be encoded in the addition
of a second heavier “Higgs” H, with couplings parameterised in analogy to those of the
SM Higgs:

_ h H h?
LDm%mﬂVW(HQ%U+%EU+@%Q+M>—

_ h H h?
mﬁo+q+f+Qt%”>. (4.1)
v v

The coefficients ¢, and cf, for z = f,v, can be computed in specific scenarios, and
take into account the mixing between the two states. Furthermore, the model contains a
new coupling between the heavy state H and the SM-like Higgs coming from the kinetic
term of the pNGB Higgs. This coupling entails derivatives as follows:

2 2

L D cynn H@uha“h — —%CHhh% Hhh. (4.2)
The coupling cypp enters in the di-Higgs production via s-channel production of H, as
shown in table 4, thus can be effectively replaced by the second term in eq. (4.2), where
§ is the invariant mass of the two h system (i.e., the center-of-mass energy of the partonic
process).

Following ref. [39], we defined three benchmark points which pass all experimental
constraints summarised in table 5. As it can be seen, the value of £ can be allowed to be
as large as 0.3, while larger values for the quartic coupling to fermions are also allowed.
Quartic couplings involving H are not reported as they are irrelevant for our purposes.

4.1 Numerical results

In figure 8 we show the helicity cross-sections for the three benchmark points shown in
table 5. The first three plots show these benchmark points separately, for three values of
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Table 4. Additional diagrams with the heavy scalar H, with the corresponding partial amplitudes
as defined in the text.

Benchmark 1 | mpy = 610GeV, £ =0.306, I'y = 498 GeV, ki = 1.5

cr/ C]Ic{ Caf cofctt c2w | C3n CHhh
h 0.9199 | —0.7814 | 0.8791 | 0.5562 | Ap —
H 3.507 .. 0.3054 . - 0.4149
Benchmark 2 | mpg =800GeV, £ =0.197, I'y = 350 GeV, ki = 1.8
cr/ cf Cof cofckt Cay C3h CHhh
h 0.9102 | —0.4627 | 0.9305 | 0.7381 | A —
H 2.368 .. 0.3109 e — 0.4001
Benchmark 3 | mpy = 1000 GeV, £ = 0.0646, 'y = 47.6 GeV, k; = 1.
cr/ C}Iv{ Caf v/ Cf C2v C3h CHhh
h 0.9572 | —0.1498 | 0.9741 | 0.9038 | Ap —
H 0.6896 .. 0.0511 . - 0.1270

Table 5. Couplings of the Higgs h and of the heavier state H, for 3 benchmark points. The
parameter ki, characterises the coupling of the heavy resonance to the gauge bosons (see ref. [39]
for more details).

the SM-Higgs quartic coupling, A, = 0.6, 1, 1.4. The plots clearly show a substantial
enhancement around the mass of H, which also depends on the width of this state. Thus,
in BM1 (where the width of a singlet scalar Higgs is very large), the enhancement is spread
over wide values of the di-photon energy, while it becomes narrower for BM3 as the width of
the heavy Higgs is relatively smaller. This effect derives from the new s-channel diagrams
mediated by H as shown in table 4. These diagrams contribute only to o41. The Ap
dependence is visible for low center-of-mass energies. In this region one can observe effects
of the trilinear SM Higgs coupling (c3p,) diagrams with the SM Higgs as mediator in s-
channel. These diagrams are given in table 1. In the bottom-right panel, we show the
o4+ cross-section: as it involves only box diagrams, it is not affected by the Higgs trilinear
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Figure 8. 7y — hh helicity cross-section in the model with an additional heavy scalar H. The
benchmark points (BM) for the above results are given in table 5.

coupling nor by the H. The reduction is therefore only due to the reduction in the SM
Higgs couplings, which are more marked for BM1 compared to BM3.

In figure 9 we show the eTe™ cross-sections for the three benchmark points, again
for three values of A\j. As expected, for BM1 and BM2, which feature a relatively lighter
H, sizeable enhancements are present at low energies, and the cross-section shows major
deviations near the mass of the heavy Higgs. As the H is rather heavy for BM3, its effect
at lower energies (say up to 1TeV) is suppressed, whereas the impact can be significant
around its mass. The statistical sensitivity for the three benchmark points (as given in
table 5) is shown in figure 10 and shows highest significance among all the models we have

considered /discussed.

5 Introducing top partners

Top partners are a necessary ingredient in any CHM that implements partial compos-
iteness [48] for the top [49]. Typically, they are required to be light if responsible for
generating the Higgs (misalignment) potential at loop level [50]. Furthermore, loops in-
volving top partners may also help softening the constraints from electroweak precision on

the misalignment angle [51, 52].
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Figure 9. eTe™ — hh cross-section in the model with an additional heavy scalar H. The bench-
mark points (BM) for the above results are given in table 5.
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Figure 10. Statistical Sensitivity as a function of v+ collider energy for the process vy — hh for
BM1, BM2 and BM3 (as given in table 5) in the model with an additional heavy singlet Scalar H.
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Table 6. Additional diagrams with top partners, with the corresponding partial amplitudes as
defined in the text.

For the di-Higgs production we are focusing on, top partners may also be relevant as
they enter the production mode at one loop level, as shown in table 6. To study their
effect, while avoiding the complications of plunging in specific models, here we construct
an effective Lagrangian that only includes the most relevant components. In practice, we
will introduce a singlet S and a doublet Q = (U, D)T vector-like composite fields, which
then mix with the elementary top fields via the misalignment angle. The most general
Lagrangian reads:

—Lrp = Mg (gLUR +URrUL 4+ D.Dg + DRDL) + Mg (SLSR + SRSL> +
yrf cos 6 (fLUR—i-ELDR) +ypfcosfSptr +h.c.

—y/LfSiDGELSR - y}gf SiHQULtR—i-h.C. (5.1)

As the pNGB Higgs h is associated to the misalignment angle, its couplings can be extracted
by taking derivatives with respect to 6, as follows:

OLrp h

190°Lrp h?
Lhinz = o0 |

—— 5.2
2 0602 f? (5:2)
and subsequently rotating the fields to the mass eigenstate basis. To simplify the analysis,

in the following we will consider two separate cases, which include only the singlet or only
the doublet respectively. The effective Lagrangian for top-like state T' and a bottom-like

~16 -



one B thus reads:

cor h? . h  cor h? -
{<1+ crot S )tLtR+<cTU+ -t .)TLTR+

h h -
CtTU +. >tLTR+ (CTtU—l-...)TLtR}—i-h.C.

h _
(e e

h - h _
<chv+...)bLBR+ (CBbv—i-...)BLbR}—f—h.C. (5.3)

where the second term, containing the bottom quark and a bottom partner, only appears
for the doublet case, and we display the relevant couplings (the dots indicating higher
orders in the Higgs field).

The top partners also affect the couplings of a single Higgs to gluons and photons,
which have been measured accurately at the LHC. As it was already observed in the
literature [53, 54], however, there is a cancellation at work such that the reduction of the
top couplings can be compensated by the coupling of top partners. In fact, the effect of
the heavy top partners can be encoded in an effective top Yukawa modifier as follows:

C?cﬂr’gg =cf+ CTi + CBimt (5.4)
mp
fr, my 1 my
j‘ R —CerCTiqL 4CBmB (5.5)

Thus, it suffices that the above combinations are close to unity to avoid strong constraints.
On the other hand, a looser direct bound on ¢y is imposed by the measurement of the tth
cross section [55, 56].

Top partner masses are also constrained by direct searches at the LHC, which look
for direct decays into SM final states: T — Wb, Zt,ht and B — Wt, Zb, hb. Current
bounds lie in the 1.3 = 1.5 TeV range, depending on the relative branching ratios.? Note
that composite Higgs models typically contain additional pNGBs, possibly lighter than the
top partners: they may provide additional decay modes which could, in some cases, reduce
the constraints [57-61]. Nevertheless, it seems unlikely that top partners below 1TeV are
allowed. In the following, we will consider benchmark models with values of the top partner
masses around 1.5 TeV, and with a misalignment angle § = 0.2 (corresponding to £ =~ 0.04).
This choice guarantees that the benchmarks are not yet excluded and will be difficult to
test even at the HL-LHC run [62].

5.1 Singlet case

The Lagrangian in eq. (5.1) can be reduced to

—Ls=MgSLSp+yr f cos@Srtg —y; f sinftr Sk + h.c. (5.6)

2Cf. CMS B2G Working Group and the ATLAS Exotics results.
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so that only two couplings are relevant, yr and v . It is convenient to first define an angle,
aR, characterising the degree of compositeness of the right-handed top, as follows:

sinaR:%, M = \/MZ+y%f?. (5.7)

The remaining free parameter is y;, which we trade for the top mass:

yr f sinag sin26
my =

= 5.8
2v/1 —sin? ap sin26 (5:8)

at leading order in y; . This expression is close to the one obtained in the MCHMS5 scenario
in the previous section, so we will use the latter as a control to evaluate the net effect of
the top partners.

In the mass eigenstate basis, the relevant couplings match the first term in eq. (5.3),
with T being the heavier vector-like state. In table 7 we report the numerical values for 4
choices of ag. In the last column, we also report the values of the effective couplings c‘}ff
entering the single Higgs couplings to gluons and photons: they are nearly independent of
ap and match the value in MCHMS5. Thus, even if ¢y can be much smaller than 1, as for
ar = 7/10, the measurements of the Higgs couplings do not exclude this benchmark. Note

also that a similar sum rule is absent for the quartic coupling, which is always substantially
smaller than for MCHMS5 case.

5.2 Doublet case

In this case, the Lagrangian in eq. (5.1) is reduced to:
— ﬁQ = MQ (ULUR+DLDR> +yr, f cosf (ELUR—FZ_)LDR) —y;zf SinQULtR—I—h.C. (5.9)

As for the singlet case, we can define the degree of compositeness of the left-handed top

(and bottom) as
. o yLf _ 2 2 r2
sinay ===, M=,/Mj+y;f*. (5.10)

The remaining free parameter is y},, which we trade for the top mass, given by the analog
of eq. (5.8) with L <> R. Moreover, the spectrum now also contains heavy bottom partners,
which couple to the Higgs via the couplings in the second term of eq. (5.3).

In table 7 we report the numerical values for four benchmark values of ay,: the couplings
of the top partner 7" are the same as in the singlet case (up to a reverse of the chirality
for the mixed couplings ¢;p and cpy). The new ingredient is, therefore, the presence of the
bottom partner. In the last column, we report the effective couplings c?ff. The difference
between gluon and photon couplings, as well as the discrepancy from the MCHMS5 case,
are due to loops of B.

5.3 Numerical results

In figure 11 (two top panels) we show the results of the helicity cross-sections for BM1 as
given in table 7 for the model where a heavy singlet vector-like top partner is introduced
(cf., section 5.1). The results are shown for four indicative values of ar (measure of degree
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Benchmark 1 M = 1500 GeV, 6 = 0.2, miop = 173 GeV St
Mr cf Cof cr Cor T crt c;ﬁ’g g c‘;;ﬂ’w
ar =7/3 1480 0.965 | —0.0497 —0.212 —0.250 —0.603 | —0.220 0.940
ar =7/4 1496 0.945 | —0.0596 | —0.0427 —0.167 —1.034 | —0.291 0.940
ar=m/6 1525 0.906 | —0.0685 0.293 —0.0923 —1.77 —0.347 0.939
ar = /10 1608 0.810 | —0.0709 1.204 —0.0749 | —3.123 | —0.430 0.939
Benchmark 2 M =1500GeV, 0 = 0.2, miop = 173 GeV c‘}ﬂ
Mp cs Caf cF CoF CfF Crf c;ﬁ"gg c‘}ff’w
arp =m/3 T: 1481 | 0.965 | —0.0497 | —0.212 —0.250 —0.220 | —0.603 | 0.910 | 0.933
B: 1478 0 0 —0.255 —0.250 —0.150 0
arp =7/4 T: 1496 | 0.945 | —0.0596 | —0.0427 | —0.167 —0.291 | —1.034 | 0.920 | 0.935
B: 1485 0 0 —0.169 —0.166 —0.173 0
arp =m/6 T: 1525 | 0.906 | —0.0685 0.293 —0.0923 | —0.347 —1.77 0.929 | 0.937
B: 1493 0 0 —0.0843 | —0.0826 | —0.149 0
ar =7/10 T: 1608 | 0.810 | —0.0709 1.204 —0.0749 | —0.430 | —3.123 | 0.936 | 0.939
B: 1497 0 0 —0.0321 | —0.0314 | —0.101 0
Control MCHMS5 with 8 = 0.2 c‘}ﬁ
— Joowo| o8| — | — | — | 0.940

Table 7. Couplings of the Higgs h to top (bottom) quarks and top partners relevant for our
calculation. Benchmark 1 corresponds to the singlet, while benchmark 2 to the doublet (here,
F =T,Band f =t,b). The “control” corresponds to the model MCHMS5 without light top partners.

of the compositeness of the right-handed top). In all these results there is a universal
pattern of reduction in the cross-section as compared to SM values. The reduction of the
cross-section for opposite photon helicities is a universal feature observed in all the earlier
models that we have discussed. As explained earlier, the reason for this is that this process
goes through box diagrams only, which do not receive contributions from additional new
couplings like the quartic couplings of the Higgs with tops. The other couplings tend to
be reduced in magnitude as compared to the corresponding SM values, thus resulting in
smaller value of the cross-sections. In the case of same-helicity photons, as can be seen from
BM1 in table 7, the value of the quartic coupling of tops with the Higgs (cay) is very small
and the other couplings (cy, ¢y, c2,) tend to be reduced in magnitude as compared to the SM
values, resulting again in the lower value of cross-section at small center-of-mass energy. In
the inset plots of figure 11, we show the cross-sections for larger values of the energy (above
top partner mass, Mr). The substantial increase in the cross-section is the due to the large
value of the quartic coupling cor. This behavior can also be seen from the appendix plot
figure 16, where we display individual contributions as given in tables 1, 3 and 6.

In figure 12 we present the results of the cross-sections for a doublet of top and bottom
partners. This model was discussed in section 5.2 and the benchmark point BM2 considered
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Figure 11. 4y — hh cross-section for same photon helicities (top left panel), opposite photon
helicities (top right panel) and ete™ — hh (bottom panel) in the model having an additional
singlet top partner. The BM1 point parameters are given as Benchmark 1 in table 7.

in our numerical analysis is given in table 7. The individual contributions (as given in
tables 1, 3 and 6) are shown in the appendix, figure 17. In this case, there are two vector-
like quarks, namely a vector-like top (7') and a vector-like bottom (B), in the particle
spectrum. The numerical results are similar to those of a singlet, proving that the effect of
the bottom partner is negligible.

The results of the statistical significance in case where an additional singlet Vector
Like Top quark is present are shown in figure 13. The results are similar in the case of the
presence of an additional vector like quark doublet.

6 Conclusion and outlook

In this paper we have discussed the Higgs pair production in photon collisions in composite
Higgs models, considering first minimal scenarios and then the effect of an extended Higgs
sector and vector-like fermion multiplets, typical of these models. Such realizations can be
studied at electron-positron colliders, namely FCC-ee, CEPC and ILC, which can probe
regions up to the TeV center-of-mass energy. We focused on composite models as they can
provide novel Higgs pair production mechanisms and interference effects. In particular,
photon collisions are sensitive to all modified Higgs couplings and effects stemming from the
new quartic Higgs-fermion vertices. The coupling responsible for these vertices, absent in
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Figure 13. Statistical Sensitivity as a function of 7+ collider energy for the process vy — hh in
the model with an additional singlet Top partner. The benchmark point parameters are given as

Benchmark 1 in table 7.
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the SM and arising from the non-linear nature of the composite Higgs, is the primary cause
of enhancements in the photon Higgs pair production. On the other hand, modifications
to the SM-like couplings are universal, i.e. they do not depend much on the specific model,
and only result in mild reductions in the cross-sections. This effect is clearly demonstrated
by comparing the results for the case of same-helicity and opposite-helicity photons in the
vy — hh cross section. For the former case, when considering the MCHMS5 benchmark
with a large value of the Higgs-top quartic coupling, large enhancements of more than 100%
are seen, whereas for the latter this quartic Higgs-fermion coupling does not play a role
and the cross section is diminished. Note that this translates to a 20-30% enhancement of
the overall ete™ — hh cross section for the MCHMS5 benchmark point.

The presence of an additional scalar resonance H opens up a new s-channel diagram,
again only affecting the same-sign helicity photon cross sections. This results in large
enhancements at the relatively lower diphoton energy and for lower value of mpy and
depending on the width I';. This enhancement can be substantially high near the resonant
(mass of heavy Higgs) value of diphoton energy. Similar enhancements can be observed
in the ete™ — hh. Amongst all the models considered in our study this model is the
most promising as far as the enhancement from the SM results are concerned. On adding
fermion partners, the results for the cross sections are in general below the SM result for
all benchmarks considered. The only exception, where a substantial enhancement can be
observed, is when a very large center-of-mass energy is considered, beyond the mass of the
top partners.

The photon-initiated Higgs pair production process, therefore, is a key element for the
discovery of deviations from the SM. This would be a strong indication of the compos-
ite structure underlying the Higgs sector. Our work shows that composite models can be
revealed at future lepton colliders, even if the energy is not sufficient to produce new reso-
nances. An enhancement or reduction in the total cross section can also be accompanied by
different kinematics of the final Higgs pairs, which we leave for a future detailed study. The
detection of Higgs pair production via photon collisions can give precious preliminary indi-
cations on the presence of composite resonances, which could be produced and discovered
at high-energy hadron colliders, which are planned to follow the electron-positron ones.
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A Partial contributions to cross-sections

For completeness we list in the following the relevant helicity amplitudes of the top quark
loop with the Higgs and the box contributions. The helicity amplitudes of top quark
triangle loop with the Higgs self-coupling is:

B YU 4m%mt
Mq_q%hQ@)MM#Wmﬁm (A1)

where the Higgs self-coupling in compos}te models is given by Appn = c3p, /\%\fh = c3p 3m,% Jv.
The top quark triangle diagram with ¢tthh coupling is given by

Yo\ 4my
MCQfZCQf <\/§> 3m12/v

where the triangle loop function of top quark fi(s) is written as

fils) = [2= (s = 4m}) Co(s;m)] - (A.3)

fe(s) (A.2)

The Passarino-Veltman three-point loop function Cj [63] is abbreviated as
CU(S;m) = Co(p17p2;m7m7m)7 (A4)

where m is the mass of the internal loop particle. The box diagrams of top quark are
written as

M+ +) = Mpn T (+,+), Mg (+-) = cF MELT (+,-), (A.5)

box box

where Mbo M.f (A1, A2) are the top quark box diagrams in SM. The W boson triangle loop
diagrams with WWh and WW hh coupling are given by

fw(s), (A.6)

Mcv = Cy C3h

MCQU = C2p m fW(S), (A?)
with the W boson loop function
fw(s) = [8miys Co(s;mw) — (6miy +m7) (1+2mdy Co(s;mw))] - (A-8)
The W boson box diagrams are:
Mig(t 1) = & Mo (1), ME(h ) = M (h2) (A9)

where Mﬁg/)[(’w(/\l,)\g) are the box diagrams of W boson loop in the SM. The helicity
amplitudes of the top quark and W boson box diagrams in the SM are given in ref. [25].
The results of individual and total contribution of the helicity cross-sections (top row)
and electron-positron cross-sections (bottom row) for a particular value of MCHMS5 pa-
rameter ({ = 0.1) are given in figure 14. As can be seen the new cyy coupling can give

substantial contribution to the cross-sections.
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Figure 14. MCHMS5: cross-sections for the individual contributions as given in tables 1 and 3 for
vy — hh same photon helicities (top left panel), opposite photon helicities (top right panel) and
ete” — hh (bottom panel).

Heavy scalar H. The triangle top quark loop with the heavy scalar H can be written as

ytv) 4my(s —2m3)
V2) 3mé, (s —m3 + imuly)

where my and I'y are the mass and width of Heavy scalar. The W boson triangle diagrams

Mo = —cl! cxn ( i(s), (A.10)
with H are given by

s —2m3
2m, (s —m¥ +impyly)

M = —ctf CHmn fw(s) (A11)

The results of individual contributions in the model where heavy scalar (H) is intro-
duced in the spectrum (section 4) are shown in figure 15. The plots shown are for the
benchmark point 1 of table 5. It is to be noted that the new quartic Higgs-fermionic cou-
pling is substantial in this model resulting in a larger value of cyy contribution thereby
resulting in substantial deviations from SM predictions.

Vector like quark. In the notation below we have labelled f = t,b SM top and bottom
quarks and F' =T, B Vector Like Top and Bottom quarks. The helicity amplitudes given
below have same expressions for (¢,7') and (b, B) the difference between them arise due to
the Electromagnetic Charge. In below expressions we have used a parameter ¢ which has
values ¢ = 1 for (¢,7) and g = 1/4 for (b, B).
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Figure 15. Cross-sections for the individual contributions as given in tables 1 and 3 for vy — hh
same photon helicities (left panel) and eTe™ — hh (right panel) in the presence of heavy scalar (as
given in section 4).

The F' quark loop can be written as:

5 fr(s). (A.12)

yw) 4m,21mT
m%v(s —mj)

V2
The T quark triangle diagram with TThh coupling:

MCT = q2 CT C3p (

v\ 4m
MC2T = q2 CorT (%) 3m§ fT(5)7 (A13)
w
with
fr(s) = [2 — (s — 4m?%) Co(s;mT)} : (A.14)
The box diagrams of T" quark are:
T 2 2 my | SM,T
Mbox(+a +) =q Cp <TTLT> Mbox’ (+>+)7 (A15)
T 2 2 my 2 SM,T
Miox(+, =) =4q" cp p_ Mpo™ (+, =) (A.16)

The helicity amplitudes of t — T box contributions are:

MU (+,+)=—

box

8
3mZ . @ (cip+ciy) {_430(33mtamt)+16024[t,t,T](3)_2300[t,t,T}(3)
W

+s [(u—m? _m%)DO[t,t,t,T] (s,t)+ (t—m? _m%‘)Do[t,t,t,T] (s, U)}
—[(t=m}) (w=m3)+s(m?+md—m})| Doyt )

+4(s—2m32 +2m? 42m32.)

1
X (D27[t,t,t,T] (8,t)+ Darig e, (8,u) + Doy e (1) — ico[t,t,T] (5)> }

+q2 CyT CTg Ty v [S(Do[t,t,t,T}(S7t)+D0[t,t,t,T](Svu)+D0[t,t,t,T] (t,u))
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—4 <D27[t,t,t,T] (8,8)+ Dagie t6,1(8,w) +Dorpy v .11 (1) = Copg o 1 (3))]

t u—mi 9 9
———5— 4 (cir+ery) S(D13[t,t,t,T](Sat)+D13[t7t,t,T]<3au))

+(s—2m3 +2m? +2m%)
X Dagjt,t,6,11(8:8) + Dasjt 16,71 (8, w) + Diaft,e.6,77 (¢, w) + Doy 1.4, (2 U))

2m%,[,s

(COttT] )+Cof,e,1) (v )+Cll[t,t,T}(t)+Cll[t,t,T](u)+012[t,t,T](t)""ClQ[t,t,T](u))]
4

+4 ¢? ¢y epe my M

X (D23[t,t,t,T} (8,8)+Dasje 16,11 (8,w) +Diajg p.0,7) (t )+ Dagpe .17 (1 U)) }

+(my <> my) (A.17)
t u—mi

Mbox( ) ) 25

¢ {<C3T+c%t>[<s—2mz+zm$+zm%>

X (D23[t,t,t,T](sat)+D23[t7t,t,T]<3au)+D12[t,t,t,T] (tvu)+D22[t,t,t,T} (tau))
+8(D13t,1,6,17 (8 ) + Diae,e,,17 (5, 1))
—(Copt,t,1(8) +Cope,e,11 (1) +Crafee11(8) +Crafee, ) (8) +Crope,e,1) (8) + Clapee, 11 (1))

+crergmymy [DQS[tJ,t,T] (8,8)+Dasje t,¢,1(8,w) +Drajg p.0.7) () +Dage .4 11 (1, U)} }

+(my <> mr), (A.18)

where the Passarino-Veltman loop functions [63] are abbreviated as

Cufijk)(8) = Cu(p1, p2; mi, my, my) (A.19)
Cofini) (1) = Cu(p2, p3; mi, myj, my) (A.20)
:c[z,],k] (u) = Cy(p1,p3; mi, my, my), (A.21)
Cofijn (8) = Cau(ps, pa;mi, myj, my) (A.22)
wlijokt) (85 1) = Da(p1, p2, p3; mi, mj, mg, my) (A.23)
Dyfijkn(8,1w) = Da(p2, p1, p3; mi, mj, my, my) (A.24)
Dy ik (tw) = Da(p1, p3, p2; mi, my, mg, my) - (A.25)

In figure 16 the results of individual contributions on introduction of a singlet Vector Like
Top quark (as discussed in subsection 5.1) are given. The results are shown for the bench-
mark point 1 as given in table 7. As can be seen from the table the contribution coming
from the quartic Higgs-fermion (SM) vertices (cay) is relatively small thereby resulting in
decrease in cross-sections as compared to SM value. However, the quartic Higgs-Vector like
fermion vertex (cor) could be substantial and its effects can be seen after the threshold of
the Vector Like Top quark mass (inset of figure 16).
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Figure 16. Cross-sections for the individual contributions as given in tables 1 and 6 for vy — hh
same photon helicities (left panel) and eTe™ — hh (right panel) in the presence of a Singlet Vector
Like Top-quark (as given in section 5.1).
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Figure 17. Cross-sections for the individual contributions as given in tables 1 and 6 for vy — hh
same photon helicities (left panel) and eTe™ — hh (right panel) in the presence of Doublet Vector
Like Top-quark (as given in section 5.2).

In figure 17 we have shown the results of individual contributions after introducing the
vector like quark Doublet (T, B)T (discussed in Sub-section 5.2). The results are shown
for benchmark point 2 as given in table 7. The results are similar to the ones of the
introduction of a singlet vector like quark and once again we witness the impact of the
quartic Higgs-fermionic vertex (cor) after the threshold of the Vector Like Quark mass.
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