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ABSTRACT: We show how effects of compositeness emerging in a Composite 2-Higgs Doublet
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simultaneously. We quantify these effects by taking into account the relevant theoretical
and latest experimental bounds.
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1 Introduction

During run 1 and 2 of the Large Hadron Collider (LHC), precise measurements of the
discovered Higgs boson properties, namely, its quantum numbers and couplings to Standard
Model (SM) particles, have revealed these to be very SM-like [1, 2]. However, in order to



ultimately establish that the Brout-Englert-Higgs mechanism [3-6] is indeed responsible
for the generation of elementary particle masses, one really needs to reconstruct the Higgs
potential itself by measuring the Higgs self-couplings [7, 8]. With increasing amounts of data,
the two multi-purpose LHC experiments, ATLAS and CMS, have started to put limits on
the trilinear Higgs self-coupling by investigating both resonant and non-resonant SM-like
Higgs pair production. In the absence of a discovery, the measured limits are rather weak,
as they constrain the trilinear Higgs self-coupling to values between —0.4 and 6.3 times the
SM value as reported by ATLAS [9] and between —1.7 and 8.7 times the SM value as found
by CMS [10] (both assuming a SM-like top-Yukawa coupling).

The reason for the limited LHC sensitivity to SM-like Higgs pair production, compared
to single Higgs production, is the smallness of the corresponding cross section. At the LHC,
the dominant production process is induced by gluon-gluon fusion also in the case of pair
production [11-13]. The Leading-Order (LO) amplitude in the SM is built up by triangle
and box diagrams mediated by heavy quark loops [14-16]. Not only loop-mediated, but also
suffering from a destructive interference between box and triangle loops, this implies a small
SM cross section of ~ 31fb for a center-of-mass energy of /s = 13TeV [17].

While it may not be possible to measure the trilinear Higgs self-coupling in the SM
during run 3, for which the High-Luminosity LHC (HL-LHC) [18, 19] will then be required,
in Beyond-the-SM (BSM) scenarios with extended Higgs sectors this may well be achievable
already in a few years from now. Here, the cross sections can be enhanced due to new heavy
(resonant) Higgs states, additional particles running in the loop, modified trilinear Higgs
self-couplings and/or top-Yukawa couplings (see, e.g., [20] for a recent comprehensive study
of various archetypal BSM extensions). Taking into account all relevant theoretical and
experimental constraints, the trilinear Higgs self-coupling of the SM-like Higgs boson in BSM
extensions can still deviate significantly from the SM value while the top-Yukawa coupling
is constrained to be within about £10% of the SM value [20].

One of the simplest Higgs sector extensions that may allow for SM-like Higgs pair
production embedding all aforementioned effects is given by the 2-Higgs Doublet Model
(2HDM) [21, 22],2 where a second Higgs doublet is added to the SM Higgs sector. While
the elementary version of the 2HDM can naturally be accommodated in supersymmetry
in the form of the Minimal Supersymmetric Standard Model (MSSM) (see, e.g., [24-28]
for reviews), when its Yukawa couplings are of so-called Type-II, it was recently proposed
that a counterpart version of this Higgs scenario realised within compositeness, the so-called
Composite 2HDM (C2HDM) of [29], wherein the Yukawa couplings are aligned in flavour
space, could yield a very distinctive phenomenology in comparison, so that one may well
be able to tell the two apart [30].

In the spirit of testing compositeness further, it is thus of clear importance to study
SM-like Higgs pair (di-Higgs, for short) production within it on the same footing as done
in [31] in the context of supersymmetry. While the MSSM and C2HDM offer the same

!This number corresponds to the FTapprox value, the current state-of-the-art in perturbative QCD, wherein
the cross section is computed at Next-to-Next-to-LO (NNLO) in the heavy-top limit with full LO and NLO
mass effects and full mass dependence in the one-loop double real corrections at NNLO.

2For the extension of the Effective Field Theory (EFT) framework to the 2HDM, see [23].



Higgs sector in terms of particle content, they differ in the mechanism that enables one
to overcome the hierarchy problem of the SM. In order to explain the relatively small
SM-like Higgs mass value in the presence of large mass scales, supersymmetry invokes spin-0
companions to the top-quark, the top squarks, with the latter adequately cancelling the
otherwise excessive corrections to the SM-like Higgs mass due to the former. Compositeness
resorts instead to an alternative mechanism, wherein a SM-like Higgs state is naturally light
since it is conceived as a pseudo-Nambu-Goldstone Boson (pNGB) with composite nature
generated in a new strong sector, which dynamics also entails the presence (among others) of
new spin-1/2 states, i.e., top-quark companions. These states, too, can then enter di-Higgs
production via the aforementioned loop diagrams.? It is the purpose of the present study
to assess the role of such extended Higgs and fermionic sectors of the C2HDM in di-Higgs
production at the LHC (for earlier work along the lines of our paper, see e.g. [33]). In doing
so, we will treat both cases of resonant and non-resonant di-Higgs production (separately),
following a high-intensity scan of the C2HDM parameter space in presence of all available
theoretical and experimental constraints, which will enable us to define viable Benchmark
Points (BPs), with different dynamical and/or kinematical characteristics, amenable to further
phenomenological investigation. In fact, while the results of the present analysis are primarily
of theoretical nature, they serve to demonstrate that a computable framework exists within
compositeness that can eventually be tested experimentally, thereby ultimately contributing
to put the C2DHM on a similar footing as the MSSM, while also being notably different
from elementary 2HDM realisations.

The outline of the paper is as follows. In the next section we will introduce the C2ZHDM
together with the constraints that we applied on it. In section 3, we will give the di-Higgs cross
section for SM-like Higgs pair production in such a scenario. Subsequently, in section 4, we
will present our numerical results: we will first describe our parameter scan with the applied
constraints and then move on to discuss the origin and impact of C2HDM effects. In sections 5
and 6, we will then investigate in detail the non-resonant and resonant Higgs pair production
case, respectively, both for inclusive and exclusive di-Higgs production. Section 7 discusses
the differences between results in the C2HDM, the elementary 2HDM Type-II, the elementary
flavour-Aligned 2HDM (A2HDM) and the MSSM. Our conclusions are given in section 8.

2 Explicit realisation of the C2HDM

As indicated above, compositeness can naturally solve the hierarchy problem of the SM by
the introduction of a light Higgs boson emerging as a pNGB from a strongly-coupled sector
(for a review, see, e.g., [34]). It is a bound state produced by strong dynamics [35—41] and,
due to its Goldstone nature, it is separated by a mass gap from the other usual resonances
of the strong sector. It can be seen as the analogue of the pion of the strong interactions
and, just like QCD predicts other mesons as bound states, there could be several Higgs-like
states predicted by compositeness beyond the one discovered so far as well as additional
composite states, both fermionic and bosonic ones. In this respect, a natural setting is the

3Effects of dark-coloured scalar particles on di-Higgs production, assuming a SM-like Higgs sector, were
recently investigated in [32].



C2HDM of refs. [29, 42-45]. 1t is built by enlarging the coset associated to the breaking of the
global symmetry of the underlying strong interactions to contain, besides the SM-like Higgs
doublet, an additional one (both realised through pNGB states). The presence of an extra
Higgs doublet is also predicted in supersymmetric models. A comparative study between the
C2HDM and MSSM has been presented in [30] for the case of single SM-like Higgs boson
production. In the following phenomenological analysis we will tension the C2HDM to its
supersymmetric counterpart, i.e., the MSSM (albeit limitedly to the non-resonant case), by
referring the reader to [31], as well as two elementary 2HDMs, the so-called Type-II (with
a Higgs sector similar to that of the MSSM, yet, with more degrees of freedom) and the
A2HDM (which realises a Yukawa structure similar to that of the C2HDM).

Here, we focus on the extended Higgs sector of the C2HDM, which is originating from the
breaking SO(6) — SO(4) x SO(2) at the compositeness scale f providing two pNGB doublets
(see [29] for the explicit construction of the model). The pNGB matrix U is constructed
from the 8 broken SO(6) generators T (i = 1,2, & = 1,...,4) out of the 15 total ones
T4 (A = 1,...,15) as follows:

U = 67;%7 I = \/§¢?712ﬁ = — 04X3—‘ e s (21)
—P7 O2x2

where ® = (¢%, #3). The two real 4-vectors <Z>? can be rearranged into two complex doublets
®; (i = 1,2) as

L (¢?+ig)
&= <¢4_z¢3>. (2.2)

The Vacuum Expectation Values (VEVs) of the Higgs fields are taken to be <¢)§1> =v; (1 =1,2),
with v2 = v} + v3 and the definition tan 3 = v /vy as usual in 2HDMs, such that (;S‘} =v; + h;.
Because of the non-linear nature of the pNGBs eventually emerging as Higgs boson states,
v is related to the SM Higgs VEV wvgy; via
vdy = f2sin® 5 (2.3)
f
and it reduces to it in the f — oo limit.

To obtain a non-zero value for the Higgs boson masses, terms which break the SO(6)
symmetry explicitly must be introduced. Within the partial compositeness paradigm [46],
this can be achieved by a linear mixing between the (elementary) SM and (composite)
strong sector fields. In our construction, this is implemented for the third generation of
the SM fermions, which are in fact the main sources of the new symmetry breaking. The
masses of the Higgs bosons and their self-interactions are then generated at one-loop level
from the Coleman-Weinberg potential. As such, these are not free parameters, unlike in
elementary realisations of a 2HDM, but depend upon the strong sector dynamics and present
correlations amongst themselves.

The explicit model is based on the two-site construction defined in [47]. The extra
degrees of freedom in the gauge sector are the spin-1 resonances of the adjoint of SO(6), that
we will consider very heavy and so phenomenologically irrelevant for the purposes of the



present analysis. Their Lagrangian Lgauge is explicitly given in ref. [29] and depends on the
gauge coupling constant g, of the strong sector. This term is not relevant here and will not
be detailed below. In contrast, in the fermion sector, we consider two spin-1/2 resonances
wl/] (I,J =1,2) which are SO(6) 6-plets, which can be much lighter in comparison. This
is the minimum number of fermionic multiplets required to ensure the UV finiteness of the
potential [29]. The corresponding Lagrangian is

Lt + L = WDV + [BLMYh — B+ VS v
+ (AL UL+ ALES W) + hee., (2.4)

where ¥ = USoU7T, with Xo = diag(04x4, io2). Here, Ap r (Mg, Y7 and Y3) are dimensionful
vectors (2 x 2 matrices). Since Y3 = —%, terms up to a quadratic power in ¥ reproduce
the most general interaction Lagrangian between the fermionic resonances and the pNGB
fields. For simplicity, we assume CP conservation in the strong sector, i.e., all parameters
in eq. (2.4) are real (the CP-violating case is considered in [48]). As a result, the Higgs
potential is CP-conserving. The Yukawa interactions for the right-handed bottom quark can
also be included by introducing further spin-1/2 resonances. Analogously, one can implement
partial compositeness for 7 leptons, too. In the following analysis of di-Higgs production,
though, we will only consider the top sector as being composite amongst fermions, with the
relevant states given by the ordinary SM top quark and eight heavy top partners of electric
charge 2/3. We finally note that the new gauge interactions do not give rise to severe UV
divergences in the calculation of the Higgs potential. In fact, the fermion Lagrangian defined
above provides logarithmic UV divergences which can be removed by suitable conditions
amongst the strong sector parameters.

In ref. [29], among all possible solutions, we enforced the “left-right symmetry” defined
in [47], which provides a simple setup, but represents only a part of the available parameter
space of the C2HDM. Thus, here, we enlarge the C2HDM parameter space by removing
the relations among the new fermion parameters ensuing from such a symmetry. Namely,
we consider Al AL YII g and ML’ as parameters of the fermion sector in their full lavour
structure, naturally of the order of the compositeness scale f, and we require the UV finiteness
of the Higgs potential at one-loop order by enforcing the vanishing of the coeflicients of the
quadratic and logarithmic divergences. To satisfy these conditions, as said above, at least
two families of heavy fermions are needed, and we opted for the minimal realisation with
I1,J =1,2. Moreover, the finiteness equations are given as combinations of the parameters
listed above and allow to effectively reduce the number of independent ones. For example,
one can compute the mass parameter M\{,‘] in terms of all the others, thus leaving the fermion
sector completely determined by

Aiv A%%v Y1{2J (Iv J =1, 2) (25)

as free parameters.

By integrating out the new spin-1 and -1/2 states, we obtain the effective low-energy
Lagrangian for the SM (gauge) bosons and (third generation) fermions as well as the Higgs
fields @; (i = 1,2). In each coefficient of the Lagrangian terms, form factors then appear,
which are expressed as functions of the parameters of the strong sector. Their explicit



forms are provided in [29]. However, the low energy Lagrangian introduces, in general,
Flavour-Changing Neutral Currents (FCNCs) at tree level via Higgs boson exchanges. Here,
in order to avoid these FCNCs, we will follow [29] by requiring alignment in the flavour
sector, like in the elementary A2HDM.

The Higgs potential is then generated by the gauge boson (Wj, a = 1,2,3, and B),)
and fermion (qz, and tg) loop contributions. By expanding up to the fourth order in the
®, fields, we get a Higgs potential with the same structure as the one of the elementary
A2HDM but with coefficients determined in terms of the parameters of the strong sector.
Therefore, the masses of the Higgs bosons and the scalar mixing angle are fully predicted by
the strong dynamics. Phenomenologically acceptable configurations are obtained by requiring
the vanishing of the two tree-level tadpoles as well as the reproduction of the Electro-Weak
(EW) VEV and the measured masses of the top quark and the SM-like Higgs boson, here
identified as the lightest CP-even scalar state.

2.1 Constraints on the C2HDM

The composite nature of the SM-like Higgs boson in the C2HDM can be accessed at the LHC by
exploiting the corrections of O(§) to its couplings, where & = véM /f?. The precision achieved
by the current LHC data is at the 10-20% level depending on the involved interactions [1, 2|.
Specifically, the O(&) corrections to the Yukawa interactions with top and bottom quarks or
7 leptons are notoriously difficult to measure at the LHC as they are affected by a significant
QCD background (further, leptonic 7 decays are subleading). A much cleaner alternative is
to probe the interactions of the SM-like Higgs with the gauge bosons, which are also affected
by similar corrections. The model is thus tested against experimental measurements through
the latest version of the HiggsBounds [49] and HiggsSignals [50] packages, which test the
null results of extra Higgs boson searches and compatibility with the Higgs data, respectively.
Hereafter, in all BSM scenarios that we will consider, the SM-like Higgs boson will always be
provided by the lighter CP-even Higgs state h (recall that, conventionally, my; < mpg, with
H denoting the second CP-even Higgs mass eigenstate).

In figure 1, we show the predicted values for my as function of the compositeness scale
f- The red points satisfy the constraints from the current direct and indirect Higgs searches.
The lower bound of f = 750 GeV derives mainly from the Higgs coupling measurements. We
can extrapolate from the present x values extracted from the LHC data of about 30fb~!
of integrated luminosity to 300fb~! (end of Run 3) and 3000fb~! (HL-LHC) by adopting
the expected experimental accuracy (as done in [51]). In particular, an estimate of the
extrapolated lower bound on f can simply be obtained by the expected precision on the
Higgs coupling measurements which will be reached after the HL-LHC. Following ref. [52], we
expect an improvement to a precision of 2-4%, which translates to f > 1.2 TeV. This means
that, on the one hand, CHMs will not be ruled out anytime soon by precision measurements
of the Higgs couplings and, on the other hand, that there will be the chance to observe new
signals or deviations from other precision measurements due to our framework before the end
of the HL-LHC phase. In the end, we decided to scan f up to 3 TeV because, as it is clear
from the plot, the number of points decreases for higher values of the compositeness scale
since a large fine-tuning is needed to recover the top quark and SM-like Higgs mass values.
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Figure 1. Predicted values for my as function of the compositeness scale f in the C2ZHDM. The
points satisfy current experimental constraints.

As stated above, in the C2HDM, the entire scalar potential is generated by the strong
dynamics and, as such, all mass terms m? and quartic couplings \; are determined by
the parameters of the strong sector. We required the potential to reproduce the correct
vacuum structure with a global EW minimum, as well as to be compliant with perturba-
tivity constraints, namely \; < v/4w. Concerning the constraints from the EW precision
measurements we refer to [29].

The C2HDM predicts the presence of new resonances as composite states from the strong
dynamics. We will not consider here the heavy spin-1 resonances: their mass can naturally be
in the multi-TeV region so that they can safely be integrated out. On the contrary, the top
quark partners play a crucial role in the di-Higgs production cross section. Bounds on their
masses are derived from their pair production searches at the LHC. In fact, values extracted
from experimental data of their production cross sections o times Branching Ratio (BR)
set limits depending on the extra-fermion 75,3 mass and any assumption on its BRs. The
experimental analyses assume, however, that the 75,3 solely decays into SM particles [53].
This is not the case for the extra fermions entering the C2ZHDM. In fact, a Ty/3 state can
decay also in exotic channels, like Ht, At and HTb, where A and H+ denote the CP-odd and
charged Higgs boson of the C2HDM Higgs sector, respectively. They can have sizeable BRs,
thus potentially relaxing the experimental bounds [53]. Yet, following the recent analysis of
ref. [54], it seems unlikely that the mass of the lightest among the heavy top quark partners
can be less than 1.3 TeV or so. To be on the safe side, we will thus consider only BPs with
mp; > 1.3TeV, with i =1, ..., 8 labelling the eight heavy top quark states which are active
in the loop contributions to the gg — hh process, as described in the following.

Modifications to rare flavour transitions in the SM are potentially present in our model
due to exchange of the pNGBs. Indeed, the heavy Higgses can mediate tree-level corrections
in charged current processes and loop corrections in the neutral ones. However, since the
scalars have flavour aligned interactions, all the flavour constraints are due to a rescaling of
the corresponding SM rates. In [29] we have identified the most relevant flavour processes
that may constrain our model. The bounds from charged meson decays are usually important



only for small charged Higgs masses or for large couplings and, as such, the corresponding
excluded region does not overlap with the parameter space considered here. Similarly, the
constraints from the By — p+u~ transition do not affect the region of masses and couplings
relevant for our analysis. The most relevant constraints may in fact come from the b — sv
transition, which depends on the interplay between the top and bottom couplings of the
charged Higgs boson, which are determined by the degree of Cy breaking,* Cb,¢, in each sector.
As shown in [29], the bound can easily be relaxed by requiring ¢, < 0.1¢;.

3 Higgs pair production in the C2HDM

3.1 Building blocks of di-Higgs production in the C2HDM

At the LHC, the dominant Higgs pair production process is given by gluon fusion, which
is mediated by heavy quark loops. Due to partial compositeness, entailing further heavy
quarks beyond the SM ones, we have to specify the heavy quark sector of our model. The
fermion Lagrangian is given in eq. (2.4) (see [29] for more details). As already stated, in
order to ensure the finiteness of the potential, we need at least two families of heavy fermions.
For our analysis, we opt for the minimal setup with W/ (I = 1,2). The ensuing fermion
sextuplets are then decomposed as®

ibL O iB_1/3—iX5/3
br, 0 B_1/3+X5/3
1 it 0 P 1 115 /3+1 X9
6 _ L 6 _ [ Ya) 2/3 2/3
qr = — , tp= tr, U= =— ) 3.1
=2 | -t R 0 (%) V2| —Ty3+Xy3 (31)
0 co, \/51:1
0 150, V2T,

with the angle 6, controlling the embedding of the right-handed top quark in the fundamental
representation of SO(6). Here, we choose 6; = 0, which ensures a CP-invariant realisation of
the Higgs potential. The multiplet decomposition of ¥ in eq. (3.1) holds for both the extra
sextuplets. Therefore, we have as additional fermionic content:

o 4 top partners with @ = 2/3: Xo/3, Tos3, Ty, T
+ 1 bottom partner with Q = —1/3: B_;3;
¢ 1 exotic fermion with Q =5/3: X5/3.

The count above must be doubled due to the presence of two families of heavy fermions
(U!, I =1,2). While the diagonalisation of the mass matrices of the bottom partners and of
the exotic fermions is trivial, the corresponding one for the 9 fermions with charge 2/3 (i.e.,
the 8 top quark partners plus the ordinary SM top quark) can only be done numerically.

In figure 2, the generic Feynman diagrams contributing to SM-like Higgs pair production
via gluon fusion in the C2HDM are depicted. In the box and in the triangle diagrams all 9

4The discrete C; transformation is realised on the Higgs sector as H; — H; and Hy — —H> and is akin to
the Z2 one in the elementary case.
E”Hel"eafter7 we use the short-hand notations sg = sin@ and cy = cos 6.
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Figure 2. Generic diagrams contributing to SM-like hh production via gluon fusion in the C2ZHDM,
mediated by the SM top (denoted by Ty) and the heavy top partner (denoted by T, ...,Ts) loops
(4,7 =1,...,9). The coloured dots indicate the new and/or modified interactions w.r.t. the SM.

fermions with @ = 2/3 enter. The first two diagrams involve the modified (by corrections
of order £) SM-like Higgs-top Yukawa coupling and the new h couplings to the heavy top
partners (denoted by the red dots). The second diagram takes into account the exchange
of the extra Higgs state H, involving the new trilinear coupling Agpnp. Also, the trilinear
coupling of the SM-like Higgs, Apppn, which appears for the h exchange in the s-channel, is
modified w.r.t. the SM (by corrections of order ). The new, respectively modified, trilinear
Higgs self-couplings are marked by the blue dot. Finally, in the C2ZHDM, we have novel quartic
couplings (denoted by the green dot) between two Higgs bosons and two fermions, leading to
the third diagram. Such quartic couplings are typical of theories with Higgs states as pNGBs.

For the derivation of the Feynman rules, we give here the relevant Lagrangians. The
Lagrangian involving the needed scalar self-interactions reads

: 1 1
Sealar = g)\hhhhg' - iAEZl,ZHhQH
v
+ 43f27(h2aﬂh1 - h18uh2)8“h2 + -, (32)

where

h — h
S . (3.3)
ho S Co H
The terms in the last line of eq. (3.2), which are typical of Composite Higgs Models (CHMs)
and arise from the non-linearities, can be rewritten as
v v
3f2 3f2

and give extra contributions to the interactions among the CP-even Higgs states. The

(hoOuhy — h10uho)0"hy = —— (59 Ouh + co O, H)(HO*h — ho"H) (3.4)

Feynman rules are

[h(p1)h(p2)h(p3)] = — iAnhn,

(1) h(p2) H ()] = — M3 — iM (93 + 03 — 203), (3.5)
with
AD = =0/ (3f)ss. (3.6)



The Yukawa Lagrangian, where we can directly read off the Feynman rules for the Higgs-
fermion interactions, is given by

Lyvux = = Gygor, TriTrih — Gy, TriTriH + h.c.
— Gurr, TR — Guuryr, TTH? + - -+ (3.7)

with 4,5 = 1,...9, where, hereafter, Ty will be used to denote the SM top quark after mixing
with its 8 companions from compositeness. Furthermore, the 9 fermions are ordered with
decreasing mass values and, as stated before, according to the experimental constraints,
we enforced the bound

My, > 1.3 TeV. (3.8)

Note that there are no couplings of the h and H states with the exotic fermions with electric
charge @ = 5/3. We furthermore assume negligible partial compositeness of the bottom
quark (as well as of the light quarks and leptons). In this approximation, h and H do not
couple to the bottom partners B_ 3, introduced in eq. (3.1), and couple only to the top and
to its heavy partners. In summary, since the latter interactions give the main contribution to
the di-Higgs production cross section, in the following analysis, we will compare the C2HDM
with the SM by considering the fermion spectrum composed by the @ = 2/3 states only,
namely the T; states (with ¢ = 1,...,9).

3.2 The Leading-Order cross section

We have derived the LO cross section for SM-like Higgs pair production following the
conventions of [16] and earlier works by us on Higgs pair production in the effective Lagrangian
approach, respectively, CHMs (with only one Higgs boson, but partial compositeness in the
top sector) [55-58].

The differential partonic cross section for hh production can be written in the form
(for more details see appendix A)

dé(gg — hh) a?
dt ~ 512(2m)3
[ n ng n 2
q q Mg
X ZChAFA (m; +ZZ( mi,m]) Ch 5FD 5(ml,m])
=1 i=17=1
_nq g 2
+ ZZ ( ]DGD ml’m])+C]D5GD 5(m2,mj)> s (39)
i=17=1

where o denotes the strong coupling constant and m; ; the mass of the quark 7; ;. The
triangle and box form factors I and G are defined in section A.2 and # is defined in eq. (A.1).
We sum over the number of quarks 7; given in the model by n, = 9. The generalised
couplings CM A Chh 4.0, and C'ihj’h5 are defined as

Gy nnh Gyg AW G AD(2m2 — 23
CZ;LZ: WT.T; MR HT, émlh | YT, AhhH( ! h )+2thTiTi (3.10)
S—mh S—mH S—mH
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hh
Ciia = 9ntyr; InTymy (3.11)
hh
C’Lj,D,E) = ghTIT],5 ghT]TZ,E) = _gh’flTJ,f) ghT1T3,5 ’ (312)

where the IntT, and INET; 5 couplings are given by

1

InTiT; = 5 (GhTiTj + GthTi) (3.13)
1

ghTiTj,S = 5 (GhTzTJ - GhT]TZ) ’ (314)

and the partonic c.m. energy squared § is defined in eq. (A.1).

The first three terms in eq. (3.10) stem from the second diagram and the last term from
the third diagram in figure 2, which involves the new quartic (2-fermion-2-scalar) coupling.
The terms proportional to eq. (3.11) and (3.12) stem from the box, i.e., the first diagram in
figure 2, and give contributions corresponding to total gluon spin 0 (i.e., the form factors
Fﬁh, Fé”g) and 2 (i.e., the form factors G%h, GH}E)), respectively, along the collision axis.
Note, in particular, that in the box diagram the quark index does not have to be identical,
i.e., different top partners can mix in the loop.

The above expressions were implemented into the code HPAIR [59], which was originally
written for the computation of Higgs pair production in the SM and the MSSM. We modified
HPAIR such that it allows us to calculate the inclusive cross section and the distributions in
the Higgs pair invariant mass at LO QCD. Furthermore, the code was extended to also allow
for the calculation of pp distributions (for the derivation, see appendix B). For the calculation
of the 1-loop integrals the program package LoopTools [60, 61] was used. The results for
the inclusive cross section were checked by performing two independent calculations within
our group using HPAIR and by cross-checking against QCDLoop [62].

In order to smoothly cross the fermion thresholds in the loop diagrams, we have included
in HPAIR the total widths of the h and H Higgs bosons in the s-channel propagators. In order
to obtain the total widths of the Higgs bosons, we modified the Fortran code HDECAY [63, 64]
to calculate these and the BRs of the scalars h and H within the C2HDM. The code includes
the state-of-the-art QCD corrections® and the relevant off-shell decays. We further remark
that the heavy Higgs boson can decay into a top quark and a top quark partner, however,
since here no QCD corrections are available, these transitions are computed at LO. For the
numerical analysis also the single Higgs production cross sections are needed. For this, the
FORTRAN code HIGLU [65, 66] was modified to calculate the C2HDM production of h and
H through gluon fusion at LO in QCD.

At this stage, a remark on Higher-Order (HO) corrections is in order. The QCD
corrections to single and double Higgs production in the SM have been calculated and are
known to be important. (For reviews on HO corrections to single and double Higgs production,
see, e.g., [12, 13, 67-70].) Since we have additional quarks running in the loops, the QCD
corrections cannot simply be taken over from the SM, however, not even in the heavy mass
limit of the loop particle. We therefore have to restrict ourselves in our analysis to the LO

6 Apart from the case mentioned here below, the QCD corrections can be translated from the SM and/or
MSSM, with a minimum of effort, to the case of a 2HDM, whereas this is not possible for EW corrections.
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variable value
as(myz) 0.135
NG 13/14 TeV
PDF MMHT2014l068cl [76]
ren. and fac. scale mem/2

Table 1. List of input parameters used for HIGLU and HPAIR. For details, see text.

results. From previous calculations of NLO QCD corrections in UV complete models or EFT
approaches [20, 55-58, 71-74] in the heavy top mass limit as well as in the 2HDM including
the full top mass dependence [75], we know that the SM-like Higgs pair production cross
section at NLO QCD can be roughly approximated by adding a factor 2. For distributions,
this is not possible, as here not only the overall normalisation changes, but also the shape.
However, in this paper, we want to demonstrate what significant effects may arise in our BSM
scenario: while higher-order QCD corrections may change the fine details of the findings,
the overall coarse picture will not change.

4 Numerical results

4.1 Input parameters and parameter scan

For our numerical analysis, we use parameter sets that are compatible with the relevant
theoretical and experimental constraints, as detailed in section 2.1. In order to obtain these
configurations, we performed a scan over the parameter space of the various models we
studied and kept only the compliant points.

The fundamental parameters of the C2HDM are given by the compositeness scale, f, the
gauge coupling of the underlying strong interaction, g,, and the parameters of the fermionic
sector as given in eq. (2.5), namely, the Yukawa couplings of the heavy top quark partners
Yfé’ as well as the mixing between the latter and the elementary top quark Ai r (which
represents the leading contribution to the Coleman-Weinberg effective potential).

The C2HDM parameter space has been explored by scanning the compositeness scale f
in the range (700, 3000) GeV, the strong coupling g, in the range (2,10) and the mixing AQR
and Yukawa couplings Y1{2J in the range (—10,10) f. The masses of the heavier CP-even Higgs
boson (my), the charged Higgs boson (mpy+), the CP-odd Higgs boson (my4), the mixing
angle 6 between the two CP-even states (h, H, where by convention h denotes the lighter
one) and their couplings to fermions and bosons are all obtained from the aforementioned
fundamental parameters. As examples of this, correlations between the Yukawa coupling
Gy and my as well as between Gy and the trilinear coupling Agp, (normalised to vgy)
are shown in figure 3.

The input values for HIGLU and HPAIR for the generation of the leading-order single
and di-Higgs cross sections, respectively, are listed in table 1. For all of these, the mass
values are computed from the C2HDM input values and vary from one parameter point to
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Figure 3. Correlations between the Yukawa coupling G ¢+ and my (left panel) as well as the trilinear
coupling Agpp (right panel) in the C2HDM, where Agpp = /\Ellh)H as defined in eq. (3.2).

another.” We take as input for the strong coupling constant, c, its values measured at the Z
boson mass scale and evolve it to the relevant § value according to QCD, as threshold effects
of the new heavy tops are negligible over their allowed mass ranges. We will use current
single Higgs results to apply constraints from resonant di-Higgs searches on our di-Higgs
results. This is why, in this case, the single Higgs production cross sections are computed at
a c.m. energy of 13 TeV. In contrast, the di-Higgs results are computed at 14 TeV, as we are
here interested in the potential of the HL-LHC at the design energy. As we calculate only LO
cross sections, we use LO Parton Distribution Functions (PDFs), with the renormalisation
and factorisation scales both set to half the invariant Higgs pair mass mpgg. The value for
ag given in table 1 is taken from the chosen PDF.

4.2 Application of di-Higgs constraints

In addition to the constraints on the C2HDM, described in section 2.1, we apply the constraints
from di-Higgs searches on our parameter sample. The experiments give limits both on non-
resonant and resonant searches. Since there is a smooth transition between these two cases
in BSM Higgs pair production, which is not considered in the experimental analyses, we
have to define ourselves criteria how to separate the two regimes, so that the experimental
limits can be applied. We stress here, that we do not aim at a sophisticated application of
experimental limits, which is best done by the experimental collaborations themselves, but
rather take a pragmatic theory approach to make sure we do not consider scenarios that are
clearly excluded by experiment. In our approach we follow the procedure outlined in [20],
which we will briefly summarise in the following.®

A pair of SM-like Higgs bosons hh is clearly produced non-resonantly if the mass myg
of the heavier Higgs boson is below the hh threshold, i.e., myg < 2my. However, also in

"In the sample used for the numerical analysis, the top mass parameter lies between 165 and 175 GeV and
the EW VEV vgm between 240 and 250 GeV.

8 Applying slightly different criteria to separate the resonant and non-resonant regions may lead to the
inclusion or rejection of different individual parameter points, which in an overall scan of the parameter space
as done here should have no visible effects, however.
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Figure 4. The resonant cross section (blue points calculated as 2 x ™GV (H) x BR(H — hh), where
the factor 2 roughly accounts for the QCD corrections) plotted against the heavy Higgs mass my. Left
(right) without (with) the constraint from the experimental resonant di-Higgs searches in the various
final states [77-80] as indicated in the legend. The value of the SM cross section, opp = 2 x 19.96 fb,
is indicated as well.

cases where resonant production is possible, it may be very suppressed. The reason can be s-
channel suppression due to a large mass my and/or a large total width 'y, small H couplings
(top-Yukawa coupling and/or Agpp), or destructive interferences between different diagrams.
From an experimental point of view, the total cross section would not be distinguishable from
truly non-resonant production then. We therefore define a cross section to be non-resonant
when the single heavy H production with subsequent decay into SM-like Higgs bosons hh
makes up for less than 10% of the total di-Higgs cross section, and accordingly apply the
non-resonant limits. The limits from resonant searches, however, we always apply whenever
mpy > 2my, (apart from the exception detailed in the next paragraph).

For the application of the resonant constraints, we compute the heavy H production
cross section with HIGLU and multiply it with the BR of the H — hh decay obtained from
HDECAY. To roughly account for the QCD corrections, we additionally include a factor two.
The resulting rate is multiplied with the BRs of the SM-like Higgs h into the various final
states (again obtained from HDECAY), where the resonant searches have been performed [77-
88]. Points exceeding at least one of these limits are rejected. Note, that we apply this
procedure only to points where the total width 'y of the heavy Higgs does not exceed 5%
of its mass values, i.e., I'y/mpy < 5%. This allows us to roughly account for the fact that
the experiments apply the narrow-width approximation. Otherwise, no resonant limits are
applied, and the point is kept in the sample.

We show in figure 4 (left) the calculated resonant production cross sections of all BPs
before applying the limits, whereas the right plot shows the situation after the application of
all above mentioned limits from the experimental searches. For illustration, we have included
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Figure 5. The full cross section minus the cross section obtained using only the top quark in the
loops, normalised to the full cross section, plotted against the compositeness scale f. The colour code
displays the ratio of the full cross section and the SM cross section. Note that for illustrative reasons,
we rescaled the negative y-axis.

the limits of some of the searches, namely those from [77-80], which are the most stringent
ones. The comparison with the right plot after application of the limits shows that the
resonant searches are already sensitive to our model and constrain parts of its parameter
space. Note that the remaining points above the experimental limits are there because they
do not fulfil the narrow width approximation.

4.3 Impact of new C2HDM effects on Higgs pair production

Before we turn to the detailed discussion of resonant and non-resonant Higgs pair production
in our model, we analyse the impact that the new effects emerging in the C2HDM have on
the inclusive Higgs pair production cross section.

In figure 5 we show the impact of the heavy top partners on the production cross section of
a pair of SM-like Higgs bosons, by plotting the difference between the full cross section and the
cross section where we only consider the top quark running in the loop, normalised to the full
cross sections, as a function of the compositeness scale f. The colour code indicates the ratio
of the full cross section in our model and the SM cross section. All cross sections are obtained
at LO. Since we investigate ratios, this practically does not change the results. First of all it is
evident, that the heavy top partners can interfere constructively or destructively and thereby
enhance or suppress the overall cross section. Furthermore, with increasing compositeness
scale f the relative contribution of the heavy top partners diminishes, i.e., the composite
sector decouples. Moreover, it can be seen that for points with a large total cross section the
relative impact of the heavy top partners is small. These large cross section values (yellow and
orange points) are due to resonant heavy Higgs production. This behaviour is to be expected
since in the resonant case, the triangle diagram (see figure 2 (middle)) is the dominant one
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Figure 6. The full cross section minus the cross section obtained neglecting the quartic scalar-scalar-
fermion-fermion couplings, normalised to the full cross section. The colour code is the same as in
figure 5, and again for illustrative reasons, we rescaled the negative y-axis.

and here the heavy top partner contributions are suppressed by their masses. Therefore, the
main contributions come from the diagrams with at least one (light) top quark in the loop.
For small f and di-Higgs cross sections between 1/2 and 2 times the SM value, the relative
contributions of the heavy top partners to the total cross section can be substantial, however.

We also analysed the effect of the novel quartic scalar-scalar-fermion-fermion coupling by
displaying in figure 6 the full cross section minus the cross section without the contribution from
the quartic coupling normalised to the full cross section, as a function of the compositeness
scale. The colour code is the same as in figure 5. Similar to the results regarding the
impact of the heavy quarks, in the limit of a large compositeness scale f we see again the
decoupling of the composite sector. And in the resonant case, i.e., where we have large
di-Higgs cross sections, the quartic coupling contribution cannot compete with the resonant
effect either. For parameter scenarios, however, where the resonant contribution is zero or
subdominant,” the effective coupling can have a large impact on the overall cross section,
both in a constructive or a destructive way. We see a tendency towards larger destructive
than constructive interferences in the plot, which corresponds to predominantly positive
values for the novel quartic coupling, as the diagram with the quartic coupling (figure 2
(right)) interferes constructively with the remaining triangle diagrams (figure 2 (middle)) if
the quartic coupling is positive. This in turn then leads to a larger destructive interference
between the total triangle and the box contribution, so that for positive quartic couplings
we encounter destructive interferences.

9FEven if kinematically resonant production is possible, it can be suppressed due to the above mentioned
effects.
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Figure 7. The full cross section of non-resonant points normalised to the SM cross section plotted
against the compositeness scale f.

5 The non-resonant case

In this section, we discuss the case where the cross section is not dominated by resonant
production. As detailed in subsection 4.2, we include in the non-resonant case not only
scenarios where myr < 2my, but also such scenarios where the resonant production cross section
(in the narrow width approximation) remains below 10% of the full inclusive cross section, i.e.,

(99 — H) x BR(H — hh)
o(gg — hh)

<0.1. (5.1)

Note, however, that on these points with (though small) resonant contributions we also
applied the resonant limits to be sure they are not excluded already by the resonance searches.
We will first discuss the inclusive results and then move on to the differential distributions,
investigate the effect of the different couplings and study the resulting interference patterns.

5.1 Inclusive results

In figure 7 we display, as a function of the compositeness scale f the LO hh cross section
of our model normalised to the SM value for the non-resonant points, which we obtained
from our sample of allowed parameter points after applying the condition eq. (5.1). For small
compositeness scales, non-resonant production in our model can be larger by up to a factor
of about 2.3 times the SM value, it can, however, also be suppressed by up to a factor of
about 0.5 the SM value. The current limit from a recent ATLAS study combining several
final states lies at 2.4 the SM values at 95% confidence level [89], so that the model starts
to be tested also by the non-resonant searches.
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Figure 8. Invariant mass distribution for BP 1. Blue: SM result; light blue: full C2HDM result;
orange: C2HDM including only top loops; red: C2HDM with only top loops and no quartic 2-Higgs-
2-fermion coupling. We also indicate the heavy Higgs mass and total width to mass ratio and the
masses of the three lightest heavy top quarks, as well as the ratio of the total inclusive C2HDM cross
section to the SM value.
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Figure 9. Invariant mass distribution for BP 2. Colour code as in figure 8.
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5.2 Exclusive results

For the discussion of the exclusive results, we selected BPs displaying some interesting
features.!?

In figure 8 we show the invariant mass (Q = myy) distribution for a BP with a heavy
Higgs boson mass of 2.98 TeV. It is non-resonant due to its negligible resonant contribution
to the total cross section. However, the distribution will show the resonance. Let us first
note, that for this BP neglecting the heavy quarks, i.e., only taking into account diagrams
with a top quark in the loop (orange line), results in a distribution that is below the SM
expectation (blue line), until about 1.6 TeV. On the other hand, the distribution obtained
by additionally neglecting the quartic scalar-scalar-fermion-fermion coupling (red) is always
above the SM expectation. We can hence clearly see for this point the destructive interference
due to the novel quartic coupling. If we look then at the distribution for the full cross section
including all diagrams (light blue), we are back at around the SM expectation, below the
onset of the heavy quark effects at the threshold of 2mp, ~ 2.6 TeV and the heavy Higgs
resonance effect at mpy ~ 3TeV. So, the constructive interference of the heavy quarks is
zeroed by the negative effect due to the quartic coupling. Note also, that the effect of the
heavy quarks is more important than the resonance effect. This feature, if detected, clearly
indicates the presence of new physics in di-Higgs production.

The distributions of another interesting BP are displayed in figure 9. Here we have a
large quartic coupling inducing a destructive interference with the other contributions, as
can be seen from the kink in the orange line at around 300 GeV in comparison to the red
line. The quartic contribution also dominates for high energies. This is to be expected for
large enough quartic couplings, since in the quartic coupling diagram there is no additional
scalar propagator (compared to the other triangle diagrams) so that it is not as suppressed at
large invariant masses. This explains, why already for the differential distribution involving
only the top quark (orange line) the shape differs significantly with respect to the SM (blue
line) for this BP. Including now also the heavy quarks (light blue line), we see that overall
we can have a significant enhancement of the cross section with respect to the SM result.
Here then also the impact of the heavy quarks plays a role and the interference between
all contributions. And finally, we also see a small kink at around 2.7 TeV indicating the
resonance at the heavy Higgs.

6 The resonant case

We now turn to the discussion of the resonant case, both inclusively and exclusively. Note
that here we discuss BPs which would not be labelled ‘resonant’ according to the definition
given in section 4.2, but they exhibit a clear resonance peak in the distributions.

6.1 Inclusive results

The parameter points displayed in figure 10 exhibit resonant SM-like di-Higgs production.
Red points fulfil all constraints, blue points are excluded by the resonant di-Higgs searches
at the LHC. We show the inclusive cross section normalised to the SM value as a function

10T he input values of the discussed BPs are summarised in appendix C.
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Figure 10. The total cross section normalised to the SM result, plotted against my, where the blue
points are excluded by resonant searches.

of my. First of all, we see that we can have a significant enhancement of the cross section,
by up to more than 30 times the SM cross section. Such large cross sections are, however,
excluded (blue points) by the resonant di-Higgs searches at the LHC. The explored parameter
region is hence already sensitive to resonant searches. The maximal cross section allowed by
experiment that was found in our sample, is around 10 times the SM cross section (similar
to other models with resonant production, see, e.g., [20]). Furthermore, as can be inferred
from the plot, with increasing mpy (which corresponds to increasing f as mpy grows with
f for large f [29]) we converge back to the SM result.

6.2 Exclusive results

In figure 11 we can see a BP with a clear resonance at the heavy Higgs mass my = 1.2 TeV
and also a nicely visible threshold effect for the heavy top partners setting in at Q ~ 2.7 TeV.
Due to the relatively large Higgs mass, the effect of the resonance contribution on the total
cross section is rather small so that we obtain a cross section value of the order of the SM
expectation. The shape of the differential cross section, however, is quite interesting since
we have several contributions, stemming from the heavy resonance, the heavy top partners
and from the quartic scalar-scalar-fermion-fermion couplings, which all can interfere with
each other. Let us have a closer look at the various effects and investigate the difference of
shapes in our model compared to an elementary 2HDM. In the plot, the elementary 2HDM
is mimicked by the red curve when the heavy quarks and the quartic 2-Higgs-2-fermion
couplings are turned off. We then see that, in this example, the full cross section of our model
(light blue line) is enhanced compared to the SM value (blue line) both before and after the
peak in contrast to the elementary 2HDM-like result. In the latter case there is only the
triangle diagram with the heavy Higgs which interferes with the SM-like triangle and box

— 20 —



10! ] e SM
BP 3
§ mpy = 1182 GeV, my, = 1358 GeV

10-2 \ aN mp = 1583GeV,  my, = 1615 GeV
N \ f Py/my =542%, 0Ow/osu =15

e only top, no Gy

0 1000 2000 3000 4000 5000

Q@ [GeV]

Figure 11. Invariant mass distribution for the BP 3. Colour code as in figure 8.
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Figure 12. Invariant mass distribution for BP 4. Colour code as in figure 8.

diagrams. The interference term is proportional to (Q? — m%{) and hence changes sign before
and after the resonance, which explains the observed behaviour. When we additionally add
in the contribution of the diagram with the quartic 2-Higgs-2-top quark coupling (orange
line), which in this example interferes destructively as the coupling has a positive sign, the
effect is inverted, we have a suppression before the resonance and an enhancement after the
resonance compared to the SM result. Adding in finally also the heavy quarks we have our
full model (light blue line) and their contribution finally leads to the described behaviour
of the distribution. Thus, in principle, the interference patterns around a resonance can be
used to distinguish between an elementary 2HDM and a composite 2HDM.
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Figure 13. Differential pp distribution of the BP 4. Colour code as in figure 8.

A similar behaviour can also be seen in figure 12 where we again see an enhancement of
the shape of the full cross section (light blue) compared to the SM (blue) before and after
the resonance, and a clear difference between the full result and the SM result or the result
obtained without heavy quarks (orange) and the elementary 2HDM-like result (red). For this
BP we also calculated the differential pp distribution. The derivation of the distribution is
given in appendix B, which we implemented in HPAIR. The resulting distribution is depicted
in figure 13. Similar features as in the invariant mass distributions can be seen, but of course
the resonance here is not at the mass of the heavy Higgs. Thus, the same conclusion as in
the invariant mass distribution can be reached, i.e., the shape of the distribution around
a resonance is clearly changed by interference effects with additional contributions from
both heavy quarks and quartic couplings.

6.3 Binned distributions

We also analysed for selected BPs in a simplified way the expected number of signal events
by roughly simulating the experimental environment. We used the obtained differential
distributions and calculated the expected number of events, given a specified bin range,
luminosity and final state. We then compared the expected events Ngp for a given BP of
our model with the SM expectation Ngy bin by bin by calculating the ratio

_ Npp

S=—-—.
Nsm

(6.1)
In our example we selected a bin width of 40 GeV, an integrated luminosity of 3000 fb~! and
the bbrT final state, i.e., we multiplied the results with the respective BRs (the SM with
the SM BRs and our BP with the calculated Higgs BRs). It is clear that this is only a
naive estimate where a lot of effects from both theory (e.g., NLO corrections to differential
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Figure 14. Upper: binned distribution of the number of events Npp, for a chosen bin size of 40 GeV
and an integrated luminosity of [ £ = 3000fb~! in the bbr7 final state for the chosen BP (red) and
the SM expectation (blue). Lower: ratio S of number of events per bin w.r.t. to the corresponding
number of events in the SM.

distributions,!! etc.) and experiment (e.g., acceptance and selection cuts, reducible and
irreducible backgrounds, etc.) are not included. Thus, this should only be taken as a first
rough estimate under optimal conditions. The corresponding plot is displayed in figure 14,
where we show as a function of the invariant mass the number of events per bin (upper) and
the ratio S of these events w.r.t. to the corresponding number of events in the SM (lower).
We see that around the resonance peak and for large invariant masses the deviation from
the SM can be significant. It is, however, also evident that it will be complicated to see
the threshold effect of the heavy top partners in the differential distribution. Of course the
results depend on the chosen BP, bin size, luminosity, and final state, but they give a first
rough idea of what might be expected in experimental conditions.

7 Comparison with the 2HDM Type-1I, A2HDM and MSSM

7.1 2HDM Type-II and A2HDM

Since in the C2HDM we have aligned Yukawa couplings, it makes sense to compare our
model with the elementary flavour-aligned 2HDM, the A2HDM [90]. However, similar results
are obtained for the four standard Yukawa types of the elementary 2HDM, so that we also
illustrate below, e.g., the Type-II case.

"The ratios of the total C2HDM and SM cross sections remain roughly unchanged when going to NLO
QCD, as results in several different BSM models showed, see e.g. [20]. This is not the case, however, for
differential distributions where the shapes change as well when including the NLO QCD corrections. Since
unfortunately they are not available for our model, we have to take the LO results.
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Figure 15. The BRs of the C2HDM heavy H boson as a function of its mass in the following decay
channels: tt (yellow), hh (blue), and T;T; with ¢ # j (red) and at least one being a heavy top quark
with all possible final states been summed up.

For the A2HDM, we have required that the Landau pole for the Yukawa couplings 775 (F =
U,D,L, k=1,2) does not appear at a certain energy scale A, using the following conditions,

[k (M)[* < V. (7.1)

The Renormalisation Group (RG) running of these couplings is evaluated with the 1-loop
f functions, which are derived by using SARAH [91]. In solving the RG Equations (RGEs),
we neglect the Yukawa coupling constants for the first and second generations of quarks
and leptons. To alleviate the flavour constraints, we also impose the following relation for
the Yukawa couplings in the mass basis, pp/my = pr/m; = 0.1p;/my (see ref. [92] for the
notation of the Yukawa couplings). We note that, after imposing the Landau pole condition,
eq. (7.1), p; is within the range of —1.4 < pv/(v2my) < 1.5 for A > 5 TeV. The reason
for this is that the top Yukawa couplings 77};7 are enhanced by increasing p; and then they
blow up by the RGE effects.

Apart from differences induced by the aforementioned additional £ dependence that
enters the C2HDM Yukawa and triple Higgs couplings (which was dealt with extensively
in ref. [29]), a noticeable feature is that the (composite) heavy CP-even Higgs resonance
discussed in the previous section can be very wide, in comparison to the corresponding
one of the A2HDM. The reason for this is twofold. On the one hand, the C2HDM is the
low scale realisation of a strongly coupled theory, unlike the case of the A2HDM, which
is a weakly coupled one, so that the actual strength of the relevant couplings entering our
gg — hh process can be larger in the former than the latter case. On the other hand, the
presence in the C2HDM of heavy fermionic partners to the third generation SM quarks and
leptons, unlike in the A2HDM, enables the heavy CP-even Higgs resonance to decay into
new fermionic states: i.e., for the case of our analysis, H — TyT; + c.c. (i =1,...8), with
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large partial decay widths. For illustration, we show in figure 15 the main branching ratios of
the heavy C2HDM Higgs boson H as a function of its mass in the following decay channels:
tt (yellow), hh (blue), and T;T; with ¢ # j (red) and at least one being a heavy top quark
with all possible final states been summed up. As can be inferred from the plot, for a heavy
enough Higgs boson H, the decay into heavy top partners can be dominant.

In figure 16, we show the ratio of the total width of the heavy Higgs boson and its mass
value as a function of its mass for the C2HDM (upper), the 2HDM Type-II (middle), and the
A2HDM (lower).'2 The colour code shows the ratio of the di-Higgs C2HDM cross section to
the SM value. As can be inferred from the plot, the maximal width-to-mass ratio reaches
~ 9% in the 2HDM Type-II. In the flavour-aligned version A2HDM, it can go up to ~ 12%,
while in the composite 2HDM it can become as large as ~ 40%. This is mainly due to the
possible additional decays into final states with (at least one) heavy top partner. We also
see that, for Higgs masses above about 1.5 TeV where the decay into heavy top partners is
kinematically allowed, resonant production does not play a role.

In essence, in line with previously cited literature in the context of other collider pro-
cesses [43-45] (see also [100]), 2HDM realisations from compositeness could be separated
from elementary ones also with the help of SM-like di-Higgs production at the LHC.

7.2 MSSM

We will defer the detailed comparison of the gg — hh between the C2HDM and the MSSM, in
the spirit of ref. [30], to a forthcoming publication. However, based on the results of ref. [31]
and those presented here, the most salient phenomenological differences between the two
theoretical paradigms, i.e., compositeness and supersymmetry, both embedding a 2HDM
Higgs sector, limited to the case of non-resonant hh production!® are as follows.

Firstly, Appn is more constrained in the MSSM than in the C2HDM, given that in
supersymmetry the trilinear Higgs couplings are related to the gauge couplings, unlike in
compositeness, so that the deviations seen here, driven by Appp, are typically milder there.
Secondly, in the MSSM (just like in the C2HDM) the H can decay into top quark companions
(i.e., the stops), but these decays are fewer in number (H — fif;‘f + c.c., 4,7 =1,...2) than in
the compositeness case (H — T;Tj + c.c., i,j = 1,...9) and with fewer degrees of freedoms
(i.e., spin-0 vs spin-1/2 top quark companions, respectively), so that the contribution of these
decays to 'y is overall more significant in the C2HDM than in the MSSM, even when the ;
masses can be smaller than the T; ones. Thirdly, it should be recalled that in the MSSM the
so-called ‘alignment’ and ‘decoupling’ limits of the Higgs sector are simultaneous whereas
in the C2HDM the two can occur separately (see [30]), thereby implying that the pattern
of interferences seen here between the topologies making up the amplitude for gg — hh in
the C2HDM is necessarily different from that in the MSSM even in presence of a similar
mass spectrum for the (lowest lying) top quark companions.

12Note that compatibility with the flavour constraints forces the charged Higgs mass in the 2HDM type II to
be rather heavy [93-99]. In combination with the required compatibility with the electroweak precision data
this excludes scalar mass values below about 480 GeV. As we mentioned at the end of section 2, this flavour
bound can be easily relaxed in the C2HDM by requiring a small (;, which determines the H*¢b coupling. The
same requirement can be enforced for the A2HDM.

31n fact, recall that ref. [31] did not treat the resonant case via gg — H — hh.
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Figure 16. Total heavy Higgs decay width normalised to its mass value as a function of the heavy
Higgs mass for the allowed sample of points in the C2HDM (upper), 2HDM Type-II (middle) and
A2HDM (lower). The colour code indicates the ratio of the di-Higgs cross section in the respective
model to the SM value.

Thus, echoing the message from the previous subsection, alongside other collider sig-
natures [30], SM-like di-Higgs production at the LHC could offer the means to disentangle
the C2HDM also from the MSSM.

8 Conclusions

Both during Run 3 of the LHC and the HL-LHC phase, a target process will be di-Higgs
(hh) production, as it is the experimental signature of the Higgs boson self-coupling and
a sensitive probe of several BSM scenarios. In this paper, we performed a study of di-
Higgs production via the dominant gluon-gluon fusion mode (gg — hh), wherein the relevant
Feynman diagrams involving two SM-like Higgs bosons were computed through a sophisticated
approach that enabled us to interpret possible signals of new physics in terms of squared
Feynman amplitudes and their relative interferences, each of which has a well-defined mass
and coupling structure. We illustrated the power of this procedure for the case of a specific
realisation of compositeness, embedding a 2HDM sector as well as heavy quarks entering the
loops of gg — hh, called C2HDM. We have shown that the effects of either or both of the
latter yield a change of the integrated cross section as well as peculiar kinematic features
in its differential distributions with respect to the SM. These effects can in turn be traced
back to the relevant diagrammatic and mass/coupling structures of the process, so that they
can eventually be used for diagnostic purposes.
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In the case of non-resonant di-Higgs production, we have shown that sizable deviations
from the SM cross section of tens of percent are possible at the inclusive level, in either
direction, which then manifest themselves in exclusive spectra (chiefly, the hh invariant
mass) which are significantly different with respect to the SM ones. On the one hand, the
threshold at = 2m,; can be modified in both position and height. On the other hand, another
threshold emerges at ~ 2m7, (where T; is the lightest of the heavy top quarks), which clearly
does not exist in the SM. In between these two values, we find that also the slope can be
different between the SM and C2HDM.

In the case of resonant di-Higgs production, wherein a s-channel diagram with H
propagation enters, whenever my > 2mp, we find that the typical Breit-Wigner shape,
determined primarily by I'fz, is subject to significant distortions by interferences with other
topologies, both SM ones and C2HDM specific ones (i.e., involving heavy top quarks).
Furthermore, the values of Iy /mp found in the C2HDM, of up to O(40 — 50%), are generally
larger than those found in the elementary 2HDM with a similar Yukawa structure, i.e.,
an aligned one (A2HDM), of at most O(18%), owing to both additional contributions of
composite origin to the Htt coupling and the fact that H — T} (+ c.c.) decays can onset.

This altogether opens the prospect of using di-Higgs production at the LHC as a proxy to
this specific kind of BSM physics, which is notably different from not only the corresponding
elementary 2HDM structures but also from the 2HDM counterpart of another viable theory
of the EW scale, i.e., supersymmetry, in the form of the MSSM (as can be deduced from a
comparison with a similar calculation existing in literature in this scenario). Indeed, in order
to aid the experimental pursuit of the C2HDM effects described here, we have already released
in this paper several BPs representative of parameter space configurations enabling both
non-resonant and resonant SM-like di-Higgs production and decay plus we will eventually
make the computing tools developed here also available in the public domain.
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A Analytic expressions for the LO cross section

A.1 Notation

In the derivation of the analytic expressions, we followed the conventions applied in [16, 55-58].
We take all momenta as ingoing, i.e., the Mandelstam variables read

§=(p1+p2)? t=(p1+p3) = (p2+p3)? (A.1)
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where p; and po are the gluon and p3 and p, are the Higgs momenta. Furthermore, we
define the following projectors

v M
A — g P2 A2
! (p1-p2) ( )
AR g P3P 2(ps-p2)pips  2(ps-pi)pips | 205p% (A3)
2 =9 2 ] 2 ] 2 . 2 :
pT(pl P2) pT(pl P2) pT(pl P2) pr
2 oP1-p3)(p2-p3) 5
pp =2 — p3, A4
r (p1 - p2) ’ ( )
with
A1 Ay =0, Aj-A=Ay-Ay=2. (A.5)

The total amplitude can be decomposed in the amplitudes for the triangle and the box
diagrams,

A(gg = hh) = Ap + Ao, (A.6)

with the amplitude for the triangle diagrams given by

SG 2 A vV _a
Ap = 0‘41;\[8%1’; euebaaszch Fa(myg), (A7)

and the one for the box diagrams by

asGF\anb 2. w [ ~hh
Ag = bow 3 3 [AL (Clr o Fa(mi, my) + Cli s Fo s (mi my) )
i=1j=1
+ A5 (O oGo(mi, my) + Clg sGos(mi,my)) | - (A8)

The generalised couplings C’Z X, CZhD, and ng h 5 have been defined in eqgs. (3.10) to (3.12),
and the form factors Fa, Fio, Fih 5, Go, and G5 are given in appendix A.2. The differential
cross section w.r.t. £, derived from the amplitude eq. (A.6), has been given in eq. (3.9). To
obtain the full partonic cross section we have to integrate it, i.e.,

t+ .dé(gg — hh) . -8 2 am3
6(gg—>hh):/ gi 40099 = hh) S8y omh g A ) (A.9)
- dt 2
The full hadronic cross section is obtained by folding the partonic cross section with the
gluon luminosity % and integrate over the c.m. energy, i.e.,

99 4m?2
ALY 5= rs), o= mh (A.10)
T S

1
o(pp — gg — hh) = / dr
0
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A.2 Form factors

For the form factors, we obtain

2m
FA(ml) = [2 + (4m — 8)012] (All)
hh 1 2 20 o 27/ 2
FE' (mi, mj) = 3 |4+ 8m Ci2 + g[mh — (mi +m;)7](@ — mj,)(Ca3 + Cha)
2 A
+§[mf21 — (my +my)?|(E = mj)(Chz + Caa)
+2[(m; 4+ m;) (2mF (m; + my) — m;8) — mF (6 +1)](Di2s + Daig + Dis2)

[\

—f[tu — mh + s(m? mf)][m% — (m; + mJ‘)Z]DlggL (A.12)

>

1

Gt (mi,mj) = —— [(fz + @ = A(m3 + mymy)(E + @) + 4(my — m;) (m; + my)?
s(at —my)

+2m)8C1a + (mj + 2 — 28(m; +m;)?)((Crz + Cos)(f — m3) — tDar3)
+(m% + @2 — 2@(77%; + TrLj)Q)((CQg + 014)(11 — m%) — §@D123)

—(1?2 + 0 — Qm%)(l?-i- u— 2(mi + mj)2)034

—(t 40— 2(m; + m]) Y((ta — mh)(m + m3 ) + 3 (m,2 m?)Q)
(D123 + Da1s + Disg) + 2(m? — m3)[—(8 + mi) (mj, + @°
—2a(m; +m;)?) + (=88 — @% — mp)((m; + my)* - )
+mj (6 — mj)*| Dias + 2(m7 — m3)[— (5 + mi) (mj, + 12 — 28(m; + m;)?)
+(=81 = & — mi)((mi +my)* — mi) +mj(f —mj)? 1Dm} . (A.13)
The form factors Fﬁ%(mi,mj) and G%’}s(mi,mj) are obtained via
s (mi, mj) = —F4" (mi, —m;), (A.14)
G}ﬁ%(mi, mj) = —G}ﬁh(mi, —mj) . (A.15)
The Cj; and Djj;, integrals in the expressions are defined as
dq 1
Cii(m2,m2,m?2 :/,— , A.16
e ) = | @) (g o =) (g pi 5y P—d) (A.16)
d*q 1
D, Tn2,7712,1712,1712 :/ - )
L G ) = [ () (a+pP =) (a 04y P =B+ pit 2y +pi) =)
(A.17)

and we use the abbreviations

Cr2 = Cra(mi, m?, m3),
Ci3 = C13(m?, m? m?),
014 = C’14(m m2 m?),
Cas = Cyz(m?, m? m?),
024 = CQ (m m2 m?),
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034 = 034(m m2 m2)

Diag = Digs(mZ, m2 mZ,m?),

Dyg = Dysz(mi, mi, mi,m3),
D132 = D132(m m2 m?,m?) . (A18)

B Derivation of the pr distribution

In the following, we use the same conventions as in appendix A for the Mandelstam variables
and the momenta, but now allow for different final state particles, i.e., masses m3 and my,
ms 7% my. We start with the formula for the full hadronic cross section

1 dqr99
Oppsroy = [ AT —— ar Ggg—a9' (8 = T5)
t y 99 /46 ,
- / ar [ait () (B.1)
t dr dt S§=Ts
with
2
= matma)” (B2)
s
. 1
ty = 3 <m§ +m2 -5+ /\%(§,m§,mi)) , (B.3)

where we used the Kallén function
Ma,b,c) = a® 4+ b? + ¢ — 2ab — 2ac — 2bc. (B.4)

We obtain the invariant mass distribution by omitting the integration over 7. Now we want
to derive the pp distribution. First we have to change the integration variable from ¢ to
p2 and then change the integration order. We have

§=4E} =FE = \2[ 71, (B.5)

and obtain

~

t=p? + p3 4 2p1p3 = m3 — 2E1 E3 + 2|p1||p3| cos 6, (B.6)
where 6 is the angle between p; and p3. With this we can express cosf as

t —mj}+ 2E 1 E3

cosf = ———
2|p1||Ps]

(B.7)

To obtain the transverse momentum, we have to project p3 to the transverse plain, i.e.,
P = sin 0?|s]* = (1 — cos 0°)| 73] (B.8)

Finally, we also need the absolute value of p3 which can be obtained from

§ = (po +pa)? = (By + Ba)? (¢m+|m2+¢m4+|m), (B.9)

L.
= ’ﬁ‘g - Z§A(37m§7mi)
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Now using |p1| = E1 and |p3| = [p] and combining egs. (B.7) and (B.8), we obtain

2 a n 2(% 2
p2 ( 4 /> _ 3( 4) , (B]_O)

S

which coincides with the definition in eq. (A.4). Solving this equation for # results in

. 1
li2 = 3 (m§ +mi-3+ \/A(‘é?m%?mi) - 4p2T§> : (B.11)

~ a2 _ 2
When solving this equation we have to take the square root of (¢ + %)Q So we have to
split up the # integration from ¢_ to t,, and from t,, to t,, i.e., the parts where the expression

is positive or negative, with t,, being the point where this bracket vanishes,

2 2 _ &
— M (B.12)
2
It holds
PA(is) =0, (B.13)
dp2. m3+m?—5-2t R A
-— = = 0 :> tIIl X = t B.14
df 8 pe (B.14)
d?p3 2
df;T =3 < 0 — Maximum (B.15)
. (8, m3, m3
ph(in) = 2EBI) (B.16)

4

V%

Thus the transverse momentum vanishes at the integration boundaries of ¢ and reaches it
maximum at f,,. We then have to integrate from 0 to p2T max-
We also need the substitution rule,

. §
df = dp? . B.17
" (B.17)
Thus, we change the  integration to
b deg ptm de B d6
dF = [Tt [Tt g (B.18)
iodt Jiooodt i, o dE
PT max 5 dé 0 3 dé
- 7 d 2 PN +/ d 2 =
/0 ( P g ymi—s—21 dt>£:£2 P2 P g ymi—s—2f df s

2
P max
_ ’ 2
= / dp7
0

We have p2 € [O,p%max] and 7 € [19,1]. To change the integration boundaries, we need

3 @ B S dé
m3+mj—3-2¢ di i=ts(p2) m+mi—8-2f d t=t1(p3) |

to solve the inequality

)\(Ts,mg,mi)

2 2
pT S pT7max - 47’8 (B20)
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BP | f[GeV] Ar [GeV] Ag [GeV] Y1 [GeV] Yy [GeV] 9
8P 1 | 113021 649.392 —7244.85 —406.903 421.383 3996.82 2846.41 7 09515
—1787.9 4633.51 —910.863 —1651.99 2265.86 518.944
_ 4 B _ |4
Bpa | 89174 5172.74 2850.8 3194.11 2467.64 457.272 113519\ oo
—3835.24 —759.562 2748.76 1489.54 5946.7 —3126.3
_ _ _ 4
8P 3 | 705630 [ 168309 2548.98 1808.81 —695.861 4348.75  399.558 67523
1137.24 —2181.22 3507.5 —320.533 —4182.72 —1915.42
BP 4 | 750203 [ 100788 1844.02 709119 —884.948 2833.62 ~2811.50 86259
—1351.26 1713.76 —5689.43 3420.92 5092.76  3134.5
Table 2. Input values of the BPs analysed in the paper.
for 7. After some simplification this leads to the relation
4(p7 + + < (15— 2p% —m3 —m?)? B.21
(PT ms)(PT m4) (Ts = 2pp —m3 —mj)”. (B.21)

The question is whether the term in brackets on the right-hand side is always positive.
This is the case, since

2.2 (2 2)2
s = 2 2 s 2 i e} = (B.22)
' TS
5 T08° = (Mt mi)”  Amama(mi+mi) o o)
- 271s TS -
So the square root can easily be taken, and we obtain the inequality
1
T> (2\/(p2T +m3)(pF +m3) + 2pF +m3 + mi) = Timin- (B.24)
Thus, we have the new integration bounds
A(s,m3,m? 1
and the full hadronic cross section can be expressed as
/pg",maxd dU (B 26)
o ;= ) .
Pp—pb 0 Pr de
where
do / 1 J L9y
- _ .
dp%’ Tmin dT
5 do 5 do
8 ( 24m2—3 2£d£> _< 24m2—3 2£d£> ' (B:27)
mi+mji—58— i=ta(p2) mi+mi—58— =ty (p2.)
C BPs

In table 2, we summarise the input values of the BPs discussed in the numerical analysis.
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