PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: January 20, 2022
REVISED: July 11, 2022
ACCEPTED: July 23, 2022
PUBLISHED: September 1, 2022

Benchmarking di-Higgs production in various
extended Higgs sector models

Hamza Abouabid,” Abdesslam Arhrib,% Duarte Azevedo,*? Jaouad El Falaki,*
Pedro. M. Ferreira,”/ Margarete Miihlleitner® and Rui Santos”/
@ Abdelmalek Essaadi University, Faculty of Sciences and Techniques,
Ancienne route de l’aéroport, Ziaten, B.P. 416, Tangier, Morocco
YISEL — Instituto Superior de Engenharia de Lisboa, Instituto Politécnico de Lisboa,
1959-007 Lisboa, Portugal

¢Institute for Theoretical Physics, Karlsruhe Institute of Technology,
Wolfgang-Gaede Str. 1, 76128 Karlsruhe, Germany

d Institute for Astroparticle Physics, Karlsruhe Institute of Technology,
Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany

¢LPTHE, Physics Department, Faculty of Science, Ibn Zohr University,
P.O.B. 8106, Agadir, Morocco

f Centro de Fisica Teérica e Computacional, Faculdade de Ciéncias, Universidade de Lisboa,
Campo Grande, Edificio C8 1749-016 Lisboa, Portugal
FE-mail: aabouabid@uae.ac.ma, aarhrib@uae.ac.ma,
duarte.azevedo@kit.edu, jaouad.elfalaki@gmail.com,
pmmferreira@fc.ul.pt, margarete.muehlleitner@kit.edu,

rasantos@fc.ul.pt

ABSTRACT: We present a comprehensive study on Higgs pair production in various
archetypical extended Higgs sectors such as the real and the complex 2-Higgs-Doublet
Model, the 2-Higgs-Doublet Model augmented by a real singlet field and the Next-to-
Minimal Supersymmetric extension of the Standard Model. We take into account all rel-
evant theoretical and experimental constraints, in particular the experimental limits on
non-resonant and resonant Higgs pair production. We present the allowed cross sections
for Standard Model (SM)-like Higgs pair production and the ranges of the SM-like Yukawa
and trilinear Higgs self-coupling that are still compatible with the applied constraints. Fur-
thermore, we give results for the pair production of a SM-like with a non-SM-like Higgs
boson and for the production of a pair of non-SM-like Higgs bosons. We find that di-Higgs
production in the models under investigation can exceed the SM rate substantially, not
only in the non-resonance region but also due to resonant enhancement. We give several
benchmarks with interesting features such as large cross sections, the possibility to test
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CP violation, Higgs-to-Higgs cascade decays or di-Higgs production beating single Higgs
production. In all of our benchmark points, the next-to-leading order QCD corrections
are included in the large top-mass limit. For these points, we found that, depending on
the model and the Higgs pair final state, the corrections increase the leading order cross
section by a factor of 1.79 to 2.24. We also discuss the relation between the description
of Higgs pair production in an effective field theory approach and in the specific models
investigated here.
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1 Introduction

The discovery of the Higgs boson in 2012 by the ATLAS [1] and CMS [2] collaborations
at the Large Hadron Collider (LHC) structurally completes the Standard Model (SM) of
particle physics. The subsequent investigation of its properties revealed the Higgs boson
to be very SM-like [3—6]. In order to verify that the Brout-Englert-Higgs mechanism [7-10)]
is indeed responsible for the generation of elementary particle masses we not only need to
measure the Higgs couplings to massive SM particles at the highest precision but we also
need to reconstruct the Higgs potential itself to establish experimentally whether indeed its
Mexican hat shape is responsible for the Brout-Englert-Higgs mechanism of spontaneous
symmetry breaking [11, 12]. Moreover, despite the success of the SM, which has been tested
very accurately at the quantum level, some open problems remain that cannot be solved
by the SM, like e.g. the nature of Dark Matter (DM) or why there is more matter than
antimatter in the universe. Extensions of the Higgs sector beyond the SM can provide a DM
candidate [13-22]. Electroweak baryogenesis provides a mechanism to dynamically generate
the matter-anti-matter asymmetry if the three Sakharov conditions [23] are fulfilled. This
may be possible within extended Higgs sectors with additional scalar degrees of freedom and
new sources of CP violation. In summary, the investigation of the Higgs potential itself will
provide deep insights into the mechanism underlying electroweak symmetry breaking and
into the possible landscape of new physics extensions of the Higgs sector. Understanding
the Higgs potential will help us to answer some of the open questions of contemporary
particle physics.

In the SM the trilinear and quartic Higgs self-couplings are given in terms of the Higgs
boson mass. This is not the case in extended Higgs sectors. Experimentally, the Higgs
self-interactions are accessible in multi-Higgs production, the trilinear Higgs self-coupling
in double and the quartic Higgs self-coupling in triple Higgs production. At the LHC the
dominant di-Higgs production process is given by gluon fusion into Higgs pairs [24-26]. At
leading order the process is mediated by heavy quark triangle and box diagrams [27-29],
implying a small SM cross section of 31.05fb at FT,pprox [30] and for a c.m. energy of
Vs = 13TeV. At FT,pprox, the cross section is computed at next-to-next-to-leading order
(NNLO) QCD in the heavy-top limit with full leading order (LO) and next-to-leading order
(NLO) mass effects and full mass dependence in the one-loop double real corrections at



NNLO QCD. Note that the NLO cross section in the heavy top limit was first presented
in [31] supplemented by a large-top-mass expansion [32, 33] and the inclusion of the full real
corrections [34, 35]. The NLO result including the full top-quark mass dependence has been
calculated by [36—40] and confirmed in [41, 42] by applying suitable expansion methods.
The NNLO corrections in the large m; limit have been calculated in [43-45], the results at
next-to-next-to-leading logarithmic accuracy (NNLL) became available in [46, 47]. And the
corrections up to next-to-next-to-next-to leading order (N3LO) were presented in [48-50]
for the heavy top-mass limit. Note that these corrections apply to the SM case and cannot
necessarily be taken over to extended Higgs sectors where e.g. the bottom loops may play
an important role or additional diagrams are involved.

In the SM the process suffers from a destructive interference between the triangle and
box diagrams which makes its observation very challenging at the LHC. In extended Higgs
sectors SM-like di-Higgs production can be enhanced because Yukawa and trilinear Higgs
self-couplings are modified relative to the SM. This can result in altering the interference
structure between the various diagrams. Additional Higgs bosons can enhance the cross
section resonantly and new colored particles that run in the loops can also lead to an
increased cross section. Therefore, extended Higgs sectors not only answer some of the open
questions but they can possibly also facilitate access to di-Higgs production. Furthermore,
the additional Higgs states lead to a large variety of di-Higgs final states implying a plethora
of multi-particle final state signatures. To get a comprehensive picture of which final
state signatures in Higgs pair production processes are possible and to be able to give
a meaningful guideline to experimentalists in their searches for Higgs pair production,
we have to take into account all available experimental and theoretical constraints on
beyond-the-SM (BSM) extensions. Since the discovered Higgs boson behaves very SM-like,
new physics extensions become increasingly constrained. The trilinear Higgs self-coupling,
however, is not as constrained as single Higgs couplings yet [51, 52] and we may still expect
some distinctive signatures from Higgs pair production.

The goal of this paper is to investigate Higgs pair production in some archetypical BSM
extensions. Imposing all available constraints — also from recent di-Higgs searches — we
derive the parameter space of these models that is still allowed. Based on this data set we
will derive limits on the involved couplings in Higgs pair production, namely the trilinear
Higgs self-coupling and the Higgs-Yukawa coupling, investigate the possible enhancement
(or also suppression) of SM-like Higgs pair production and investigate what kind of non-
SM-like signatures might appear. We provide benchmark points so that experimentalists
can match their derived limits on specific models for further interpretation. Since the
experiments derive limits from non-resonant and resonant Higgs pair production and our
extended Higgs sector models include both effects, we derive a strategy on how we can
apply the available di-Higgs limits on our models. We included for all benchmark scenarios
and parameter points fulfilling the applied constraints the information on the resonant
part of the cross section, where applicable. Our aim is to give a global and comprehensive
overview on Higgs pair production in BSM Higgs sectors.

The models that we consider are both non-supersymmetric and supersymmetric ones.
Supersymmetry (SUSY) [53—-66] is able to solve many of the open problems of the SM.



The non-minimal supersymmetric extension (NMSSM) [67-78] solves the little hierarchy
problem and more easily complies with the discovered SM-like Higgs mass after inclusion of
the higher-order corrections [79]. The Higgs sector consists of two Higgs doublets to which
a complex singlet superfield is added so that after electroweak symmetry breaking (EWSB)
we have three neutral CP-even, two neutral CP-odd and two charged Higgs bosons in the
spectrum. Supersymmetric relations constrain the Higgs potential parameters in a differ-
ent way than non-SUSY models. Therefore, we also investigate non-SUSY Higgs sector
extensions where the trilinear couplings are less constrained from a theoretical point of
view. This way we make sure not to miss some possibly interesting di-Higgs signatures.
We start with one of the most popular extensions complying with p = 1 at tree level, the
CP-conserving 2-Higgs doublet model (R2HDM) [80, 81] where a second Higgs doublet
is added to the SM sector. Incorporating a minimal set of BSM Higgs bosons (five in
total, three neutral and two charged ones) allows for resonant di-Higgs enhancement. We
additionally take into account the possibility of CP violation (which is required for elec-
troweak baryogenesis) by investigating the CP-violating 2HDM (C2HDM) [81-84] which
consists of three CP-mixed and two charged Higgs bosons. In this case the SM-like Higgs
couplings can be diluted by CP admixture, the same happens through singlet admixture.
Thus, light Higgs bosons may not be excluded yet because they may have escaped discovery
through small couplings to the SM particles. Such a singlet admixture is realized in the
next-to-2HDM (N2HDM) [18, 85, 86]. By adding a real singlet field to the 2HDM Higgs
sector the Higgs spectrum then consists of three neutral CP-even Higgs bosons, one neu-
tral CP-odd and two charged Higgs bosons, allowing for the possibility of Higgs-to-Higgs
cascade decays. This is also possible in the C2HDM and the NMSSM. For simplicity, we
will focus on the type I and II versions of the R2ZHDM, C2HDM and N2HDM. With the
models investigated in this paper' we cover a broad range of interesting new physics and
in particular a large variety of possible new physics signatures in di-Higgs production. In
turn, we provide guidelines to the experiment. We also take the occasion to confront our
models with a simple effective field theory (EFT) approach and investigate to which extent
this model-independent parametrisation of new physics, becoming effective at high scales,
can describe the effects in our investigated specific UV-complete models.

The paper is organised as follows. In section 2, we briefly introduce our models. In
section 3, we present the regions which we scanned for each model and the theoretical
and experimental constraints that we take into account. After a brief re-capitulation of
the di-Higgs production process through gluon fusion, we explain in detail in section 4
how we apply the experimental limits from resonant and non-resonant di-Higgs searches
on our models. We then investigate the impact of the di-Higgs constraints on our pa-
rameter sample. We present the distributions of the Higgs mass spectra in the different
models and give the ranges for the SM-like Higgs top-Yukawa and Higgs self-couplings
that are still allowed after considering all constraints. Subsequently, we present scatter
plots for all models showing the cross section values for SM-like Higgs pair production that

1For a selection of further works on Higgs pair production and the Higgs self-coupling in the framework
of extended Higgs sectors, see e.g. [87-128], and in SUSY models, see e.g. [94, 120, 129-140].



are compatible with the constraints, and we list the maximum values for resonant and
non-resonant Higgs pair production possible in each model. In section 5 we present the
maximum values from resonant SM-like di-Higgs production and present the corresponding
benchmark points along with their specific features. In section 6 we investigate to which
extent di-Higgs production can constrain the parameter values of the models. Section 7 is
devoted to the comparison of the EFT description of BSM Higgs pair production with the
results in specific UV-finite models. The last two sections, 8 and 9, are devoted to the pair
production of a SM-like Higgs together with a non-SM-like Higgs, of a pair of non-SM-like
Higgs bosons and to the cascade decays leading to multi-Higgs final states. We also present
benchmark points where di-Higgs production beats single Higgs production. We conclude
in section 10. In the appendix we present cross sections for resonant and non-resonant
production and discuss the conditions for alignment in the C2HDM and the N2HDM.

2 The models

In this section we provide a very brief description of the different models we will be studying,
highlighting the diverse scalar spectra of each model as well as the different input parameter
sets for each of them.

2.1 The real and complex 2HDM

The 2HDM is one of the simplest extensions of the SM, where instead of a single Higgs
doublet we now have two, carrying identical hypercharges. The model was first proposed
by Lee in 1973 [80] to provide an extra source of CP violation via spontaneous symmetry
breaking, and has a rich phenomenology (for a review, see [141]). We considered the 2HDM
version with a softly broken discrete Zo symmetry of the form ®; — ®; and &3 — —P5 .
In terms of the two SU(2); Higgs doublets ®;2 with hypercharge ¥ = +1, the most
general scalar potential which is SU(2)y x U(1)y invariant and possesses a softly broken
Zo symmetry is given by

A A
Vicyaunm = m3y [01]% + md,|@af* — m3y (@10 + h.c.) + 51(‘131‘1’1)2 + EZ@E%)Q

A
+ a(P]81)(@122) + Aa (D[ B2)(B]21) + | T(P]82)” + e (2.1)

The Zo symmetry is introduced in the model in order to avoid dangerous flavour-changing
neutral currents (FCNCs) mediated by the neutral scalar. Since the Zp symmetry is ex-
tended to the fermion sector, it will force all families of same-charge fermions to couple to
a single doublet which eliminates tree-level FCNCs [141, 142]. This implies four different
types of doublet couplings to the fermions listed in table 1.

The dimension-2 coefficient m?2, which breaks the Zy symmetry softly, is introduced to
allow for the existence of a decoupling limit, in which all scalars other than the SM-like one
have very large masses, with suppressed couplings to fermions and gauge bosons. Further-
more, in the case where all parameters in eq. (2.1) are real we are in the CP-conserving



u-type d-type leptons | Q@ ur dr L g

typel @9 g @y + - - + -

type Il @y D 31 + - + + -

flipped (FL) @, Dy ® |+ - - + +
lepton-specific (LS) i 2 i 2 P, + - 4+ + -

Table 1. Four left rows: the four Yukawa types of the Zs-symmetric 2HDM, stating which Higgs
doublet couples to the different fermion types. Five right columns: corresponding Zs assignment
for the quark doublet @, the up-type quark singlet ug, the down-type quark singlet dg, the lepton
doublet L, and the lepton singlet /.

2HDM, which we will call R2ZHDM from now on. In the case of complex m32, and A5 pa-
rameters® the model explicitly breaks the CP symmetry. This is the CP-violating version
of the 2HDM, called C2HDM. The two complex doublet fields can be parametrised as

o+
;= i L i=1,2, (2.2)
5 (Vi + pi + ii)

with v12 being the vacuum expectation values (VEVs) of the two doublets ®;o. After
EWSB three of the eight degrees of freedom initially present in @1 o are taken by the Gold-
stone bosons to give masses to the gauge bosons W and Z, and we are left with five
physical Higgs bosons. In the CP-conserving case, these are two neutral CP-even Higgs
bosons, h and H, where by convention myj < mpg, one neutral CP-odd A and a pair of
charged Higgs bosons H*. In the following we will denote h and H by H; and Hy, respec-
tively, in order to standardise the notation for all considered models. The CP-even neutral
Higgs mass matrix is diagonalised by a mixing angle «, whereas both the neutral CP-odd
and charged mass matrices are diagonalised by a mixing angle 3, such that

tan f = 2, (2.3)

U1
In the C2HDM, the three neutral Higgs bosons mix, resulting in three neutral Higgs mass
eigenstates H; (i = 1,2,3) with no definite CP quantum number and which by convention
are ordered as mpy, < mp, < mp,. The rotation matrix R diagonalising the neutral Higgs

sector can be parametrised in terms of three mixing angles «; (i = 1,2, 3) as

C1C2 S1C2 52
R = | —(c15283 + s1¢3) c1c3 — $18283 €283 | (2.4)
—C182C3 + 5183 —(0153 + 818263) C2C3

where s; = sin oy, ¢; = cos «;, and, without loss of generality, the angles vary in the range

m m
—<q; <=, 2.

2The phases of these two parameters must be such that arg(mis) # arg(\s)/2, otherwise a trivial field
rephasing would render the potential real.



The CP-conserving limit of the C2HDM is obtained by setting as = a3 = 0 and a; =
a+m/2 [83]. The shift by 7/2 in this limit is necessary to match the usual 2HDM conven-
tion. We discuss the alignment limit, where the C2HDM approaches the SM in appendix B.

v=1/v?+ 03, (2.6)

where v is the SM VEV, v = 246 GeV, and using the two minimisation conditions, the

By identifying

scalar sector of the 2HDM can be described by eight independent input parameters. For
convenience in the parameter scans, cf. section 3, we replace the mixing angle o by the
coupling of the Hj state to massive gauge bosons (V = Z, W), which we represent by
c,vv. Thus we have as input parameter set

2
v, tanf, cm,vv, MmH,, MH,, Mma, mg+ and mi,. (2.7)

In the C2HDM, as stated above, the parameters A5 and m?, can be complex so that the
C2HDM Higgs sector at tree level is described by ten parameters. Notice that it is always
possible to perform a basis change to make one of these phases vanish so that we end up
with nine independent parameters. In the C2HDM the three neutral Higgs boson masses
are not independent. The third neutral Higgs mass is a dependent quantity and is obtained
from the input parameters, cf. [143]. We hence choose two of the three neutral Higgs boson
masses as input values and calculate the third one. The chosen input masses are called mpy,
and mp,; with H; per default denoting the lighter one, i.e. mpy, < mp;. They denote any
two of the three neutral Higgs bosons among which we take one to be the 125 GeV SM-like
scalar. We furthermore replace the three mixing angles a2 3 by two coupling values of H;
and by a matrix element of our rotation matrix. These are the squared H; couplings to
the massive gauge bosons V' and to the top quarks ¢, c%[ivv and c%{itt, respectively, and the
neutral mixing matrix entry Ra3. We furthermore fix the sign of Ri3, sg(R13), to either +1
or -1 in order to lift the degeneracy that we introduce by specifying only the squared values
of the H; couplings. This choice of input parameters complies with the input parameters
of the program code ScannerS that we will use for our parameter scans as explained below.
We hence have the input parameter set

2 2 2
v, tanf, cuyv, Chou, MRes, mu,, mp,, myx and Re(miy). (2.8)

2.2 The N2HDM

In the following, we give a brief introduction to the N2HDM and refer to [85] for more
details. The scalar potential of the N2HDM is obtained from the 2HDM potential by
adding a real singlet field ®g. In terms of the two SU(2); Higgs doublets ®; and @,
defined in eq. (2.2), and the singlet field, defined as

s =vs +ps, (2.9)
the N2HDM potential is given by
_ I 9 0  A6g AT b \20 A8 i 9
VNenpm = Voupu + 5m5<1>5 + §<I>5 - ?@1@1)@3 + ?@2@2)@5. (2.10)



The above scalar potential is obtained by imposing two Z, symmetries,

(bl—)q)l, @2—)—{)2, q)s—)q)s and
(I)l—>q)1, @2—)@2, (I)S_>—(I35. (211)

The first (softly-broken) Zs symmetry is the extension of the usual 2HDM Zy symmetry to
the N2HDM which, once extended to the Yukawa sector, will forbid FCNCs at tree level,
implying four different N2HDM versions just like in the 2HDM, cf. table 1. The second Zs
symmetry is an exact symmetry which will be spontaneously broken by the singlet VEV
and as such does not allow the model to have a DM candidate. Other versions of the model
choose parameters such that vg = 0 yielding very interesting DM phenomenology, but in
the current work we will not consider these possibilities.

After EWSB, we have three neutral CP-even Higgs bosons H » 3 with masses ranked as
mp, < mp, < mg,, one neutral CP-odd boson A and a pair of charged Higgs bosons H*.
The physical states Hj 23 are obtained from the weak basis (p1, p2, ps) by an orthogonal
transformation R which is defined by 3 mixing angles o 23 that are in the same range
as in the C2HDM. After exploiting the minimisation conditions, we are left with twelve
independent input parameters for the N2HDM. For the scan, we will again replace the
three mixing angles o 23 by the squared H; couplings to massive gauge bosons V' and the
top quarks t, c%hvv and c%{ltt, respectively, and the neutral mixing matrix element Ras,
so that our input parameters read

2 2 2
tan B, civv s Chyes B23, MH,, My, M, ma, my+, v, vs, and miy. (2.12)

Like in the 2HDM, we fix sg(R13) to either 4+1 or -1 in order to lift the introduced degeneracy
through the squared values of the H; couplings. The limit of the real 2HDM with an added
decoupled singlet field is obtained from the N2HDM spectrum by letting a3 — 0 and
a1 — a+m/2. Again, the shift by 7/2 in this limit is necessary to match the usual 2HDM
convention. The alignment limit for the N2HDM is discussed in appendix C.

2.3 The NMSSM

As a supersymmetric benchmark model, we consider the Next-to Minimal Supersymmetric
SM (NMSSM) [69-78]. It extends the two doublet fields H, and Hy of the MSSM by
a complex superfield S. When the singlet field acquires a non-vanishing VEV, this not
only solves the p problem [144] but, compared to the MSSM, it also relaxes the tension
on the stop mass values that need to be large for the SM-like Higgs boson mass value
to be compatible with the measured 125.09 GeV. Indeed in supersymmetry the neutral
Higgs masses are given in terms of the gauge parameters at tree level so that there is an
upper mass bound on the lightest neutral scalar which, in the MSSM, is given by the Z
boson mass. Substantial higher-order corrections to the Higgs boson mass are therefore
required to obtain phenomenologically valid mass values for the SM-like Higgs boson. The
additional singlet contribution to the tree-level mass of the lightest neutral Higgs boson
shifts its mass to larger values compared to the MSSM prediction, thus no longer requiring



large radiative corrections. The scale-invariant NMSSM superpotential that is added to
the MSSM superpotential WMSSM reads

WNMSSM _ 2GS H, o+ ggs LWMSSM iy

WMSSM — 5. 7, + hyQ3 Hab, + yr Ly H 75 | (2.13)

where for simplicity we only included the third generation fermion superfields, given by
the left-handed doublet quark (@3) and lepton (23) superfields, and the right-handed
singlet quark (tA‘j%,g‘j%) and lepton (7§) superfields. The NMSSM-type couplings A and & are
dimensionless and taken real since we consider the CP-conserving NMSSM. The Yukawa
couplings y;, yp, yr can always be taken real. The scalar part of S will develop a VEV
vs/v/2, which dynamically generates the effective p parameter peg = Avg/v/2 through
the first term in the superpotential. The second term, cubic in S , breaks the Peccei-Quinn
symmetry and thus avoids a massless axion, and WMSSM contains the Yukawa interactions.
The symplectic product x -y = eijxiyj (1,7 = 1,2) is built by the antisymmetric tensor
€12 = €2 = 1. The soft SUSY breaking Lagrangian reads

Lot NvssM = —miy, [Hyl> — miy |Hal* — m%JQ%\ - mi\%\ - m%R|b%%| - m%3|L§]

—mZ |7TR| + (yeAcH., - Qsty — yyApHy - Qsbf — yr A-Hy - LsT5, + hc.)

3 8
- % (M@E + My > WOW, + My Y G°Ga + h.c.)

a=1 a=1

— m%]5|2 + ()\A)\SHd -H, — %RA,{S?’ + h.C.) s (2.14)

where again only the third generation of fermions and sfermions have been taken into ac-
count. The tilde over the fields denotes the complex scalar component of the corresponding
superfields. The soft SUSY breaking gaugino parameters My (k = 1,2,3) of the bino, wino
and gluino fields B, W and G, as well as the soft SUSY breaking trilinear couplings A,
(x = \, K, t,b,7) are in general complex, whereas the soft SUSY breaking mass parameters
of the scalar fields, m3% (X = S, Hy, Hy, @,ﬂR,ER,E,?R) are real. Since we consider the
CP-conserving NMSSM, they are all taken real. In what follows, we will use conventions
such that A and tan 8 are positive, whereas «, Ay, A, and peg are allowed to have both signs.

After EWSB, we expand the Higgs fields around their VEVs v,,, v4, and vg, respectively,
which are chosen to be real and positive

(va+hg+iag)/ V2 hi vs+hs+iag
H;= , H,= ) , S=———1—. 2.15
d ( hy (Vu+hy+iay) /2 V2 (2.15)

This leads to the mass matrices of the three scalars hg, hy, hs, the three pseudoscalars
ag, Gy, as, and the charged Higgs states hf,hf, obtained from the second derivatives of
the scalar potential. The mass matrix is diagonalised with orthogonal rotation matrices,
mapping the gauge eigenstates to the mass eigenstates. These are the three neutral CP-
even Higgs bosons H1, Hy, H3 that are ordered by ascending mass with mg, < mpy, < mpg,,



the two CP-odd mass eigenstates A; and Ay with ma, < ma,, and a pair of charged Higgs
bosons H*.

After applying the minimisation conditions, we choose as independent input parame-
ters for the tree-level NMSSM Higgs sector the following,

A, Kk, Ay, Ay, tan 8 =wv, /vy and ,Uzeff:A'Us/ﬂ. (2.16)

The sign conventions are chosen such that A and tan § are positive, while x, Ay, A, and peg
are allowed to have both signs. Further parameters will become relevant upon inclusion of
the higher-order corrections to the Higgs boson mass that are crucial to shift the SM-like
Higgs boson mass to the measured value.

3 Scans and theoretical and experimental constraints

Our goal is to investigate the landscape of Higgs pair production in extended Higgs sectors
by taking into account the relevant theoretical and experimental constraints. In order to
do so, we performed a scan in the various parameter spaces of the models and checked each
parameter point for compatibility with our applied constraints. In this section, we briefly
describe the constraints used in our study. For details, we refer to our previous papers on
the different models [85, 94, 145-149].

We performed the scans with the help of the program ScannersS [150-152] for all models
except for the NMSSM. In tables 2, 3, and 4, we list the scan ranges of the RZHDM, the
C2HDM, and the N2HDM, respectively. We give them for the various set-ups with respect
to which neutral Higgs boson takes the role of the SM-like Higgs which we will denote
Hgy from now on. We distinguish the cases “light” where the lightest of the neutral Higgs
bosons is SM-like (H; = Hgyp), “medium” with Hy = Hgyp, and “heavy” with the heaviest
being SM-like (Hs = Hgy). In the R2HDM, with only two neutral Higgs bosons, we have
the cases “light” (H; = Hgy) and “heavy” (Hy = Hgy) only. Note that in the C2HDM,
only two of the three neutral Higgs boson masses are independent input quantities whereas
the third one is dependent and computed from the input parameters. Therefore, in the
generation of the data points two cases are considered, namely H;/Hs = Hgyp. The third
one is calculated and all three masses are subsequently ordered by ascending mass so that
all three set-ups, with either of the H; (i = 1,2, 3) respresenting the Hgy, are covered by
the two scans described in table 3. Note also that we restrict ourselves to the type I and
II models. For all these models, the R2ZHDM, the C2HDM and the N2HDM, we apply
the same theoretical constraints, which have different expressions for each model, requiring
that all potentials are bounded from below, that perturbative unitarity holds and that
the electroweak vacuum is the global minimum. In the R2ZHDM we use for the latter the
discriminant from [153] and for the C2HDM the one from [154].

As for experimental constraints, we impose compatibility with the electroweak precision
data by demanding the computed S, T" and U values to be within 20 of the SM fit [155],
taking into account the full correlation among the three parameters. We require one of the
Higgs bosons to have a mass of [156]

Mgy = 125.09 GeV (3.1)



‘ m, [GeV] ‘ m, [GeV] ‘ my [GeV] ‘ mpy+ [GeV] ‘ tan ‘ CHLVV ‘ m?, [GeV?] ‘
R2HDM 1/11 (light)

125.09 | 130...3000 | 30...3000 | 85/800...3000 | 0.8...30 | ~0.3...0.3 | 10-*...107
R2HDM I/II (heavy)

30...120 | 125.00 | 30...3000 | 85/800...3000 | 0.8...30 | 0.8...1 |1073...107

Table 2. Scan ranges of the R2HDM input parameters, cf. eq. (2.7), where light (heavy) refers
to the set-up where the lightest (heaviest) of the two CP-even neutral Higgs bosons is the SM-like
Higgs HSM7 ie. Hl(HQ) = HSM-

: mpy+ tan c%{,ivv CHu sg(Ri3) R Re(m?,)
[GeV] [GeV] [TeV] [GeV?]
C2HDM I/1I (light)

125.09 | 130...3000 | 0.08/0.8...3 | 0.8...30 | 0.8...1 | 0.7...13 | —1/1 | ~1...1| 107%...10
C2HDM I/II (medium/heavy)

30...120 | 12500 | 0.08/0.8...3]0.8...30 | 0...01| 0..12 | —1/1 | —1..1]|10%...510°

mHi mpg.

Table 3. Scan ranges of the C2HDM input parameters, cf. eq. (2.8), where light/medium/heavy
refers to the set-up where the lightest/medium/heaviest of the three CP-mixed neutral Higgs bosons
is the SM-like nggb HSM, i.e. Hl/HQ/Hg, = HSM~

mg, mg, My ma mpg+ mi
[GeV] [GeV] [GeV] [GeV] [GeV] [GeV?]
tan 3 C%hVV C%{ltt sg(ng) Ro3 vg [GGV]

N2HDM I/1I (light)
125.09 | 130...2995 | 130...3000 | 30...3000 | 85/800...3000 | 1073...107
08...30 | 09...1 | 08...1.2 ~1/1 ~1...1 0...10000
N2HDM I/II (medium)
30...120 | 125.09 | 135...3000 | 30...3000 | 85/800...3000 | 1073...5 - 10

0.8...30 0...0.1 0...1.2 -1/1 —-1...1 0...5000
N2HDM I/II (heavy)

30...115 | 35...120 125.09 30...3000 | 85/800...3000 | 1073...5 - 10°

0.8...30 0...0.1 0...1.2 -1/1 —-1...1 0...5000

Table 4. Scan ranges of the N2HDM input parameters, cf. eq. (2.12), where light /medium /heavy
refers to the set-up where the lightest/medium /heaviest of the three neutral Higgs bosons is the
SM-like Higgs Hgwm, i.e. H1/H2/Hs = Hgnm-
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and to behave SM-like. Compatibility with the Higgs signal data is checked through
HiggsSignals version 2.6.1 [157] which is linked to ScannerS. We furthermore suppress
interfering Higgs signals by forcing any other neutral scalar mass to deviate by more than
£2.5GeV from mpy,,. Scenarios with neutral Higgs bosons that are close in mass are par-
ticularly interesting for non-resonant di-Higgs production as they may have discriminating
power with respect to the SM case. The appearance of non-trivial interference effects re-
quires, however, a dedicated thorough study that is beyond the focus of this study and is
left for future work. We require 95% C.L. exclusion limits on non-observed scalar states
by using HiggsBounds version 5.9.0 [158-160]. Additionally, we checked our sample with
respect to the recent ATLAS analyses in the ZZ [161] and v [162] final states that were
not yet included in HiggsBounds. Consistency with recent flavour constraints is ensured by
testing for the compatibility with R [163, 164] and B — Xy [164-169] in the my+ —tan 3
plane. For the non-supersymmetric type II models, we imposed the latest bound on the
charged Higgs mass given in [169], my+ > 800 GeV for essentially all values of tan 3,
whereas in the type I models this bound is much weaker and is strongly correlated with
tan 8. Lower values for my+ allow, via electroweak precision constraints, different ranges
for the masses of the neutral Higgs bosons, which will therefore affect our predictions for
di-Higgs production.

In the C2HDM, we additionally have to take into account constraints on CP violation
in the Higgs sector arising from electric dipole moment (EDM) measurements. Among
these, the data from the EDM of the electron imposes the strongest constraints [170], with
the current best experimental limit given by the ACME collaboration [171]. We demand
compatibility with the values given in [171] at 90% C.L.

In the NMSSM, we use the program NMSSMCALC [172, 173] and compute the Higgs
mass corrections up to O((ay + ay + ay)? + apas) [174-176] with on-shell renormalisation
in the top/stop sector. We demand the computed SM-like Higgs boson mass to lie in
the range 122 GeV ... 128GeV which accounts for the present typically applied theoretical
error of 3 GeV [79]. We use HiggsBounds and HiggSignals to check for compatibility with
the Higgs constraints. Furthermore, we omit parameter points with the following mass
configurations for the lightest chargino )Zf and the lightest stop 1,

Myt < 94GeV, my <1TeV, (3.2)

to take into account lower limits on the lightest chargino and the lightest stop mass. The
experimental limits given by the LHC experiments ATLAS and CMS rely on assumptions
on the mass spectra and are often based on simplified models. The quotation of a lower
limit therefore necessarily requires a scenario that matches the assumptions made by the
experiments. For our parameter scan we therefore chose a conservative approach to apply
limits that roughly comply with the recent limits given by ATLAS and CMS [177, 178].
For further details of the Higgs mass computation and of the input parameters as well as
their scan ranges, we refer to [176].
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Figure 1. Generic diagrams contributing to leading-order C2HDM Higgs H;H; (i,4,k = 1,2,3)
pair production in gluon fusion.
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4 Numerical results for SM-like Higgs pair production

In this section, we will present our numerical results for Higgs pair production at the LHC
with the dominant process given by gluon fusion [24]. After recapitulating the details of
the process, we will outline how we applied the experimental limits on resonant and non-
resonant di-Higgs production. We will subsequently present the mass values allowed in
the various models as well as the ranges of the SM-like top-Yukawa and trilinear Higgs
self-coupling that are still compatible with the data. Finally we will show our results for
SM-like Higgs pair production in all discussed models that are in accordance with the
applied constraints.

4.1 Gluon fusion into Higgs pairs

All our di-Higgs production cross sections through gluon fusion have been computed by
adapting the public code HPAIR [179] to the R2HDM, the C2HDM [106, 109], the N2HDM
and the NMSSM [109, 131]. The process is mediated through heavy quark loops already
at leading order (LO). Generic diagrams are shown for the example of H;H; (i,j =1,2,3)
production in the C2HDM in figure 1. The diagrams that contribute are triangle diagrams
and box diagrams. The first triangle diagram contains a Higgs boson Hy (k = 1,2,3)
in the s-channel that couples to the final state Higgs bosons H; and H; through the
trilinear coupling Ay, .5, The box diagrams (third diagram) are proportional solely to
the Yukawa couplings of H; and Hj; to the top and bottom quarks. In the C2HDM,
which is CP-violating, we additionally have a Z boson exchange in the s-channel (second
diagram) which couples to the CP-mixed Higgs boson final states. This diagram also has
to be taken into account in the CP-conserving models when the production of a mixed
pair of one CP-even and one CP-odd Higgs boson in the final state is considered. Note
that the contribution of the Z boson exchange diagram to the overall cross section is
small. Furthermore, the QCD corrections from the SM cannot be taken over here. Our
implementation of the BSM models in HPAIR allows us to take the QCD corrections (in the
heavy top limit) correctly into account also for this diagram.

In extended Higgs sectors we have several modifications compared to the SM. The
additional Higgs bosons Hj, can lead to resonant enhancement of the di-Higgs cross section
compared to the SM in case mpy, > mp, +mpy;. In Higgs pair production we will call pa-
rameter configurations where the resonant rates makes up for a significant part of the cross
section “resonant production”. For mediator masses of mpy, < mpy, + mp; resonant en-
hancement is kinematically not possible. This is a clear case of “non-resonant” production.

- 12 —



However, note that, for parameter configurations with mpg, > mpy, + mpy;, the resonance
contribution may be very suppressed if the involved couplings are small, the mediator
mass is very heavy, its total width is large, or if there are destructive interferences between
different diagrams. From an experimental point of view, the cross section would not be
distinguishable from “non-resonant” production then. The transition between “resonant”
and “non-resonant” is of course fluid. We will address this in detail in the discussion of our
application of the experimental limits from resonant and non-resonant di-Higgs production.
Further differences from the SM case arise from Higgs-Yukawa and trilinear Higgs couplings
deviating from those of the SM Higgs boson and from additional particles running in the
loop. The latter is the case for the NMSSM where supersymmetric partners of the top and
bottom quark contribute to the loop. An interesting feature is that in the SM we have a
destructive interference between the triangle and the box diagrams, implying possible en-
hancements in extended Higgs sectors where the couplings differ from the SM case. This can
be inferred from figure 2, where we show the LO Higgs pair production cross section when
we vary the SM Higgs top-Yukawa coupling (upper left), the trilinear Higgs self-coupling
(upper right) and both couplings (lower) while keeping all other couplings fixed to the SM
values. Note, that for the sake of illustration we varied the top-Yukawa coupling in ranges
beyond the experimental exclusion limits.> We see the destructive interference which be-
comes largest for Agmr/ )\JSL}\]/{I g = 2.48. The cross section drops to zero (modulo the small
bottom quark contribution) for the top-Yukawa coupling y; = 0 as the Higgs does not cou-
ple to the top quarks any more. Note finally that the di-Higgs cross section values through
the s-channel exchange triangle diagrams are sensitive to the total widths of the exchanged
Higgs bosons as well, that have to be provided for the computation of the cross section.

For the calculation of the gluon fusion di-Higgs cross section shown here and in the
following, we use the following input values for the c.m. energy /s, the top and bottom
quark mass values m; and my, the Z boson mass myz, the strong coupling constant a; at
my, the renormalisation and factorisation scale y at which the cross section is evaluated,
and the pdf set,

Vs =14TeV, my = 173.2GeV, my = 4.75GeV, (4.1)
myz = 91.187GeV, as(mz) = 0.118, w=05mpgp, pdfset: CT14lo/nlo,

where mgpy denotes the invariant Higgs pair mass and where we take the corresponding
CT14 pdf set [180] for the LO and the next-to-leading order (NLO) computation. The
NLO QCD corrections which are of two-loop order are computed in the limit of heavy loop
particle masses. When we explicitly present NLO results we consistently set the bottom-
quark mass to zero both at LO and at NLO. For presented K-factors, i.e. the ratio of the
NLO to the LO cross section, we consistently set the pdf sets to LO and NLO for the LO
and the NLO calculation, respectively.

Note that, in order to keep our scans economic in time, we compute the Higgs pair
production cross sections for the results covering the whole scanned parameter space of
the models at leading order. The NLO QCD corrections are roughly taken into account

3In the subsequently presented analyses, the experimental limits on the couplings are taken into account.
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Figure 2. Leading-order SM Higgs pair production in gluon fusion at /s = 14 TeV as function of
the Higgs top-Yukawa coupling y; normalized to the SM value y7™ for the trilinear coupling fixed
to the SM value (upper left); as a function of the trilinear coupling Ay gy normalized to the SM
value A\JM, ;; for the top Yukawa coupling fixed to the SM value (upper right); as a function of the
trilinear and the top-Yukawa couplings in terms of the respective SM values (lower). The color
code indicates the size of the LO cross section in fb. The SM point is marked in orange.

by applying a factor of two. This rough approximation works reasonably well for SM-like
Higgs pair production [31, 36-40, 106, 131]. When we present specific benchmark scenarios,
however, we compute the cross sections explicitly at NLO QCD in the heavy loop particle
limit for the considered model by using our adapted HPAIR codes. Be aware, however, that
the QCD corrections should be taken with caution for scenarios with large values of tan 3.
In this case the bottom loop contributions become more important so that the limit of
heavy loop particle masses cannot be applied any more.

4.2 The impact of di-Higgs constraints

We first want to discuss how we take into account the already available results from the
experimental SM-like di-Higgs searches, resonant and non-resonant. Since the experimental
limits in the two cases rely on different topologies, the question arises how these limits can
be applied in our cases where both resonant and non-resonant production are included
in the evaluated cross sections. Moreover, in some of the models we can have more than

one resonance decaying into a SM-like Higgs pair. In the following, we will outline our
applied strategy.
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For the generation of the data we turned off in HiggsBounds the experimental lim-
its from resonant di-Higgs production while applying all other constraints described above.
We then computed, for each data point that fulfils the kinematic constraint mpy, > 2mpy,,,
the production cross section o(Hyp,), for all possible intermediate resonances Hy. The latter
has been obtained with the code SusHi v1.6.1 [181-183] at NNLO QCD and it includes
both production in gluon fusion and in association with a b-quark pair. Note, however, that
associated production with a b-quark pair does not play an important role for our scenarios.
This production cross section is subsequently multiplied with the branching ratio of the Hy,
decay into HgyiHgyi. The branching ratio has been obtained for the R2ZHDM, C2HDM,
N2HDM, and NMSSM by using the public codes HDECAY [184-186], C2HDM_HDECAY [84],
N2HDECAY [85, 86], and NMSSMCALC [172], respectively. We then compare the cross section
o(Hy) x BR(Hy — HsyHsy) for each possible intermediate resonance® with the experi-
mental limits on resonant di-Higgs production. Since these limits are obtained from the
LHC run at /s = 13 TeV, we also compute the SusHi cross sections at this c.m. energy (in
contrast to the Higgs pair production cross sections that are all evaluated at /s = 14 TeV).
We took into account the experimental limits that were the stringest ones at the time of
the production of our plots. They are given in refs. [187] for the 4b, [188, 189] for the
(2b)(27), [190] for the (2b)(2y), [191] for the (2b)(2W), [192] for the (2b)(ZZ), [193] for
the (2W)(2y) and [194] for the 4W final state.” We furthermore included the recently
published results on 4b by ATLAS [196] and CMS [197], (2b)(27) [198] and (2b)(2) [199].
Parameter points where at least for one possible resonance Hj, the experimental limit for
any of the final state signatures is exceeded, are rejected. Nevertheless, there is one ex-
ception. Since the experimental limits are given assuming narrow resonances, we do not
reject points where the ratio of the total width Iyt (Hy) of Hy and its mass mp, exceeds
the value (Ftot(Hk)/mHk)limit =5%.6

For illustration, we show the impact of the limits from resonant searches for the
N2HDM type I (N2HDM-I) where the lightest CP-even scalar H; is the SM-like Higgs
boson Hgy. The yellow points in figure 3 (left) show for the points of our scan in the
N2HDM-I parameter space that pass the constraints described in section 3, the single pro-
duction cross sections of the heavy Higgs boson Ho, computed with SusHi, and multiplied
with the branching ratio into a pair of two SM-like Higgs bosons Hi. In other words, they
represent one of the resonant production modes of a SM-like Higgs pair. The dashed line
and the dot-dashed line are the experimental limits obtained from resonant di-Higgs pro-
duction searches in the 4b final state [196] and the (2b)(27) final state [198], respectively.
These limits are now applied on all yellow points. Note, however, that we not only apply
them on resonant Hs but also on resonant H3 production. The right plot in figure 3 shows

4In the case of the N2HDM e.g. with three neutral Higgs bosons Hj 2 3 for scenarios with H; = Hgwm both
H> and Hj could be resonantly produced and decay into an Hgy pair provided they fulfill the kinematic
constraint.

®Combinations of all searches have been published in [51] and [195]. We, however, only place limits on
the individual final states as the correct combination of all limits would require a sophisticated treatment
that goes beyond the rough estimate of the experimental results on our channels applied in this paper.

5Note that by default, i.e. independently of the applied experimental constraints, we rejected all param-
eter points with Dot (H;)/mu, > 50%.
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Figure 3. N2HDM-I: yellow points: o(pp — H2)3$H) x BR(H2 — H1Hi). Red points: 2 x

UESAIR(gg — HgmHgsw), with Hgy = Hi, as function of my,. Left (right) panel without (with)

the constraints from experimental resonant di-Higgs searches, cf. text for details. The dashed (dot-
dashed) line denotes the ATLAS limit from the (bb)(bb) ((bb)(77)) final state. Horizontal line: Higgs
pair production cross section in the SM.

the situation after applying the aforementioned experimental constraints plus the bounds
from (2b0)(2v) [199] and the CMS bounds from 4b [197], which only affect the very low and
heavy mass region, respectively, and, due to better visibility, were not added in the plot.
All previous experimental results are weaker in the whole heavy resonance mass range and
thus automatically satisfied. We see that some of the yellow points above the experimental
limits are left over. Here we do not fulfil our criteria of (I'tot(Hy)/mm, imit < 5% so that
the experimental limits cannot be applied and, thus, no statement about the validity of
these points can be made.

The red points in figure 3 (left) show for all parameter scenarios passing the constraints
of section 3, the cross sections for SM-like Higgs pair production as a function of the mass of
the non-SM-like Higgs boson Hs. As described above, the cross section is calculated at LO
and multiplied by a factor two to approximately take into account NLO QCD corrections.
The constraints from resonant di-Higgs searches are taken into account by referring to the
yellow points. Only those scenarios where the yellow points passed the resonant search
limits are retained for the di-Higgs cross sections and result in the allowed red points
presented in figure 3 (right). The comparison of the left and right plot in figure 3 clearly
shows that the present di-Higgs searches are already sensitive to the N2HDM parameter
space and exclude parts of it beyond single Higgs data constraints.

From the right plot, we infer that there are many points left after application of the
resonant search limits. In many of them, the contribution from resonant diagrams is
suppressed or kinematically forbidden. Looking only at the total cross section values, as
we do it here, and not at distributions, the sizes of the resonant Higgs pair production cross
sections in the suppressed cases are similar to the non-resonant ones or even smaller, so that
they cannot be distinguished based on the total rates. Also, invariant mass distributions
barely change as we explicitely verified, since the contributions from the resonances are
largely suppressed w.r.t. to those from the non-resonant parts. We therefore applied on
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Figure 4. N2HDM: LO gluon fusion cross sections, multiplied by a factor 2 to approximate the
NLO QCD corrections, into a SM-like Higgs pair with H; = Hgy (red) and Hy = Hgy (green)
for all points passing our constraints, as a function of the NNLO cross section for resonant heavy
Higgs H; production with subsequent decay into a SM-like Higgs pair. For H; = Hgy (red points)
we sum up the single Higgs production cross sections of Ho and Hjs. Left: type I, right: type IL
The horizontal line denoted by SM corresponds to the SM Higgs pair production value, and the
one denoted by bbyy to the limit from non-resonant di-Higgs searches in the 202~ final state. For
the shaded region, see text.

these points the corresponding non-resonant limits. We come back to this point below.
One can also see from this plot that for mpg, < 2mp, the cross section can be suppressed
relative to the SM value. This is to be attributed to destructive interferences between the
various diagrams contributing to the di-Higgs cross section.

As for the experimental limits from non-resonant searches, they mostly do not constrain
our models. The latest results in (bb)(yy) [199], however, start cutting on the N2HDM-I
(with Hy = Hgyp) parameter space as is illustrated in figure 4 for type I (left) and type II
(right). For all points passing our constraints, we plot the NLO QCD (approximated by a
factor 2) gluon fusion SM-like Higgs pair production cross sections for the N2HDM-I (left)
and II (right), versus the NNLO QCD gluon fusion production cross section of a heavy non-
SM-like Higgs H; that subsequently decays into the SM-like Higgs pair. For Hy = Hgy,
we have H; = Hgs, for Hy = Hgy we sum over the two possibilities H; = Ho, H3. From
the plot, we can infer that for parameter points where HgyHgyv production from resonant
heavy Higgs production dominates the di-Higgs process, both cross sections, di-Higgs and
single Higgs times Higgs-to-Higgs decay, approach each other (see diagonal line in the
plot).” For the smaller cross sections, resonant production stops playing a significant role
and the experimental limits from non-resonant di-Higgs searches can be applied. The

"Note that the di-Higgs and single Higgs cross sections are not exactly the same for several reasons. The
SusHi single Higgs gluon fusion results are computed at NNLO QCD and /s = 13 TeV whereas HPAIR for
di-Higgs production is run at /s = 14TeV for LO QCD and multiplies the result afterwards by a factor
of two. (The SM Higgs pair production cross sections at FTapprox [30] differ by 18% at /s = 13 TeV and
14 TeV, respectively.) Furthermore, different pdfs were used in the computation. Also, HPAIR includes all
s-channel Higgs exchange and the box diagrams in the computation of the cross section. The impact of
the difference between the cross sections w.r.t. to the application of the experimental limits is negligible,
however, as we explicitly verified.
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most stringent one among the various final states is presently given by the (2b)(27) final
state [199],% which is visualized in the plots by the horizontal lines. We see that in the
N2HDM-I this already cuts into the parameter space so that non-resonant Higgs search
constraints start to play a role for certain models.” The transition between non-resonant
and resonant production is fluid of course. In order to be able to apply the experimental
limits we are forced to define a separation between the two cases which is arbitrary. We
define a cross section to be resonantly dominated when the single non-SM Higgs production
with subsequent decay into SM-like Higgs bosons makes up for more than 10% of the di-
Higgs result and accordingly apply the resonant limits. This region separation is shown by
the diagonal dashed line in each plot. The shaded region is hence the region where we apply
the non-resonant search limits. Apart from the N2HDM-I case, we found that non-resonant
searches do not constrain the investigated models at present. The previous definition is
arbitrary and a sophisticated experimental analysis taking into account distributions would
be required. This is beyond the scope of this paper. Since at present the non-resonant
searches are not very sensitive, this approach is good enough for our purpose of drawing
an overall phenomenological picture.

4.3 Parameter dependences

The size of the cross section for SM-like Higgs pair production depends on the SM-like Higgs
values of the trilinear Higgs self-couplings and of the top and bottom Yukawa couplings.
The influence of the latter is only relevant for BSM models in the case of large values
of tan 5. The cross section value furthermore depends on the masses of all additionally
involved non-SM-like Higgs bosons Hj, their total widths, their Yukawa couplings and the
trilinear Higgs self-couplings Am, mrq,,Hey - In this subsection we present the distributions
of the mass spectra of the non-SM-like neutral Higgs bosons and discuss the allowed sizes
of the trilinear Higgs self-coupling and top-Yukawa coupling of the SM-like Higgs boson in
our investigated BSM models.

4.3.1 Distributions of the mass spectra

Figure 5 displays the mass distributions of the two neutral non-SM-like Higgs bosons con-
tributing to the cross section for SM-like Higgs pair production in the C2HDM (upper), the
N2HDM (middle) and NMSSM (lower) for type I (left) and type II (right) in the former two
models.'? We denote the masses of the heavier one by my and the one of the lighter Higgs
by my, respectively. In the N2HDM and the NMSSM these Higgs bosons are CP-even,
in the C2HDM they have no definite CP quantum number. We found in our scans that
the largest freedom in the distributions, after applying all considered constraints, is found
in the N2HDM (middle row) where in type I all three neutral Higgs bosons Hj 23 can be

8 Apart from the combined limit which we do not apply.

9We remind the reader that our di-Higgs cross sections are computed at /s = 14 TeV while the limits
are obtained at 13 TeV. With future experimental results at 14 TeV, even more points will be excluded.
For our rough analysis, however, this is a good enough approach.

0For a previous phenomenological investigation of the models, cf. [147]. Due to less strict constraints at
that time, the mass spectra were less constrained.
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Figure 5. Mass distributions of the non-SM-like neutral Higgs bosons in the C2HDM-I and II
(upper left and right), the N2HDM-I and II (middle left and right), and the NMSSM (lower) for the
parameter points respecting all applied constraints. The colour of the points denotes which Higgs
boson is SM-like. In the shaded region my < m,.

SM-like (red, green, blue points). The overall lightest Higgs mass spectrum is realized for
Hj3 = Hgy and becomes increasingly heavier if instead Ho or H; are SM-like, respectively.
For the latter two cases large mass gaps can occur between my and m . In the NMSSM
large mass gaps are also possible. In the C2HDM-I, where all three SM-like cases can be
realized, this is not the case any more. In particular for H; = Hgy the masses mqy and m
quickly become nearly degenerate with increasing values. This is even more pronounced for
the C2HDM-II. Large differences in the mass hierarchies allow for Higgs-to-Higgs cascade
decays which is particularly interesting for non-SM-like single Higgs searches or Higgs pair
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production and is a clear sign of non-minimally extended Higgs sectors in contrast to the
R2HDM or MSSM e.g. which feature only two CP-even neutral Higgs bosons. We can
hence expect such decays in the N2HDM-I, II, and the NMSSM, and to a less extent in the
C2HDM-I because of the more compressed mass spectrum. We further found that in the
C2HDM-II only the case H; = Hgy is realized in our scan after including the constraints.
In the N2HDM-IT and the NMSSM, H; and Hs being SM-like is still possible but not Hj.
In the R2HDM, not shown in the plots, in type I, for Hy = Hgy, the heavier Hy mass
ranges between 130 GeV and, the upper scan limit of 3 TeV. For Hy = Hgy, the lighter Hy
mass varies between 30 and 122.5 GeV.!! In type II, my, ranges between 800 GeV and the
upper scan limit. Also for all other models, the lightest Higgs masses found to be allowed
are betweeen around 30 and 122.5 GeV, where the lower bound is due to our scan limit.
In the type-II models the overall mass spectrum is pushed to higher values because of the
lower limit on the charged Higgs mass.

4.3.2 Higgs couplings

In the SM, the triangle and box diagrams contributing to Higgs pair production interfere
destructively. Deviations of the trilinear Higgs self-coupling A3pg,, and Yukawa coupling
to top quarks y; m,, of the SM-like Higgs Hgy with respect to the SM values A3y and
Yt 1, respectively, will mitigate this destructive interference. In turn, it will allow for larger
cross sections in (the non-resonant) SM-like di-Higgs production. Experimental limits on
the trilinear Higgs self-coupling derived from Higgs pair production results often assume the
top-Yukawa coupling to be SM-like.'> We therefore want to answer the following questions:

o After applying constraints from single Higgs data, what are the allowed ranges for
A3Hgy and y¢ g, in our models? What is the impact of di-Higgs constraints?

» How do di-Higgs cross sections behave as a function of A\3pg,, and y; mg,,”?

o What is the relation of the A\3p,, and y; fg,, limits to the effective coupling param-
eters in SM effective field theory (SMEFT)?

4.3.3 Allowed coupling ranges and impact of di-Higgs constraints

Figure 6 depicts for the R2ZHDM-I (left) and the N2HDM-I (right), with Hy = Hguy, the
absolute top-Yukawa versus the trilinear self-coupling values of the SM-like Higgs normal-
ized each to the corresponding SM-values. Black points are allowed parameter points after
applying all but the single Higgs constraints, blue points additionally include the single
Higgs constraints (blue), and red points finally also comply with the di-Higgs constraints.
The comparison of the red with the blue points hence shows the impact of the di-Higgs
measurements on the coupling values.

As we can see from the left plot, in the R2ZHDM-I, after applying single Higgs con-
straints, the Yukawa coupling is restricted to values close to the SM, 0.87 < (yfgslgM/ Yer) <
1.07 (blue points). The trilinear Higgs self-coupling is less restricted with values in the range

HNote that we applied a gap of 2.5 GeV around 125.09 GeV.
12Results where this assumption has been dropped are given in [51, 199-202].
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Figure 6. Absolute value of the Higgs top Yukawa coupling v¢ g, versus the trilinear Higgs self-
coupling Aspy,, of the SM-like Higgs boson Hgn given by Hi, H; = Hgy, normalised each to the
SM values y; g and A3p for the RZHDM-I (left) and the N2HDM-I (right) for the parameter points
passing all constraints without single and double Higgs constraints (black), including single Higgs
constraints (blue) and also including di-Higgs search constraints (red). Dashed lines correspond to
the SM-case of each coupling ratio.

—-0.2< ()\3RI%IS{£M/)\3H) <1.15 (blue points). Note that the restriction of the trilinear Higgs
self-coupling at this stage basically stems from the constraints on the Yukawa coupling
from the single Higgs data. Di-Higgs constraints (red points) slightly reduce these val-
ues, to about —0.1 < ()‘:E{I?IEIISM/)‘&‘»H) <1.1. Departures from the SM value in the trilinear
couplings come along with non-SM-like Yukawa couplings (cf. wedge region). Turning to
the N2HDM-I (right plot) we see that the usual plus single Higgs constraints reduce the
Yukawa coupling to about the same values as in the R2ZHDM-I (blue points). The trilinear
coupling on the other hand can vary in a larger negative range with values between -16
and 1 times the SM value. After including the di-Higgs constraints the trilinear coupling
range is reduced to about -1 to 1 times the SM value (red points). This is primarily caused
by the unitarity constraint. In addition to the perturbative unitarity check performed by
ScannerS we applied the following approximate limit on all trilinear Higgs self-couplings
A H;Hy,- We required |Ag, g, g, /Asg| <30 for all 4,j,k combinations in the respective
model.'> We found that this additional constraint only affects the N2HDM. In all other
models the inclusion of the constraints through ScannerS left over only scenarios that al-
ready respect this unitarity constraint. Besides the latter, we also found that the di-Higgs
searches cut on the allowed trilinear Higgs self-coupling values, though to a lesser extent.

The unitarity constraints are responsible for the wedge regions in the plots. Comparing
the shape of the wedge regions in the RZHDM-I and the N2HDM-I we see that an increased
precision in the Yukawa coupling will affect the allowed deviation in the trilinear coupling
in the N2HDM-I more than in the R2ZHDM-I. Overall, we find that the trilinear coupling
gets more and more restricted but significant deviations are still possible and that they

13The value is derived by assuming a rough perturbative limit on the Higgs mass of My =700 GeV,
implying a limit on the trilinear coupling of )\gzturb =3M% /v=>5975GeV compared to the value of \3g ~

190 GeV for the SM-like Higgs mass My =125.09 GeV.
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R2HDM C2HDM
Yi ?IISEM/% H 3R1?IIS{£M/)‘ Yi ?EﬁM/yt H gI%ESM/)\
light 1 0.893...1.069 | —0.096...1.076 || 0.898...1.035 | —0.035...1.227
medium I n.a. n.a. 0.889...1.028 | 0.251...1.172
heavy 1 0.946...1.054 | 0.481...1.026 || 0.893...1.019 | 0.671...1.229
light 1T 0.951...1.040 | 0.692...0.999 | 0.956...1.040 | 0.096...0.999
medium II n.a. n.a. — —
heavy II — — — —
N2HDM NMSSM
Ry | N x| S v | S o
light T 0.895...1.079 | —1.160...1.004 n.a. n.a.
medium I | 0.874...1.049 | —1.247...1.168 n.a. n.a.
heavy 1 0.893...1.030 | 0.770...1.112 n.a. n.a.
light 1T 0.942...1.038 | —0.608...0.999 || 0.826...1.003 | 0.024...0.747
medium IT | 0.942...1.029 | 0.613...0.994 | 0.916...1.000 | —0.502...0.666
heavy 11 — — — —

Table 5. Allowed ranges for the top-Yukawa and trilinear Higgs self-coupling of the SM-like
Higgs boson after application of all constraints, normalized to the corresponding SM value,
for the R2ZHDM, C2HDM, N2HDM, and NMSSM, respectively, for type 1 (I) and type 2 (II).
Light/medium/heavy correspond to Hj /5,3 being the SM-like Higgs boson. The medium case is
not applicable (n.a.) to the R2HDM, type 1 is not applicable to the NMSSM. In our scans, for
type 2 some of the cases were found not to be compatible with the constraints any more (marked
by a dash in the table).

come along with a non-SM-like Yukawa coupling. The present (observed) limits on the
trilinear Higgs self-coupling assuming a SM top-Yukawa coupling are -1.0 to 6.6 times the
SM trilinear Higgs self-coupling at 95% CL as derived by ATLAS [51] and -3.3 to 8.5 as
given by CMS [52].
of the SM start to constrain the parameter space of our models, namely the N2HDM.

These experimental sensitivities to the trilinear Higgs self-coupling

This can be inferred from table 5 where we list the allowed ranges for the top-Yukawa and
the trilinear Higgs self-couplings in our investigated models after applying all described
constraints. For all models, due to the single Higgs constraints, the top-Yukawa coupling
is bounded to a range of at most +0.1 around the SM case, with the exception of the
NMSSM where it can deviate by up to 17%.'® The trilinear couplings are less constrained.

“This is only true, however, if we assume a SM-like Yukawa coupling which is not appropriate in all
models. We will come back to this point later.

15Note that we excluded all scenarios where the mass gap between the SM-like and one non-SM-like Higgs
boson is less than 2.5 GeV. Would we allow for these scenarios as well then the top-Yukawa coupling could
substantially deviate from the SM case, as the Higgs signal is now built up by two Higgs bosons close in mass.
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For the N2HDM-I with H; or Hy being SM-like they are outside the lower ATLAS limit;
however, only assuming SM-like Yukawa couplings which is not the case as can be inferred
from figure 6. Note also that a vanishing trilinear SM-like Higgs self-coupling is also still
allowed in some of the models.

There is one caveat to be made on the values given in table 5. These limits have been
obtained from the scans in the chosen parameter space with application of all constraints.
Hence, they depend on the constraints that we apply, and they also depend on our scan-
ning procedure and sampling. More extended scan ranges and scans adapted to specific
parameter regions could possibly find more points and extend these allowed coupling val-
ues somewhat. With the given coupling values, however, we are on the conservative side.
Furthermore, also note that the C2HDM contains per definition the limit of the R2ZHDM.
This is not reflected, however, in the coupling ranges (and will not be in the plots shown
below either). The reason is, that the scan in the C2HDM is performed in different input
parameters than in the R2ZHDM and for finite scan ranges necessarily leads to differences.
We explicitly checked that larger R2ZHDM ranges than in the C2HDM indeed coincide with
the CP-conserving limit in the C2HDM and that larger C2HDM ranges compared to the
R2HDM are due to truly CP-violating points. We chose not to merge the C2HDM sample
with the R2ZHDM as it allows us to investigate CP-violating effects. As a side remark we
add that for the values of our scan the SM-like Higgs boson in the C2ZHDM-I can still have
a CP-violating admixture!'S of up to 16%, 20% and 10% for Hy, Hy and Hs being SM-like,
respectively, and of up to 2% in the C2HDM-II with Hy = Hgy;.

4.4 SM-like Higgs pair production

In this section we discuss the production of two SM-like Higgs bosons Hgy in our four
considered models R2ZHDM, C2HDM, N2HDM, and NMSSM. We display, for all valid
parameter points passing the applied constraints (including those from di-Higgs searches),
the cross sections for SM-like Higgs pair production in the R2ZHDM, C2HDM, and N2HDM
in figure 7 and for the NMSSM in figure 8.7 The plots are shown as a function of the
heavier of the neutral non-SM-like Higgs bosons, denoted by my. Red points depict the
results where the SM-like Higgs boson is given by the lightest Higgs boson H1, green points
are those for Hgy = Ho, and blue ones correspond to Hsy = Hs. In the R2ZHDM, we of
course only have red and green points. The overall lower density of the points in the
C2HDM compared to the R2ZHDM is an artifact of the scan, as in the C2HDM one of
the neutral masses is not an input parameter but computed from the other two neutral
input masses in contrast to the R2ZHDM so that the same coverage of the parameter space
would require a dedicated scan in specific regions, cf. also the remark made above on the

161t is defined by the rotation matrix element squared \Ri3\2, the index i denotes the SM-like Higgs boson
in the mass basis, the index 3 the CP-violating degree of freedom in the interaction basis.

"The values of the signal rates for the various final states after the Hsy decays can be obtained by
multiplying the cross section by the SM branching ratio into the final state of interest. To a very good
approximation the values of the branching ratios of the SM Higgs boson can be applied here as the present
LHC results push any SM extension strongly towards the SM limit.
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Figure 7. Scatter plots for SM-like Higgs pair production including a factor of 2 for estimating
the NLO QCD corrections, for all points passing the constraints, as a function of the mass of the
heavier of the non-SM-like Higgs bosons m4 for the RZHDM (upper), the C2HDM (middle), and the
N2HDM (lower line), for type 1 (left column) and type 2 (right column). Red points for scenarios
with Hy = Hgy, green ones for those where Hy = Hgyy, and blue points for those where Hy = Hgy.
Horizontal line: SM result.
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Figure 8. Same as figure 7, but for the NMSSM.

comparison of the coupling ranges of the R2ZHDM and C2HDM. Qualitatively, a larger
scan would not change the overall picture, however.

From the plots we can infer from the steep rise of the cross section values, once m4 >
2mpg,,, the resonant enhancement of the cross sections. In the case of the R2ZHDM this
is due to resonant Hs production and for the C2HDM, N2HDM or NMSSM this can be
resonant Hy and/or Hs production. For the latter models, in the case of Hgyy = Hs, and for
the R2HDM in the case of Hgy = He we can only have non-resonant di-Higgs production.
We can also see that the cross section values can be suppressed compared to the SM case
which is given by the horizontal line in the plots. The R2ZHDM and C2HDM cross sections
approach the SM-like cross section for large mass values (red points) whereas this is not the
case for the N2HDM with H; = Hgy. In the R2ZHDM, we approach the decoupling limit
when mp, becomes large. For large H mass the production cross section decreases, and
furthermore with increasing mp, the trilinear coupling A g, i, g, that is relevant for resonant
Hy Hy production goes to zero as it is proportional to cos(8 — a) which approaches zero in
the decoupling limit. In the N2HDM, for Hy = Hgy, we can have resonant enhancement
both from Hy and Hs production so that although mp, = my grows in figure 7 (middle)
large cross sections are still possible due to resonant Hy production. For Hy = Hgyy (green),
on the other hand, we also see the decoupling behavior. Note that for the C2HDM-I we
observe the decoupling behaviour for H; = Hgy in contrast to the N2HDM. In the C2HDM
my and my become nearly degenerate for large non-SM-like masses so that both the H»
and the H3 resonant contributions are small. Also, for lower masses m4 the masses of H|
and Hy do not differ much so that for Hy = Hgy (green points) the resonant enhancement
is not efficient in increasing the cross section.

In table 6 (left), we compare the maximum cross section values in the different models
for all parameter scenarios where mp,2pg, < 2MmHpg,, in case the SM-like Higgs boson
is not given by the heaviest neutral one. For these scenarios resonance enhancement is
kinematically forbidden. We have included the NLO QCD correction in the large top-
mass limit. In the R2HDM-II and C2HDM-II for Hgy = Hip, in the N2HDM-II and
NMSSM for Hsy = Hi 2 we did not find any points where mpy,+pg,, < 2mpg,,, because
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Hy, Hy Hj3 Hy Hy
R2HDM-I | 59 49 R2HDM-I 92 —
R2HDM-II | — — R2HDM-II | 59 —
C2HDM-I | 46 44 42 C2HDM-1 98 42
C2HDM-II | — — — C2HDM-II | 75 —
N2HDM-I | 50 52 44 N2HDM-I | 151 96
N2HDM-II | — — — N2HDM-IT | 112 48
NMSSM —_ = — NMSSM 73 65

Table 6. Maximum NLO QCD gluon fusion cross section values in fb for the case where Hsy = Hi,
H,, and Hj, respectively, in the RZHDM-I/11, C2HDM-I/II, N2HDM-I and NMSSM. Left: scenarios
with mp, 2Hg, < 2Mpg,; right: scenarios with suppressed resonance contributions (cf. text).

of the constraints. Furthermore, in the C2HDM-II the application of the experimental
constraints excludes scenarios with Hgyy = Hs or Hz, and in the N2HDM-II and the
NMSSM for Hgy = Hs. In the table, we put dashes for all these cases. We observe that
the non-resonant cross sections for all models (where they are available) are above the SM
value which is given by ogy = 38fb.!® The largest value is obtained for the R2HDM-I
with H; = Hgy. The enhancements are due to a combination of Yukawa and self-coupling
values deviating from the SM. Altogether the cross sections deviate by not more than a
factor 1.5 from the SM value in the defined non-resonant regions.

It can also be that, although kinematically possible, the di-Higgs production cross
section is not much enhanced compared to the SM value through resonance production.
This is the case for suppressed Yukawa and/or trilinear coupling values of the s-channel
exchanged heavy Higgs boson or because it is very heavy or its total width is large. Also
destructive interferences can lead to a suppression. Therefore there is no clear correlation
between the computed resonantly enhanced cross sections and the Higgs mass values of
the resonantly produced Higgs boson as can also be inferred from figures 7 and 8. Only
the obtained maximum values show the correlation with the mass value, namely that these
maximum possible values decrease with increasing mass of the non-SM-like heavy Higgs
as it is expected in models with a decoupling limit. In the suppressed case, from an
experimental point of view, these scenarios would be interpreted as non-resonant di-Higgs
production. As discussed above, the transition between resonant and non-resonant cases
is not trivial. In accordance with our choice of separation given above, we also give the
maximum cross section values for those scenarios where the resonance contribution makes
up for less than 10% of the total di-Higgs cross section.'” The NLO QCD values are
summarised in table 6 (right) for all models with Hgy = Hi o (only Hp for the R2HDM).?°
As expected, they exceed the values given in table 6 (left) but by at most a factor 3.

18This value has been obtained with HPAIR in the heavy top-quark limit which we apply in the scans. In
this limit the K-factor, i.e. the ratio between NLO and LO cross section, amounts to 1.93.

9The values are obtained from the plateau region, cf. the horizontal branches in figures 4.

2For Hy = Hgm (Hz in the R2HDM) resonant production is not possible per definition.
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Figure 9. N2HDM-I: SM-like Higgs pair production including a factor 2 to roughly account for
the NLO QCD corrections, for Hy 23 = Hgm (red, green, blue), as a function of the trilinear SM-
like Higgs self-coupling Asp,, normalized to the SM value As3g. The full line shows SM di-Higgs
production as a function of Asgg,, /Asm. The dot-dashed lines show the additional change of this
cross section for a variation of y; ge,, /ye.g =1 £0.1.

If not suppressed, the cross sections can be much more enhanced compared to the SM
case in the resonance case. This can nicely be inferred from figure 9 which depicts the
cross section values for SM-like Higgs pair production in the N2HDM-I as a function of the
SM-like trilinear Higgs self-coupling ratio for all possible Hgyr scenarios. The full line in
the plot shows the SM di-Higgs production cross section as a function of the trilinear Higgs
self-coupling variation, the dot-dashed lines additionally depict the change if we allow for
a +10% variation of the top Yukawa coupling as is still compatible with the data. The
comparison with these lines allows us to estimate the resonant enhancement effects beyond
the cross section change due to modified trilinear Higgs self- and top-Yukawa-couplings.
Close to the SM case A3pg,,/Asg = 1 and vt fe,,/Yr,g = 1, we observe enhancements of
up to 10 (9) times the SM expectation for H;(H2) = Hgy. The enhancement stems from
resonant heavy Higgs production which can be Hy and/or Hs (only Hs) for Hy = Hgy
(Hy = Hgy). For Hs = Hgy, no such enhancement is possible and the (small) deviations
from the SM case (in the vinicity of /\3N}2115{1\]/?M /Asg = 1) are due to the small deviations
of the involved couplings from the SM values or due to interference effects with nearby
Higgs bosons. In table 7, we summarize the maximum cross section values in each model
for the different SM-like Higgs configurations and for the parameter sets where resonant
production is kinematically possible. The values in the tables are to be compared to the
corresponding NLO QCD SM value (in the heavy top-limit) of 38fb. The largest cross
section with about 444 fb is obtained in the R2HDM-I, followed by the C2HDM-I with
a value of 387fb and the N2HDM-I with 376 fb, all for H; = Hgy. The resonant BSM
cross sections largely exceed the SM value by up to a factor 12. The clear hierarchy in the
cross sections gives us a handle to at least partially distinguish the models by investigating
solely Higgs pair production. Clearly cross section values above 400 fb would exclude all
investigated models but the R2ZHDM-I with the lightest neutral Higgs boson being the
SM-like one. A value above 100fb on the other hand would exclude the R2ZHDM-II with
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Hy Hy
R2HDM-I | 444 n.a.
R2HDM-II | 81 n.a.
C2HDM-I | 387 47
C2HDM-IT | 130 —
N2HDM-I | 376 344
N2HDM-II | 188 63
NMSSM 183 65

Table 7. Maximum NLO QCD gluon fusion cross section values for resonant SM-like Higgs pair
production in fb for the case where Hsy = Hi, and Hs, respectively, in the various considered
models. In the R2HDM the case Hgy = Hz is not applicable (n.a.) as we cannot have resonant
Hs Hs production.

H, = Hgy, the C2HDM-I with Hy = Hgy, the N2HDM-II with Hy = Hgy and the
NMSSM with Hy = Hgy. The numbers have to be taken with some care, however, as a
more complete scan could find additional values. They should rather be taken as a rough
guideline. Note furthermore, that in the NMSSM with Hy = Hgy the resonant production
makes up only a small contribution of the full cross section meaning that it is the same
point as the one quoted in table 6 (right). The enhancement of the cross section is rather
due to coupling deviations of the SM-like trilinear Higgs coupling, while the Hs top-Yukawa
coupling is close to the SM value, and from an experimental point of view this would look
like non-resonant di-Higgs production.

For completion, we include in appendix A separately the information on resonant and
non-resonant cross section values corresponding to figures 7 and 8. In the transition region,
where resonant and non-resonant cross sections are similar in size, they should be taken,

however, with a grain of salt.

5 Benchmarks for SM-like Higgs pair production

In the following, we give the input parameters and basic features of all scenarios listed in
table 7. The various models and mass hierarchies have different interesting features: large
di-Higgs cross sections, large rates for di-Higgs associated production with gauge bosons
but also large triple Higgs production rates from Higgs-to-Higgs cascade decays that are
only possible in non-minimal Higgs sectors. Additionally, in the C2HDM, we have the
possibility to test CP violation through the measurement of Higgs-to-Higgs or Higgs-to-
gauge plus Higgs boson decays. These features will be specified for the various benchmarks.
We will also give the dominant decay channels of the non-SM-like Higgs bosons. Due to
space limitations, we cannot give all decay channels. They can be obtained, however, from
the publicly available programs HDECAY [184-186], C2HDM_HDECAY [84], N2HDECAY (85, 86],
and NMSSMCALC [172] by using the input values that we give for each benchmark point. The
benchmark points comply with the present and past Higgs searches as explicitly checked
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mm, [GeV] | mm, [GeV] | ma [GeV] | mpy+ [GeV] a tan 8 | m3, [GeV?]

125.09 267 512 516 —0.259 | 4.276 15020
oy, [fb] | K-factor | T [GeV] | Tigt [GeV] | T%" [GeV] | Tio4 [GeV]
444 2.06 4.029 x 1073 0.011 14.57 16.07
Nar /Xsm |y /yen | oo [pb] | o© [pb] | oM [pb]
0.993 0.993 48.56 0.916 0.489

Table 8. BP1 Upper: R2HDM-1 input parameters. Lower: NLO QCD H; H; pair production cross
section in gluon fusion in the heavy loop particle limit, K-factor, the total widths of the Higgs
bosons, the SM-like (H;) Yukawa and trilinear Higgs couplings normalized to their SM values and
the single Higgs production cross sections at NNLO QCD for H; 5 and A.

by applying the code HiggsBounds where we made sure to take into account the latest
search limits. Note in this context that light Higgs bosons still escape detection due to
suppressed couplings. Moreover, for some light mass regions there are no experimental
analyses available yet. This emphasizes once again the necessity to investigate the low
BSM Higgs mass region to constrain extended Higgs sectors. Also the heavy Higgs bosons
given in the following benchmarks are escaping all present exclusion limits with rates lying
below the current experimental sensitivity.

All Higgs pair cross sections have been obtained with our codes based on HPAIR [179],
that has been extended to include the various models, at NLO QCD in the heavy loop
particle limit. The single Higgs cross sections are calculated at NNLO with the program
SusHi v1.6.1 [181-183]. The single and double Higgs production cross sections are given
for \/s = 14TeV. Further information on all benchmarks can be provided on request.
Please write an email to the authors of the paper in this case.

5.1 Resonant SM-like H; H; production in the RZHDM-1

This benchmark scenario provides maximum SM-like HyH; production through resonant
enhancement in the R2ZHDM-I, and is defined by the input parameters given in table 8
(upper). Further information is provided in table 8 (lower) where we give the NLO QCD
Hy H; cross section value computed with HPAIR at /s = 14 TeV along with the total widths
of the Higgs bosons. We also give the values of the K-factor, i.e. the ratio between NLO
and LO cross section, of the SM-like Yukawa and trilinear Higgs self-couplings normalized
to their SM values and we list the single Higgs cross sections at NNLO QCD obtained
from SusHi at the same c.m. energy.?! Besides a large SM-like Higgs pair production cross
section, the benchmark scenario features a large rate for SM-like Higgs pair production in

21 All single Higgs production cross sections quoted in this section are computed at NNLO QCD for
Vs =14TeV.
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mm, [GeV] | mm, [GeV] | ma [GeV] | mpy+ [GeV] a tan 8 | m3, [GeV?]

125.09 528 798 809 —0.695 | 1.268 | 130388
oy, [fb] | K-factor | T [GeV] | Tigt [GeV] | T%" [GeV] | Tio4 [GeV]
81 1.94 4.239 x 1073 10.15 47.82 51.56
Nar /Xsm |y /yen | oo [pb] | o© [pb] | oM [pb]
0.974 0.978 47.02 2.84 0.47

Table 9. BP2 Upper: R2HDM-II input parameters. Lower: additional double and single Higgs
production related information.

association with a Z boson. The dominant branching ratios of Hs, A, and H* are given by

BR(H, — H{H,) =0.544, BR(H, —» WW) =0.280, BR(H, — ZZ)=0.121,

BR(A — ZHy) = 0.912, BR(A — tt) = 0.086,
BR(H* — W*H,) =0.922, BR(H' — tb) = 0.076. (5.1)

With the values given we see that indeed Hs resonant production is responsible for the
enhancement of the cross section as

WO x BR(Hy — HyHy) =498 fb. (5.2)

The fact that the HPAIR result for Hqy Hq production is somewhat lower is due to the finite
width of Hy that is taken into account in the HPAIR calculation when we integrate across
the Hs resonance in the s-channel. We find that for associated HiHi production with a Z
boson we have

N0 5 BR(A — ZHy) x BR(Hy — HiHy) =0.489 pbx0.912x0.544=247fb.  (5.3)

This leads to a Z + (4b) final state with a signal rate of 84 fb so that this discovery channel
for A exceeds A production in the ¢t final state which amounts to 43 fb.

5.2 Resonant SM-like H; H; production in the R2ZHDM-II

This is the benchmark scenario for maximum SM-like HyH; production through resonant
enhancement in the R2ZHDM-II, with the input parameters given in table 9 (upper) and
Higgs pair and single Higgs production information in table 9 (lower). As we are in the
type 2 model, the overall Higgs spectrum is heavier than BP1. Here we also have, apart
from a large SM-like Higgs pair production cross section, SM-like Higgs pair production in
association with a Z boson, though at a much lower rate. The dominant Hs, A, and H*
branching ratios are given by

BR(Hy — H1Hy) =0.012, BR(Hs — tt) =0.979,

BR(A — ZH,) = 0.514, BR(A — tt) = 0.482, (5.4)
BR(H* — W*H,) =0.560, BR(HT — tb) = 0.437.
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mp, [GeV] | mu, [GeV] | my+ [GeV] | o Qs ag tan 8 | Re(m3y) [GeV?]

125.09 265 236 1.419 | 0.004 | —0.731 | 5.474 9929
ohg, [b] | K-factor | Tig" [GeV] I [GeV] D [GeV] | 9L [GeV]
387 2.06 4.106 x 1073 | 3.625 x 1073 | 4.880 x 1073 0.127
My Aser | Vs, [yer | o O [pb] | o ™O [pb] | o O [pb]
0.995 1.005 49.75 0.76 0.84

Table 10. BP3 Upper: C2HDM-I input parameters. The third Higgs boson mass calculated from
the input parameters is given by myg, = 267GeV. Lower: additional double and single Higgs
production related information. The value for yj ;; is the CP-even part of the Yukawa coupling.
The CP-odd part for the SM-like Higgs is tiny.

From the values given we calculate the di-Higgs HiH; cross section from resonant Hs

production,
o0 x BR(Hy — HiHy) = 34 fb. (5.5)

Comparing this with the Hy H; Higgs pair production cross section we see that resonant Ha
production is responsible for the enhanced cross section (as can be seen when taking into
account also the SM-like contribution of 38 fb included in HPAIR).?? Also the deviations of
the Hp trilinear and Yukawa couplings from the SM values cause a slight enhancement.
For HyH; associated production with a Z boson we find

prod(A) x BR(A— ZHy) x BR(Hy — HyHy) =0.47pbx0.514%0.012=2.9fb,  (5.6)
leading to a Z + (4b) rate of 1.04 fb.

5.3 Resonant SM-like H; H; production in the C2HDM-I1

In table 10 (upper), the input parameters for the scenario with maximum resonant SM-
like Higgs production with H; = Hgy in the C2HDM-I are given. Further Higgs pair and
single Higgs production information is summarized in table 10 (lower). Apart from its large
SM di-Higgs cross section this scenario is special as it allows for the test of CP violation
through Higgs decays when decays are combined [203]. The dominant branching ratios of
the non-SM-like Higgs bosons are

BR(H, — H1H,) = 0.252, BR(H; — WW) =0.335,
BR(Hy — ZZ) =0.144, BR(H, — ZH;) = 0.161,
BR(Hs — H H;) = 0.280, BR(H3 — WW) = 0.376, (5.7)
BR(Hs — ZZ) =0.162, BR(H3 — ZH;) = 0.090,
BR(H* — tb) = 0.995.

22Note that deviations between the full HPAIR result and the SusHi result are to be expected as HPAIR
takes into account all s-channel (including the total widths of the s-channel particles) and box contributions
and their interferences.
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With the single Higgs production cross sections given in table 10 (lower) the large cross
section is due to resonant enhancement from both Hs and Hj,

ol x BR(Hy — H1Hy) = 191 b
ol O x BR(H3 — HiHy) = 235 fb, (5.8)

and we arrive at the following Higgs-to-Higgs, Higgs-to-gauge bosons and Higgs-to-gauge
+Higgs rates

o(Hsy) x BR(Hy — H1Hy) = 191fb, o(Hs) x BR(Hy — WW) = 254 b,
O'(HQ) X BR(H2 — ZZ) = 109fb, O‘(HQ) X BR(H2 — ZHl) = 122fb, (5 9)
o(Hs) x BR(Hs — H1H;) = 235fb, o(Hs) x BR(Hs — WW) = 3151b, '
) )

o(Hs) x BR(Hs — ZZ) = 136fb, o(Hs) x BR(Hs — ZHy) = T61b.

These large rates allow for the test of CP violation through Higgs decays. The decays of
Hy /3 each into WW/ZZ and the SM-like Higgs boson pair Hy H; assuming H; is CP-even?
attribute the CP quantum number +1 to Hy/3. On the other hand, the decays into ZH;
of Hy/3 identify them to be CP-odd. The simultaneous measurement of all these decays
with substantial rates would clearly identify Hy/3 to be states with mixed CP quantum
numbers. Note that BR(H; — bb) = 0.592.

5.4 Resonant SM-like Hs H; production in the C2HDM-1

Information on this benchmark point is gathered in table 11. It features an overall light
Higgs mass spectrum. In contrast to the previous C2HDM scenario, the corresponding
rates are too small to allow for the test of CP violation through Higgs decays. This is
also the case for the other C2HDM scenario presented in the following. The dominant
branching ratios of the non-SM-like Higgs bosons are given by

BR(H; — bb) = 0.797,  BR(H3 — ZH;) = 0.865, BR(H3 — HyHj) = 0.047,
BR(Hs — WW) =0.048, BR(HT — W*H;) =0.954.

In this scenario, the enhancement of the cross section is due to resonant Hj3 production.
We have

ol O x BR(Hj3 — HyH) = 10.341b. (5.10)

ZNote that although it is by now clear that the SM-like Higgs cannot be a pure CP-odd state, we are
far from excluding large CP-odd components in its Yukawa couplings. In fact, there are so far only direct
measurements of the ttHgy and 777~ Hgy couplings. Both ATLAS and CMS [204, 205] were able to
exclude the purely CP-odd hypothesis in the process pp — tt(Hsm — 77) with 3.9 standard deviations
and to establish a 95% CL observed (expected) exclusion upper limit for the mixing angle of 43° (63°).
Recently CMS [206] has performed the first measurement of the CP mixing angle of the tau lepton Yukawa
coupling, using 13 TeV data, and an integrated luminosity of 137 fb~! The CP mixing angle was found to
be 4° £ 17°, allowing to set an observed (expected) exclusion upper limit for the mixing angle of 36° (55°).
This angle is defined as arctan(b/a), if the generic Yukawa coupling is written as a + ibys.
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mm, [GeV] | mu, [GeV] | my+ [GeV] o o) a3 tan 8 | Re(m2y) [GeV?]

74 125.09 347 —0.308 | —1.328 | —0.434 | 10.69 9758
oty [b] | K-factor | Tt [GeV] I8 [GeV] | Tigt [GeV] | T'o4 [GeV]
47 1.95 2.662 x 107 | 3.990 x 1073 9.22 10.33
Nt/ Nart | Yp g /v | o [pb] | oyt [pb] | ot [pb]
1.127 0.993 3.37 48.56 0.22

Table 11. BP4 Upper: C2HDM-I input parameters. The third Higgs boson mass calculated from
the input parameters is given by mpgy, = 338 GeV. Lower: additional double and single Higgs
production related information. The value for yy 5, is the CP-even part of the Yukawa coupling.
The CP-odd part for the SM-like Higgs is tiny.

mp, [GeV] | mp, [GeV] | my+ [GeV] | a1 1% as | tanB | Re(m?,) [GeV?]
125.09 743 820 0.717 | 0.096 | 1.151 | 0.924 206750
oy, [fb] | K-factor | T [GeV] | Tigt [GeV] | Tigt [GeV] | Ti94 [GeV]
130 1.88 4.179 x 1073 40.26 41.54 44.66
AsH, [AsH ?/te,Hl/ Y, H U%TLO [pb] 0212%0 [pb] UEIIS\ILO [pb]
0.494 0.964 46.92 1.20 1.03

Table 12. BP5 Upper: C2HDM-II input parameters. The third Higgs boson mass calculated from
the input parameters is given by myp, = 753GeV. Lower: additional double and single Higgs
production related information. The value for yj ;; is the CP-even part of the Yukawa coupling.
The CP-odd part for the SM-like Higgs is very small.

5.5 Resonant SM-like H1 H; production in the C2HDM-II

For the C2HDM-II the maximum resonant production of a SM-like Higgs pair with Hgy =
H, is given by BP5 with the input parameters defined in table 12 (upper) and additional
information related to double and single Higgs production in table 12 (lower). Overall, the
Higgs spectrum is rather heavy as expected in type-2 models. The dominant branching
ratios of the non-SM-like Higgs bosons are given by

BR(H, — tf) = 0.928, BR(Hjz — tf) = 0.939,

BR(H* — tb) = 0.961. (5.11)

The dominant contribution to resonant production stems from Hs. More specifically, we
have

o(Hs) x BR(Hy — H1Hy) =1.20pb x 0.031 = 371fb (5.12)

o(H3) x BR(Hs — H1H;) = 1.03pb x 0.022 = 23fb. (5.13)

The sum of the two resonant contributions makes up for about half of the total cross section.
The remaining part is given by non-resonant production which is enhanced compared to
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mm, [GeV] | mu, [GeV] | mpu, [GeV] | my [GeV] mpg+ [GeV] tan
125.09 269 582 390 380 4.190
aq Qo as vs [GeV] | Re(m?y) [GeV?]
1.432 —0.109 0.535 1250 28112
oty [b] | K-factor | T [GeV] | Tigt [GeV] | Tt [GeV] | TR [GeV] | T4 [GeV]
376 2.05 4.130 x 1073 0.0752 15.279 1.483 1.477
Nsiy [Asr | Yo Sy | opn O [pb] | o [pb] | o [pb] | ojNEO
0.876 1.012 50.47 0.42 0.002 2.16

Table 13. BP6 Upper: N2HDM-I input parameters. Lower: additional double and single Higgs
production related information.

the SM case because the trilinear coupling between three SM-like Higgs bosons deviates
from the SM case so that the destructive interference between box and triangle diagrams
is not effective.

5.6 Resonant SM-like H; H; production in the N2HDM-I

The input parameters for the scenario BP6 with maximum resonant SM-like Higgs pro-
duction with H5™M = H; in the N2HDM-I are given in table 13 (upper) with additional
information related to double and single Higgs production in table 13 (lower). For this
N2HDM point it is basically the resonant contribution of both Hy that leads to the en-
hanced H; H; production with Hy being rather light, namely my, = 269 GeV. Additionally
we have a large rate for Higgs pair production in association with a Z boson, and we can
produce three SM-like Higgs bosons at a rate that might be accessible at a high-luminosity
collider. The dominant branching ratios of the non-SM-like Higgs bosons into observable
final states are

BR(H2 — HlHl) = 0946,
BR(Hg — HQHQ) = 0314,
BR(A — tt) = 0.533,

BR(H; -+ WW) = 0.035,
BR(H; - WTH ) =0.299,
BR(A — ZHs) = 0.396,

BR(H; — ZZ) = 0.015,
BR(H; — ZA) = 0.117,

BR(H* — tb) = 0.560.
(5.14)

The resonant contribution stems here basically from H resonant production where we have

o(Hs) x BR(Hy — HiHy) = 397 b (5.15)

The resonant contribution from Hj3 amounts only to 0.63fb. We find that the HiH;
production value computed with HPAIR is lower than the value given in eq. (5.15). The
comparatively lower value of the HPAIR result is caused by the finite width of Hy as we
explicitly checked.

We note that in this scenario SM-like plus additional Higgs boson pair production can
amount to

o(HyHy) = 5.171b, (5.16)
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mm, [GeV] | mu, [GeV] | mpu, [GeV] | my [GeV] mpg+ [GeV] tan
75 125.09 311 646 659 1.619
aq Qo as vs [GeV] | Re(m?y) [GeV?]

—0.936 —1.020 —0.341 1432 20022

olbg, [b] | K-factor | Ti' [GeV] It [GeV] | Tigt [GeV] | T [GeV] | T4 [GeV]

344 2.04 4.666 x 10~* | 3.605 x 1073 0.137 57.43 62.72
Xty [Asm | Ynin /Yo | oph o [pb] | oY [pb] | O [pb] | oNEO
0.921 0.928 29.98 42.39 3.08 0.95

Table 14. BP7 Upper: N2HDM-I input parameters. Lower: additional double and single Higgs
production related information.

which leads to a triple SM-like Hy rate of 4.89fb and a 6b-quark final state at 1.04fb as
BR(H; — b5)20.597. Higgs pair production in association with a Z boson can be large,

Oprod(A) x BR(A— ZH) x BR(Hy — H1H1) =2.16 pbx0.396 X 0.946 =809fb,  (5.17)
leading to a Z + (4b) rate of 288 fb.

5.7 Resonant SM-like Hs Hs production in the N2HDM-I

Here we have the scenario BP7 where Hy = Hgy;. The point is interesting not only because
of its large HoHy cross section but also because it allows for significant production of a
Higgs pair with a Z boson in the final state and it leads to a large pair production rate
for the SM-like Higgs together with a non-SM-like lighter one. All ZH{Hs, ZH1H; and
HyHy production channels have significant rates in the 4b (plus Z) final states. The input
parameters are listed in table 14 (upper) together with double and single Higgs production
related information in table 14 (lower). The CP-even Higgs bosons are rather light.
The dominant branching ratios of the non-SM-like Higgs bosons are

BR(H; — bb) = 0.838, BR(Hs — H1H,) =0.831, BR(H3 — HoH,) =0.123,

BR(A — ZH,) = 0.327, BR(A — ZHs) = 0.464, BR(A — tf) = 0.199
(5.18)

BR(H* — tb) = 0.179, BR(H® — W*H,)=0.324, BR(H* — W*H;3) = 0.487.

This leads to substantial production rates for Higgs pair plus gauge boson final states,

namely

Uprod(A) X BR(A — ZHg) X BR(Hg — Hng) =0.95 pb x 0.464 x 0.831 = 366fb,

oprod(A) X BR(A — ZHz) x BR(Hz — HyHy) = 0.95pb X 0.464 x 0.123 = 54 fb .
(5.19)

With e.g. BR(Hy — bb) = 0.575 and BR(H; — bb) = 0.838, this leads to Z + 4b final
states with rates of 176 fb in ZH H, production and 18 fb in Z HsHs production. Since the
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mm, [GeV] | mpy, [GeV] | mp, [GeV] | ma [GeV] mpy+ [GeV] tan 3
125.09 302 856 959 946 1.650
ay Qg as vs [GeV] | Re(m?,) [GeV?]
1.077 —0.258 —1.444 4548 277693
oy, [b] | K-factor | TU%' [GeV] | T%! [GeV] | T [GeV] | T [GeV] | Tt [GeV]
188 2.02 3.426 x 1073 1.076 12.97 18.84 23.36
Xsiy [ sr |y yem | o0 [pb] | oY [pb] | oFNC [pb] | oXNEO [pb]
0.719077 0.996 49.11 0.40 0.12 0.09

Table 15. BP8 Upper: N2HDM-IT input parameters. Lower: additional double and single Higgs
production related information.

branching ratio of Hs into Hy H> is rather large and also the Hj3 production cross section
is significant with o(Hs) = 3.08 pb, we can expect HiHs production to be large due to
resonant enhancement. And indeed we find at NLO QCD a large cross section of

o(H1Hy) =2.15pb, (5.20)

leading to 1.04 pb in the 4b final state.

5.8 Resonant SM-like H, H; production in the N2HDM-II

For this scenario, the information is given in table 15. The dominant branching ratios of
the non-SM-like Higgs bosons are

BR(H2 — HlHl) 0478,
BR(H, — ZZ) = 0.160,

BR(H; — WW) = 0.361

BR(Hs — tt) = 0.907, (5.21)
BR(A — ZH3) = 0.133, BR(A — tt) = 0.818,
BR(H* — W*H,) =0.134, BR(H* — tb) = 0.822.
With BR(H3 — Hj H;)=0.0458, we have the resonant H; H; production rates
U(Hz) X BR(HQ — H1H1) = 191fb, (5.22)

The di-Higgs cross section enhancement hence basically stems from the Hs exchange in the
triangle diagram. Higgs pair production in association with a Z boson has a rather low
rate of

oprod(A) X BR(A = ZHy) x BR(Hy — H1Hy) = 901b x 0.133 x 0.478 = 5.72fb, (5.24)

leading to a Z + (4b) rate of 1.72fb.
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mm, [GeV] | mu, [GeV] | mpu, [GeV] | my [GeV] mpg+ [GeV] tan
117 125.09 756 792 836 1.040
aq Qo as vs [GeV] | Re(m?y) [GeV?]
0.392 1.484 —1.193 865 252856
oL, [b] | K-factor | Tt [GeV] L9t [GeV] | Tit [GeV] | TR [GeV] | It [GeV]
63 1.91 3.644 x 1075 | 4.204 x 1073 30.14 34.49 35.03
Namm /Asn | Yo /yen | op O [pb] | o™ [pb] | o [pb] | o3NVO [pb]
0.917 0.964 0.11 45.61 0.73 0.72

Table 16. BP9 Upper: N2HDM-IT input parameters. Lower: additional double and single Higgs
production related information.

5.9 Resonant SM-like Hs H> production in the N2HDM-II

In table 16, we summarize information on this scenario. For the non-SM-like Higgs bosons,
the dominant branching ratios into detectable final states are

BR(H; — bb) = 0.826, BR(H3 — tt) = 0.968,
BR(A — tt) = 0.987, BR(H* — tb) = 0.986. (5.25)

The resonant contribution to the cross section amounts to
o0 x BR(Hj3 — HoHs) = 720 x 0.0167fb = 12.021b, (5.26)

so that the larger SM-like Ho H5 production compared to the SM value is partly caused by
resonant enhancement from Hj production.

5.10 Resonant SM-like H{ H, production in the NMSSM

This NMSSM benchmark point features, besides a large HyH; production cross section,
large rates for ZH1H; and triple Hy production. As stated above, in the NMSSM, the
Higgs boson masses are computed from the input parameters of the model and higher-
order corrections are important to shift the SM-like Higgs mass to the observed 125 GeV.
We have computed these masses using the new version of NMSSMCALC which includes the
two-loop Higgs mass corrections at O((a + ay + a;)? + agars) [176]. In table 17, we list all
input parameters for this benchmark point?* that are required by NMSSMCALC to compute
the Higgs spectrum. Higgs masses, mixing angles and the total widths of the Higgs bosons,
are given in table 18. The table contains additional information related to double and single
Higgs production. The given CP-even mixing elements h;; (i,j = 1,2,3) comply with the

#4Tn accordance with the SUSY Les Houches Accord (SLHA) [207, 208] the soft SUSY breaking masses
and trilinear couplings are understood as DR parameters at the scale Msysy = VMo, Miy which is also
the renormalisation scale used in the computation of the higher-order corrections to the Higgs masses. The
soft SUSY breaking parameters of the first two generations are not listed as their influence is negligible.
The remaining SM input parameters are given in ref. [176]. The Higgs mass corrections are computed with
on-shell renormalisation in the top/stop sector and on-shell renormalised charged Higgs mass, cf. [176] for
details. For completeness, we also list the corresponding value of Aj.

— 37 —



A K Ay [GeV] | Ay [GeV] | pesr [GeV] tan 3
0.650 0.645 359.27 -432.19 224.95 2.622
mpy+ [GeV] | My [GeV] | My [GeV] | M3 [TeV] | A; [GeV] Ap [GeV]
610.64 810 642 2 —46 —1790
me, [GeV] | mg, [GeV] | my [GeV] | A; [GeV] | mp, [GeV] | mz, [GeV]
1304 3000 3000 -93 3000 3000

Table 17. BP10 NMSSM input parameters required by NMSSMCALC for the computation of the
NMSSM spectrum. Lower: additional double and single Higgs production related information.

mp, [GeV] mm, (GeV] | mu, [GeV] | ma, [GeV] | ma, [GeV] mp+
122.39 300 626 543 616 611
I‘%‘j} [GeV] F}g; [GeV] Ftﬁ; [GeV] Ffff [GeV] Fff; [GeV] tOt [GeV]
3.947 x 1073 0.127 4.81 5.52 5.82 5.61
hi1 hi2 hi3 ha1 haa ha3
0.372 0.924 0.092 0.170 -0.165 0.971
h31 h32 h33 an ao1 ai3
0.912 -0.346 -0.219 0.133 0.925 0.990
as3 Nsey [ A3H | YeH, [YeH
—0.143 0.594 0.988
o, 1] | o [pb] | oFNC [pb] | o}AC [pb] | XYL [pb] | oXNEO [pb]
183 49.93 0.38 0.26 0.017 0.42
K-factor
2.01

Table 18. BP10 Additional information related to double and single Higgs production.

SLHA [207, 208], while the elements a;; relate to the SLHA definition aZ-SjLHA through

SLHA __ @11 SLHA _ a21
a; = 5, @91 ; ,
sin 8 sin 8
SLHA SLHA
CL12 == a13 5 a22 — CL23 . (527)

The dominant branching ratios of the non-SM-like Higgs bosons are given by

BR(Hy — WW) = 0.404,

) = BR(Hy — ZZ) = 0.179 ,
BR(Hs — tf) = 0.626,

) =

) =

BR(Hs; — HyH) = 0.298,
BR(H" — tb) = 0.731,

BR(HQ — H1H1> = 0404,
BR(A4; — X{ X1) = 0.506,
BR(Ay — tt) = 0.714,

BR(A; — x%%) = 0.300,
BR(

Ay — ZHy) = 0.235,
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A K Ay [GeV] | Ay [GeV] | pesr [GeV] tan 3
0.0749 0.0646 425.77 —705.59 215.06 3.007
mpy+ [GeV] | My [GeV] | My [GeV] | M3 [TeV] | A; [GeV] Ap [GeV]
660.53 728 430 2 3226.33 584.37
me, [GeV] | mg, [GeV] | my [GeV] | A; [GeV] | mp, [GeV] | mz, [GeV]
1196.41 1440.66 3000 1796 3000 3000

Table 19. BP11: NMSSM input parameters required by NMSSMCALC for the computation of the
NMSSM spectrum.

where Y0 denote the charginos and neutralinos, respectively. We can infer that the dom-
inant contribution to HiH; production stems from the Hs triangle resonance diagram as

WO % BR(Hs — HiHp) = 154 . (5.28)

Interesting signatures are the H; pair production in association with a Z boson and triple
H; production from Higgs cascades

Tprod(A2) X BR(Ag — ZHy) x BR(Hy — HiH) = 420 b x 0.235 x 0.404 = 39.87 fb,

Uprod(Hg) X BR(Hg — HlHQ) X BR(HQ — HlHl) = 2601fb x 0.298 x 0.404 = 31.301b.
(5.29)

With a branching ratio of BR(H; — bb) = 0.652, this results in a Zbbbb final state with a
rate of 16.95 fb for Z Hy Hy production and in 6b-quark final state with a rate of 8.68 fb for
triple Hy production.

5.11 Resonant SM-like Hy H> production in the NMSSM

Although for this point resonant production is kinematically possible, it is very suppressed.
The (small) enhancement compared to the SM is caused by the deviation of the trilinear
coupling from the SM value. The relevant information on this scenario is given in tables 19
and 20.

The dominant branching ratios of the non-SM-like Higgs bosons are given by

BR(H; — bb) = 0.89,

BR(Ay — t) = 0.66,
BR(A42 — X9%9) = 0.202,

BR(H; — tt) = 0.709, BR(A4; — X7 X;) = 0.47,
BR(A2 — X x;) = 0.32, BR(A4s — x{xY) = 0.152,
BR(Ht — tb) = 0.778.

Since the branching ratio BR(Hs — HyHy)= 6.5 x 1077 is tiny, it is not resonance Hs pro-

duction that enhances the cross section but rather the SM-like trilinear coupling deviation
from the SM as stated above.
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m, [GeV] mm, [GeV] | mpy, [GeV] | ma, [GeV] | my, [GeV] M+
81 125.05 659 626 656 661
F}‘}f [GeV] T}?;“ [GeV] I‘E{}; [GeV] I‘Eff [GeV] FE‘O; [GeV] 1—‘335[ [GeV]

2.888 x 107° | 4.281 x 1073 4.17 0.088 5.23 4.40
hi1 hi2 hi3 ha1 haa ha3
0.039 0.055 0.998 0.331 0.941 —0.065
h31 h32 h3s3 a1 as1 a3
0.943 —0.333 —0.018 —0.012 0.949 0.999
ass A3 H, /A3 H Ye.Hy /Yt H
0.013 0.333 0.992
o, ] | o [pb] | oY [pb] | oA [pb] | 0NNV [pb] | oXNC [pb]
65 0.32 42.76 0.16 5.107° 0.25
K-factor
1.95

Table 20. BP11: additional information related to double and single Higgs production.

6 Constraining model parameters

With the SM-like Higgs pair production cross section in the non-resonant case being three
orders of magnitude smaller than single Higgs production, deriving constraints on the
parameter spaces of the models from di-Higgs production may not be very efficient. This
picture changes of course in case of resonance enhancements. To get a rough picture of
what can be learnt from di-Higgs production, we present a few selected heat plots for the
SM-like Higgs pair production cross sections as a function of relevant model parameters.

In the non-resonant case, it is the top Yukawa and trilinear Higgs self-couplings of the
SM-like Higgs boson that determine the size of the SM-like Higgs pair production cross
section. In figure 10, we show as colour code the size of the cross section for SM-like Higgs
pair production normalized to the SM value in the N2HDM-I for the case where Hs = Hgyy,
as a function of its top-Yukawa and trilinear Higgs self-coupling normalized to their SM
values, respectively. By choosing Hs = Hgy, we make sure that the contributions from
lighter s-channel Higgs boson exchanges to the cross section are subdominant and that it
is the SM-like couplings that determine its size. As can be inferred from the plot, the size
of the cross section is mostly insensitive to the value of the trilinear Higgs self-coupling in
the limited range that is still allowed for it, while it shows a strong dependence on the top-
Yukawa coupling. Taking off the resonance contribution for the case where H; = Hgy and
where the allowed range for the trilinear Higgs self-coupling is larger we find a significant
dependence of the cross section on the trilinear coupling.
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Figure 10. N2DHM-I with Hs = Hgy: cross section values normalized to the SM value (color
code) as function of the top-Yukawa and trilinear Higgs self-couplings of Hs normalized to the
respective SM values. A factor of two is applied to the LO cross section to roughly account for the
QCD corrections.

R2HDM-I Hy=Hsy Jia o
R2HDM-| Hy=Hsi o

cos(B-a)

Figure 11. R2HDM-I with H; = Hgy: NLO (through a factor of 2) QCD cross section values
normalized to the SM value (color code) as function of tan 8 and cos( — «). Left: complete cross
section, right: only points with 0§ (Hsz) x BR(Hy — H1Hy) < 0.10N(H, Hy).

Let us investigate if di-Higgs production can possibly contribute to constraining the
parameter space of the model. For this, we resort to the simpler R2ZHDM whose tree-level
Higgs couplings are described by only two mixing angles. In figure 11, we depict in the
tan f—cos(f — «) plane, through the colour code, the NLO QCD-corrected (by including a
factor 2) di-Higgs cross section normalized to the SM value for the R2ZHDM-I, where the
lighter Higgs Hi = Hsy. On the left, the complete cross section is plotted. On the right
plot, we consider only points where the resonant contribution from Hs — HyH; makes up
for less than 10% of the total cross section. More specifically, we only include points where
011\}12\“40 x BR(Hy — H1H;) < 0.1 % oNLO(HHy). From an experimental point of view this
would correspond to non-resonant HjH; production (according to our definition). From
the right plot, we could infer that cross section values deviating from the SM value allow
us to constrain cos(f — «). The true picture is more complex though, as shown by the
left plot: the possible resonance enhancements in BSM di-Higgs production also allow for
larger cross sections very close to the SM Higgs alignment limit cos(f — a) = 0. Indeed we
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found by comparing the constraints on cos( — «) before and after applying the di-Higgs
constraints that the impact of di-Higgs constraints is vanishingly small.

With increasing complexity of the Higgs sectors, the superposition of the various Higgs
contributions to the cross sections make it more and more complicated to derive conclusive
statements on the various trilinear and Yukawa couplings and require the combination
of different cross sections to extract all involved couplings (cf. [11] for a discussion in
the MSSM).

7 Effective field theory versus specific models

In this paper so far, we discussed mainly Higgs pair production in specific models. In this
section, we switch gears towards a different approach to describe new physics effects. This
is given by the effective field theory (EFT) framework where BSM physics is expected to
appear at some high new physics scale A. In the linear approach called SMEFT [209-
212] new physics is formulated as a power series in the dimensionful parameter 1/A. The
non-linearly realized EFT, on the other hand, can be viewed as organised by chiral dimen-
sion [213-226]. If we choose to describe Higgs pair production in the EFT approach this
means that effects from additional non-SM-like light Higgs bosons cannot be described.?
A discussion of the higher-dimensional operators relevant for Higgs pair production can
be found in [230-234]. The QCD corrections in the infinite top mass limit, m; — oo have
been provided at NLO QCD in [97] and also extended to the CP-violating case in [106]. At
NNLO QCD they have been calculated in [235]. The authors of [236] presented the NLO
QCD corrections including the full top quark mass effects in a non-linearly realized EFT.
An interface with POWHEG [237-239] has been provided in [121].

For the models that we considered, only the new physics operators that modify the
trilinear Higgs self-coupling and the Yukawa coupling are relevant. The induced effective
couplings of one or two Higgs bosons to two gluons only appear in the NMSSM, where
integrating out heavy stops and sbottoms in the Higgs-to-gluon loop couplings would induce
such couplings. We neglect that effect in the present discussion for simplicity, by setting the
associated couplings (¢, and cgq in the notation of the non-linear Lagrangian of ref. [97])
to zero. In the R2ZHDM, C2HDM and N2HDM, these couplings do not appear as long as
we do not include additional heavy coloured particles beyond the SM. Furthermore, we do
not consider effects from the chromomagnetic operator as they are of different order in the
chiral expansion.?® Finally, integrating out a possible heavy Higgs boson exchange in the
s-channel leads to an effective two-Higgs-two-fermion coupling. Denoting by c3 the trilinear
coupling modification and by ¢; the top-Yukawa coupling modification with respect to the
SM and by ¢y the effective two-Higgs-two-fermion coupling coefficient, i.e. adapting the

25For an extension of the EFT approach to include an extended particle content, an EFT for the 2HDM,
cf. [227]. Also for composite Higgs models a concrete model with two Higgs doublets has been proposed,
cf. [228, 229].

26For a discussion on the chromomagnetic operator, see [236].
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Figure 12. Diagrams contributing to Higgs pair production in the EFT approach (with ¢; = ¢4 =
0 and neglecting the chromomagnetic operator). The blue, red and green blobs denote the modified
Higgs trilinear, Higgs top-Yukawa and the new two-Higgs-two-top-quark couplings, respectively.

notation of [97], our considered correction ALy, 11 to the SM Lagrangian reads,

[ h h? 1 [3M?
ALyon-lin D —mytt (Ctv + Ctt2v2> — 636 <Uh> h3, (7.1)

where h denotes the physical Higgs boson. Since the single and double-Higgs coefficients
¢ and ¢y to the top-quark pair are taken to be independent, we adapt the non-linear
effective Lagrangian approach here. In SMEFT, they are correlated (as well as ¢, and cgq).
In figure 12, we show the generic diagrams that contribute to our EFT approach to Higgs
pair production and indicate the EFT coupling modifiers. In the notation of [29] and [97],
we have the following matching relations of our specific models to the EFT Lagrangian,

Higgs-top Yukawa coupling : gtH SM(ai, B) - G

H. H. H.
gs SMHSM SM(pi)

trilinear Higgs coupling ETEA — c3
Hgy /Y
two-Higgs-two-top quark coupling : > ymax | =2 H’“HSMHSM( ) H’“(a- B) = ¢
: k=1 quk g3 Pi) 9¢ is tt
(7.2)

Here gf (i, B) denotes the dimensionless function of the mixing angles «; and § that

specifies for each model under consideration the modification of the Yukawa coupling of
a Higgs boson ¢ of the model with respect to the SM Yukawa coupling. The function
géq smHsm Hsm (pi) denotes the dimensionful trilinear coupling of three SM-like Higgs bosons
Hgyp in our BSM model that in the SM case would approach 3M12{SM /v. We denote by p; the
various parameters on which the trilinear coupling depends in the respective model. The
third matching relation to ¢ is obtained by assuming a possible heavy Higgs Hj s-channel
exchange (cf. the first diagram in figure 1 for Hy # Hgyn) where the mass of the exchanged
Higgs boson, denoted by mp,, is very large. By g?f{ sy e denote the corresponding
Hj, trilinear coupling to two SM-like Higgs bosons. Note that, in non-minimal models, we
would have two such contributions. Hence kp.x = 1 in the R2ZHDM and 2 in the C2HDM,
N2HDM and NMSSM.?" Table 5 gives us an overview of the ¢; and c3 values that are
allowed by the bulk of the parameter points.

We have chosen a few benchmark points from our samples in order to investigate the
validity of the EFT approach. In table 21, we present the benchmark point SMEFTBP1

for the R2ZHDM-II with the heavy scalar Higgs My, mass above 1TeV so that the EFT

2"We only take into account in the cross section linear EFT contributions and no squared ones. For
details on the LO partonic cross section, we refer to eqgs. (2.5)—(2.13) of ref. [97].
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mm, [GeV] | mm, [GeV] | ma [GeV] | mpy+ [GeV] a tan 8 | m3, [GeV?]
125.09 1131 1082 1067 —0.924 | 0.820 552749

Table 21. SMEFTBP1: R2HDM-II input parameters.

mi, (GV] [Ty [GV] | e [ g5 [GoV] [ onimn 0] | o (] | ratio
1131 78.80 —0.1222 —504.52 30.5 26.1 86%
1200 89.74 —0.1031 —479.29 27.7 24.8 90%
1500 470.2 —4.8531072 —352.42 21.8 21.4 98%

Table 22. SMEFTBP1: value of mpy, and corresponding I'f,, ¢ and g£2H1H1 values together

with the R2ZHDM-II and the SMEFT results for LO HsHs production including the resonance
contribution.

approach should be justified. The corresponding SMEFT coupling coefficients are
SMEFTBP1: c3 = 0.782, ¢; = 0.951, ¢y = —0.122. (7.3)

In table 22 we give, for the listed mp,, cy, the corresponding R2HDM cross section values
and the results in the SMEFT approach, as well as the ratios of these two cross sections.
Note that g:{,{QHlHI also changes when we change mpg,, whereas gfb = —1.126 remains
the same. Thus, we list gg{{ZHlHl in table 22. We also give the value of the total width
', which changes as well. Note that in this subsection all gluon fusion cross sections are
given at LO. From the second line, we read off that in our scenario the SMEFT approach
approximates the cross section in the full model by only 86% for a Higgs mass mp, of the
order of 1 TeV. When we turn off the Hs resonance and compare the results with the one
in the SMEFT approach where we accordingly set ¢y = 0 we get

oNors — 186 and ooy = 18.6fb. (7.4)

Both cross sections agree as expected in contrast to the case with the resonance included.
Since in the di-Higgs cross section we integrate /s in the s-channel exchange across the
resonance, the SMEFT approach is not a good approximation. We want to investigate the
minimum mass values from which the SMEFT rate is close to the full RZHDM result. For
this, we gradually increase mp, and calculate for the corresponding ¢y and trilinear Higgs
coupling values the SMEFT cross section and also the full R2ZHDM cross section.?® The
values are given in the third and fourth line in table 22. We clearly see that with increasing
mp,, and hence decreasing contribution of the resonance to the cross section, the SMEFT
and the full R2ZHDM results approach each other. Starting from about mp, = 1200 GeV
the deviation is less than 10%, continuously decreasing with increasing my,.

We perform the same investigation but now for the N2HDM-I with Hy = Hgy where
we have two resonance contributions. As benchmark point SMEFTBP2 we take the N2HDM

Z8The resulting scenarios do not then necessarily fulfil all applied constraints any more. We still take
them for illustrative purposes.
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mm, [GeV] | mu, [GeV] | mpu, [GeV] | my [GeV] mpg+ [GeV] tan
125.09 269 582 390 380 4.190
aq Qo as vs [GeV] | Re(m?y) [GeV?]
1.432 —0.109 0.535 1250 28112

Table 23. SMEFTBP2=BP6: N2HDM-I input parameters.

mu, | T, e i g2t JKQ&%SM [fb] ogtHEOFT [fb] | ratio
269 | 0.075 | 4.410 x 1072 | 4.127 x 1072 | —72.42 183.70 20.56 11%
300 | 0.083 | 3.170 x 1072 | 2.877 x 1072 | —64.80 162.80 21.28 13%
400 | 0.177 | 9.544 x 1073 | 6.721 x 1073 | —34.68 43.33 22.60 52%
420 | 0.229 | 6.895 x 1072 | 4.063 x 1073 | —27.62 31.70 22.76 72%
440 | 0.284 | 4.600 x 1072 | 1.767 x 1073 | —20.22 26.26 22.90 87%
450 | 0.315 | 3.564 x 1072 | 7.323 x 107* | —16.39 24.84 22.96 92%
500 | 2.567 | —7.132 x 107 | —3.545 x 1073 | 4.05 23.56 23.22 99%

Table 24. SMEFTBP2: values of my, in GeV, I'y, in GeV, 0527 ¢y, and g?{hHlHl in GeV together
with the N2HDM-I and the SMEFT result for H; H; production at LO including the resonance
contribution.

benchmark point BP6 given in table 13. For convenience, we repeat the input parameters
in table 23. The SMEFT coupling coefficients read

SMEFTBP2: ¢3 = 0.877, ¢; = 1.012, ¢y = 4.127 x 1072. (7.5)
And we have for this scenario
g2 =0.179 and g/ =2.337 x 1072, (7.6)

The cross section values for the N2HDM and the SMEFT calculation are given in the second
line of table 24. We vary mpy, together with the corresponding total width I'g,, accordingly.
The mass myy, is kept at its original value. Its total width is given by I'g, = 15.28 GeV. We
also list the corresponding ¢ value for Hy only, named cﬁ 2 as well as the sum ¢ of the Ho
and Hj contributions, i.e. ¢;t = cii? + chi* with ¢ff* = —2.832 x 1073, We furthermore give

the corresponding trilinear coupling géﬁHlHl. For g§{3HlH1 which does not change as we

keep mpy, at its original value, we have g§{3H1H1 = 167 GeV. With a rather light Hy mass
and a medium-valued Hs mass we expect significant resonance contributions. This was
already confirmed by the investigation of this parameter point in subsection 5.6 where we
found that the resonance contribution is given by the s-channel Hy exchange whereas the
H3 resonance contribution is negligible which can be explained by the tiny Hs top-Yukawa
coupling. Due to the large resonance contribution of the rather light Hs the result in the
SMEFT approach is completely off. When we turn off the Hy and Hj resonances (where

Hj has only a tiny effect) and compare the result with the one in the SMEFT approach
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where we accordingly set ¢;; = 0 we obtain
oulere = 23.05fb and oo = 23.011b. (7.7)

The cross sections in the two approaches agree as expected. Starting from our original
N2HDM-I scenario we then gradually increase the mg, mass which hence changes 05{2 and
thereby ¢ in order to investigate when the SMEFT result starts to reproduce the full
result. The corresponding values are given in table 24 from the third line onwards. The
SMEFT and the N2HDM results start to deviate by less than 10% for Hs masses above
about 440 GeV. This agreement also depends on the total width I'y, of the s-channel
resonance. Keeping e.g. the total width at the value I'y, = 0.075 GeV (corresponding to
the mass mpy, = 269 GeV) the agreement between full and EFT approach within 10%
would be reached around My, = 465GeV.?Y We hence find in this scenario with two
possible heavy resonances that the Higgs mass limit, from which the SMEFT approach
starts to approximate the full result, ranges at lower values.

The investigation of these two benchmarks with additional Higgs bosons has shown
that first, the results calculated in the full theory and in the EFT approach can differ
severly. Second, the agreement between the full theory and the EFT approach depends on
the masses of the additionally present Higgs bosons and their total widths. The total width
plays an important role when we integrate across the resonance in the s-channel within
HPAIR. A priori, one cannot predict to which extent the full theory and the EFT approach
agree, as this depends on the parameters of the full model.

8 Mixed Higgs pair final states — Hgy + @

In all presented models it is possible to produce Higgs pair final states that consist of a
SM-like Higgs boson Hgy plus a non-SM-like one @. In the R2ZHDM, N2HDM and the
NMSSM the non-SM-like Higgs boson can be a scalar or a pseudoscalar. In the C2HDM it
would be a CP-mixed state. There is a plethora of final states with substantial production
rates possible depending on the major decay modes of the non-SM-like Higgs boson. They
range from pure multi-fermion, multi-photon, mixed fermion-photon to multi-Higgs boson,
multi-gauge boson, mixed Higgs-plus-gauge boson or mixed fermion-plus-Higgs or gauge
boson final states. In the NMSSM, we can additionally have supersymmetric particles in
the final state which we will not discuss in this paper. In the following, we present some
selected benchmark points. All of them have the common feature that their rates exceed
10fb at NLO. We have many more final state signatures beyond the presented ones that

we can provide on request.

2In our investigation of different benchmark scenarios we also found cases where the total width has
a much more dramatic effect, moving agreement e.g. from a resonance mass of 410 GeV to 2.1 TeV if the
width is kept at its original value.
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mm, [GeV] | mpu, [GeV] | mpy, [GeV] | ma [GeV] | my+ [GeV] | tan S
54 125.09 229 664 676 1.442
o1 9 o3 vs [GeV] m%Q [GeVQ]
—0.989 1.010 0.381 1420 5760
UII\}I;BQ(EHSM) [pb] | T%' [GeV] I'9t [GeV] It [GeV] It [GeV] riet [GeV]
4.403 3.062 x 10~* | 3.947 x 1073 0.248 80.67 85.89
(bb)(77) [fb] (77)(bb) [fb] | (bb)(y7) [b] | (vy)(bb) [fb] | (bb)(WW) [fb] | (WW)(bb) [fb]
227 190 8 0.03 790 0.01

Table 25. BP12 Upper: N2HDM-I input parameters. Lower: further information on this point.

8.1 The (bb)(bb) final state

The largest 4b final state from mixed Higgs pair production is found in the N2HDM-1. We
present a benchmark point for

N2HDM-I:  o(pp — HiHo(= Hsy) — (bb)(bb)) = 2.11pb. (8.1)
The related branching ratios are BR(H; — bb) = 0.857 and BR(Hy — bb) = 0.559. In
table 25 (upper), we give the input parameters for this point and in table 25 (lower) the
H1H> Higgs pair cross section value at NLO QCD, the total widths of the particles and
other interesting final states rates. The SM Higgs pair (HyHs) cross section in this case
is very SM-like with 18 fb at LO, and H;H; production reaches 778 fb at LO and is hence
rather large.

The same channel in the N2HDM-II reaches 18 fb. We present in table 26 for the 4b
final state the maximum NLO QCD values in the heavy loop particle limit together with
the respective K-factors, for these channels and other mixed Higgs pair combinations in
the models under investigation. In the case of resonantly enhanced di-Higgs cross sections,
we give the mass of the “resonant” Higgs boson and the corresponding resonant production
cross section. It is obtained by calculating the production cross section of the “resonant”
particle with SusHi at NNLO QCD and subsequently multiplying it with the branching
ratio into the investigated Higgs pair final state.

8.2 The (bb)(WW) final state

If the SM-like Higgs boson decays into WW then the rates are easily obtained from those
of the previous subsection in the 4b final state by multiplying them with BR(Hgmy —
WW)/BR(Hgy — bb) ~ 1/3. However, we can also have the case that the non-SM-like
Higgs boson decays into WW, which are the benchmark points that we list here. The
maximum rate (at NLO) is obtained for

N2HDM-I:  o(pp — HyHa(= Hgy) — (WW)(bb)) = 590 fb . (8.2)
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Model ‘ Mixed Higgs State ‘ Myes. [GEV] ‘ res. rate [fb] ‘ ma [GeV] ‘ Rate [fb] ‘ K-factor ‘

R2HDM-I AH,(= Hsy) — — 82 46 2.02
HyHsy(= Hgy) — — 68 35 1.97

C2HDM-1 | HyHi(= Hgy) 266 9 128 19 2.02
HyHy(= Hsy) — — 122 14 2.01

HyHs(= Hsy) — — 99 11 1.96

N2HDM-1 | HyHy(= Hsy) 360 109 146 105 2.01
AH,(= Hgy) — — 75 830 2.06

HyHs(= Hsy) 229 2260 54 2110 2.09

AHy(= Hgy) — — 101 277 2.04

HyHs(= Hsy) — — 73 44 1.97

HyHs(= Hgy) — — 83 30 1.97

AH;(= Hgy) — — 69 19 2.01

N2HDM-1I | HyHs(= Hsy) 640 18 103 18 1.86
NMSSM A1 Hy (= Hsy) 553 210 113 201 1.92
HoHi (= Hgy) 535 42 167 43 1.91

Ay Hy(= Hsyp) 511 42 87 40 1.94

HyH,(= Hsy) 714 58 80 59 1.90

Table 26. Maximum rates at NLO QCD in the 4b final state for different mixed Higgs pair final
states in the investigated models; the corresponding K-factor is given in the last column. In case
of resonantly enhanced production, we give in the third and fourth column, respectively, the mass
of the resonant Higgs boson and the resonant cross section as defined in the text. The fifth column
contains the mass of the non-SM-like final state Higgs boson. More details on these points can be
provided on request.

The related branching ratios are given by BR(H; — WW) = 0.402 and BR(H2 — bb)
= 0.598. The input parameters of the corresponding benchmark point and additional
relevant information together with the rates in other final states are given in tables 27
(upper) and (lower). The maximum rates at NLO QCD for all investigated models in the
various final state Higgs pair combinations, where the non-SM-like Higgs decays into WW
are summarized in table 28 (provided they exceed 10fb at NLO). The approximate rates
for the 4W final state are obtained from those given in the table by multiplying them with
a factor 1/3.

8.3 The (bb)(tt) final state

As the SM-Higgs decay into tt is kinematically forbidden, it is always the non-SM-like
Higgs that decays into tt. We find the maximum rate for

N2HDM-I: o (pp — HoHy(= Hsy) — (tt)(bb)) = 88fb. (8.3)

The related branching ratios are given by BR(H; — bb) = 0.595 and BR(H, — tt) =
0.902. Information on this benchmark point, together with the rates into other final states,
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mm, [GeV] | mpu, [GeV] | mpy, [GeV] | ma [GeV] | my+ [GeV] | tan S
113 125.09 304 581 o81 1.804
o o9 o3 vs [GeV] | m3, [GeV?]
0.173 1.276 —0.651 414 999
afN,fgz(EHSM) [pb] | T [GeV] | Tt [GeV] | Tigt [GeV] It [GeV] riet [GeV]
2.453 1.691x 107° | 4.103%x 10~3 0.477 30.41 32.10
(bb)(r7) [fb] (77)(bb) [fb] | (b0)(vy) [f] | (y7)(bb) [fb] | (bb)(WW) [fb] | (WW)(bD) [fb]
67 66 2 23 210 590

Table 27. BP13 Upper: N2HDM-I input parameters. Lower: further information on this point.

Model ‘ Mixed Higgs State ‘ Mres. [GEV] ‘ res. rate [fb] ‘ me [GeV] ‘ Rate [fb] ‘ K-factor ‘

N2HDM-1 | HyH(= Hgy) 406 497 179 498 1.98
HyH,(= Hgy) 304 615 113 590 2.04
NMSSM | HoHi(= Hey) 531 45 205 47 1.92

Table 28. Maximum rates at NLO QCD in the (bb)(WW) final state for different mixed Higgs
pair final states in the investigated models with the non-SM-like Higgs decaying into WW; the
corresponding K-factor is given in the last column. In case of resonantly enhanced production, we
give in the third and fourth column, respectively, the mass of the resonant Higgs boson and the
resonant cross section as defined in the text. The fifth column contains the mass of the non-SM-like
final state Higgs boson. More details on these points can be provided on request.

mmu, (GeV] | mpy, [GeV] | mp, [GeV] | ma [GeV] mp+ [GeV] tan 3

125.09 443.65 633.69 445.65 584.34 1.570

o [e%) as vs [GeV] | Re(m?y) [GeV?]
1.027 —0.046 —0.832 9361 52724
Ot (eHanH, ] | TW [GeV] | Tt [Gev] | Tt [Gev] | It [Gev] Tiot [GeV]
164 4.155 x 1073 1.303 16.05 7.603 14.32
(bb)(r7) [fb] | (77)(bb) [b] | (bb)(yy) [fb] | (vy)(bb) [b] | (bb)(WW) [fb] | (WW)(bb) [fb]

0.01 0.01 0.001 0 4 0.02

Table 29. BP14 Upper: N2HDM-I input parameters. Lower: further information on this point.

is given in tables 29 (upper) and (lower). The maximum rates at NLO QCD into (bb)(tt)
for all investigated models in the various final state Higgs pair combinations are listed in
table 30 for the cases that exceed 10fb at NLO.
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Model ‘ Mixed Higgs State ‘ Myes. [GEV] ‘ res. rate [fb] ‘ ma [GeV] ‘ Rate [fb] ‘ K-factor ‘

R2HDM-1 |  AH(= Hsy) - — 346 11 1.94
N2HDM-I | HyHi(= Hsy) 634 81 444 88 1.86
AH,\ (= Hgy) — — 363 15 1.90

N2HDM-II | HyH,(= Hsy) 813 23 511 34 1.79
NMSSM A Hy (= Hsyp) — — 53 82 1.88
HoHy(= Hsy) 535 19 371 19 1.91

Table 30. Maximum rates at NLO QCD in the (bb)(tt) final state at NLO for different mixed
Higgs pair final states in the investigated models with the non-SM-like Higgs decaying into tt; the
corresponding K-factor is given in the last column. In case of resonantly enhanced production, we
give in the third and fourth column, respectively, the mass of the resonant Higgs boson and the
resonant cross section as defined in the text. The fifth column contains the mass of the non-SM-like
final state Higgs boson. More details on these points can be provided on request.

8.4 Multi-Higgs final states

In non-minimal Higgs models like the C2HDM, N2HDM, and NMSSM we can have multi-
Higgs final states from cascade Higgs-to-Higgs decays. In the production of a SM-like plus
non-SM-like Higgs final state, Hgy®, we found that both the Higgs-to-Higgs decay of the
SM-like Higgs or the non-SM-like one can lead to substantial final state rates. The largest
NLO rates that we found above 10fb, in the multi-Higgs final state, are summarised in
table 31. In the C2HDM, we did not find NLO rates above 10 fb. We maintain the ordering
of particles with regards to their decay chains, so that it becomes clear which Higgs boson
decays into which Higgs pair. We give the rates in the (6b) final state as they lead to
the largest cross sections for all shown scenarios. In the following, we highlight a few
benchmark scenarios from the table.

8.4.1 Non-SM-like Higgs search: di-Higgs beats single Higgs

In the following we present N2HDM-I and NMSSM scenarios with three SM-like Higgs
bosons in the final states with H; being SM-like and with NLO rates above 10fb. These
benchmark points are special in the sense that the production of the non-SM-like Higgs
boson Ho from di-Higgs states beats, or is at least comparable, to its direct production.®
This appears in cases where the non-SM-like Higgs is singlet-like and /or is more down- than
up-type like. The latter suppresses direct production from gluon fusion. The former sup-
presses all couplings to SM-like particles. In these cases the heavy non-SM-like Higgs boson
might rather be discovered in the di-Higgs channel than in direct single Higgs production.

The input parameters for the N2HDM-I point are given in table 32. With the values for
the NLO H; Hj cross section and the branching ratios BR(Hy — H1H;) and BR(H; — bl_))

we get the following rate in the 6b final state,

oW x BR(Hs — HiHp) x BR(H; — bb)* = 509 - 0.37 - 0.60° fb = 40 fb. (8.4)

39For another example where New Physics might first be accessible in Higgs pair production in a composite
Higgs model, see [100].
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Model ‘ Mixed Higgs State ‘ me, [GeV] ‘ me, [GeV] ‘ Rate [fb] ‘ K-factor ‘

N2HDM-I | HyHs(= Hsy) — HyHy(bb) — (bb)(bb)(bb) 98 41 15 1.95
HyH\ (= Hsy) — HiHy(bb) — (bb)(bb)(bb) 282 — 40 1.96
HyH, (= Hgsyp) — AA(bb) — (bb)(bb)(bb) 157 73 33 2.05
Hy Hy(= Hgyp) — (bb)HHy — (bb)(bb)(bb) 54 — 111 2.09
H3Hy(= Hsy) — HyHy(bb) — (bb)(bb)(bb) 212 83 8 1.93
N2HDM-IT | HyoH, (= Hsym) — Hy Hy(bb) — (bb)(bb)(bb) 271 — 3 1.87
NMSSM | HyH,(= Hgsn) — HyHy(bb) — (bb)(bb)(bb) 319 — 11 1.90
HyHy (= Hgy) — Ay A1(bb) — (bb)(bb)(bb) 253 116 26 1.92
Model ‘ Mixed Higgs State ‘ Myes. [GeV] ‘ res. rate [fb] ‘
N2HDM-1 | HyH3(= Hsn) — HyHyp(bb) — (bb)(bb)(bb) —
HoH, (= Hgsy) — HiHy(bb) — (bb)(bb)(bb) 441 39
HyoH, (= Hgy) — AA(bb) — (bb)(bb)(bb) 294 37
HyHy(= Hgyp) — (bb)HyHy — (bb)(bb)(bb) 229 119
HsHy(= Hgy) — HyHy(bb) — (bb)(bb)(bb) —
N2HDM-II | HoH, (= Hgy) — HyHy(bb) — (bb)(bb)(bb) 615 2
NMSSM | HyH, (= Hgn) — HiHy(bb) — (bb)(bb)(bb) 560 11
HyH, (= Hsy) — A1 A1 (bb) — (bb)(bb)(bb) 518 26

Table 31. Upper: maximum rates for multi-Higgs final states given at NLO QCD. The K-factor is
given in the last column. In the third and fourth column we also give the mass values mg, and mg,
of the non-SM-like Higgs bosons involved in the process, in the order of their appearance. Lower:
in case of resonantly enhanced production the mass of the resonantly produced Higgs boson is
given together with the NNLO QCD production rate. More details on these points can be provided
on request.

mm, [GeV] | mpy, [GeV] | mp, [GeV] | ma [GeV] mpy+ [GeV] tan 3
125.09 281.54 441.25 386.98 421.81 1.990
ay Qg as vs [GeV] | Re(m?y) [GeV?]
1.153 0.159 0.989 9639 29769

Table 32. BP15 N2HDM-I input parameters.

We can compare this with direct Hy production (we use the NNLO value calculated with
SusHi) in either the 4b final state from the Hy — H; H; decay,

o"NEO(Hy) x BR(Ho — HyHp) x BR(H; — bb)? = 161-0.37 - 0.60%fb = 21fb,  (8.5)

or direct Hs production in the other dominant decay channel given by the WW final state,

JNNLO (

Hy) x BR(Hy — WW) = 161-0.44fb = 71fb. (8.6)

Note that the Hy branching ratio into (bl_)) is tiny. The second lightest Higgs boson Hs has
a significant down-type and large singlet admixture but only a small up-type admixture so
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A K Ay [GeV] | Ay [GeV] | per [GeV] tan /3
0.593 0.390 296 5.70 200 2.815
mpg+ [GeV] | M; [GeV] | My [GeV] | M3 [TeV] | A; [GeV] Ap [GeV]
505 989.204 510.544 2 —2064 —1246
me, [GeV] | mg [GeV] | my [GeV] | A; [GeV] | mp  [GeV] | mz, [GeV]
1377 1207 3000 —1575.91 3000 3000

Table 33. BP16 NMSSM input parameters required by NMSSMCALC for the computation of the
NMSSM spectrum.

mp, [GeV] | mp, [GeV] | mp, [GeV] | ma, [GeV] | ma, [GeV]
127.78 253 518 116 508
T [GeV] | T, [GeV] | Tt [GeV] | T [GeV] | T'}Y [GeV]
4.264 1073 0.466 3.145 9.910~7 4.750
h11 hi2 his ha1 hao
0.325 0.939 —0.112 0.234 0.034
has h31 hiza his an
0.971 0.916 —0.321 —0.209 —0.0063
azi ais a3
—0.0022 0.999 0.0067

Table 34. BP16 These input parameters and those given in the first line of table 33 are required
by HPAIR for the computation of the Higgs pair production cross sections. The total width of the

charged Higgs boson is not required but given here for completeness I'9% = 3.94 GeV.

that its production in gluon fusion is not very large®! and also its decay branching ratios
into a lighter Higgs pair are comparable to the largest decay rates into SM particles. In this
case, the non-SM-like Higgs boson Hs has better chances of being discovered in di-Higgs
when compared to single Higgs channels. Note, that the W bosons still need to decay into
fermionic final states where additionally the neutrinos are not detectable so that the Hs
mass cannot be reconstructed.

The input parameters for the first NMSSM scenario that we discuss here are given in
table 33. We also specify in table 34 the parameters required for the computation of the
Higgs pair production cross sections through HPAIR.

Since Hj is rather singlet-like, its production cross section through gluon fusion is small
and also its decay branching ratios into SM-final states. The gluon fusion production cross
section amounts to

oNNLO(Hy) = 13.541b. (8.7)

31The production in association with b quarks is very small for the small tan 8 value of this scenario.
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Its dominant branching ratio is given by the decay into AjAj, reaching
BR(Hy — A1 A1) = 0.887. (8.8)

We hence get for direct Hy production in the A;A; final state the rate
o™"NLO(Hy) x BR(Ho — Ay A;) = 12.011b. (8.9)

On the other hand, we have for di-Higgs production of HyHy at NLO QCD where H; is
the SM-like Higgs state,

oNYO(H Hy) = 1111b. (8.10)
With
BR(H; — bb) = 0.539, (8.11)
and the Hy branching ratio into A1 A; given above we hence have
oNEO(H Hy) x BR(H; — bb) x BR(Hy — A1 A;) = 531fb. (8.12)
With
BR(A; — bb) = 0.704 (8.13)
we then obtain in double Higgs production in the 6b final state the rate
oNYO(H Hy)gp = 53 x 0.7042 fb = 26 fb . (8.14)

On the other hand, we have in single Higgs production for the 4b final state
O’NNLO(HQ)4b = O’NNLO(HQ) X BR(HQ — A1A1) X BR(Al — bi))z
= 13.54 x 0.887 x 0.704% fb = 5.95fb . (8.15)

Note that direct Hy production with subsequent decay into W W™ only reaches a rate
of 1fb. We clearly see that di-Higgs beats single Higgs production and the non-SM-like
singlet-dominated state Ho might be first discovered in di-Higgs production instead directly
in single Hy production through gluon fusion.

For the second NMSSM benchmark scenario that we present here the input parameters
for NMSSMCALC and HPAIR are summarized in tables 35 and 36. The singlet-like Hy domi-
nantly decays into an SM-like pair HyH7, and in the HyH; final state we obtain the rate

o"NEO(Hy) x BR(Ho — HHp) = 134.95 - 0.566 fb = 76.38 fb . (8.16)
With BR(H; — bb) = 0.636 this results in the 4b rate
o"NLO(H,) x BR(Hy — H1Hp) x BR?(H; — bb) = 31.001h. (8.17)
On the other hand, with BR(Hy — bb) = 0.103, we have the 2b final state rate
o~"NLO () x BR(Hy — bb) = 134.95 - 0.104fb = 14.03 fb . (8.18)

The rate for direct Ho production in the 4b final state via its decay into HyH7 beats the
one of direct Ha production in the 2b final state by more than a factor 2. Note finally that
the 6b rate for Hs production, through Hi Hs production and further Hy decay into Higgs
pairs, amounts to

oNO(Hy Hy) x BR(Hy — HyHy) x BR3(Hy — bb) = 75-0.566-0.6363 th=11fb,  (8.19)

which is not much below the 2b final state rate.

— 53 —



A K Ay [GeV] | Ax [GeV] | e [GeV] tan
0.545 0.598 168 —739 258 2.255
mpg+ [GeV] | M; [GeV] | My [GeV] | M3 [TeV] | A; [GeV] Ap [GeV]
548 437.872 498.548 2 —1028 1083
me, [GeV] | mg [GeV] | my [GeV] | A; [GeV] | mp  [GeV] | mz, [GeV]
1729 1886 3000 —1679.21 3000 3000

Table 35. BP17 NMSSM input parameters required by NMSSMCALC for the computation of the
NMSSM spectrum.

mm, [GeV] | mp, [GeV] | mp, [GeV] | ma, [GeV] | ma, [GeV]
123.20 319 560 545 783
F%})f [GeV] F%})g [GeV] F}‘}; [GeV] Ffff [GeV] Fff; [GeV]
3.985 x 1073 0.010 4.207 6.399 6.913

h11 h12 his ha haa
0.419 0.909 0.015 0.187 —0.102
has hs31 h32 h33 a
0.977 0.889 —0.407 —0.212 0.908
a21 a13 @23
—0.104 0.114 0.994

Table 36. BP17 These input parameters and those given in the first line of table 33 are required
by HPAIR for the computation of the Higgs pair production cross sections. The total width of the
charged Higgs boson is not required but given here for completeness I'?% = 5.503 GeV.

9 Non-SM-like Higgs pair final states

For non-SM-like Higgs pair production, we can have a large plethora of all possible Higgs
pair combinations inducing final states with multiple Higgs bosons, two or three Higgs
bosons in association with one or two gauge bosons, or also with a top-quark pair, resulting
finally in multi-fermion, multi-photon or multi-fermion plus multi-photon final states. We
present a few selected interesting signatures from non-SM-like Higgs pair production in
table 37. More signatures and benchmark points can be provided on request. As we can
infer from the table, we can have high rates in non-SM-like Higgs pair production, e.g. up
to 9 pb in the 4b final state from non-SM-like H; H; production in the N2HDM-I with
Hy = Hgy.

Cascade decays with multiple Higgs final states. As already stated, in non-
mimimal Higgs extensions, we can have Higgs-to-Higgs cascade decays that can lead to
multiple Higgs final states. The largest rate at NLO QCD that we found, for a final state
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Model SM-like Higgs Signature ‘ me [GeV] ‘ Rate [fb] ‘ K-factor

N2HDM-I Hj HyH; — (bb)(bb) 41 14538 2.18
Hj HH, — (4b); (47) 41 4545; 700 | 2.24
H, AA — (bb)(bb) 75 6117 2.11
H, HyHy — (bb)(bb) 146 73 2.01
H, AA — (bb)(bd) 80 2875 2.13
Hy AH; — (bb)(bb) my : 87 921 2.09
mp, : 91
H, H,H; — (bb)(bb) 47 8968 2.17
N2HDM-II H, H,H, — (bb)(bd) 44 1146 2.18
C2HDM-I H, HyHy — (bb)(bb) 128 475 2.07
H, HyH, — (bb)(bb) 66 814 2.16
Hj HyHy — (bb)(bb) 84 31 2.09
NMSSM H, Ay Ay — (bb)(bb) 166 359 1.95
H,y A1AL = (v)(vy) 179 34 1.96
H, H,H, — (bb)(bb) 48 3359 2.18
H, Ay Ay — (bb)(bb) 54 1100 2.18
Model Signature ‘ Myes. [GEV] ‘ res. rate [fb] ‘ Myes. 2 [GeV] ‘ res. rate 2 [fb] ‘
N2HDM-1 | H;H; — (bb)(bd) 125.09 621 98 17137
HyHy — (4b); (47) 125.09 126; 19 94 5445;839
AA — (bb)(bb) 1535 <0.1 323 482
HyHy — (bb)(bb) 360 76 — —
AA — (bb)(bb) 178 3191 — —
AH; — (bb)(bb) — — — —
HyH, — (bb)(bd) 588 22 125.09 997
N2HDM-IT | H,H; — (bb)(bb) 520 <0.1 125.09 1330
C2HDM-I | HyH, — (bb)(bb) 266 497 — —
HyH; — (bb)(bb) 151 598 — —
NMSSM A Ay — (bb)(bb) 552 31 453 332
A1 Ay — (7)) (vy) 796 < 0.01 444 34
HyHy — (bb)(bb) 882 <0.1 125.59 4173
Ay Ay — (bb)(bb) 676 <0.1 122.99 1353
A1A1 — (tf) (tf) 741 7 705 14

Table 37. Upper: selected rates for non-SM-like Higgs pair final states at NLO QCD. We specify
the model, which of the Higgs bosons is the SM-like one, the signature and its rate as well as
the K-factor. In the fourth column we also give the mass value mg of the non-SM-like Higgs
boson involved in the process. Lower: in case of resonantly enhanced cross sections, the mass
of the resonantly produced Higgs boson is given together with the NNLO QCD production rate.
Some scenarios contain two heavier Higgs bosons that can contribute to resonant production. All
benchmark details can be provided on request.
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with more than three Higgs bosons, is given in the N2HDM-I, where we have
o(pp — HoHy — HyHyH{Hy — 4(bb)) = 1.4fb. (9.1)

The SM-like Higgs is H; and the K-factor for the NLO QCD production of HyHs is 1.82.
Also in the NMSSM and C2HDM we can have multiple Higgs production but the rates are
below 10 fb after the decays of the Higgs bosons. In the N2HDM, we can even produce up
to eight Higgs bosons in the final states but the rates are too small to be measurable.

10 Conclusions

In this paper, we have performed a comprehensive analysis of Higgs pair production in
some archetypical BSM models, namely the R2ZHDM, the C2HDM, and the N2HDM as
non-SUSY representatives, and the NMSSM as a SUSY model. After applying the rele-
vant theoretical and experimental constraints, in particular limits from non-resonant and
resonant di-Higgs searches, we explore the ranges of the parameter spaces of these models
that are still allowed. We find that while the SM-like Higgs top-Yukawa couplings are
constrained to within about 10% of the SM model value, there is still some freedom on
the trilinear Higgs self-coupling. In particular, zero values for the SM-like trilinear Higgs
self-coupling are still allowed in all models. Interestingly, the experimental searches start
to constrain the trilinear couplings of the N2HDM. In general, in order to derive limits
on the couplings both resonant and non-resonant searches will be required. Overall, the
delineation of the parameter space from di-Higgs production is difficult as in BSM models
we have the Yukawa and trilinear couplings of various Higgs bosons involved and also their
total widths play a role in the size of the cross section.

As for the maximum possible sizes of the resonantly enhanced cross sections for SM-like
Higgs pair production, we find that they can be quite different across the models studied,
so that the cross section value itself might exclude certain models provided it exceeds a
specific limit. We presented benchmark scenarios for the maximum cross sections. They
not only feature cross sections that can exceed the SM value by up to a factor of 12 but they
are also interesting because they can lead to measurable rates of triple Higgs production
or the production of a Higgs boson pair in association with a Z boson. In the C2HDM,
we presented a scenario where the simultaneous measurement of Higgs-to-bosons decays
would allow for the test of CP violation.

We also investigated to which extent an EFT approach can reproduce the Higgs pair
results in specific UV-complete models. Since in gluon fusion into Higgs pairs, we integrate
across possible resonances present in extended Higgs sectors due to the additional non-
SM-like Higgs bosons, the EFT approach cannot correctly reproduce the results. This is
particularly true if the resonances are rather light. Moreover, we found that the value of
the resonance mass from which on the EFT approach starts to approximate the result in
the specific UV-complete model by better than 10% depends on the benchmark scenario
itself and that the total width of the intermediate resonance plays an important role. This
again emphasizes the importance of investigating specific models besides a more general
EFT approach in order to get a complete picture of the new physics landscape.
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We also presented benchmark points for the production of a SM-like Higgs together
with a non-SM-like one, leading to a plethora of different final state signatures. The
presented benchmark points represent those with significant rates in certain final state sig-
natures, namely (bb)(bb), (bb)(WW), and (bb)(tt). But also multi-photon final states can
have important rates as shown by our results, in particular in non-SM-like Higgs pair final
states. We highlighted additionally scenarios that involve further Higgs-to-Higgs decays, of
the mixed SM-like plus non-SM-like final state, leading to three-Higgs final states with sig-
nificant rates. On top of that, three benchmark scenarios were presented where new heavy
Higgs bosons might rather be discovered through resonant di-Higgs production than from
direct single Higgs production. This is the case for the singlet extended models N2HDM
and NMSSM, where the couplings of the searched heavy Higgs boson to SM particles are
suppressed due to large singlet admixtures but not its trilinear coupling to other Higgs
bosons. Finally, we gave a short overview of the maximum possible rates in the production
of two non-SM-like Higgs bosons and also for the production of multiple Higgs bosons.

For all benchmark points, we provided the di-Higgs production cross sections at NLO
QCD in the heavy loop particle limit. We found that the K-factors range betwee 1.79 and
2.24 depending on the model and the final Higgs pair state.

We collected a large amount of viable parameter points in the R2ZHDM, C2HDM,
N2HDM, and NMSSM with interesting features in the context of Higgs pair production
and necessarily had to restrict ourselves on specific scenarios to highlight some prominent
features. We emphasize, however, that we can provide benchmarks with specific features
on request and invite the readers to contact us.

With this work, we hope to have given a close to complete and comprehensive overview
of possible signatures in di-Higgs or even multi-Higgs production in representative BSM
models and what can be learnt from them. It can be a starting point for further inves-
tigations in many different final state signatures based on the data sample that we have
generated. Having a guideline at hand of what can be expected may help us find our way
through the vast new physics landscape and get deeper insights in the mechanism behind
electroweak symmetry breaking. Ultimately helping us to answer some of our most pressing
open questions in the world of elementary particle physics.
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A Resonant and non-resonant production cross sections

In this section, we re-present the cross sections of figures 7 and 8 by, first, showing all
the points that have a resonant contribution and, second, displaying only points that are
considered non-resonant by the definition given in section 4.2. Notice that the points
displayed for each part are not complementary in the full sample, i.e. some point for which
we show its resonant contribution might be defined as non-resonant and appear in the non-
resonant plots as well. This is because a point being defined as dominantly non-resonant (by
our definition) is not exempt from being compared to experimental resonant constraints.
On the other hand, it makes no sense to compare points where resonance production
is dominant with experimental non-resonant limits, hence only points that we define as
non-resonant ones can be compared to non-resonant experimental limits. To be specific,
points with resonant contribution means parameter points where at least one of the heavier
neutral Higgs bosons®? has a mass large enough to decay into a pair of two SM-like Higgs
bosons. And the resonant production cross sections are obtained by calculating with SusHi
the NNLO QCD production cross section of the “resonant” Higgs boson and subsequently
multiplying it with its branching ratio into the two SM-like Higgs bosons. The points
included in the non-resonant plots on the other hand are all those scatter points of figures 7
and 8 where resonant production is kinematically not possible, or where the resonant
production cross section accounts for less than 10% of the total di-Higgs cross section.

Figure 13 shows the resonant production cross section values for the R2ZHDM for the
points presented in figure 7 (upper). The color code denotes the ratio of the total width
of the resonant Higgs boson and its mass.

In figure 14 we display the resonant production cross sections for the C2HDM for
the different cases w.r.t. to which of the H; s is the SM-like Higgs boson. Note that in
the C2HDM T2 we do not have scenarios compatible with all constraints with resonantly
enhanced production in case Ha is the SM-like Higgs boson. In case H; is the SM-like
Higgs boson, both Hy and H3 can in principle lead to resonant enhancement. We therefore
show in separate plots their resonant cross sections as a function of their mass.

The resonant production cross sections for the N2HDM for the different cases w.r.t. to
which of the Hj o is the SM-like Higgs boson are shown in figure 15 and those for the
NMSSM in figure 16.

In figure 17 we display the di-Higgs cross sections for points considered non-resonant by
our definition, for the R2ZHDM, C2HDM, and N2HDM type 1 and type 2. We show them as
a function of the trilinear Higgs self-coupling of the SM-like Higgs boson in the respective
model normalized to the value of the trilinear Higgs self-coupling of the SM, Asgg,,/A3H-

32Note that in the C2HDM, N2HDM, and NMSSM for the case where the lightest Higgs boson is the
SM-like one, we can have two possible resonances.
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Figure 13. Resonant production cross sections for the R2ZHDM points of figure 7 (upper) for
R2HDM-I (left) and R2HDM-II (right) as a function of the resonantly produced heavier Higgs
boson Hy = Hy. Color code: ratio of the total width of the resonant Higgs boson and its mass.

In figure 18 we show the corresponding NMSSM plot. We also include in the plots as a full
line the change of the SM Higgs pair production cross section as a function of A3pg,,/A3m.
The dashed lines show its change if additionally the top-Yukawa coupling is varied by 10%
away from the SM value. From these plots we can infer the importance of interference
effects. We see e.g. in figure 17 (lower left) for the N2HDM-I with Hy = Hgy green points
that are well below the full and dashed lines. The suppression of the N2HDM cross section
cannot be caused by the variation of the trilinear or top-Yukawa coupling away from the
SM values (indicated by the full and dashed lines). It is caused by the negative interference
between the triangle diagram contributions of Hy and Hs, as we explicitely verified.

B Alignment limit in the C2HDM

In the following, we derive the limits that are required to achieve the alignment limit in
the C2HDM. In terms of the matrix elements of the mixing matrix, defined in eq. (2.4),
the H; (i = 1,2,3) Higgs couplings to massive gauge bosons (V = Z, W) and to fermions
f in the C2HDM-I and C2HDM-II, read respectively

g = (Rics + spRiz) gy (B.1)
gy = (f: +ifys}f;3> 9iis (B.2)
s = (2 st g, 5.3
Iiodany = (fj;l +i’YSRi3t6> ety (B.4)

where u denotes up-type quarks, d down-type quarks, [ leptons and g%\g( y are the corre-
sponding SM couplings of the SM Higgs H to X X.
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Figure 14. Resonant production cross sections for the C2HDM points of figure 7 (middle) for
C2HDM-I (upper two rows) and C2HDM-II (lower row) as a function of the resonantly produced
heavier Higgs boson Hy = H or H3 = H;. Color code: ratio of the total width of the resonant

Higgs boson and its mass.

We define the conditions to get alignment between the C2HDM and the SM for the

SM-like Higgs given by H; as
S5
SV (Rircg + splia)
9HvV
C2HDM
IH.
SM_
Irss
C2HDM
9H,HH; _

SM
93

Ris
5B

=1,

R
]

—land Rz =0,
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Figure 15. Resonant production cross sections for the N2HDM points of figure 7 (lower) for
N2HDM-I (upper) and N2HDM-II (middle) with H; = Hgym. Lower row: Hy = Hgy in case of
type 1 (left) and type 2 (right); all plots as a function of the resonantly produced Higgs boson.
Color code: ratio of the total width of the resonant Higgs boson and its mass.

with mpy, = mpg. The implications of these limits for the various possibilities of H;, Ha,
or H3 being SM-like for the mixing angles are as follows:

H; SM-Ilike scenario. To get the condition for alignment in this case, we have to solve

the following equation,
y
SlT =1 = Ca;CaCB + CanSa15g =1,
9urvvV

= Cla1—B)Cag =1, (B.8)
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Figure 16. Resonant production cross sections for the NMSSM points of figure 8 for H; = Hgum
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from which follows the solution S,
Si={ae=0 and pB=ai}. (B.9)

Using 51 it is easy to verify that

R R
ﬁ:l,—llzLng:O, (B.10)
5B %
so that also
oM = g, and  gfPRPR = g5, (B.11)

as required in the alignment limit. For the latter, we used the formulae given at the
webpage [240].

H, SM-like scenario. To get the conditions for alignment in this case, we analogously
set

i
gS2M =1 = _(Ca130t280é3 + Sa1ca3)cﬁ + (Ca1coé3 - Sa13a28a3)sﬁ =1
HVV

= —CB—ay SasSas T CazSf—a; = 1, (B.12)
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Figure 17. Non-resonant di-Higgs cross sections for the R2ZHDM (upper), C2HDM (middle) and
N2HDM (lower) points of figure 8 for type 1 (left) and type 2 (right) as a function of the trilinear
Higgs self-coupling of the SM-like Higgs boson of the respective model normalized to the trilinear
coupling of the SM Higgs boson. Note the different y-axis range in the results for the R2ZHDM and
those for the C2HDM and N2HDM. The full line shows the change of the SM Higgs pair cross
section as a function of the variation of the trilinear Higgs self-coupling, the dashed lines show the
change, when additionally the SM top-Yukawa coupling is varied by +10%.
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from which follows

So={{ag=0and B=7/2+ o} or {ag = —ag = £71/2 and = o}
or {ag = az =+7r/2 and 8 =a; +7}}. (B.13)

We will call the first, the second and the third solution S, S9o and Sa3, respectively.
With these conditions, the SM-like Higgs gauge and fermion couplings, as well as the
trilinear Higgs self-coupling approach the corresponding SM values.

Hj3 SM-like scenario. For H3 SM-like we get the condition

SR
g§M =1 = (—Ca1SasCas + Sa15a3)C8 — (CaySas + SaiSasCas)sg = 1
HVV

= —CB—ay SasCas — SazSf—a; = 1, (B.14)
which is solved by

Ss={{as =0, ag=7/2and B =a; + 7} or {azg =+7/2 and B = a1 F7/2}
or {az =0,a0 = —7/2 and S =a1}}. (B.15)
In the following, we will call the first, the second and the third solution S31, S32 and Sss,

respectively. For solution S3 we obtain the SM values of the Hs couplings to gauge bosons
and fermions as well as for the trilinear Higgs self-coupling.

Mass dependence in the alignment limit. In the C2HDM, the mass of the heaviest
neutral scalar is a dependent parameter, given by

s m%th(Rlztﬂ — Ru1) + quszg(Rmtﬁ — Ro1)

m2, = B.16
Hs R33(R31 — Raatp) ( )

In the limit where H; is the SM-like Higgs boson, after applying the solution S; to eq. (B.16)
we find that the terms that depend on mpy, vanish and we get

M, = T, - (B.17)
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For the case of Hy being SM-like and applying the S limits to eq. (B.16), we find that the
first solution So; gives a similar equality as S1, namely

myg, = Mg, , (B.18)

but for the second and third solution Sao, Sosz, we first apply the limit § — «; and then
a9 — +7/2, to obtain

2 2 2
(2mH1 - mHQ)C2al + mH2

202(a1ia3)ca3 2Cqs

m%{g‘ﬁ‘)Oﬂ,C@%iﬂ'/? = (Blg)

From this limit we can conclude that for az — +7 the lightest Higgs boson H; is a CP-
odd Higgs boson [143] and from eq. (B.19) that the mass of the third Higgs boson Hs goes
to infinity.

In the scenario where Hj3 is SM-like, we have to change the dependent mass from mg,
to my, or mp,. By imposing mpy, as a dependent parameter, we have

o mi, Raz(R31 — Raatg) — mi;, Roz(Raats — Ror)

= B.20
i Ri3(Raatp — Ri1) (B.20)

By applying the solution S3; or Ss3, we find that H; is CP-odd with a mass equal to the
mass of the SM-like Higgs boson mpg

myg, = Mgy = Mg . (B.21)

For the solution S39, we get

mpg, = My, . (B.22)

Note that, if we apply the solution Sa2 or Ses to eq. (B.20), we obtain
My, = My, = My . (B.23)
However, applying the solution So; leads to

M, = M, - (B.24)

C Alignment limit in the N2HDM

We now turn to the derivation for the alignment limit in the N2HDM. In terms of the matrix
elements of the mixing matrix R, defined as in the C2HDM, cf. eq. (2.4), the H; (i = 1,2,3)
Higgs couplings to massive gauge bosons (V = Z, W) and to fermions f, respectively, as
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well as the trilinear Higgs self-couplings, read in the N2HDM-I and N2HDM-II

N2HDM-I/II
9, vv M= (Rircg + sgRi2) givy » (C.1)
a1 R g
= 2 gy, ©2
N2HDM-IT _ B2 gm
Hiuu = . YHuu> (03)
Sg
NeHDM-II _ i1 gm C4
9H; dd(ll)  — cs — 9Hdd(hll) 1 (C4)
N2HDM-I/II 3 R;
9H,H, H; / ;( {RZZC ( 25 —Rzl)+R136< SB _RiQ)]
[stv + 1 iy R Z;)] ; (C.5)

where u denotes up-type quarks, d down-type quarks and [ leptons, g?}\g(  are the corre-
sponding SM couplings of the SM Higgs H to XX and we have introduced

2
m
p?=—Z (C.6)
SpCR
We define the conditions to get alignment between the N2HDM and the SM for the SM-like
Higgs given by H; as

P
M = (RilC/j + S@Rig) =1, (0.7)
JHVV
N2HDM

LTy (C.8)
99ty

N2HDM
9H, H H;

=1, (C.9)
93H
with mpy, = mpg. The implications of these limits for the various possibilities of Hy, Ha,

or Hs being SM-like for the mixing angles are as follows:

H; SM-like scenario. This is analogous to the C2HDM, where to get the condition of
alignment we have to solve the following equation

gNNZHDM
ﬂ =1 = Ca CarC8 + CanSaysg =1,
Iy
= Cay—BCas = 1, (C.10)
from which we derive
Si={ag=0 and [B=a1}. (C.11)
This leads to
R R
2o, 2 —tand Ris=0. (C.12)
Sg €s
We also get ggf}{]PM = g%l\;{f and 911\}?1;1?}1\1/[1 = g3 7 as required in the alignment limit.
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Hy SM-like scenario. To get the condition of the alignment in this case we do the same
calculation as above,

s
gS2M =1 = —(Ca1SasSas + Sa1Cas)Cs + (CaiCaz — SarSasSas)sp =1
HVV

= —CB—a;15as5a3 + CazS8—a; = 1, (C.13)
from which follows

So={{ag=0and p=7/2+ o} or {ag = —ag = £7w/2 and = o}
or {ag = a3 =+7/2 and 8 =a; +7}}. (C.14)

With these solutions we can find that all couplings of the SM-like Higgs Hs to massive
gauge bosons and fermions, as well as the trilinear Higgs self-coupling of Hy approaches
the alignment limit.

Hj3 SM-like scenario. For Hj being SM-like, we require

A
;’T =1 = (—CaiSasCas T 5a15a3)c8 — (CaySas + Sa1SasCas)sp =1 (C.15)
9guvv
= —CB—a15asCaz — SazSf—a; = 1 (C.16)
leading to

Ss={{as =0, ag =7/2and B =a; + 7} or {az ==xn/2 and 8 = a1 F7/2}
or {az =0,a0 = —7/2 and S =a1}}. (C.17)

In applying these solutions, we explicitly checked that the Hs couplings approach the
alignment values.
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Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited. SCOAP? supports
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