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We present a novel approach to the study of di-Higgs production via gluon-gluon fusion at the LHC. The
relevant Feynman diagrams involving two Standard Model-like Higgs bosons hh are computed within a
simplified model approach that enables one to interpret possible signals of new physics in a model-
independent way as well as to map these onto specific theories. This is possible thanks to a decomposition
of such a signal process into all its squared amplitudes and their relative interferences, each of which has a
well-defined coupling structure. We illustrate the power of this procedure for the case of both a minimal and
next-to-minimal representation of supersymmetry, for which the new physics effects are due to top squarks
entering the loops of gg — hh. The squarks yield both a change of the integrated cross section and peculiar
kinematic features in its differential distributions with respect to the Standard Model. These effects can in
turn be traced back to the relevant diagrammatic and coupling structures and allow for a detailed analysis of
the process. In order to do so, we perform systematic scans of the parameter spaces of such new physics
scenarios and identify benchmark points which exhibit potentially observable features during the current

and upcoming runs of the LHC.
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I. INTRODUCTION

The past few years have seen full data taking at Run 1 &
2 of the Large Hadron Collider (LHC), with Run 3 ongoing,
and this has been heralding a new era of precision Higgs
physics. The importance of its detailed understanding
cannot be overstated since the Higgs properties, originating
from the mass generation mechanism, play a key role in
searches for new physics (NP) which interacts with the
electroweak (EW) sector. The measured Higgs couplings so
far still allow for a minimal version of the Higgs mecha-
nism, but one should bear in mind that several of the most
important properties directly related to the Higgs potential
(i.e., the Higgs self-couplings and Higgs-top couplings)
are still very weakly constrained. For this reason, Higgs
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physics remains one of the highest priorities in the global
high energy physics program.

Of all Higgs channels where beyond the Standard Model
(BSM) effects can be searched for, one which carries
particular relevance is di-Higgs production, as it can give
direct access to the structure of the scalar potential
triggering EW symmetry breaking (EWSB). At the LHC,
this process primarily takes place via gg-fusion [1,2], i.e.,
via the loop subprocess gg — hh involving triangle and box
graphs. BSM physics can therefore enter here via loops of
new particles at the same perturbative order as those of SM
ones, chiefly, the top-quark. In fact, another circumstance
which renders these virtual effects from BSM physics
potentially accessible specifically in di-Higgs production
is that there exists a strong cancellation between the
aforementioned triangle and box diagrams involving the
top quark [3] at (or near) the SM limit.

This is the context of our present study, which therefore
dispenses of the case involving “resonant” production of
heavy Higgs states decaying into (pairs of) the SM one, as
we are concerned here with “nonresonant” di-Higgs pro-
duction. This has been studied extensively at the LHC to
date [4-12] and the standard approach is to parametrize
BSM effects via modifications of the Yukawa coupling of
the top quark (entering both the triangle and box diagrams)
and/or the Higgs self-coupling (entering solely the triangle
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ones). In turn, these can be interpreted in terms of an
effective field theory (EFT), wherein any new particle
entering gg — hh production via loops is essentially
integrated out.

Our approach is different. We allow for a BSM spectrum
in which the presence of new states is accounted for exactly,
at one-loop level, so that they can have any masses,
including those comparable to the dynamical scale of the
LHC (of order TeV), for which an EFT approach cannot
be adopted. We do so by exploiting a simplified model
approach that can easily be translated into any fundamental
theory responsible for the EWSB dynamics chosen by
Nature. This comes in the form of a numerical toolbox
enabling Monte Carlo (MC) studies at a level of sophis-
tication comparable to actual experimental analyses (albeit
the version used in the present analysis is one-loop only).
Borrowing as reference BSM framework the one of
supersymmetry (SUSY), we will prove that the very same
particles (i.e., the top quark companions in SUSY, so-called
squarks) responsible for enabling extensions to the SM
without hierarchy problems can give sizeable effects in di-
Higgs production, when their typical masses are indeed of
order TeV.

The plan of the paper is as follows. In the next section we
will introduce the realizations of SUSY that we will be
adopting for exemplifying our approach, including both a
minimal and nonminimal version [13]. We will then
describe our toolbox. Numerical results for gg — hh
will follow, for both Run 3 and the High-Luminosity
LHC (HL-LHC) [14], in turn preceding our conclusions.

II. STOPS AND THE HIGGS MASS

We shall first consider the minimal supersymmetric
standard model (MSSM), which is based on the super-
potential

Wussm = y“QH, U + y'QH ;D + y'LH E° + pH ,H .
(1)

The Higgs couples strongly to the top-stop sector, so the
(s)tops will have a large impact on both the Higgs mass and

its production cross sections. The stop mass matrix at tree-
level is

1 2.
M, = mZQ33 + m? + m% cos 28 <§ -3 sin? «9W> . (2)

M, = m(ucotp = A,), ®)

2 .
M%Ri,e = m%.]” +m? + 3 m% cos 23 sin® Oyy. (4)

Here m2Q and m3, are the soft SUSY breaking squark

masses, tanf = (HY)/(HY) and A, is the trilinear soft

SUSY breaking coupling HY%7, 5. There are loop correc-
tions to this mass matrix [15], which are potentially large.

In the MSSM there is a tree-level bound on the (lightest)
SM-like Higgs mass,

m2 < m% cos? 23, (5)

so large loop corrections are needed to produce the
observed Higgs mass of 125 GeV. Since the top Yukawa
coupling is the largest coupling in the MSSM, the most
economical way to achieve this is to take tan f to be large
(so that the tree-level mass is maximal and the SM-like
Higgs boson couples maximally to the top/stop), make the
stops heavy (so that the top-stop Supersymmetric cancel-
lation is incomplete) and to introduce large stop mixing
(which maximizes their loop corrections).

Large mixing in the stop sector creates a large mass

splitting between the stops. If one of the soft masses m% or

03

m%/22 is somewhat smaller than the other, we might end up
with a relatively light stop together with a heavy one.
Currently, stop masses down to 600 GeV are allowed if
the mass splitting between the stop and the Lightest
Supersymmetric Particle (LSP) is small [16,17], since
searches based on missing transverse momentum lose their
sensitivity in the compressed case.

In the MSSM, a large stop mass splitting is a necessity to
achieve a 125 GeV Higgs mass, so searches based on
missing transverse momentum are sensitive to the heavier
stop. Hence, it must be heavy, the lower bound being
around 1250 GeV [17,18] Since the stop mixing parameter
A, needs to be large in the MSSM, the bubble, triangle and
box diagrams with trilinear stop couplings (see following
section) give a large contribution to Higgs pair production,
as known from literature [19-21] and which we will
elaborate upon.

It is well known that in the MSSM the Higgs trilinear
self-coupling is always close to its SM value [22,23].
Numerical scans show that deviations can be at most at the
3% level [24]. Hence, in the MSSM, the modifications of
the Higgs self-coupling will not lead to observable effects
in Higgs pair production at the LHC as the predicted
precision of the di-Higgs cross section measurement is
around 40% [25].

In the next-to-MSSM (NMSSM), the superpotential is

W: WMSSM(HZO) +ﬂSHqu+§S% (6)

In this case there are additional tree-level contributions to
the lightest Higgs boson mass so that the bound reads
as [26]
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mi < m? <c052 26+ sin? 2ﬁ> . (7)

/12
g +g°

If 1 Stanp <3 and A is large, the Higgs mass can be
close to 125 GeV without loop corrections. Hence in the
NMSSM one can have two light stops [27] but, due to the
experimental constraints [17], they need to be nearly
degenerate with each other and the LSP. In such a case
we need to require stop mixing to be minimal, ycotff ~ A,
[see (3)] and hence the contribution from the trilinear
bubble and triangle diagrams will be small. Furthermore,
due to the extended Higgs sector, it is possible to have a
large deviation from the SM prediction to the trilinear
Higgs self-coupling even if other Higgs couplings are
SM-like [24]. An enhancement can occur when tanf is
close to 1 and 4 is large while a suppression requires a
second, singlet-dominated scalar to be light and 1 to be
small. This second option is incompatible with light
squarks. We give a qualitative argument for this behavior
in Appendix B.

In our analysis, we perform a comprehensive scan in the
MSSM and then select some benchmark points from the
NMSSM to represent cases not present in the MSSM, but
relevant for the di-Higgs process. The parameter space of
the MSSM is chosen as follows. We choose the mostly
right-handed stop to be the light one and to have a small
mass splitting,

m;]

—my < 10 GeV, (8)
with the lightest neutralino, which we take to be
Higgsino-like. This mass splitting can always be
arranged by choosing the value of the p-parameter.
The mostly left-handed squark doublet will then be heavy

(m3, > 1250 GeV). We scan over the values of m% o m%]%,

tan # and A,, which are the ones that determine the squark
contribution to Higgs pair production. The other soft
masses are fixed such that the rest of the sparticle spectrum
is heavier than the stops and the Higgsinos.

We also show a few NMSSM benchmarks representing
cases that cannot be realized in the MSSM. One is when we
make both stops as light as possible and adjust the Higgs
mass to 125 GeV by tuning tan $ and 4. For this benchmark
the Higgs trilinear self-coupling is about 50% larger than in
the SM, but the trilinear Higgs-stop couplings are much
smaller than in the MSSM case. A second benchmark point
represents a case where the Higgs trilinear self-coupling is
about 60% larger than in the SM and the stop masses and
mixing are similar to the MSSM points.

III. NUMERICAL ANALYSIS

The contributions to the di-Higgs final state from the
SM are represented by the well-known, destructively-
interfering topologies shown in Fig. 1, where the only

t,b
g tby, b 9TTT ===h
t,b —-= t,b t,b
Y t,b “h ['Re 1 1) ---h
t,b

FIG. 1. SM topologies for di-Higgs production at the LHC.
coupling parameters entering the amplitudes are propor-
tional to the Higgs trilinear self-coupling Av and the
Yukawas y, ;.

The SUSY-inspired parameters that are relevant for the
di-Higgs process (squark masses and couplings) will be
included in a simplified Lagrangian which assumes that
every other SUSY particle does not participate significantly
in the process: this means all other scalars are too heavy or
their couplings are too small and all other squarks are also
decoupled.

First of all we notice, trivially, that the electric charge of
the squarks propagating in the loops does not play any
role in the process. What actually matters for a model-
independent treatment of the process is that, besides
introducing NP modifications of the SM couplings, there
are new colored particles propagating in the loops. Then,
the key properties of such particles are their representation
under SU(3) of QCD, their spin, how many they are and the
size of their couplings with the Higgs boson. Only if the
new particles are fermions, their electric charge plays a role,
due to the fact that heavy quarks with charge 2/3 or —1/3
can mix with the SM quarks.

Limiting our treatment to only two scalars in the
fundamental representation of SU(3), the simplified squark
Lagrangian we consider in this analysis only contains
interactions between those two squarks g; (with i =1, 2
labeling the mass eigenstates), 4, t, and NP contributions to
the couplings /* and hff (we will neglect modifications to
the bottom Yukawa coupling in the following.). The model
contains two colored scalars in the loop so it can be adapted
to the SUSY scenarios described in the previous section,
and also considering that it is realistically very hard (if not
plainly inconsistent) to build scenarios in which one of the
two scalar top partners is light enough to produce visible
effects at the LHC and the other is too heavy and decoupled
from low-energy physics. The simplified interaction
Lagrangian therefore generically reads as

TABLE 1. Parameter ranges for the scan in the MSSM. All
other soft scalar masses are larger than those mentioned. The
u-parameter is adjusted so that the Higgsino-like LSP is slightly
lighter than the lightest stop.

Parameter Minimum Maximum
tan 7 50

A; (GeV) 1500 3500
m%-/g (GeV?) 1.35 x 10° 2 x 10°
méﬂ (GeV?) 2.2 x 10° 3.5 x 10°
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FIG. 2. Representative examples of LO di-Higgs cross sections (shown as a color gradient) as function of pairs of MSSM input
parameters (left), stop masses (center), or the parameters of the simplified Lagrangian equation (9) (right), highlighting their

correlations.
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where the trilinear and quartic couplings are kept indepen-
dent to account in a model-independent way for further NP
effects which may alter the relation between the two. In the
following, we identify g, , with 7, 5, and all the couplings
are assumed to be real.

This Lagrangian has been implemented in FeynRules [28]
to obtain a UFO [29] output suitable for simulations at next-
to-leading order (NLO) in QCD with the MG5_amcC [30]
Monte Carlo (MC) generator.' For di-Higgs production this
is obviously necessary as the process is at one-loop at
leading order (LO). In all our results we used the
NNPDF3.0 LO PDF set [32].

The following analysis is aimed at finding which values
of the parameters of NP can alter significantly the signal
cross section and at the same time exhibit peculiar
kinematic features which could lead to its observation
during Run 3 or the HL-LHC. Crucially, our implementa-
tion of the gg — hh process starting from the aforemen-
tioned simplified Lagrangian is such that we are able to
identify each component entering the total cross section,
i.e., the contributions of the square of the relevant diagrams
as well as the interferences between all of these, thereby

"The model is publicly available on HEPMDB [31] at this link:
https://hepmdb.soton.ac.uk/hepmdb:0223.0337 and it actually
contains four new colored scalars in the fundamental of SU(3)
(recall that we only consider two of these for this analysis). The
additional squarks have been included to account for possible
extensions.

affording us with significant diagnostic power of the
emerging signal. While this approach, as emphasized, is
model independent, we will be applying it to both the
MSSM and NMSSM described in the previous section, in
order to show its effectiveness. Studies of squark effects of
the kind looked for here have been performed in literature
before (e.g., see [21]), but what this approach adds is the
ability to directly reverse engineer the dynamics involved
and interpret it already at the experimental analysis stage.

A. Signal cross section and parametric dependence

We first have performed a parametric scan within the
MSSM: the scan parameters and their ranges are given in
Table I. The spectra were calculated with SPheno v4.0.4
[33,34]. We required the lighter stop to be heavier than
600 GeV and the heavier stop to be heavier than 1250 GeV
with the Higgs mass being in the interval 125.2 £ 0.3 GeV
(~20 around the central value). We set the y parameter so
that the Higgsino-like neutralino LSP is slightly lighter than
the lighter stop, hence, we may use 600 GeV as the lower
bound for the lighter stop mass. Other parameters are kept
fixed such that the rest of the BSM spectrum is decoupled,
as previously mentioned.

The resulting MSSM couplings and masses have been
translated into parameters of the simplified Lagrangian
equation (9). With the obtained set of benchmark points we
have performed MC simulations and determined correla-
tions between parameters which maximize the cross sec-
tion, as shown in Fig. 2.

We found preferred directions in the parameter space for
which the cross section increases, around specific combi-
nations of the stop masses and for specific values of the
trilinear parameters, especially the modifiers of SM cou-
plings «py;, and ;-

In Fig. 2 we show some of the parametric dependencies.
Obviously light squark masses lead to larger deviations
from the SM, so the maximal cross sections are seen close
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to m(f;) = 600 GeV, m(7,) = 1250 GeV, the lighter stop
mass being the more important one in increasing the
cross section. Large tan 2 20 is preferred as the top-stop
correction to the Higgs mass is maximal and the 125 GeV
Higgs mass can then be reached with lighter stops than is
the case for low tan f.

In the MSSM with fixed squark masses and tan# you
either have an interval of possible A, values leading to an
acceptable Higgs mass (at low tan /) or two intervals of A,,
where between these intervals the Higgs is too heavy. In the
lower of these intervals the squark bubbles and triangles
give a smaller contribution and the cross section is SM-like.
In the higher interval significant enhancements are pos-
sible, if the squarks are light. The region of allowed values
for A, depends on the average stop mass’: the heavier the
stops, the larger the maximum value for A,. Therefore, the
maximal cross sections are obtained with values of A,
which are intermediate within the scan range, but which are
maximal for the given stop masses and tan f.

The point which produces the highest cross section,
defined in Table II, will be considered in the following as
benchmark point for the kinematic analysis.

B. Kinematic distributions

1. Deconstruction of the signal

To perform a differential analysis of the signal associated
with the propagation of stops in the loops, we deconstruct
the signal into basic independent components. The total
signal is then obtained as a weighted sum of such
components. This procedure allows us to analyze sepa-
rately their peculiar kinematic features, assess their rel-
evance for the final result and understand semianalytically
which range of parameters maximizes the potential observ-
ability of the signal.

Limiting our treatment to only two stops we can build a
limited number of elements. Labeling with a black dot (°)
the NP contributions to SM couplings, with a red dot (e) the

TABLE II. Benchmark point for the MSSM. Left: tree-level
input parameters for SPheno. The loop corrections to the stop
mass matrix are large, so the soft masses plus the loop corrections
are approximately m%ss =5.3x10° GeV? and mQQ“ =143 x
10° GeV? and the effective value for A, = 2750 GeV after loop
corrections. Right: mass spectrum and couplings, as defined in
the simplified model Lagrangian of Eq. (9). For di-Higgs
production the Khh” coupling is not relevant.

MSSM benchmark point

Input parameter Value
tan 45.4

A, (GeV) 2595
m%j (GeV?) 1.547 x 10°
ngu (GeV?) 2.447 x 10°

MSSM benchmark point

Masses and couplings Value
mj, (GeV) 600.6
mz, (GeV) 1301.0
Knhh 3.34 x 10_3
Khit —1.68 x 1073

< " é;) (—6690 7228)
&z 8519
11 12

(Khh?? Kggn) ~0.6702 -0.0174
© K - —0.6374

The signal contributions and their interferences can be
parametrized in terms of a sum of different terms, propor-
tional to unique functions of the couplings and to reduced
cross sections 6 depending exclusively on the stop masses.
Labeling as “B” the SM irreducible background, as “M” the
contribution of the topologies containing only modified SM
couplings (1 to 4 in Table III) and as “S” the contribution of
topologies associated with the propagation of squarks (5 to
8) the complete set of contributions is:

purely NP couplmgs and V&flth red Feypman propagators the Op = K%zhh &1+ (Kpkn ) 263 + K%n b4, (10a)
new particles (7;,), the signal amplitudes can be decon-
structed in a small number of elements, listed in Table III.
|
0s = Z [ httZK;ljtt”ST + Khhh( ) 66d(mt) + Khhh httzk;,jz;Ag:t ,,)
i=12 Jj>i Jj>i
+ (k}57) 670 (ms) + Z 1) 670 (m, ) + (KZzi)zz(’(;fz )2 &5ia (s, K ZZ wit) 0o (7, )
J>i J#FI
+ (Kifhii)zUSd m,) hhtzz hm;"%anzt ms,, } (10b)

Jj>i

*This is essentially to avoid a color-breaking vacuum. In general a large ratio of X,/Mg, where X, = A,

—pucotf and My is the

average tree-level stop mass, can lead to a color-breaking vacuum, though the relation is not so simple if loop corrections are taken into
account [35,36]. Our scan ranges have X,/M, < 2.5, which is considered to lead to a stable enough color-conserving vacuum.
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OB = Knmnb15 + Knubog. (10c)
o= [ Kirz0 8 (mi) + Y (k)28 (mi, ) + ki 648 (o ﬂ : (10d)
i=12 J>i
ONM = KiopKnieBVs + KnnnKiy 81423 + K565 + Knnnkip, 654, (10e)
GISnSt = Z |:Khthh”ZK‘tht515m61 ms, ) + (Kh )30-15m7d(mt ) + KhttZ(K;z]Zi)ZGISH%z(ml ) + KhttZ(K;zji?)zalsn%o(m~ )
i=12 Jj>i J#FI J#I
+ KhttKhhrtUISH;id m,) hth hhltglsngl mi,,) + Knin (K)57) 8854 (m3,) + KhthZ??Z(Kiz] )zo'len%z(mt )
J#i Vil
+ KhthZ??Z(thjtt)zégl%o(mt ) & K (Kth) &léngsd( ) + Khhhkhttz hhtt6l6n%l )
J# J#i
+ (KZ?Z)zkhhrtG%S(ml + (kj77) Z hht1617nlt8 )+ z Khtt 2Kih 10 s (M, )} (10f)
Veald J#FI
ons = Z [Kihhkgiiﬁil%(mﬁ) + Khth(K;f;; 2615, (i) + K361 (m3,) + Kokl :65' (m7)
i=1,2 J>i
+ KhthhnKh;'Ulzmﬁ 3, s(mi,) + Ky (x h. )zglzmm(mt )+ KhttZ(KZn)za'lzngo( ) + KhnKhh,,&lzn%(mz )
j>i
=+ K%hh’(hn’(z;;émt (mt ) + Khthhtt(Kh,t)zdgn%d( ?[) + KhthhttZ(thj;7>2513m70(mt )
j>i
+ KKK 705 (M7,) + Ky Kiiz: 64 () + Kk K716 (i) + K3, (K152) 645, (ms,)
ity > (K288 (g, )+ i il (s, )] (10g)
j>i
Oisp = Khthhtta-iert2—3B + K O34 + Z [Khthhi'Gl S_ep(mi) + Knn (K} )25i11?t7d—5,6(m?,») + (KZii)z‘A’lsrg—ms(mt ). (10h)

i=12

The reduced cross sections have been labeled according
to the numbering scheme of Table III: & and 6%
represent, respectively, the interference terms between
the x and y classes of topologies and between x and the
SM background, while 0““ _jk Or oint "y—jp signal combina-
tions proportional to the same function of couplings.
Further, 6,;, means that the topology class x contains
couplings between same quark flavor, 6,, between different
ones and finally, 6,; or 0}“; mean interference between
topologies where two different squarks circulate in the
loops. Factors of 2 from interference terms have been
included into the 6’s.

The total cross section induced by NP is given by the
sum of all the terms of Eq. (10). This parametrization
allows for a model-independent analysis of the process: the
kinematics of each individual term of Eq. (10) is deter-
mined exclusively by the masses of the particles circulating

in the loops, while the couplings only affect the relative
proportion between the various terms. Total and differential
quantities can be thus determined for multiple benchmarks
characterized by the same stop masses and different
couplings by performing a unique set of numerical simu-
lations [one for each term of Eq. (10)] for those masses. The
simulation syntax is explained in Appendix A.’

In the following sections, the analysis of a specific
distribution—the invariant mass of the di-Higgs system—is

*Notice that, if more colored scalars are present, other terms
depending on more than two masses would have to be consid-
ered, such as Y, , (kif..)? Zj,,(#(lc%;)zéﬁ-d[olk(m;l_j:k), and further
simulated samples would have to be included in the database.
Considering that the topologies of Table III contain at most two
different squark propagators, a complete set of 6 elements can be
obtained considering four colored scalars. The particle content of
our UFO model indeed allows one to explore such possibilities.
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TABLE III

Complete list of topologies describing di-Higgs production with modified SM couplings hhh and htt, and loop

propagation of any number of stop squarks 7;. The topologies are classified according to the different products of new couplings [defined

in Eq. (9)] to which the amplitudes are proportional.

Topology type Feynman diagrams Amplitude
1 Modified Higgs trilinear coupling gosoNl, b nooh A; & Kppn
t,b --0
gost b ‘h
2 One modified Yukawa coupling g ¢, b ! o . A A; o Kpyy
t > “m< t t
govT ¢ *h g T ---h
t
3 Modified Higgs trilinear coupling IO h A X KppnKns
and modified Yukawa coupling t > --®
gose ¢t *h
4 Two modified Yukawa couplings g L o L A 2,
t lt
g so0° —®--- h
5 Bubble and triangle with A% couplings g i N A x kil

This class of topologies involves only diagonal couplings between the Higgs and the squarks, due to the absence of FCNCs
in strong interactions and the presence of one hif coupling.

6 Modified Higgs trilinear coupling +

Bubble and triangle with h# coupling 9

i
1 ~ Ai X KpphKpiz

Only diagonal couplings between the Higgs and the squarks due to the strong interaction.

7 Triangle and box with two h# couplings i fi A; x |Kh, ?
gftmn--»-o---hgfo'm-»-o---h
tit 1t Net7
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i t;
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g ;< _.chgmoey L _-h
e T e
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Only diagonal couplings between the Higgs and the squarks due to the strong interaction.

discussed in detail following the aforementioned pro-
cedure, both before and after the decays of the Higgs
bosons.

2. Invariant mass of the di-Higgs system
before Higgs decay

One of the key observables to explore the contributions
of NP in di-Higgs production at the LHC is the invariant
mass of the di-Higgs system. Its shape is affected by the
modification of SM couplings and by the presence of new
particles in the loop. In this section we will consider the

MSSM benchmark point in Table II to describe the analysis
strategy.

The invariant mass distribution is built from the indi-
vidual components of Eq. (10), evaluated for m(7,,) =
{600, 1300} GeV, where the masses are approximated to
the values on the simulation grid.

Considering Eq. (10b) as an example, one can evaluate
each differential cross section corresponding to the various
6 terms using the corresponding MC samples, as shown in
the left panel of Fig. 3. From this, the differential
distribution of og can be evaluated by weighting each
component with the numerical values of the coupling
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Left panel: dé/dM,, distributions of all components of . Right panel: each component of the left panel is weighted with the

associated coupling products corresponding to the MSSM benchmark point of Table IT and converted into the number of expected events
with at the end of Run 3 with nominal luminosity of 300 fb~!. The black curve corresponds to the sum of all components and represents

the M, distribution of Eq. (10b).

product factor and sum all terms, as shown in the right
panel of Fig. 3, where the distributions are also multiplied
by the nominal luminosity at the end of Run 3 of the LHC
to evaluate the number of expected physical events. From
the distributions evaluated before their weighting, it is
possible to notice the threshold effects around my, =
1200 GeV corresponding to the propagation of the
600 GeV stop, and the presence of regions with negative
interference. The importance of each term is however
reshuffled by the couplings: for example, the negative
value of the &4(m; ,) contribution is entirely due to the
negative coupling product (k}1-x?2. with k}1. < 0) in front
of it. However, when summed with the other contributions,
the overall net effect is a positive cross section in the whole
my,, range, with a relevant enhancement of the 1200 GeV
threshold peak.

The very same procedure is applied to each term in
Eq. (10) and the final result for the MSSM benchmark point
is shown in Fig. 4. In general there are three types of
contributions. Those that involve only modifications to the
SM couplings (o, oy and o) have a peak at low My,
and then decay exponentially. Such contributions are small
in the MSSM, but can be more pronounced in, e.g.,
NMSSM, where the trilinear Higgs coupling can deviate
from its SM value. Second, we have squark contributions
squared (og and ogg), which are relatively flat over a large
range and peak at M;;, = 2m;. Finally we have interference
contributions between squarks and the SM-type contribu-
tions (osp, oms and oysg), Which are positive at low My,
negative between m; < M, < 2m; and turn positive again
at high M},;,. This leads to an almost complete cancellation
of BSM effects in the range m; < M, < 2my;.

Looking at the MSSM benchmark of Fig. 4 multiple
effects are in place: the threshold peak generated by the
terms in Eq. (10b) is clearly standing out with respect to the

SM irreducible background, even if negative interference
contributions from Eq. (10f) slightly reduce its impact, but
the increase in the total cross section (SM + Signal~
24.5 fb) is mostly due to the excess of events on the global
peak of the distribution, generated by the interference terms
of Eq. (10h). Inspecting the elements of Eq. (10h), analo-
gously to what was done in Fig. 3, the largely dominant
contribution (in the whole M, range) is given by the term
(k}1:)?6 .5 (mz,), which sums the pure signal contribu-
tion from topology 5 of Table III and the interference

77 MB (offs X BR= —0.560 fb) =1 SM+ Signal (o x BR = 23.946 fb)
S (05 x BR = 2.826 fb) SB (0t x BR=0.082 fb) 1 Signal (o BR =4.695 fb)
MM (0, X BR = =0.000 fb) -1 g (gift x BR = — 0.036 fb) T SM (0 X BR=19.252 b)

S (0l xBR= —1.170 fb)

M (om x BR=10.004 fb)

MSB (0l X BR = 3.550 fb)

103 mz, =600 GeV.
mi, = 1300 GeV
Knhn = 3.341e-03
Knee =-1.681e-03
5 Kik=-6.690
_. 1o Kng=7.228
T K% =8.519
£ Kppii =-6.702€-01
= Kin=-6.374e-01
g 10
1]
£
)
‘; 1
E 0
9 =1
w
-10
0 500 1000 1500 2000 2500 3000
Mnn (GeV)
FIG. 4. Invariant mass distribution of the di-Higgs system at

parton level and before Higgs decay for the MSSM benchmark
point of Table II, displaying the number of expected events at the
end of Run 3 with nominal luminosity of 300 fb~!. Curves for the
SM intrinsic background (black), pure signal (red) and their sum
(blue) are shown as solid lines. For the signal, the individual
contributions of its components are also shown as dashed lines, to
assess their relative role in the construction of its shape.
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FIG. 5. Same as Fig. 4, but showing only the SM and Signal +

SM curves with 16 uncertainty bands representing the combined
scale and PDF systematics. In the bottom panel, the ratio between
central values, (SM + Signal)/SM, is displayed.

between topology 7 and the SM background, both propor-
tional to the same product of new couplings. Given the
small modifications to the SM couplings, the topologies
proportional to xj,, and k,;, have an almost negligible
impact on the determination of the final shape of
dég/dMy,,.

Despite the excess in the global peak and the presence of
a relatively sizeable threshold peak with respect to the
background distribution, an estimation of the systematic
uncertainties is in order to assess if the different shapes can
be potentially discernible using real data. A dedicated MC
simulation has been performed for this estimation, validat-
ing the results obtained with the deconstruction method
as a by-product. The combination of scale and parton
distribution function (PDF) systematics is done using
the same method of [37]: bin-by-bin, the asymmetric scale

M (om x BR = 0.000 fb) {271 MB (ops x BR= —0.012 fb) =21 SM+ Signal (0 x BR =0.519 fb)
S (0s x BR=10.061 fb) SB (0l x BR = 0.001 b) [ signal (0 x BR=0.102 fb)
{7775 MM (o), x BR = —0.000 fb) I MS (0fft X BR= —0.001 fb) [ SM (0 x BR=0.417 fb)

L1 SS (05X BR=-0.026 ) 3 MB (glft, x BR = 0.078 fb)

m, =600 GeV
m, = 1300 GeV
Kpnn = 3.341€-03
Kne = -1.681e-03

Kig =-6.690
KiE=7228
Ki%=8.519
ki =-6.702e-01
Kims = -6.374€-01

—
o

Events (Liy = 300 fb~1)

0 250 500 750 1000 1250 1500 1750 2000
Mbbw (GeV)

FIG. 6.

uncertainties are obtained by considering the largest devia-
tions from the central value, while PDF uncertainties are
obtained using the standard deviation on the whole PDF
set, as described in [38]. The scale and PDF systematics are
then linearly summed. In Fig. 5 the distributions for
the SM background and the sum of signal and background
are shown: it is possible to see that while the excess
on the global peak is completely hidden within the
uncertainties, the threshold peak can indeed be potentially
discriminated.

So far, only distributions before Higgs decays have
been considered. If no shape discrimination was possible
already at this stage, any further investigation would have
been pointless. Given the optimistic results, however,
the next step of the analysis involves letting the Higgs
decay and identify promising final states for experimental
detection.

3. Invariant mass of the di-Higgs system after
Higgs decay

In this part of the analysis we consider three final states,
motivated either by large branching ratios or by cleanliness
of detection. In all cases we select final states where at least
one of the Higgs boson decays to 2 bottom quarks, and the
other to either 2 photons, 27 leptons or other 2 bottom
quarks. The reconstruction of final state objects is done
using Fastet [39] through MadAnalysis 5 [40-42], using the
anti-k7 jet clustering algorithm [43] with jet radius param-
eter R = 0.4.

The corresponding distributions of physical events as
function of the invariant mass of the di-Higgs decay
products are shown in Figs. 6-8: in all figures, the left
panels show results at reconstruction level without any cut,
while the right panels correspond to the basic selection cuts
reported in Table IV. The preselection cuts are inspired by
current experimental prospects [44]. For the bbyy final state

M (0 X BR = 0.000 fb) 23 MB (ojfs X BR= —0.001 fb) =1 SM+ Signal (0 x BR = 0.038 fb)
1S (05 X BR=0.005 fb) SB (ol x BR = —0.000 fb) [ Signal (o' x BR =0.008 fb)
U MM (ojfl X BR= = 0.000fb) ;s (gift x BR= — 0,000 fb) 3 SM (0x BR=0.030 fb)
£223 SS (053X BR=~0.0020) 213 MSB (ojpt, x BR = 0.006 fb)
m, =600 GeV
Knnn = 3.341e-03
Kni =-1.681e-03
Ktk =-6.690
— kg =7.228
a i
i Ki%=8.519
] ki =-6.702e-01
8 Kigs =-6.374e-01
m
I
g
1
j4}
4]
=t
[
>
i
0 b == S e e

0 250 - 500 750 100 1250 1500 1750 2000
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Invariant mass distribution of the bbyy system at reconstruction level (left) and after the cuts of Table IV (right).
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FIG. 7. Same as Fig. 6 but for the bbzz final state.
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a diphoton invariant mass cut around the Higgs boson mass
has been applied to reduce the contribution from radiated
photons and enhance the contribution of photons from
Higgs decay.

The depletion in number of events in the bbyy and bbrr
case makes it impossible to discriminate any NP contri-
bution induced by the scenarios we are considering during
the Run 3 of the LHC. While the bbbb final state looks
more promising, a careful evaluation of all sources of

M (0 X BR = 0.001 fb) 71 MB (0l x BR=—0.174 fb) =1 SM+ Signal (o x BR = 7.419 b)
S (05 X BR=0.813 fb) SB (0l xBR=0.024fb) [ Signal (o' BR=1.406 b)
M (0l X BR= = 0.000 fb) - s (olit x BR = — 0011 fp) 1 SM (0 BR=6.013 b)
S (0% x BR= —0.338 fb) + MSB (0ifty X BR = 1.092 fb)
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Same as Fig. 6 but for the 45 final state.

backgrounds (especially QCD-induced ones) must be
performed in order to establish potential discrimination
possibilities.

IV. DEVIATIONS BEYOND THE MSSM

After the first two runs of the LHC, the parameter space of
the MSSM has become constrained, especially when it
comes to parameters related to Higgs pair production. We

TABLE IV. Selection and kinematic cuts for the three final states considered in the analysis.

bbyy bbrz bbbb
N(b) > 1 N(b) > 1 N(b) >3
N(y) > 1 N(r) > 1

pr(b) > 45(20) GeV pr(b) > 45(20) GeV pr(b) > 40 GeV
In(b)| <2.5 In(b)| <2.5 In(b)] < 2.5
n(r)| <25 In(z)] <2.5

120 GeV < M(yy) < 130 GeV
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know that both the top Yukawa coupling and the Higgs
trilinear coupling must be close to the SM values, so
deviations can mainly arise from a light stop around the
threshold of 2m; and the interference effects between squark
and SM diagrams. This is not the case in nonminimal
Supersymmetric models, as an extended Higgs sector can
lead to deviations from the SM in the Higgs trilinear
coupling. The top Yukawa is more constrained experimen-
tally as the #7h production rate depends on it [45].

The squark contribution arises mainly from the diagrams
involving trilinear Higgs-stop-stop couplings. The trilinear
coupling at tree-level is proportional to X, = A, — u cotf.
Large stop mixing is needed to get a 125 GeV mass for the
SM-like Higgs in the MSSM, so the stop contribution is
always relatively large in the MSSM. Large stop mixing
also enhances the mass splitting between the stops, so one
of the stops needs to be heavy so it will not contribute to the
threshold excess.

In the NMSSM one can achieve the 125 GeV Higgs mass
already at tree-level, so one may try a setup with X, ~0,
which would allow for two light stops, both being insensi-
tive to searches targeting missing transverse momentum.
The requirement of m; = 125 GeV requires low tan f and
large A so the term |4|?|H,H 4|* leads to an enhancement of
the triple Higgs coupling. A larger Higgs trilinear coupling
can lead to a first order EW phase transition. In the EFT
limit, where all BSM particles are decoupled, a 50%
enhancement is needed for a first order phase transition
[46]. Additional light degrees of freedom, such as light
neutralinos [47], could change the needed enhancement.
Nevertheless, an enhancement up to 100% is possible in the
NMSSM [24] so it is natural to ask how well could we
distinguish such a case.

In the left panels of Fig. 9 we show a case with two stops
having masses of approximately 600 GeV, tanf = 1.35,
A = 0.64, the trilinear Higgs coupling being 50% larger
than in the SM, trilinear Higgs-stop couplings being
significantly smaller than those of the MSSM and the
top Yukawa being close to the SM value, «, ~ 0.985. We
see that there is a deficit of events at low M,,: this is due to
the enhanced trilinear Higgs coupling. In addition, the
excess at the squark threshold has become smaller than the
uncertainties* (while still being around twice the SM rate),
which emphasizes the significance of the bubble and
triangle diagrams.

In the right panel of Fig. 9 we have a “MSSM-like” case
in the NMSSM. The stop masses and mixings are similar to
those of the MSSM, but we have tanf = 1.38 and
A = 0.69, which again lead to a significant deviation from
the SM in the trilinear Higgs coupling, being about 1.6
times the SM value. This results in a deficit of events at low

*We remark, however, that the uncertainties in the plots are at
LO and therefore bound to significantly reduce once higher-
orders corrections are taken into account.

M,,;, and an excess of events at high M, the intermediate
range being SM-like due to the cancellation of the various
BSM amplitudes. As the bbyy channel is sensitive to low
invariant masses and the 4b channel is sensitive to high
invariant masses, we should see a deficit in the former and
an excess in the latter.

If such a case were interpreted just through the modifi-
cation of SM couplings, k; and «k;, the results between
different channels would show an inconsistency, which
implies that the model is not sufficient to describe the
physics. Such an effective description can be somewhat
misleading, unless a complete EFT basis is used, even in the
low M,, region as the interference between the squark
diagrams with the SM ones can lead to a 30% deviation in the
event rate as our MSSM benchmark (with essentially
k; = k; = 1) shows. In the case of a large coupling deviation
the x framework leads to a better estimate, though even there
we would have some uncertainty from the nondecoupling
squark effects (difference between green (MB) and red
(signal) curves in the upper right panel of Fig. 9).

In the lowest panels of Fig. 9 the ratios of the event rate
compared to the SM are shown. The enhanced trilinear
Higgs couplings lead to a deficit of about 60%—70% in the
lowest mass bins. Such a precision would be needed to
show that a first order EW phase transition is possible
without additional light degrees of freedom.

V. PROSPECTS AT THE HL-LHC

To estimate the prospects for model exclusion/discovery
around the 1 TeV region one can, e.g., use information from
recent searches for resonant di-Higgs production at the
LHC. One such example is an ATLAS search in the bbbb
final state using 139 fb~! of data collected at /s = 13 TeV
[48]. In the M, mass range 1-1.2 TeV ATLAS expects
O(10) signal events over a background of O(100) events
resulting in an excluded cross section around 10 pb. The
signal acceptance times efficiency is around 10% given a
fiducial preselection. Comparing to the particle level
preselected yields in Fig. 8 it seems not possible to make
any exclusion of the benchmark point using only current
LHC Run 2 data. However, with 20 times the data expected
from HL-LHC as shown in Fig. 11, compared to the
ATLAS search example, the situation for exclusion looks
much more promising.

This is of course true for the MSSM benchmark point of
Table II, which has been selected due to its high cross
section. It is important to stress that the cross section
strongly depends on the stop masses, as can be seen in the
central panel of Fig. 2, and that when the mass of the
lightest stop approaches 1 TeV, the MSSM cross section
collapses to values similar to the SM case. The threshold
effects corresponding to 2m;, in the di-Higgs invariant mass
distribution, however, can be seen also when the stop mass
approaches 1 TeV: the excess on the stop threshold is in fact
be compensated by a smooth and continuous depletion at
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FIG. 9. The invariant mass distributions for the two NMSSM benchmarks described in the text. The integrated luminosity is in this
case 3000 fb~!, corresponding to the nominal reach of the HL-LHC phase. The left panels correspond to a case with two light stops with
minimal mixing, while the right panels have a light and a heavy stop. Both have a trilinear Higgs coupling that is larger than that

of the SM.
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FIG. 10. Invariant mass distributions for 3000 fb~! and for

different MSSM benchmark points characterized by different 7;
masses, from 600 GeV to 1 TeV, and m;, = 1600 GeV.

smaller invariant mass values, with higher event counts
than the peak, leading to a total cross section which is
similar to the SM one. This can be seen in Fig. 10 for
different representative MSSM benchmark points charac-
terized by the same value of m;, and different values of m; ,
from 600 GeV to 1000 TeV (couplings are not reported as
not relevant in this context). For m; 2% 800 GeV the
number of expected events is however already small (some
units) at parton level, and therefore the actual observability
of higher masses at HL-LHC is rather challenging, if just
not possible.

The NMSSM benchmarks also introduce large effects at
low invariant M, mass. If one focuses only on the M (hh)
region below the stop mass where an EFT descriptions is
valid, the NP contributions are dominated by the modified
Higgs triple gauge coupling interfering with the rest of the
SM background which is visible in Fig. 9 (labeled MB).
This effect is measured in the experiments using coupling
modifiers (k-framework) or more consistently with an EFT,
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of Table IV.

and it can, as previously mentioned, have important
cosmological implications. The current estimated HL-
LHC 95% exclusion limits for k; using e.g. the ATLAS
experiment is [0, 2.5] [44], while the NMSSM benchmarks
have «; = 1.6. This indicates that the low mass effects
might be detectable during HL-LHC with more accurate
theory modeling such as an EFT or techniques outlined in
this paper, reduced experimental systematic uncertainties
and combinations across different experiments.

Note that the sensitivity estimates made in this section do
not include any di-Higgs signal corrections to account for
missing higher order contributions (K-factors). For NP
processes these are estimated to be in the range K =~
1.6-2.4 [49].

VI. CONCLUSIONS

In summary, we have provided a proof-of-concept that
nonresonant di-Higgs production at the LHC (involving the
SM-like Higgs boson already discovered) can be used as a

proxy to viable models of the EW scale, such as SUSY, via
loop effects induced by low-mass (i.e., nondecoupled) stops
that can appear through both an increase (or decrease) of the
inclusive (integrated) rates and significant shape changes in
exclusive (differential) distributions of the gg — hh process.
Chiefly, among the latter, the invariant mass of the Higgs
boson pair may display a large enhancement or depletion just
above the 2m,, threshold (where the production rates are
maximal) and a local maximum when my, = 2m; (in
correspondence to a loop threshold involving the lightest
stop state), both of which can be used for diagnostic purposes
of the underlying EWSB scenario, separately or simulta-
neously depending on the benchmark point being targeted.
While near the 2m, threshold the effects are more spread out,
the event rate for gg — hh can be enhanced by up to an order
of magnitude compared to that of the SM at the 2m; threshold.

Quite remarkably, this can happen in the absence of stop
cascade signals at the LHC, owing to compressed sparticle
mass spectra which can easily be obtained, in compliance
with current exclusion limits, in two popular SUSY
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realizations, minimal and nonminimal, like the MSSM and
NMSSM, respectively, which we have adopted here. So
that, in the end, the effects investigated in this paper could
well be the first evidence of SUSY (at least of the squark
sector of it) at the LHC during the HL-LHC run.
(Unfortunately, Runs 2 and 3 cannot afford one with
significant sensitivity in this respect.)

In order to prove this, we have resorted to an exact
computational framework implementing a simplified
model approach that, on the one hand, can easily be
translated into any fundamental theory responsible for
EWSB dynamics and, on the other hand, dispenses with
the necessity of invoking any EFT limit of it, as it can
compute (event level) integrated and differential rates for
essentially any BSM spectrum of masses and couplings. In
fact, the framework relies on a deconstruction method
which makes it flexible to study a wide range of scenarios
beyond those described here.

In this paper, we have shown all this being true while
maintaining the ik pair strictly on-shell. However, we have
also argued that such stop loop effects might persist after
backgrounds (both irreducible and reducible) are accounted
for in the most popular channels leading to di-Higgs
detection, following a reconstruction-level MC analysis
that we have performed. This might be the case even
considering both statistic and systematic uncertainties on
the signal, which in our analysis are relatively large due to
its LO nature. Among these, upon an initial assessment
based on existing literature, the 4b channel is likely to be
the one affording an actual experimental study with the best
sensitivity (above and beyond bbyy and bbrtz™), so long
that the QCD-induced background can be brought under
control. We postpone to a future paper the detailed detector
level MC analysis of these final states, including dedicated
selections targeting the described kinematic features.
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APPENDIX A: SIMULATION SYNTAX IN
MGS_AMC FOR DI-HIGGS WITH THE
DECONSTRUCTION METHOD

In this appendix we describe how to obtain the various
terms of Table III using the UFO model in https://hepmdb
.soton.ac.uk/hepmdb:0223.0337. All our simulations have
been made using MG5_AMC version 3.4.1.

The UFO model contains 4 colored scalars, named sg1,
sg2, sqg3 and sqg4. Their trilinear couplings with the
Higgs boson are proportional to the dimensionless param-
eters KHSQ1SQ1l, KHSQ1SQ2..., which multiply a
VEV factor, according to Eq. (9). Each coupling is
associated to a specific coupling order HSQ1SQ1,
HSQ1SQ2... which can be invoked when performing
simulations in MG5_aMC to restrict the number of possible
topologies. The quadrilinear couplings between the squarks
and the Higgs boson are proportional to the dimensionless
parameters KHHSQ1SQ1, KHHSQ1SQ2. . ., according to
Eq. (9). Also for the quadrilinears, specific coupling orders
have been defined, HHSQ1SQ1, HHSQ1SQ2. .., which
allow to select or remove these couplings. Finally, the
modifications to the SM hhh, htt and hbb couplings are
labeled as KHHH, KHTT and KHBB respectively, with
coupling orders HHH, HTTMOD and HBBMOD respectively.
The convention for these couplings is again the same
of Eq. (9).

In order to reproduce the results of this paper, the model
has to be imported in MG5_AMC with a restriction which
removes sg3, sg4 and their corresponding interactions.

[ import model SQ4_diagonalCKM_4FNS_NLO_UFO-sqlsq2

)

While not strictly necessary, the restriction greatly speeds up the calculations by ignoring irrelevant interactions and
propagators. Alternatively it would be enough to set all coupling orders associated to sg3 and sqg4 to zero in the topology-
generation phase, or set all the numerical values of their couplings to zero when generating events. The baseline syntax to
generate di-Higgs is completely analogous to what one does in the SM:

[ generate p p > h h [QCD]

)

However, this syntax alone is not sufficient (and MG5_aMC would raise an error message), as the other couplings orders of
the model have to be specified. In our analysis we want to isolate specific topologies to apply the deconstruction method: a
careful tuning of the coupling orders allow us to do it in an efficient and unambiguous way.
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The SM irreducible di-Higgs background can be obtained in different ways, either by adding to the baseline syntax all

coupling orders associated to NP set to O:

[ aEW=2 HHH=0 HTTMOD=0 HBBMOD=0 HSQ1SQ1=0 HSQ2SQ2=0 HSQ1SQ2=0 HHSQ1SQ1=0 HHSQ2SQ2=0 HHSQ1SQ2=0 ]

or by removing all squarks from propagation and setting only the SM modified coupling orders to O:

[ \ sql sq2 aEW=2 HHH=0 HTTMOD=0 HBBMOD=0

)

The signal and interferences can then be simulated using different combinations of the coupling orders. One example for
each component of Eq. (10) should be sufficient to describe the whole procedure.

L2 A
M: Khth']

[ aEW=1 HHH=1 HTTMOD=0 HBBMOD=0 HSQ1SQ1=0 HSQ2SQ2=0 HSQ1SQ2=0 HHSQ1SQ1=0 HHSQ2SQ2=0 HHSQ1SQ2=0 ]

L1122 Adntf o,
S: Kji7K537051 (i, ,)

[ aEW=1 HHH=0 HTTMOD=0 HBBMOD=0 HSQ1SQ172==1 HSQ2SQ2"2==1 HSQ1SQ2=0 HHSQ1SQ1=0 HHSQ2SQ2=0 HHSQ1SQ2=0 ]

. ~int
MB: ;655

[ QED"2==3 HHH=0 HTTMOD"2==1 HBBMOD=0 HSQ1SQ1=0 HSQ2SQ2=0 HSQ1SQ2=0 HHSQ1SQ1=0 HHSQ2SQ2=0 HHSQ1SQ2=0 ]

SB: k7655 (my,)

[ QED"2==3 HHH=0 HTTMOD=0 HBBMOD=0 HSQ1SQ1°2==1 HSQ2SQ2=0 HSQ1SQ2=0 HHSQ1SQ1=0 HHSQ2SQ2=0 HHSQ1SQ2=0 ]

— ~int
MM K5, Kn0675

[ QED"2==1 HHH"2==2 HTTMOD"2==1 HBBMOD=0 HSQ1SQ1=0 HSQ2SQ2=0 HSQ1SQ2=0 HHSQ1SQ1=0 HHSQ2SQ2=0 HHSQ1SQ2=0 ]

SS: Kk 7 (K7) 7665, (ms, )

[ QED=0 HHH"2==1 HTTMOD=0 HBBMOD=0 HSQ1SQ1~2==1 HSQ2SQ2=0 HSQ1SQ2°2==2 HHSQ1SQ1=0 HHSQ2SQ2=0 HHSQ1SQ2=0 ]

. 11  Aint
MS: KpnKniK) 70555 (M4,)

[ QED=0 HHH"2==1 HTTMOD"2==1 HBBMOD=0 HSQ1SQ1=0 HSQ2SQ2=0 HSQ1SQ2=0 HHSQ1SQ1°2==1 HHSQ2SQ2=0 HHSQ1SQ2=0 ]

MSB: K (k)37)° 8545 6 (m7,)

[ QED"2==1 HHH"2==1 HTTMOD=0 HBBMOD=0 HSQ1SQ1°2==2 HSQ2SQ2=0 HSQ1SQ2=0 HHSQ1SQ1=0 HHSQ2SQ2=0 HHSQ1SQ2=0 ]

APPENDIX B: TRILINEAR HIGGS COUPLING IN
THE MSSM AND THE NMSSM

In the SM the Higgs potential is particularly simple. The
Higgs self-interactions arise solely from the term 4| H|*. Since
A also determines the Higgs mass, we get a unique prediction

2.2
g-my

Asm = . B1
SM 8, (B1)

In the MSSM it is easier to achieve the 125 GeV mass in
the large tan 8 regime. In such a case the SM-like Higgs in
the alignment limit is practically the neutral component of
the H, doublet. Thus the only relevant term of the loop-
corrected scalar potential that is relevant for the SM-like
Higgs mass generation is of the form A.|H,|* and hence
necessarily A.g =~ Agy in the MSSM. This is why you never
get large deviations in the quartic or trilinear Higgs
coupling in the MSSM.
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In the NMSSM the situation is different. In addition to
the standard MSSM D-terms, you get an extra quartic term
in the Higgs potential, |1|>|H,,H 4|, which is relevant to the
Higgs mass generation, if tanf is low or moderate. This
leads to the well-known mass bound of Eq. (7). From the
previous argument it is obvious that in the large tan ff region
it is possible to get the correct Higgs mass, but no
deviations from the SM value of the Higgs self-coupling.
With tan f close to one the situation is different.

We now assume that the singlet state is decoupled, so
that the soft trilinear interaction A;H,H ;S is irrelevant for
the Higgs self-coupling. At tree-level the quartic self-
coupling and the Higgs masses arise from the following
terms of the scalar potential

2 ”
gty 1
V(HY). H)) = 5 ||HO* = [HG*? vLZIiIZIHEHSI2
Vs v; 0 170
+ Alﬁ+’</1? Hqu... (B2)

When the mass matrix is computed, the contribution of
the bilinear term comes in a form that leaves no contribu-
tion to the SM-like Higgs mass, just like the soft SUSY
breaking B,H,H, term does not contribute to the Higgs
mass in the MSSM. Terms of the form of |HIHY|* do not
contribute to the diagonal elements of the mass matrix as
they get eliminated by the tadpole equations. Hence we get
two types of contributions to the mass matrix that affect the
SM-like Higgs mass: diagonal elements from |HY |,
which come with a factor (from differentiating the poten-
tial) of 4 x 3 and off-diagonal elements from |HHY|?,
which come with a factor of 2 x 2, in addition there are

factors depending on /5. As we typically have tan > 1, the
most important contributions are those from |HY|* and
|HYHY|?, which have relative weights of sin® # and cos? j,
respectively. Hence any effect from the |A|*> term gets
suppressed as tan # increases.

In the trilinear Higgs coupling the relative factors are
different, one gets a factor of 4 for the |H)|* term and two
contributions with factors of 2 from |[HYHY|?, again the
former having a factor of sin” 8 and the latter having a factor
cos? 8. Therefore the relative contribution of the |HHY|?
term to the trilinear Higgs self interaction is larger than to its
mass. Hence if 4 is larger than the gauge couplings, it will
enhance the Higgs trilinear from its SM value and if it is
smaller, it will reduce it. However, this effect is suppressed
by cos? f3, so you can only have a significant deviation in the
region 1 < tan# < 3. Obviously, the precise computation of
the trilinear Higgs coupling will need the loop corrections to
the scalar potential (B2), but this tree-level discussion should
allow us to understand the results.

The enhancement is relatively easy to combine with any
stop masses, as the tree-level contribution reduces the need
of large loop corrections, so you can always find a suitable
level of stop mixing. The parameter space, where the Higgs
trilinear is smaller than in the SM is very narrow. The best
chances are when the singlet-dominated state is lighter than
the SM-like Higgs so that the mixing can push the SM-like
Higgs mass up [50]. Even in that case large loop corrections
are typically needed, so heavy stops and sbottoms are
preferred. In addition, as the singlet is not decoupled, you
cannot neglect the trilinear soft interaction term A;H,H S,
so that scenario is more complex than the case where the
trilinear coupling is enhanced.
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