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well as e*e™ colliders. These findings are then compared with constraints derived from searches
for missing transverse energy at the LHC and from experiments related to dark matter.
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1. Introduction

The discovery of the Higgs boson [1] at the LHC [2] has allowed for extensive studies of its
properties and provided constraints on new physics models. Supersymmetric models have been
of particular interest, as they offer an extended particle spectrum and an expanded Higgs sector.
Although current LHC studies have placed stringent bounds on the masses of new particles, super-
symmetry remains a valuable benchmark for new physics searches. Precise measurements of the
Higgs boson’s mass and its couplings to Standard Model (SM) particles are crucial for understand-
ing electroweak symmetry breaking, exploring new physics contributions, and setting constraints
on parameter spaces. These constraints must be compared with direct searches for heavier Higgs
bosons and supersymmetric particles. The LHC experiments have already established significant
limits, and future runs will continue to probe heavier supersymmetric particles. Understanding the
interplay between Higgs physics and supersymmetry, as well as the impact of Higgs measurements
on parameter reconstruction, is essential. The future e*e™ collider, following the LHC era, will
provide more precise measurements covering all Higgs decay channels. This contribution addresses
these issues by studying the relationship between Higgs coupling modifiers and fundamental super-
symmetric parameters, as well as the sensitivity of Higgs measurements to supersymmetry. The
study focuses on the phenomenological Minimal Supersymmetric extension of the Standard Model
(pPMSSM) [3] and compares the constraints derived from Higgs properties with those from direct
supersymmetry searches, flavour physics, and dark matter searches. We refer the reader to [4] for
more details on the analysis and references.

2. Higgs Properties in the pMSSM

In the MSSM, the presence of two doublets of complex scalar fields, H,, and H,, is necessary
to spontaneously break the electroweak symmetry. This results in five Higgs states: two C P-even
Higgs bosons (h and H, with h considered the lightest), a C P-odd Higgs state (A), and two charged
Higgs bosons (H*). The masses and couplings of these Higgs bosons in the MSSM depend mainly
on two input parameters: the pseudoscalar Higgs mass (M4) and the ratio of the two vacuum
expectation values (tan ). However, the radiative corrections to the Higgs sector involve many
other MSSM parameters, which are known to be crucial.

For the analysis of the Higgs sector, we adopt the pMSSM framework. This framework
assumes that all soft SUSY-breaking parameters are real, there is no new source of C P-violation, the
matrices for sfermion masses and trilinear couplings are diagonal (implying no flavour change at tree
level), and the soft SUSY-breaking masses and trilinear couplings of the first and second sfermion
generations are the same at the electroweak symmetry breaking scale. By making these assumptions,
the pMSSM reduces the number of input parameters to 22. These parameters include tan 8, M4,
u, My, M, M3, MG, Mg, M M, Mg, Ay, Ap, Az, and mg, myy, Mmj.,myp, Mg representing the
trilinear couplings and mass parameters of various SUSY particles.

In most cases, the first and second generation trilinear couplings (A,,, A4, and A.) have minimal
significance and can be ignored or equated to those of the third generation, resulting in a practical
model with 19 basic parameters. This approach enhances predictability and provides a suitable and
generic framework for comprehensive phenomenological studies in the MSSM.
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3. Higgs couplings

The tree-level couplings of the neutral MSSM Higgs bosons to the up-quarks, down-quarks and
charged leptons and vector bosons normalised to SM are given in Table 1 as functions of the Higgs
mixing angle & and 8. The decoupling limit is reached for large M4 such that —sina/cos 8 — 1,
and the light Higgs couplings become equal to the SM Higgs ones.

¢ 8 puin 8¢add = 8etl govv
cosa/sinf3— 1 —sina/cosB—1 | sin(B—-a)— 1

h
H | sina/sin— —cotfB | cosa/cosf—tanfB | cos(B—a)— 0
A cotf tan 8 0

Table 1: MSSM tree level Higgs couplings relative to the SM couplings. The arrows give the values in the
decoupling limit corresponding to M4 > M.

The Higgs couplings can however be modified by QCD and EW corrections involving SUSY
particles in the loops, and in particular [5, 6]:

goff = Snri >1_ Ay o
hff l+Af | tanatanf|’
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eff .
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where f stands for fermions and Ay incorporates the QCD and EW corrections. The SUSY-QCD
corrections can make [A¢| ~ 1.

The LHC has provided measurements of the Higgs couplings. Table 2 shows a summary of
the experimental measurements and projections for the coupling modifiers, i.e. effective Higgs
couplings normalised to their SM values, which have been determined from the production and
decay rates in many different channels measured at the LHC.

In the following, we discuss the possibilities to distinguish the MSSM Higgs from the SM
Higgs.

4. LHC constraints and pMSSM

We perform flat scans over the pMSSM 19 parameters varying all the masses between 0 and 6
TeV, the trilinear couplings between -15 and 15 TeV, and tan S between 1 and 60 [8]. The master
program is based on Superlso [9], we generate the MSSM spectra with SOFTSUSY [10] and
compute the Higgs boson decay widths and couplings with HDECAY [11], and dark matter related
observables with Superlso Relic [12]. We keep only the parameter points for which the lightest
supersymmetric particle is a neutralino (constituting a dark matter candidate) and a light Higgs
mass of 125 + 2 GeV.

We first study the effect of experimental selections from LHC high-pr searches. For this
purpose, we use many different SUSY and Higgs search channels in order to assess whether a



Higgs properties and supersymmetry

F. Mahmoudi

ATLAS | ATLAS | 1ILC ILC | FCC-ee

Coupling 13 TeV 14 TeV || 250GeV | 1TeV | 365 GeV

modifier | 25-79.8 fb~'* | 3ab~! t 2 ab~! 8 ab~! 1.5ab!
kw 1.05+0.09 | £0.022 | +0.0180 | £0.0024 | +0.0043
kz 1.11+£0.08 | +0.018 || +0.0029 | +0.0022 | +0.0017
kq 1.03+%:13 .0 - +0.016 -
kp 1.09*0-1% 0L | £0.0180 | +0.0048 | +0.067
ke 1.05%0:16 H0.08 || £0.0190 | +0.0057 | +0.0073
kg 1.05£0.00 | *0032 | +£0.0230 | £0.0066 | +0.0100
ky 0.99*010 0y || £0.0670 | +0.019 | +0.0390

Table 2: Experimental determination of the Higgs coupling modifiers. The second column corresponds to
the current values determined by ATLAS, the third one to projections of the uncertainties at the end of the
HL-LHC run. The next columns correspond to projections of the uncertainties at the ILC and FCC-ee [7].

pMSSM point is excluded or not. Since the pMSSM is an unconstrained scenario, the constraints
on the SUSY masses are less strict than in simplified scenarios. Figure 1 shows the fractions of
pMSSM points incompatible with LHC data as functions of the gluino and stop 1 masses. As can
be seen in the figure, the gluinos can be as light as 1 TeV, stops as light as 400 GeV in the pMSSM,
and the constraints are very loose for the pseudoscalar Higgs boson and charginos.
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Figure 1: Fraction of pMSSM points excluded by LHC high-p7 search data, with the current 140 fb~! and
extrapolated to 300 fb~! as a function of the gluino and stop 1 masses.

Next we consider the constraints from light Higgs coupling measurements, as given in Table 2.
The branching fractions of the & bosons in our pMSSM scans in the bb, W*W~ and ZZ and t+7~
decay channels normalised to the SM predictions are shown in Figure 2. As can be seen, most
of the pMSSM points have coupling modifiers in agreement with the experimental results, and «p
varies over a large range. An important effect with significant impact on «x; comes from the Ap
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Figure 2: Distributions of 4 decay branching fractions normalised to their SM prediction, u, for the bb
(top), W*W~ and ZZ (second from top), 777~ (bottom) and yy (second from bottom) channels for pMSSM
points.

correction [13]:

A 2w mgu tan 8 m? A;utan S8 @)
b= ’
3n 2 mZ , m? 2)2 gin? 2 m?,m?
max(mg,mb],mbz) 872v2 sin” f max(u ’mtl’mzz)

which is proportional to u tang and can in principle be as large as 1, in particular in the large gluino
mass limit or large A;.

However, there exists only a mild correlation between y tan 8 and upp, and the small shifts are
dominated by deviations of the mixing angle « from the SM limit. This is due to a suppression of
the A, corrections in the region of M 4 still compatible with the experimental constraints.

We present a comparison of the coupling modifier distributions, kx, for the valid pMSSM
points in our scans with those obtained for points not excluded by direct searches in Run 2 and with
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Figure 3: /1 Higgs boson coupling modifiers, kx, to b quarks (upper left), T leptons (upper right), top quarks
(lower left) and gluons (lower right) for all valid pMSSM points and those not excluded by the LHC Run 2
searches compared to the present measurements by the ATLAS [14] and CMS [15] experiments. The lower
panels show the fractions of non-excluded pMSSM points as a function of kx.

the current experimental measurements (Figure 3). Additionally, we examine the coupling modifier
values, kx, obtained from correlating particles using the LHC data (Figure 4). It is worth noting that
the current experimental accuracy encompasses the range of predictions from the pMSSM. Thus,
it can be said that the properties of the observed Higgs boson are both SM-like and MSSM-like.
However, a fraction of the pMSSM solutions is found to be inconsistent with these measurements,
and further testing will be carried out at the HL-LHC and potentially at an e*e™ Higgs factory. It
is interesting to investigate the coupling properties of the points that are predominantly excluded
by direct searches. When comparing the distributions of xx for all valid pMSSM points with
those not excluded by direct LHC searches for heavy Higgs bosons and SUSY particles in missing
E7 channels, we observe that the preferentially excluded pMSSM points lie in the tails of the «;
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Figure 4: pMSSM valid points (dark colour) and points not excluded by LHC searches (light colour) in the
Kp vs. ky (upper left), «; (upper right), «,, (lower left) and «, (lower right) parameter planes. Superimposed
are the experimental contours at 95% C.L. of ATLAS and CMS.

distributions, deviating significantly from the SM predictions where xx = 1. The decrease in the
number of pMSSM points at « values substantially higher than the SM expectations for b quarks and
7 leptons, caused by the SUSY searches, is primarily attributed to the constraint on M 4 imposed by
the H/A — 7+t~ channel searches.

5. Invisible Higgs decays and DM direct detection

If the mass of the neutralino LSP is less than half the mass of the Higgs boson, the Higgs
boson can decay into pairs of neutralinos. The rate of invisible Higgs decays provides limits on
the neutralino LSP mass. The coupling between the Higgs boson (%) and the neutralinos (y) also
affects the scattering cross section of neutralinos with protons (y p), creating a correlation between
the decay rate of 1 — y y, the scattering cross section, and the neutralino relic density (€2 )2(1)).
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Figure 5: Predicted spin-independent y N scattering cross section on nucleons, as a function of M 0 values
with highlighted pMSSM points with sizeable & — y y branching fractions. Points with sizeable h - XX
branching fractions are shown in colour, the darker shade indicating those with branching fractions exceeding
the ATLAS upper bounds on invisible Higgs boson decays [19]. The line represents the upper bound from
the XENON-1T data [20]. The lower panel has the y N scattering cross section values rescaled by Q, /Qcpm.

A higher rate of invisible Higgs decays implies a larger scattering cross section for yp due
to the enhanced coupling between 4 and yy. Figure 5 illustrates the predicted spin-independent
scattering cross section of neutralinos with nucleons (yN) for a subset of pMSSM points with low
M 0 highlighting points with significant # — y y branching fractions. Bounds on the y scattering
cross section impose constraints on the Higgs invisible decay rate, as shown in Figure 5. Even
when rescaled by the ratio Q, /Qcpwm for points with lower neutralino relic density than the current
PLANCK result for Qcpwm, these bounds remain relaxed but not invalidated.

Specifically, the XENON-1T experiment’s upper limit on the scattering cross section of neu-
tralinos with nucleons, obtained from a 1.0-ton-yr exposure and applied to neutralino masses below
My, /2, removes the majority of MSSM solutions with a branching ratio of & — y x above 0.01.
It provides a competitive constraint compared to the direct upper bound on Higgs invisible decays
within the MSSM, which is 0.11 [16-19]. This is significant as the lightest neutralino is assumed
to be the only source of dark matter in the MSSM.

As a result, the invisible Higgs decay rate is likely to be below the sensitivity of the LHC,
determined either directly through ZH and vector boson fusion (VBF) production or indirectly
through the sum of Higgs rates. This makes the measurement of the invisible Higgs decay rate
unique to the e*e™ collider program. In a pMSSM scenario with a neutralino mass of M, = 58.3
GeV, the fit to the Higgs branching fractions enables the indirect reconstruction of the neutralino
mass with a relative statistical accuracy better than 10%.
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Figure 6: Reconstruction of M4 at ILC 1 TeV from Higgs decay measurements. Details on the properties
of the original pMSSM points are provided in the table.

6. Determination of SUSY parameters at ILC

We examine the possibility of reconstructing the MSSM parameters by measuring more pre-
cisely the Higgs couplings at a future Higgs factory. Considering the optimal case of an ILC with
1 TeV energy in the center of mass, we study benchmark points which are currently compatible
with Higgs and SUSY direct searches, with masses as low as 434 GeV and at low tan 8 between 3
and 10. The SUSY particles do not have a significant effect on the BRs, so the main sensitivity is
to M4 and tan S.

In Figure 6 we show the reconstructed pseudoscalar Higgs mass as a function of the expected
mass for all the benchmark points. The reconstruction is very precise for light M4 and the
uncertainties increase with M4, but it is still possible to reconstruct a mass of 1 TeV.

7. Summary

The study of the Higgs boson’s properties provides valuable insights into physics beyond the
Standard Model, particularly in supersymmetric models like the MSSM. This analysis explores
how supersymmetric corrections affect the Higgs boson’s couplings and decay rates, considering
relevant MSSM parameters. Comparisons are made between the constraints derived from Higgs
measurements and those obtained from direct searches at the LHC. The findings indicate that
while the pseudoscalar Higgs mass has a significant impact, other MSSM parameters have limited
influence on Higgs couplings and decay rates. The results highlight that current and future collider
measurements can exclude certain MSSM scenarios and provide indirect information about the
pseudoscalar Higgs mass. Overall, the observed Higgs boson’s properties align not only with the
Standard Model but also with characteristics of the MSSM.
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