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Abstract: The hMSSM is a special parameterization of the minimal supersymmetric
extension of the Standard Model (MSSM) in which the mass of the lightest Higgs boson is
automatically set to the LHC measured value, Mh=125GeV, by adjusting the supersym-
metric particle spectrum such that it provides the required amount of radiative corrections
to the Higgs boson masses. The latter spectrum was in general assumed to be very heavy,
as indicated by the present exclusion limits of the LHC, not to affect the phenomenology of
the Higgs sector. In this work, we investigate the impact on the hMSSM by a light gaugino
and higgsino sector, that is allowed by the present LHC data. In particular, we discuss
the radiative corrections due to charginos and neutralinos to the Higgs boson masses and
couplings and show that an hMSSM can still be realized in this context. We first describe
how this scenario is implemented in the package SuSpect that generates the MSSM Higgs
and supersymmetric spectra. We then analyze the possible impact of Higgs boson decays
into these new states, as well as the reverse cascade channels with Higgs bosons in the
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final states, for the constraints on the MSSM Higgs sector at the LHC. We further explore
the cosmological constraints on the hMSSM with a light gaugino-higgsino spectrum. We
analyze the relic abundance of the lightest neutralino as a candidate of the dark matter
in the Universe and the constraints on its mass and couplings by the present and future
astroparticle physics experiments.
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1 Introduction

The search for Higgs bosons, in addition to the one discovered by the ATLAS and CMS
collaborations in 2012 [1, 2] which completed the particle spectrum of the Standard Model
(SM), is one of the main missions of the LHC experiments. Such particles are predicted in a
plethora of extensions of the SM. This is particularly the case of supersymmetric theories [6–
10] which address one of the main theoretical issues of the SM Higgs sector, namely the
hierarchy problem and the instability of the Higgs boson mass against very high energy
scales. In its most economical version, the minimal supersymmetric SM (MSSM) [10, 11],
the theory requires the existence of two Higgs doublet fields that lead to five Higgs states in
the particle spectrum: two CP-even h and H , a CP-odd or pseudoscalar A and two charged
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H± states [12–15]. While the h boson is identified with the one which has been observed at
the LHC and measured to have a mass of Mh=125.09GeV and SM-like couplings to the
known fermions and weak gauge bosons [3–5], the other Higgs particles are expected to be
heavy enough as to escape detection at the current stage of the experiments [16–23].

One of the attractive features of the MSSM is that, despite of its complexity, the
Higgs sector can be described by two free parameters at the tree level, compared, for
instance, to the 7 parameters needed in the case of a general two-Higgs doublet model [24].
This allows the model to have some predictability despite of its rich Higgs sector and to
allow for rather straightforward phenomenological analyses. Unfortunately, such a simple
picture is spoiled when radiative corrections, which turn out to be quite important in the
Higgs sector [25–29], are taken into account. In this case, the numerous SUSY parameters
enter the characterization of the Higgs sector and make any analysis a daunting task. One
solution to ease the problem is to resort to benchmark scenarios that are representative of
the phenomenology of the model, in which one keeps free the two basic input parameters
and fixes all the additional ones entering the loop corrections. These benchmarks have
been proposed quite early [30–33] and have been used for a long time by theorists and
experimentalists in MSSM Higgs studies, in particular before the discovery of the h boson.

One drawback of these benchmark scenarios is that, when varying the relevant input
parameters, the mass of the h Higgs state which is extremely sensitive to radiative corrections
has to also vary and might exceed significantly the experimental value of Mh'125GeV.
One way out of this problem, would be to enforce the h mass to be equal to its true value
and, hence, to use it as an input from the very beginning; this is the essence of the hMSSM
scenario proposed a decade ago [34, 35]. This is made feasible by the fact that by far the
dominant correction that enters in the MSSM Higgs sector and, hence, in the CP-even Higgs
masses, appears in one single block [39–51] that can be traded against the mass parameter
M2
h . Hence, to an approximation which has been shown to be very good [33–35] (see also

refs. [36, 37]), one can still describe the radiatively corrected MSSM Higgs sector with only
two parameters as at the tree level, while keeping the h mass at its measured value. This is
particularly true for very large masses of the superpartners of the SM fermions, in particular
those of the top squark which have the largest Higgs couplings and hence contribute mostly
to the loop corrections.1

The hMSSM is currently used by the ATLAS and CMS collaborations in their study of
the MSSM Higgs sector and in setting the constraints on its parameter space from their
searches of the heavier Higgs states H,A and H±, in the various discovery channels. One
implicit assumption of the hMSSM, though, is that all SUSY particles should be heavy
enough (or should couple very weakly) to these Higgs states. While this can be certainly
true in the case of the strongly interacting superparticles, the squarks and the gluinos, which
should be (have been) constrained to have masses above a few TeV (at least 2TeV) from
the negative LHC searches [53], this is not the case of the weakly interacting superparticles.
Nevertheless, for the O(1TeV) masses that are being currently probed at the LHC, sleptons
generate small contributions to the radiative corrections and have a limited impact on the
MSSM Higgs sector in general. In turn, the charginos and neutralinos, the mixtures of the

1For a recent different Mh input setup in the MSSM, that does reduce the number of input parameters
but rather determines semi-analytically the trilinear coupling At(Mh), see ref. [52].
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gauginos and higgsinos, the superpartners of the gauge and Higgs bosons, are expected to
be lighter and might couple substantially to the Higgs particles.

One should therefore allow, in the context of the hMSSM, for the description of
the phenomenology of these particles and their interplay with the Higgs sector. This is
particularly important as in the next Run II and the higher luminosity LHC runs [54–58], a
large data sample could be collected which would allow to have sensitivity to the channels
in which the MSSM Higgs bosons could decay into charginos and neutralinos. In fact, this is
also important for the reverse processes in which it is these weakly interacting superparticles
that could decay into the various Higgs bosons, including the heavier Higgs states, which
will be closely studied by the up coming experiments.

From a rather different perspective, another very interesting and attractive feature of
supersymmetry in general, and the MSSM in particular, is that the lightest SUSY particle
(LSP) identified with the lightest of the four neutralinos, can be made absolutely stable
by virtue of a discrete symmetry called R-parity [59]. This particle might thus form the
dark matter (DM) in the Universe and in fact, for a long time it was thought as the best
DM candidate [60]. If the sfermions are very heavy as indicated by current LHC data,
the neutral MSSM Higgs states can serve as the privileged portals to the DM neutralino
in a large area of the parameter space [61]. The hMSSM should therefore describe these
astroparticle aspects too.

Hence, it is necessary to extend the original hMSSM scenario in order to cope with
these interesting possibilities for collider searches in the context of an intertwined MSSM
Higgs and gaugino-higgsino sectors, and to address the astrophysical issues in which the
dark matter formed by the lightest neutralino interacts through the MSSM Higgs portal.
This is the main scope of this paper. We will extend the hMSSM in which the Higgs sector
is described as usual by two parameters, taken to be the CP-odd Higgs mass and the
ratio of vacuum expectation values (vevs) of the two Higgs doublets fields tanβ , and we
link it to the chargino and neutralinos sectors which are described by three additional
parameters, namely the two soft-SUSY breaking gaugino mass parameters M1 and M2 and
the (supersymmetric) higgsino mass parameter µ [62, 63]. The interplay of the two sectors
of the theory will be explored in detail.

After discussing how such a scenario is implemented in one of the major numerical
packages that generate the supersymmetric spectrum, the program SuSpect [64], we will
analyze the impact of the radiative corrections of the supersymmetric sector to the Higgs
boson masses and couplings, including the so-called direct corrections to the Higgs-fermion
couplings. We will then analyze the contributions of these superparticles to loop induced
Higgs decays, the impact of the chargino and neutralinos in MSSM Higgs decays and the
decays of these SUSY states into Higgs bosons. The impact of these new channels on the
LHC constraints on the Higgs sector will be highlighted. Finally, we perform an updated
analysis of the phenomenology of the lightest neutralino DM in the hMSSM, study its relic
abundance and the constraints and prospects for direct and indirect detection experiments
and the complementarity of these searches in connection to those performed at colliders.

The paper is organized as follows. In the section 2, we present the hMSSM including
the chargino and neutralino sector and its impact on the radiative corrections to the Higgs
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masses and couplings, and discuss how the model is implemented in the program SuSpect. In
section 3, we analyze the LHC constraints on the gaugino-higgsino sector and, in section 4,
the collider constraints on the Higgs sector when these new particles are included in the
analyses. Section 5 studies systematically the dark matter implications in the hMSSM and
how it is tested by the present astroparticle physics experiments. Finally, we present our
conclusions in section 6.

2 Theoretical setup

2.1 Formulation of the hMSSM

In the MSSM, two doublets of complex scalar fields are necessary to spontaneously break
the electroweak symmetry, leading to a spectrum of five Higgs states: two CP-even h and
H bosons, a pseudoscalar A boson and two charged H± bosons [12–15]. At tree-level, the
Higgs sector can be simply described by two basic parameters, taken usually to be the ratio
of vevs tan β and the mass MA of the pseudoscalar state. For a large value of the latter,
MA �MZ , one is in the so called decoupling regime where the three heavy Higgs states
are almost degenerate in mass while the lighter one reaches it maximal mass value,

MH ≈MH± ≈MA and Mh 'MZ | cos 2β| < MZ . (2.1)

The Higgs couplings to fermions and gauge bosons are given in terms of tanβ and the angle
α that diagonalises the 2× 2 mass matrix of the two CP-even h and H states

M2 =
[
M2
Z cos2 β +M2

A sin2 β −(M2
Z +M2

A) sin β cosβ
−(M2

Z +M2
A) sin β cosβ M2

Z sin2 β +M2
A cos2 β

]
. (2.2)

Compared to their SM values, the Yukawa couplings gφf for isospin up- and down-type
fermions and the reduced Higgs couplings to the V = W,Z bosons are given by [12–15]

ghu = cosα
sin β , ghd = − sinα

cosβ , ghV = sin(β − α) ,

gHu = sinα
sin β , gHd = cosα

cosβ , gHV = cos(β − α) ,

gAu = cotβ , gAd = tan β , gAV = 0 . (2.3)

In the decoupling limit MA �MZ in which one has α→ β − π
2 , the h couplings reduce to

those of the SM Higgs boson, ghX → 1 with X = u, d, V , while those of the H state (as well
as the ones of the two H± states) follow asymptotically the A couplings, gHX → gAX .

This simple description of the MSSM Higgs sector with only two basic parameters is
as well known spoiled by radiative corrections in which all MSSM parameters in principle
enter [25–29]. Nevertheless, the by far largest correction is contained into one single term:
the correction to one of the elements of the CP-even Higgs mass matrix eq. (2.2), ∆M2

22.
The dominant contribution to this element, coming from the top-stop sector, is quadratic in
the top quark mass or Yukawa coupling λt=

√
2mt/v sin β and involves the logarithm of the

– 4 –



J
H
E
P
0
5
(
2
0
2
3
)
0
9
5

SUSY scale, defined in terms of the two stop squark masses MS =√mt̃1
mt̃2

. In particular,
in the decoupling limit, one has for this large correction at one-loop [39–41]

∆M2
22 ∼

3 m̄4
t

2π2v2 sin2β

[
log M

2
S

m̄2
t

+ X2
t

M2
S

(
1− X2

t

12M2
S

)]
, (2.4)

where Xt is the stop mixing parameter given, in terms of the trilinear coupling At in the
stop sector2 and the higgsino mass parameter µ, by Xt=At−µ/ tanβ which maximizes the
radiative corrections for the special value Xt =

√
6MS ; m̄t is the running MS top quark mass

introduced to account for the leading two-loop radiative corrections in a renormalisation-
group (RG) improved approach. The two entries ∆M2

11 and ∆M2
12 of the radiatively

corrected Higgs mass matrix extension of eq. (2.2) do not involve large O(m4
t ) radiative

corrections and one has in general

∆M2
11,∆M2

12 � ∆M2
22 . (2.5)

The non-leading corrections [25–29] enter in all ∆M2
ij terms of the correction matrix

such as those controlled by the b-quark Yukawa coupling λb =mb/v cosβ which at large
values of tanβ becomes relevant, the corrections proportional to λ2

t or λ2
b or those originating

from the gaugino sector which, in addition, introduce a dependence on the gaugino mass
parameters M1,M2,M3 and the higgsino mass parameter µ. However, these contributions
are much smaller than the leading one stemming from the top-stop contribution and they
can be ignored in general [25–29]. This will be explicitly discussed in section 2.3 for the
corrections stemming from the gaugino-higgsino sector.

In the approximation above, the maximal value of the h boson mass is given by

M2
h →M2

Z cos2 2β + sin2 β∆M2
22 , (2.6)

close to the decoupling regime with MA∼ O(TeV) and the experimentally measured value
Mh ' 125GeV is obtained if the following conditions are met (see refs. [65–67] for instance):
have relatively high tanβ values, tanβ >∼ 5, such that cos2 2β ≈ 1, have very heavy stop
squarks, MS

>∼1–3TeV to generate the large logarithmic corrections and, eventually, have a
stop mixing parameter Xt ≈

√
6MS to be in the so-called maximal mixing scenario as to

maximize the stop loop contributions [30–32].
One should note that the system defined for instance in the approximation of eq. (2.4)

is more constrained in the decoupling regime in which the Mh limit of eq. (2.6) is obtained.
Indeed, for a given tanβ value and in a given scenario for stop mixing, such as the no stop
mixing Xt=0 or maximal mixing Xt/MS =

√
6 scenarios, the lightest Higgs mass is related

to log(MS/m̄t). In particular, to achieve the h mass measured value Mh'125GeV, a very
high SUSY scale, MS ≈ 500TeV, is required in the optimistic case of maximal mixing to
comply with low tanβ values, tanβ ≈ 1 [35]. This SUSY scale reduces to MS ≈ 1TeV for
tanβ >∼ 10. In the no-mixing case, the resulting scale MS in this approximation should be

2To ease the discussion, we use in the expressions above and below, the simplification Xt ≈ At which
occurs for sufficiently low µ and/or high tan β values.
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raised by several orders of magnitude to allow for values tanβ ≈ 1 and raised by a factor of
three, MS ≈ 3TeV, to allow for tanβ >∼ 10.

In any case, using the eigenvalue equation for the 2×2 symmetric CP-even Higgs mass
matrixMij , one may always formally trade e.g. the full matrix elementM2

22 by M2
h when

the measured Higgs mass value Mh ' 125GeV is properly taken into account. Consequently,
provided that ∆M2

11,∆M2
12 are sufficiently small, and more precisely [38]

∆M2
11 �M2

11|tree , ∆M2
12 �M2

12|tree , (2.7)

∆M2
22 can be traded against Mh and the MSSM Higgs sector can be, as at tree-level, again

described with only two free parameters such as tanβ and MA [34, 35, 68–73]. Indeed, one
can then write

∆M2
22 = M2

h(M2
A +M2

Z −M2
h)−M2

AM
2
Z cos2(2β)

M2
Z cos2β +M2

A sin2β −M2
h

, (2.8)

with ∆M2
22 being the full correction and not only the approximation given in eq. (2.4), and

obtain the H boson mass and the mixing angle α, which will be simply given by

M2
H = (M2

A +M2
Z −M2

h)(M2
Z cos2β +M2

A sin2β)−M2
AM

2
Z cos22β

M2
Z cos2β +M2

A sin2β −M2
h

,

α = − arctan
(

(M2
Z +M2

A) cosβ sinβ
M2
Z cos2β +M2

A sin2β −M2
h

)
, (2.9)

while the mass of the charged Higgs state, which is not significantly affected by radiative
corrections, can be still expressed by the tree-level relation, namely [74, 75]

MH± '
√
M2
A +M2

W . (2.10)

This approach, which was dubbed hMSSM in refs. [34, 35], has been shown to provide
a very good approximation of the MSSM Higgs sector when sfermions and in particular
stop squarks, are rather heavy; see also the related analyses of refs. [33, 36–38].

In our study here, we consider the usual hMSSM for the Higgs sector with only two
inputs tan β and MA and assume the sfermions to be too heavy to have a phenomenological
impact on it, i.e. they will be integrated out and decoupled from the low energy spectrum.
To cope with the severe LHC bounds [53], the gluino mass parameter will be also assumed
to be large, mg̃ ≈M3 >∼ 3TeV. In turn, the gaugino parameters M1,M2 and the higgsino
one µ that enter the electroweak sector will be assumed to be in the few 100GeV range,
leading to charginos and neutralinos that could be accessible at the LHC.

To describe their full impact on the Higgs sector, we would thus need five basic input
parameters in our set-up. We will nevertheless assume some relation between the wino and
bino mass parameters, defined at the electroweak scale, to reduce the number of inputs.
Besides the GUT relation M1' 1

2M2, we will mainly study the possibilities of wino and
bino masses such that M2 = M1, M2 = 10M1 and M2 = 1

10M1 that lead to interesting
phenomenological implications.
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2.2 Light neutralinos and charginos in the hMSSM

Let us now briefly introduce and discuss the gaugino and higgsino sectors of the theory and
summarize their interplay, when they involve a relatively light spectrum, with the MSSM
Higgs sector. The bino, the three winos and the four higgsinos mix to generate the physical
states, namely the four chargino χ±1,2 and the four neutralino χ0

1−4 Majorana particles. The
lightest neutralino χ0

1 is in general (and definitely in our case) the lightest SUSY particle or
LSP which is assumed to be stable and constitutes the dark matter candidate. The inputs
in this sector are taken to be µ,M1,M2 together with tanβ. While the real parameter µ
takes both signs, M2 and M1 are assumed to be real and positive.

The chargino mass matrix, in terms of the input parameters above, simply reads [10]

MC =

 M2
√

2MW sin β
√

2MW cosβ µ

 . (2.11)

The two chargino (and their CP-conjugate) eigenstates χ±1 and χ±2 as well as their masses
are determined via a unitary transformation U∗MCV

−1 =diag(mχ±1
,mχ±2

) with U, V being
unitary matrices. In the interesting limit |µ| � M2, the lightest (heaviest) charginos
correspond to pure winos (higgsinos) with masses mχ±1

'M2 (mχ±2
= |µ|). In the opposite

M2 � |µ| limit, the roles of the states χ±1 and χ±2 are simply reversed.
In the case of the neutralinos, the four-dimensional mass matrix depends on the same

three parameters above, namely µ, M2 and tanβ, and in addition, on the bino mass M1. In
the basis (−iB̃,−iW̃3, H̃

0
1 , H̃0

2 ), with the mixing angles β and θW , it has the form [10]

MN =


M1 0 −MZ sin θW cosβ MZ sin θW sin β
0 M2 MZ cos θW cosβ −MZ cos θW sin β

−MZ sin θW cosβ MZ cos θW cosβ 0 −µ
MZ sin θW sin β −MZ sin θW sin β −µ 0

 .
(2.12)

The neutralino eigenstates χ0
1,2,3,4 and their masses are determined with a transformation

ZTMNZ
−1 = diag(mχ0

1
,mχ0

2
,mχ0

3
,mχ0

4
) where, again Z is a unitary matrix. In this case

also, for |µ| � M2 >M1, two neutralinos will be pure gauginos with masses mχ0
1
' M1

and mχ0
2
'M2, while the two others will be pure higgsinos with masses mχ0

3
' mχ0

4
' |µ|.

In the opposite limit, the roles are again reversed and mχ0
1
' mχ0

2
' |µ|,mχ0

3
' M1 and

mχ0
4
'M2. When M2<M1 the role of the two gauginos is reversed.
The couplings of the neutralinos and charginos to the MSSM Higgs bosons, as well

as the couplings to the massive gauge bosons, are given in terms of the matrices U, V
and Z and we briefly summarize them below. Denoting the Higgs bosons by Hk with
k = 1, 2, 3, corresponding respectively to H,h,A, and H4 = H± and normalizing to the
electric charge e, the Higgs couplings to chargino and neutralino pairs can conveniently be
written as [62, 63]:

gL,R
χ−i χ

+
j Hk

= gL,Rijk with
{
gLijk = 1√

2 sin θW

[
ekVj1Ui2 − dkVj2Ui1

]
gRijk = 1√

2 sin θW

[
ekVi1Uj2 − dkVi2Uj1

]
εk
, (2.13)
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gL,R
χ0

iχ
0
jHk

= gL,Rijk with
{
gLijk = 1

2 sin θW

(
Zj2 − tan θWZj1

)
(ekZi3 + dkZi4) + i↔ j

gRijk = 1
2 sin θW

(
Zj2 − tan θWZj1

)
(ekZi3 + dkZi4) εk + i↔ j

,

gL,R
χ0

iχ
+
j H4

= gL,Rij4 with
{
gLij4 = cosβ

sin θW

[
Zj4Vi1 + 1√

2
(
Zj2 + tan θWZj1

)
Vi2
]

gRij4 = sinβ
sin θW

[
Zj3Ui1 − 1√

2
(
Zj2 + tan θWZj1

)
Ui2
] ,

with the convention ε1,2 = −ε3 = 1. The coefficients ek and dk for a given Hk state, together
with their limiting values in the decoupling regime MA �MZ , are

e1 = + cosα→ sin β, e2 = − sinα→ cosβ, e3 = − sin β, (2.14a)

d1 = − sinα→ cosβ, d2 = − cosα→ sin β, d3 = + cos β. (2.14b)

Note that the Higgs couplings to pairs of the dark matter states χ0
1, recalling that Z11, Z12

(Z13, Z14) are the gaugino (higgsino) components of the Z matrix, vanish if the LSP
neutralino is a pure gaugino or higgsino. This feature can be in fact generalized to all
the couplings of MSSM Higgs bosons to the various neutralinos and charginos: the Higgs
bosons couple only to higgsino-gaugino mixtures or states and do not couple to pure
gauginos or pure higgsinos. This makes that Higgs couplings to mixed heavy and light
chargino/neutralino states are maximal in the pure gaugino or higgsino regions, while the
couplings involving only heavy or light gaugino or higgsino states are suppressed by powers
of Mi/|µ| (|µ|/Mi) for |µ| � Mi (|µ| � Mi). Note that some of the Higgs couplings to
neutralinos can also accidentally vanish outside the decoupling limit for certain values of
tanβ and MA which enter in the coefficients dk and ek given previously.

Finally, we will need the couplings of the charginos and neutralinos to the massive
gauge bosons. Using the same ingredients as above, they are given by [62, 63]

gL
χ0

iχ
+
j W

= cW√
2sW

[−Zi4Vj2+
√

2Zi2Vj1], gR
χ0

iχ
+
j W

= cW√
2sW

[Zi3Uj2+
√

2Zi2Uj1],

gLχ0
iχ

0
jZ

=− 1
2sW

[Zi3Zj3−Zi4Zj4], gRχ0
iχ

0
jZ

= + 1
2sW

[Zi3Zj3−Zi4Zj4], (2.15)

gL
χ−i χ

+
j Z

= 1
cW

[
δijs

2
W−

1
2Vi2Vj2−Vi1Vj1

]
, gR

χ−i χ
+
j Z

= 1
cW

[
δijs

2
W−

1
2Ui2Uj2−Ui1Uj1

]
.

In contrast to the couplings of the Higgs bosons, the gauge boson couplings to charginos
and neutralinos are important only for higgsino- or gaugino-like states.

With all these elements posed, we can now study the impact of the charginos and
neutralinos to the MSSM Higgs sector, starting with their contributions to the radiative
corrections to the Higgs mass matrix eq. (2.2) that we discuss in the next subsection.3

2.3 Radiative corrections to the Higgs boson masses

The gaugino and higgsino states enter the radiative corrections to the MSSM Higgs sector
and, in particular, contribute to the CP-even Higgs mass matrix elements M2

ij . However,
3Strictly speaking, one should also include the contributions of the pure electroweak and Higgs corrections

to this mass matrix. Nevertheless, these corrections are rather small and can be safely neglected, and we
will not consider them here.
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contrary to squarks which mainly contribute to the entry ∆M2
22 as discussed in section 2.1,

these will more equally contribute to all entries. With the defined hMSSM prescription given
in the previous subsection, the chargino/neutralino contributions ∆M2

22|χ are implicitly
entering the total contribution which is traded against Mh as done in eq. (2.8), and one
needs in principle to insure that eq. (2.5) is verified. and strictly speaking, for the trade of
eq. (2.8) to be valid, the entries ∆M2

11|χ and ∆M2
12|χ should be small as compared to the

corresponding tree-level values, eq. (2.7). However there are two caveats with this option.
A first one is that at high tan β, the entryM2

12|tree vanishes,4 while it is not necessarily the
case for ∆M2

12|χ. Another problem is that, in principle, we do not have a concrete measure
of how ∆M2

11|χ and ∆M2
12|χ) should be small as compared to the tree-level values, to have

a result that we can consider to be accurate, especially if some of them are accidentally small.
This is particularly delicate at small tan β values since there is no tree level contribution to
M2
h , as e.g. shown in eq. (2.6), and the h mass is entirely generated by radiative corrections.
Accordingly, another possible approach, that we will also investigate in this paper,

is to evaluate the impact of the full radiative corrections stemming from charginos and
neutralinos to the MSSM Higgs sector and check that they are small enough to be ignored.
The chargino/neutralino radiative contributions will act as perturbations which will modify
the original hMSSM relations. In particular, these will give rise to extra contributions to the
mass Mh and, hence, modify its input value in the hMSSM, Mh=125GeV. Nevertheless,
if these additional corrections are at the level of a few percent at most, they could be
acceptable since, as is well known, there is an intrinsic uncertainty in the determination of
Mh in the MSSM which is a result of experimental and theoretical errors.5 This uncertainty
has been estimated to be of the order of ∆Mh ' ±3GeV [25–29].

The additional radiative corrections will also modify the values of the parameters α
and MH obtained through eq. (2.9) and we also need to check that the modifications are
rather modest and do not exceed the few percent level. We should note that apart from the
corrections that are due to charginos and neutralinos, other radiative contributions from
gauge plus heavy Higgs bosons, which are very moderate, will be neglected here.

In the second option with a modified prescription with respect to the strict hMSSM
definition given previously, we incorporate within the CP-even Higgs mass matrix, on
top of eq. (2.8), the contributions of neutralinos and charginos in the relevant matrix
elements ∆M2

ij with exact one-loop expressions, as given e.g. in ref. [76], and we recalculate
consistently from this corrected mass matrix, the CP-even Higgs boson pole masses. More
precisely, we consider the mass eigenvalues as obtained from the corrected CP-even Higgs
squared mass matrix:

M2
(
p2
)

=
[

M2
Zc

2
β+M2

As
2
β+∆M2

11|χ
(
p2) −

(
M2
Z+M2

A

)
sβcβ+∆M2

12|χ
(
p2)

−
(
M2
Z+M2

A

)
sβcβ+∆M2

21|χ
(
p2) M2

Zs
2
β+M2

Ac
2
β +∆M2

22+∆M2
22|χ

(
p2)

]
,

(2.16)
4In fact, this problem also occurs in the case of the dominant top-stop loop contributions. However, the

contributions toM2
12 scale like µAt/M

2
S and are small for very large MS values or, eventually, for small µ

values. We thank Pietro Slavich for pointing this peculiarity to us.
5The experimental errors are mostly due to the uncertainties on the values of the top quark mass mt and

the strong coupling constant αs while the theoretical ones come from missing higher order effects.

– 9 –



J
H
E
P
0
5
(
2
0
2
3
)
0
9
5

where we have used the abbreviations; sβ = sin β, cβ = cosβ. ∆M2
22 is given by eq. (2.8),

while the neutralino and chargino contributions entering ∆M2
ij |χ are given by

∆M2
11|χ(p2) = −Πχ

s1s1
(p2) + t1/v1 + c2

β∆M2
Z + s2

β∆M2
A ,

∆M2
22|χ(p2) = −Πχ

s2s2
(p2) + t2/v2 + s2

β∆M2
Z + c2

β∆M2
A ,

∆M2
12|χ(p2) = −Πχ

s1s2
(p2)− (∆M2

Z + ∆M2
A)sβcβ , (2.17)

with ∆M2
Z and ∆M2

A the corrections to the Z,A masses, given in terms of the running
masses MZ and MA, defined at momentum squared p2 =M2

Z and M2
A respectively, by

∆M2
Z = M

2
Z −M2

Z = ΠZZ(p2) ,

∆M2
A = M

2
A −M2

A = ΠAA(M2
A)− s2

βt1/v1 − c2
βt2/v2 . (2.18)

At a given squared momentum transfer of p2, one explicitly has

(4π)2Πχ
sksl

(p2) = 1
2

4∑
i,j=1

[
f0
ijskl

G(p2,mχ0
i
,mχ0

j
)−2g0

ijskl
mχ0

i
mχ0

j
B0(p2,mχ0

i
,mχ0

j
)
]

+
2∑

i,j=1

[
f+
ijskl

G(p2,mχ+
i
,mχ+

j
)−2g+

ijskl
mχ+

i
mχ+

j
B0(p2,mχ+

i
,mχ+

j
)
]
,

(2.19)

for the Higgs two-point functions or self-energies, and for the tadpole t1/v1 ,

(4π)2 t1
v1

= −g2
2

MW cβ

[ 4∑
i=1
Zi3(Zi2−tan θWZi1)mχ0

i
A0
(
mχ0

i

)
+
√

2
2∑
i=1
Vi1Ui2mχ+

i
A0
(
mχ+

i

)]
,

(2.20)
and a similar expression for t2/v2 with the following replacements Zi3 → Zi4, Vi1 → Vi2,
cβ → sβ . In the above, g2 is the SU(2) coupling constant and we have used the function

G(p2,m1,m2) = (p2 −m2
1 −m2

2)B0(p2,m1,m2)−A0(m1)−A0(m2) , (2.21)

where B0 and A0 are the standard Passarino-Veltman [77] two- and one-point loop functions,
respectively. In eq. (2.19), the relevant couplings in the (s1, s2) basis are

fijskl
= gLχiχjsk

gLχiχjsl
+ gRχiχjsk

gRχiχjsl
,

gijskl
= gLχiχjsk

gRχiχjsl
+ gRχiχjsk

gLχiχjsl
, (2.22)

where in terms of the physical Higgs boson couplings of eq. (2.14a), one has

gL,Rχiχjs1
= cosα gL,RχiχjH1

− sinα gL,RχiχjH2
,

gL,Rχiχjs2
= sinα gL,RχiχjH1

+ cosα gL,RχiχjH2
. (2.23)

Similarly, the chargino and neutralino contributions to the ΠAA self-energy is also given
by eq. (2.19) with couplings f0

ijA, g
0
ijA and f+

ijA, g
+
ijA defined similarly as in eq. (2.22).
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We can now move to the quantitative evaluation of these corrections and the discussion
of their impact on the hMSSM. For this, we fix tan β to two representative values: a
high tan β = 30 and a relatively low tan β = 3 value, and perform scans on the additional
higgsino and wino mass parameters µ and M2 in the range between 0 and 3TeV, allowing
for both signs of µ. The bino mass parameter M1 will be related to M2, M1 =M2 or 1

10M2,
while the gluino mass parameter M3 is fixed such that the gluino mass is mg̃=3TeV.

We will use the program Suspect in which the hMSSM prescriptions have been imple-
mented. Since it is necessary to specify all parameters in the program and since we kept
the SUSY scale MS as an input in the code, we need to fix its value. Indeed, although
eq. (2.8) does not depend on MS explicitly, in such an hMSSM prescription and as was
already mentioned, one should take MS values such that eq. (2.8) and eq. (2.4) are at
least approximately consistent. This implicitly sets the sfermion scale MS to depend on
tan β choices. In the illustrations to be given below, we will choose the sample scenarios
of MS∼10TeV for tanβ=30 (corresponding to a small mixing) and of MS∼100TeV for
tanβ=3 (corresponding to a large mixing), respectively.

In addition, since we are considering only the corrections from gauginos and higgsinos,
the electroweak symmetry breaking scale will be taken to be Q2

EWSB = 1
2(µ2 +M2

2 ). Finally,
the pseudoscalar Higgs mass MA will be fixed to MA = 1TeV. It is interesting to note that
the actual value of MA used in eq. (2.8) is almost irrelevant for moderate and large tan β
and sufficiently large MA. Indeed, one would have in this case

∆M2
22 'M2

h −M2
Z +

[
M2
h + 3M2

Z +O(M4
Z/M

2
A)
]
/tan2β +O(1/ tan3β) , (2.24)

which remains a very good approximation, only departing by a few percent at most from
eq. (2.8), even for moderate tan β & 3 and MA & 2Mh values.

At a first step, we should verify that the radiative corrections are small enough in order
that the defining assumptions of the hMSSM remain valid. This is in principle insured
by requiring that the two corrections ∆M2

11|χ and ∆M2
12|χ are much smaller than the

corresponding tree-level values, eq. (2.7).
This is illustrated in figure 1 where the two relative contributions ∆M2

11|χ/M2
11|tree (left

panel) and ∆M2
12|χ/M2

12|tree (right panel) are shown as a function of µ for the two values
of tanβ that we have adopted, tanβ = 30 and tanβ = 3. Here, a scan is performed on the
gaugino and Higgsino mass parameters (M2, µ), assuming a bino mass parameter that is
related by M2 = M1 for tan β = 30 and M2 = 10M1 for tan β = 3; the corrections only
slightly differ for other values of the ratio M1/M2 as will be observed shortly. As can be seen,
for these two tan β values, the relative corrections are small as the ratios ∆M2

1i|χ/M2
1i|tree

for i=1, 2 remain below 1% in absolute value in the entire scanned parameter space.
Hence, according to the discussion above, one would thus expect very moderate

deviations from the hMSSM when the chargino/neutralino radiative corrections are taken
into account: the correction ∆M2

22|χ is by definition implicitly included in the complete
correction ∆M2

22 in eq. (2.16), which is traded against the value of Mh, eq. (2.8), while
the corrections ∆M2

11|χ and ∆M2
12|χ will act as small perturbations which will marginally

modify the input value of the h boson mass Mh = 125GeV.
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Figure 1. The relative contributions ∆M2
11|χ/M2

11|tree (left), ∆M2
12|χ/M2

12|tree (right) as a function
of the higgsino mass µ for tan β = 30, M2 = M1 (blue dots) and tan β = 3, M2 = 10M1 (red dots)
when a scan on the parameters M2, µ is performed.

To check this explicitly, we perform scans over the relevant parameters µ and M2, for
the two representative choices of tan β previously used, tan β = 3 and 30, to illustrate the
impact of the chargino-neutralino corrections on the value of Mh. We do this first in the
context of the strict hMSSM in which the contribution of the correction ∆M2

22|χ is by
definition simply included in the full radiative correction ∆M2

22 in eq. (2.16).
The outcome is shown in figure 2 where the recalculated h boson mass for the two

values tan β = 3 (red points) and tan β = 30 (blue points) as functions of µ (left panel) and
M2 (right panel) is displayed; the bino mass parameter is set to M1 = 1

10M2 in the first
case and to M1 = M2 in the second one.

One can see that the deviation from the input value Mh = 125GeV is rather small in
the case of tan β = 30, less than a hundred MeV, but it can be much larger in the case
of tan β = 3. Indeed, while the corrections modify the value of Mh by less than 2GeV at
|µ| and M2 values smaller than 1TeV, they are positive at large values of the latter two
parameters and, for |µ| ≈ 3TeV or M2 ≈ 2TeV, the corrections increase the value of Mh by
slightly more than 3GeV.

In fact, one should note that for M2
A �M2

Z , and at first order in ∆M2
ij |χ, one has

∆M2
h ' c2

β∆M2
11|χ + 2sβcβ∆M2

12|χ +O(M2
Z/M

2
A) , (2.25)

so that the separate chargino neutralino contributions ∆M2
11|χ and ∆M2

12|χ happen to be
further suppressed or enhanced for respectively large and small tan β values. For tan β = 5
for instance, the deviation in Mh does not exceed 1GeV for all values of µ,M2 in the
selected range as is explicitly shown by the additional green points of figure 2.

It turns out that the enhancement at small tan β values observed above is partly
compensated by corresponding ∆M2

22|χ contributions when they are not included in the
entire correction ∆M2

22 which, in the hMSSM, is then expressed in terms of the physical
masses Mh and MA. These contributions will add a factor s2

β∆M2
22|χ to eq. (2.25), giving a

further correction to the input mass Mh.
Hence, by slightly modifying the hMSSM prescription and by assuming that the addi-

tional chargino/neutralino correction ∆M2
22|χ is treated separately as in eq. (2.16), therefore
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Figure 2. The recalculated mass Mh in the conventional hMSSM, with chargino and neutralino
radiative corrections added for tan β=3, M1 =M2/10 (red points) and tan β=30, M1 =M2 (blue
points) as a function of µ (left) and as a function of M2 (right) when scanning on M2, µ. We have
added the case tan β=5 with M2 =2M1 in green.

Figure 3. The recalculated lightest CP-even h massMh in the slightly modified hMSSM prescription
with ∆M2

22|χ not included in ∆M2
22, with chargino and neutralino radiative corrections added for

tan β=3,M1 = 1
10M2 (red points) and tan β=30,M1 = M2 (blue points) as a function of µ (left)

and as a function of M2 (right) when scanning on the mass parameters µ,M2.

added to ∆M2
11,12|χ that modify Mh, the entire chargino/neutralino extra contributions

become moderate also for small tan β values. This is exemplified in figure 3 where the same
exercise that led to figure 2 is repeated but this time, when the contribution with ∆M2

22|χ
is added on top of ∆M2

22 and, hence, also enters the corrections that modify the value of
Mh. This is, in principle, an implicit double counting of the contribution ∆M2

22|χ, but it
allows cancellations against the ∆M2

11,12|χ contributions and it is acceptable in practice as
we have ∆M2

22|χ � ∆M2
22.

As it can be seen, the chargino plus neutralino contributions to the lightest Higgs
mass remain rather moderate for most of the parameter space and stay below the present
theoretical uncertainty on Mh, namely ∆Mh ' 3GeV. The deviations reach a maximum of
≈ −1 GeV for, not too surprisingly, very low |µ| and M2 values (close to the 100GeV limit
which is excluded by LEP2 data/searches as will be seen later), and another maximum of
≈ 0.5GeV for large and negative |µ| values (as they depend on the sign of this parameter) as
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Figure 4. The relative difference of the recalculated mixing angle α (left) and CP-even Higgs mass
MH with chargino and neutralino radiative corrections included with respect to the simple hMSSM
value with the prescription eq. (2.16), as a function of the parameter µ for fixed choices tan β = 3, 30
and M2 = 1

2M1.

well as large M2 values. The latter is explained by non-decoupling logarithmic dependencies
∝ log(mχ+

i
/Mh), log(mχ0

i
/Mh) that remain moderate as long as the gaugino spectrum is not

too heavy. These deviations are not very sensitive to the M2/M1 ratio nor to the different
values of tan β as long as tan β >∼ 5.

Still using the hMSSM prescription, namely with ∆M2
22|χ removed from the mass matrix

eq. (2.16) and hence implicitly added to the ∆M2
22 corrections which is defined by eq. (2.8),

we finally also illustrate in figure 4 the relative difference, with respect to eq. (2.9), of the
recalculated CP-even Higgs mixing angle α (the left-hand side) and heavy CP-even H boson
mass MH (the right-hand side), when the chargino and neutralino radiative corrections
are added. For the mixing angle α, the effects remain moderate, reaching a maximum
slightly above ∆α = 0.04 for tan β = 3 and 0.03 for tan β = 30 at extremely high µ values,
µ = ±3TeV. For small µ, the correction is about 0.01 in both cases.

The difference between the recalculated heavy CP-even Higgs mass MH and the one
given in eq. (2.9) is even smaller, being at the few permille level for our considered range of
tan β as well as µ,M2 values as it is illustrated in the right panel of figure 4. The relatively
more pronounced sensitivities that one can observe around |µ| ≈ 500 GeV correspond
to artificial threshold effects, from chargino or neutralino contributions to the H boson
self-energies, i.e. when MH ∼ 1TeV ' 2mχ+

i
and/or MH ' 2mχ0

i
. Even in this case, the

corrections are well below the permille level.

2.4 Direct corrections to the Higgs-fermion couplings

Another type of radiative corrections which is important in the context of the MSSM Higgs
sector, is the so-called direct corrections which appear in Higgs decays into third generation
fermion pairs. Analogous corrections for Higgs decays into muon and strange quark decays
also occur, but they do not play an important role in general and will be ignored here.
In the case of Higgs decays into quarks, one encounters large QCD corrections, while the
electroweak corrections are in general rather small [79]. The dominant part of these QCD
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corrections can be absorbed in the running fermion Yukawa couplings when defined in the
MS scheme and evaluated at the scale of the corresponding Higgs boson mass [80]. But
there also pure SUSY-QCD corrections mediated by gluino-squark exchange [76, 81–88]
and SUSY-electroweak corrections that involve squark and chargino/neutralino exchange
that cannot be absorbed in the running quark masses and should be therefore considered
separately [79, 81–88].

These SUSY direct corrections for third generation quarks and leptons, called ∆f (f=
t, b, τ in the notation of third generation) corrections, modify the effective top, bottom and
τ Yukawa couplings g̃φf (with φ=h,H,A) of the neutral CP-even h,H and the CP-odd A
states, in the following way [81–88]

g̃hf =
ghf

1+∆f

[
1−

∆f

tanαtanβ

]
, g̃Hf =

gHf
1+∆f

[
1+∆f

tanα
tanβ

]
, g̃Af =

gAf
1+∆f

[
1−

∆f

tan2β

]
,

(2.26)
with the reduced Yukawa couplings gφf (i.e. normalized to the SM values) for isospin up-
and down-type fermions given in eq. (2.3).

Considering first the Higgs couplings to bottom quarks, the ∆b correction at one-loop
order is given by ∆b = ∆QCD

b +∆EW
b with the individual QCD and electroweak contributions

reading [81–88]

∆QCD
b = 2

3
αs
π

mg̃ µ tanβ I(m2
b̃1
,m2

b̃2
,m2

g̃) , (2.27)

∆EW
b = λ2

t

(4π)2 At µ tanβ I(m2
t̃1
,m2

t̃2
,µ2)− 1

12πµtanβ
{

α1M1

[
1
3I(m2

b̃1
,m2

b̃2
,M2

1 )+
(
c2b
2 +s2

b

)
I(m2

b̃1
,M2

1 ,µ
2)+

(
s2
b

2 +c2b
)
I(m2

b̃2
,M2

1 ,µ
2)
]
,

+3α2M2

[
c2t I(m2

t̃1
,M2

2 ,µ
2)+s2

t I(m2
t̃2
,M2

2 ,µ
2)+ c2b

2 I(m2
b̃1
,M2

2 ,µ
2)+ s2

b

2 I(m2
b̃2
,M2

2 ,µ
2)
]}
,

where αs denotes the strong coupling constant, λt=
√

2mt/(v sin β) the top quark Yukawa
coupling, α1,2 =g2

1,2/4π the U(1), SU(2) gauge couplings. sb/cb = sin / cos θb are the sine
and cosine of the sbottom mixing angle θb, while the function I is given by

I(a, b, c) = ab log(a/b) + bc log(b/c) + ca log(c/a)
(a− b)(b− c)(a− c) . (2.28)

At high values of the parameters tan β and µ and for not too large gluino and squark
masses (the corrections are damped by terms max(m̃2

q , m̃
2
g̃) from the denominator), the full

SUSY-QCD corrections can reach the level of a factor of two in extreme cases, while the
SUSY-electroweak corrections are much smaller and can reach at most 10% only.

In the case of the Higgs coupling to tau leptons, there is no contribution from strong
interaction and the corresponding ∆τ term receives only contributions from the electroweak
gauge couplings α1,2. The SUSY direct corrections are small in this case, again at the 10%
level at most and in general much less.

Similarly to what occurs in the case of the Higgs couplings to b-quarks, direct corrections
also affect the Higgs couplings to top quarks but, contrary to the case above, they are
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Figure 5. The direct corrections to the coupling gAbb̄ as a function of µ for tan β = 10 and
M2 = 2M1 (left) and tan β = 30 and M2 = M1 (right). In red, only the SUSY-QCD correction is
displayed for mg̃ = 3TeV, while in blue, the additional contributions of the electroweak corrections
are shown. We also display the very small corrections to the gttA (in orange) and gbbh (in black)
couplings that do not have the enhancement factors at large tan β values.

suppressed by tanβ factors and could only be important at low tanβ values, tanβ≈1. The
corresponding ∆t=∆QCD

t +∆EW
t SUSY-corrections is dominantly given by the much simpler

expression

∆t = µ cotβ
[

2αs
3π mg̃I

(
m2
t̃1
,m2

t̃2
,m2

g̃

)
+ λ2

b

(4π)2AbI
(
m2
b̃1
,m2

b̃2
, µ2

)]
. (2.29)

Hence, only the first term, i.e. the SUSY-QCD correction proportional to αSmg̃, gives rise
to potentially large contributions because in the electroweak part, λb =

√
2mb/(v cosβ) is

expected to be tiny for small tanβ values.
The supersymmetric-QCD corrections involving the gluino gives large radiative cor-

rections only to the heavy A,H and H± coupling to heavy quarks. The corresponding
corrections in the context of the SM-like h boson decouple and are thus extremely small
in general as will be seen later (see also the recent analysis performed in ref. [89]). The
∆b corrections are also potentially enhanced for large tan β values due to top-charginos
contributions. In figure 5, we illustrate the deviations in the coupling gAbb̄ and gHbb̄ which
are similar in the decoupling regime, for two representative tan β values and from a scan
over the µ, M2 parameters, and see where deviations are expected to be enhanced. Very
low values, tan β ' 3, give tiny deviations that are not illustrated.

Note that the gluino mass is taken to be mg̃ = 3TeV which is above the present limit
from the negative LHC searches, such as to maximize deviations since, as can be seen from
eq. (2.27), ∆QCD

b increases with mg̃ as long as mg̃ . mb̃1,2
. Note also that in our numerical

analysis, we rather use exact (one-loop) expressions for the particularly sensitive QCD
corrections ∆QCD

b , that differ from the large tan β, µ�M2 approximations in eq. (2.27),
the latter being thus not valid for small tan β, µ also considered in our analysis. Indeed,
the exact expressions tend to increase those corrections, by up to 30− 40% for tan β ' 3
for which ∆b is however very small, ∼ 10−3.
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As can be seen from figure 5, the deviations in the coupling gAbb̄ ≈ gHbb̄ remain very
moderate unless tan β is extremely large. For instance, for the value tan β ∼ 30, they can
reach the level of 10% for values of |µ| ∼ 2TeV and even 15% for µ values close to 3TeV.
Nevertheless, the deviation is by far dominated by the QCD contribution. Note that the
dependence is very symmetrical for ±µ and, thus, we only illustrate the effects only for
positive µ values in the figure.

Finally, for completeness, we also compare in figure 5 the other relevant deviations in
the coupling ghbb̄ of the lightest h state and the A coupling top quarks gAtt̄ ≈ gHtt̄. Both
couplings remain extremely moderate, illustrating the decoupling of the corresponding
contributions in the case of the SM-like h boson and the absence of enhancement of the
contribution at high tanβ values in the case of the A,H states.

3 Constraints on the gaugino-higgsino sector

In this section, we investigate the impact on the hMSSM by a light gaugino and higgsino
sector, which is allowed by the present LHC data. In section 3.1, we study the LHC
search limits on the charginos and neutralinos. Then, in section 3.2, we analyze the LHC
constraints on the Gaugino-Higgsino parameter space. For these analyses, we will use the
SuSpect package [64] to generate the supersymmetric particle spectra, and use the packages
SDECAY [117] and SUSY-HIT [118] to evaluate the decays of the heavier neutralinos and
charginos into the lighter ones plus Higgs and gauge bosons.

3.1 LHC searches for charginos and neutralinos

Several searches for charginos and neutralinos have been performed by the ATLAS and
CMS collaborations in various production channels and final state topologies. Following
the spirit of out extended hMSSM framework, in which we assume the sfermions and in
particular the squarks to be rather heavy and inaccessible at the LHC, we will ignore all
channels in which the charginos and neutralinos originate from cascade decays of squarks.
In addition, to simplify the discussion, we will assume that gluinos are also heavy and out of
the LHC reach so that there are no gluino cascade decays neither. Thus, the main channel
for the direct production of charginos and neutralinos is the Drell-Yan process:

pp→ qq̄ → χ±i χ
∓
i , χ

±
i χ

0
j , χ

0
iχ

0
j . (3.1)

Of particular interest is the final state containing the lightest chargino and the next-to-
lightest neutralino,

qq̄′ →W ∗→ χ±1 χ
0
2 , (3.2)

which are produced only through the s-channel W -boson exchange. Another interesting
channel should be the pair production of the lightest chargino through photon and Z-boson
exchange and the next-to-lightest neutralino via Z-boson exchange only

qq̄→γ∗/Z∗ → χ±1 χ
∓
1 , qq̄→Z∗ → χ0

2χ
0
2. (3.3)

The production cross sections are known up to next-to-leading order (at least) in
QCD [90, 91] and can be evaluated using, for instance, the program Prospino [92–94].
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For the first of the processes above, the most interesting decay products in the final
state include the trileptons and missing energy from the channels (` = e, µ)

χ0
2 → χ0

1Z
(∗) → χ0

2`` and χ±1 → χ0
1W

(∗) → χ0
1`ν , (3.4)

but we can also look for the possibility of the lightest Higgs boson in the final state,

χ0
2 → χ0

1h . (3.5)

In the case of chargino pair production, a powerful search channel is the one leading to two
charged leptons and missing energy from the decay mode

χ±2 →W ∗χ0
1 → `±νχ0

1 . (3.6)

If the charginos and neutralinos are very heavy and the phase space is favorable, they could
also decay in channels in which the heavier MSSM Higgs bosons are present [95–116]:

χi → χjHk , (3.7)

where χi generically stand for the heavier neutralinos or charginos, χj for the lighter ones
and Hk to the MSSM Higgs bosons as already defined in section 2.2 with k = 1, 2, 3 and 4,
corresponding respectively to the H,h,A and H± states.

The partial decay widths of heavier charginos and neutralinos χi, decaying into lighter
ones χj and gauge V =W,Z or Higgs Hk bosons are given by [95, 96, 103–116]:

Γ(χi→χjV ) = α

8c2
W

mχi
λ

1
2 (µχj

, µV )
{
− 12

√
µχj

gLχiχjV
gRχiχjV

(3.8a)

+
[
(gLχiχjV

)2+(gRχiχjV
)2
]
(1+µχj

−µV )+(1−µχj
+µV )(1−µχj

−µV )µ−1
V

}
,

Γ(χi→χjHk) = α

8 mχi
λ

1
2 (µχj

, µHk
)
{[

(gLχiχjHk
)2+(gRχiχjHk

)2
]
(1+µχj

−µHk
)

+ 4
√
µχj

gLχiχjHk
gRχiχjHk

}
, (3.8b)

with the usual two-body phase space function defined as λ(x, y) = 1+x2 +y2−2(xy+x+y)
and given in terms of the reduced masses µX = m2

X/m
2
χi
. The couplings among charginos,

neutralinos and the Higgs or massive gauge bosons have been presented in eq. (2.14a) and
eq. (2.15), respectively. The magnitude of these decays strongly depends not only on the
phase-space, i.e. on the relative masses of the various chargino/neutralino states and the
Higgs and gauge bosons, but also on the texture of the charginos and neutralinos and,
hence, on the values of the M1,2 and µ parameters.

To illustrate how the decay widths of, for instance, the χ0
2 and χ±1 states behave, let

us ignore the masses of the decay products for simplicity and assume the decoupling limit
with very heavy H,A,H± bosons that we ignore. One can then express the partial decay
widths of these two, supposedly light, particles in units of GFM2

W |µ|/(8
√

2π), as follows

Γ(χ+
1→χ0

1W
+)≈Γ(χ0

2→χ0
1h)≈ sin22β, Γ(χ0

2→χ0
1Z)≈ cos22β (M2−M1)2/4µ2.

(3.9)
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Figure 6. Branching fractions of the various charginos and neutralinos decaying into gauge and
Higgs bosons in the hMSSM, as functions of the µ parameter and for the set of input parameters
tanβ = 3, MA=600GeV and 2M1 =M2 =1TeV.

The first two decay widths are large at low tanβ values when sin 2β ≈ 1 , while the last
channel is important at high tanβ when cos 2β ≈ 1 and when M1,2�|µ| to make the two
neutralino states higgsino-like with a non-suppressed coupling to the Z boson.

We present in figure 6 the branching fractions for the decays of the heavier neutralinos
χ0

2, χ0
3, χ0

4 and chargino χ±2 into the lighter ones plus Higgs and gauge bosons. They have
been evaluated with the programs SDECAY [117] and SUSY-HIT [118] in which we have
generated the supersymmetric particle and Higgs spectra using the modified version of the
SuSpect code [64] as discussed in the previous section. We have assumed that the sfermions,
and also the gluinos (mg̃

>∼ 3TeV), are too heavy to have an impact on the numbers. The
branching ratios are given as functions of the µ parameter which takes both signs and we
have set the other inputs to tanβ = 3, MA= 600GeV and 2M1 =M2 =1TeV.
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For this parameter set, the next-to-lightest neutralino has two decay modes, χ0
2→χ0

1 h

and χ0
2 → χ0

1Z. The lightest chargino can only decay into one channel, χ±1 → W±χ0
1.

Heavier charginos and neutralinos can decay not only into the light h and Z,W bosons,
but also into the heavier A,H,H± states. The branching fractions can vary significantly
around some critical points, such as |µ|=M1 and |µ|=M2. This is because these µ,M1,M2
values determine how the gauge eigenstates form the physical mass eigenstates.

As can be seen from the figures, the decay pattern in this case is rather involved as many
possibilities could be allowed. The mass difference between the parent and daughter particles
should be large enough, firstly to avoid phase-space suppression for decays with W,Z, h

final states and secondly to open the possibility for cascade decays into the heavier MSSM
H/A/H± bosons. The decays into Higgs bosons are particularly relevant if the lighter χ
states are higgsino-like (gaugino-like) and the heavier ones are gaugino-like (higgsino-like),
which maximize the couplings as mentioned previously. Those involving H/A/H± final
states can be important, reaching sometimes the level of a few times 10%, but the decays
into gauge bosons are in general dominant, in particular for large µ values.

3.2 LHC constraints on the gaugino-higgsino parameters

Constraints on the gaugino-higgsino mass parameter space come mainly from LHC searches
of the lighter chargino and neutralinos in the simple processes (without cascades)

pp→ χ0
2χ

0
2, χ

0
2χ
±
1 , χ

±
1 χ
∓
1 → χ0

1χ
0
1 +XX → XX + Emis

T , (3.10)

where Emis
T is the transverse missing energy due to the escaping LSP neutralinos and the

final states X stand for the lightest Higgs and the massive gauge bosons, X =W±, Z, h.
If the mass difference between the χ0

2, χ
±
1 and the χ0

1 states is small, the W and Z boson
could be off-shell and would decay into (almost) massless quarks and leptons, off-shell h
bosons can be ignored as the total width Γtot

h = 4.07MeV [216] is too small.
In most cases, only final state topologies with leptonic decays, that are subject to

a significantly smaller QCD background than events with final state quarks, have been
analyzed. The most famous signatures are the trilepton events, mainly from qq̄ → χ0

2χ
±
1 →

ZW + χ0
1χ

0
1 → `+`−`

′± + Emis
T (with `, `′ = e, µ) which has a large cross section times

branching ratio, or the same sign dilepton events from processes such as the one quoted
above but with one lepton which has not been detected.

Three or four leptons can also be obtained in the processes qq̄ → χ0
2χ

0
2 → ZZχ0

1χ
0
1,

which nevertheless have a smaller cross section than the one above. Mono-Z and mono-h
events from the process qq̄ → χ0

1χ
0
2 which is more favored by phase-space and χ0

2 → χ0
1Z or

χ0
2 → χ0

1h with Z → `+`− and h→ bb̄ (and eventually h→ γγ as the much lower branching
ratio could be compensated by the much smaller QCD background) are also considered but
the rates are even smaller in general.

Finally, the process qq̄ → χ∓1 χ
±
1 → WWχ0

1χ
0
1 → `∓`

′± + Emis
T , as it is also mediated

by s-channel photon exchange, has a significant cross section independently of the chargino
texture, but the topology with opposite-sign leptons is subject to a larger background.

As already mentioned, the corresponding backgrounds, which mainly come from rare
SM processes such as pair production of W or Z bosons or associated W,Z bosons with
top quarks or from events in which the leptons have been misidentified or missed, or result
from decays of hadrons, are in general rather small.
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The experimental measurements on these channels have been performed by the AT-
LAS [127–137] and CMS [138–142] collaborations and a very recent summary has been
given in ref. [53]. As already alluded to in the previous discussion, the strongest constraints
arise from the searches in the pp→χ0

2 χ
±
1 →```ν + Emis

T topology.
In the case where the lightest chargino and the next-to-lightest neutralino are almost

degenerate in mass with the LSP, the above searches are inefficient as the leptons or the
other accompanying particles are too soft to be detected. In this case, one would have
long-lived χ±1 and χ0

2 states and the so-called “disappearing track” signature. This is mainly
done in the pair production process of the lightest charginos qq̄ → χ∓1 χ

±
1 + g in which a

high transverse momentum gluon is emitted in the initial state. Such signatures have also
been searched for by the CMS [143, 144] and ATLAS [128, 145, 146] collaborations, and
constraints on the mass difference with the LSP χ0

1 neutralino or the lifetimes of the χ±1
and χ0

2 states have been obtained.
In this case of χ0

1 being bino-like and χ0
2/χ

±
1 being wino-like, the production rate of

p→W±∗→χ0
2χ
±
1 is not sensitive µ and tanβ as shown in eq. (2.15) with (i, j)=(2, 1), and

χ0
2/χ

±
1 can only decay to χ0

1 regardless of the parameter space. Almost all LHC experimental
searches give bounds of m

χ0
1
and m

χ0
2,χ
±
1
on this option.

For other options such as M1< |µ|<M2 or |µ|�M1,2, the reactions in eq. (3.10) are
sensitive to µ and tan β because higgsino involved in the final states. The LHC experimental
studies impose bounds on these options, but they used certain fixed µ and tan β values.
Different experimental studies had different choices of fixed parameters, so we do not have
universal bounds on these options. These experimental studies mostly gave the model-
independent bounds on ε× σ , where ε is the detection efficiency which can be obtained
only by detector-level simulations. This would require detector-level simulations for the
whole parameter space. Thus it is valuable to further perform systematic experimental
analysis in the near future.

In the following, we will give a concrete example on how the constraints can be
imposed on the viable parameter space in the plane of [m

χ±1 ,χ
0
2
, m

χ0
1
] by using the current

experimental searches and analyses. The latter have been done mostly for the wino-bino
(W̃ , B̃) scenario as described above and the combination of all these experimental limits
for this (W̃ , B̃) model are presented in figure 7. We have implemented the hMSSM in the
package Suspect [64] as discussed in section 2.3, generated the chargino, neutralino and
Higgs spectra, and performed the following scan on the hMSSM parameter space:

tan β ∈ (1, 50), MA ∈ (0.5, 2)TeV, M2 ∈ (0, 2)TeV, µ ∈ (−3, 3) TeV . (3.11)

For the remaining bino mass parameter M1, we will study four benchmark scenarios in
which it is connected to the wino mass parameter M2 in the following way:

(a). M1�M2 which will describe the pure bino-like possibility at large |µ| values.

(b). M1 = 1
2M2 which features the GUT-like possibility with M2/M1 = α2/α1.

(c). M1 =M2 which leads to the scenario where the bino and wino are mass degenerate.

(d). M1 =2M2 in which the LSP can be wino-like and mass degenerate with χ±1 .
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Figure 7. Allowed mass range of the lightest gaugino under the constraints from the gaugino and
Higgs searches at the LHC, where the dots represent the hMSSM parameter space and the shaded
blue regions are excluded by the existing LHC searches in the (W̃, B̃) model (M1<M2< |µ|) at the
95%C.L. The analysis is presented for the four sample scenarios, M1�M2 in panel (a), M1 =M2
in panel (b), M1 = 1

2M2 in panel (c), and M1 = 2M2 in panel (d). In the panels (a)–(b), the red dots
correspond to the possibility M2< |µ| while the blue dots correspond to the possibility M2> |µ| .
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As already stated, we set the other MSSM parameters such as the SUSY scale (which
governs the sfermion masses) and the gluino mass parameter M3 (which governs the gluino
mass), to be large enough, so their effects on the current collider searches are negligible.
Since the scenarios (c) and (d) have no intersection with the (W̃ , B̃) model, we analyze
their parameter space just for the comparison with the scenarios (a) and (b).

We present the viable parameter space of the lightest gaugino mass in figure 7. The
shaded blue regions are excluded by LEP2 searches of charginos which require mχ±1

>

104GeV, and by the current direct searches at the LHC. We see that sizable regions of the
masses mχ0

2
,mχ±1

.1TeV have been excluded by the LHC. For the case of M1�M2 (we
use the range M1< 0.1M2) in figure 7(a), one can deduce that mχ0

1
.mχ0

2
,mχ±1

. For the
case of M1 = 1

2M2 in figure 7(b), one infers the condition 1
2mχ0

2
, 1

2mχ±1
<mχ0

1
<mχ0

2
,mχ±1

while for the case of M1 =M2 in figure 7(c), one finds mχ0
1
.mχ0

2
,mχ±1

. Then, for the case
of M1 =2M2 in figure 7(d), one deduces 1

2mχ0
2
<mχ0

1
.mχ±1

<mχ0
2
. Finally, from the panels

(a) and (b) of figure 7, one sees that for the (W̃ , B̃) model, one of the two conditions must
be satisfied: 150GeV<mχ0

1
<mχ0

2
,mχ±1

, or mχ0
1
�1TeV<mχ0

2
,mχ±1

.
Next, we further present in figure 8 the corresponding viable parameter space in the

plane [µ, M2], where the constraints at the 95% confidence level are derived from the
negative searches of wino-like χ0

2/χ
±
1 , bino-like χ0

1 and Higgs bosons. The parameters MA

and tan β which appear in the Higgs sector, are mainly constrained by the searches of the
heavy Higgs states at the LHC and by the precision measurements of the lighter h couplings
to SM fermions and gauge bosons, which will be summarized in the next section. This
analysis has been performed for the two representative scenarios M1�M2< |µ| for panel
(a) and 2M1 =M2< |µ| for (b).

Then, using the constraints of figure 7, one can further derive bounds on the [µ, M2]
parameter space as illustrated in figure 8 for the two possibilities M1 �M2 < |µ| and
2M1 =M2< |µ|. The two panels show that the parameter regions with small |µ| and M2
values have been excluded by the existing searches at the LHC. To be more specific, we find
that the regions of |µ|.1.2TeV and M2.1TeV are excluded for the case M1�M2< |µ|
as in plot (a), while the regions of |µ|.1TeV and M2.0.8TeV are excluded for the case
2M1 =M2 < |µ| as in plot (b). These bounds have already covered the bound of LEP2
searches of charginos (M2, |µ| >∼ 100GeV).

4 Collider constraints on the Higgs sector

In this section, we study the collider constraints on the Higgs sector in the hMSSM
formulation. In section 4.1 we analyze the productions and decays of both the lightest Higgs
boson h and the heavier Higgs states (H0, A0, H±) of the hMSSM, including the SUSY
corrections. In section 4.2, we analyze the current constraints on the parameter space of
the hMSSM Higgs sector as imposed by the ATLAS and CMS searches performed during
the Run-II phase of the LHC. In section 4.3, we study the decays of the heavier MSSM
Higgs bosons into charginos and neutralinos in the context of a light gaugino-higgsino
sector, which can be significant in some of the hMSSM parameter space and thus can have
important impact on the Higgs phenomenology of the hMSSM.
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Figure 8. Allowed parameter space in the plane [µ,M2] under the constraints (95%C.L.) from
gaugino searches at the LHC. The analysis is presented for the two representative scenarios,
M1�M2< |µ| for panel (a) and 2M1 =M2< |µ| for panel (b).

4.1 Higgs production and decay

4.1.1 Higgs cross sections and decay branching fractions

We first give a brief summary of the main Higgs production and decay modes in the
MSSM [147–151] and start with the case of the lighter h boson which is SM-like as soon as
the mass of the pseudoscalar Higgs state is MA

>∼ 300GeV, which is indeed the case from
the present LHC searches as will be described in the next subsection.

The SM-like h boson mainly decays into bb̄ pairs but the channels with WW ∗ and
ZZ∗ final states (before allowing the gauge bosons to decay leptonically, W → `ν and
Z→ `` with `= e, µ), as well as the h→ τ+τ− channel, are also significant. The clean
h → γγ mode, induced by loops of top quarks and W bosons in the SM, can be easily
detected albeit its small rates. The decays h→ Zγ and h→ µ+µ− will be accessible only
at the high-luminosity (HL-LHC) LHC option [54–58]. The total h decay width is rather
small, Γh = 4.07MeV, and any channel beyond the ones above will alter it significantly.
This is particularly the case of invisible h decays, which can be probed directly in a more
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efficient way. We will use the program HDECAY [152, 153] to evaluate the corresponding
branching fractions.

As for the Higgs production processes, they will be evaluated using the programs of
refs. [154, 155] which include all relevant higher order QCD corrections. The dominant
process is gluon-fusion gg → H (ggF) and has rates that are at least an order of magnitude
larger than the two subleading channels, vector boson fusion qq→Hqq and Higgs-strahlung
qq̄→HV with V =W,Z. Associated pp→ tt̄H production has an even smaller rate.

Turning to the heavier H,A and H± bosons, they are almost degenerate in mass in the
decoupling regime, when MA

>∼ 300–500GeV, decouple from the W/Z bosons and interact
only with fermions with couplings that are enhanced by powers of tanβ for b-quarks and
τ -leptons and suppressed as 1/ tanβ for t-quarks. The production and decay rates strongly
depend on tan β [147–151]. At high values, tan β >∼ 10, the neutral H,A states are mainly
produced in bb̄ and gg (through the b-loop contributions) fusion with large rates and decay
almost exclusively into bb̄ and τ+τ−, with branching ratios of respectively, 90% and 10%.
The H± bosons can be produced in the gb→ tH− mode and would decay into tb and τν
final states, again with branching fractions of 90% and 10%, respectively.

In the low tanβ region of tanβ<∼ 3, and for Higgs masses above the 2mt threshold,
the heavy neutral states will be produced essentially in the gg → H/A processes with the
top quark loop providing the main contribution and will almost exclusively decay into tt̄
final states.6 The H± bosons will mainly decay into tb states with a branching ratio of
almost 100%.

For the intermediate tanβ region of 3 <∼ tanβ<∼ 10, the main Higgs production mode
will be gg → H/A with some small additional contributions from bb̄ fusion; the rates are
nevertheless smaller than usual as the coupling gH/At is suppressed while gH/Ab is not yet
enhanced. For the decays, there will be a competition between the H/A→ tt̄ and bb̄ modes.
Any additional mode, such as decays into charginos and neutralinos, will impact the rates.

4.1.2 Diphoton decay rates of Higgs bosons

A first effect of the gaugino-Higgsino spectrum on the Higgs sector could be seen in the
couplings of the lightest h boson which are rather precisely measured at the LHC. The
measurement of the so-called h signal strengths in a given channel, such as the h→ XX

decay, gives a direct constraint on the coupling ghX or its reduced form when it is normalized
to the coupling of the SM Higgs boson denoted by HSM, which are defined as

κpp→hXX = (ghX)2

(gHSM
X )2

= σ(pp→ h)× BR(h→ XX)
σ(pp→ HSM)× BR(HSM → XX) . (4.1)

These µXX values depend not only on the angles α and β outside the decoupling regime,
when α 6=β− π

2 , but also on the loop contributions of the new particles if they are not too
heavy. For most of the couplings, these radiative corrections are small but there might be
a notable exception with the hγγ coupling as the decay h → γγ proceeds through loops.

6In the process gg → H/A→ tt̄, one has to take into account both H and A contributions and also their
interference with the gg → tt̄ QCD background [156]. Nevertheless, as the experimental collaborations are
only starting to consider this interference, we will ignore it in our analysis.
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Figure 9. Deviations of the hγγ coupling as a function of tanβ in the upper panel (a) and of the
gaugino mass parameter M2 in the lower panel (b). For (a), the red (blue) curve corresponds to
M2 = µ (M2 = −µ ) = 600GeV. For (b), the red (blue) curve corresponds to tanβ= 3 (tanβ= 30 )
and we set a relation M2 = −µ .

Besides the standard ones from the top quark and the W boson, there will be those due
to SUSY particles which appear at the same order. In our case, there will be only two
new contributions: the one due to the charged Higgs boson which, in any case, is rather
small and should already be taken into account in the context of the MSSM, but also the
contribution due to charginos that we discuss in the following.7

These loops have been discussed in several instances and we will closely follow the
relatively recent analysis given in refs. [157–159] that we will update. We use the program
SUSY-HIT [118] to evaluate the fraction BR(h→ γγ) including the chargino contributions
in the hMSSM context, that is, we use the program HDECAY [152, 153] where all these
loop contributions are included at one-loop order (which should be largely sufficient for our
purpose here) with the SUSY particle spectrum generated by the package Suspect [64].

The deviation of the hγγ coupling when including the SUSY-loop contributions relative
to the case without them, ∆κhγ will depend on the values of (M2, µ) that enter the chargino
sector in addition to tanβ. In figure 9, we present the deviation ∆κhγ for the chargino loop
corrections to the h-diphoton coupling as a function of tanβ in the upper plot and as a
function of the gaugino mass M2 in the lower plot. In both cases, we fix the pseudoscalar
mass to MA = 1TeV, which makes that we are in the decoupling limit and the Higgs
couplings are not affected by the angles α and β. We assume the equality M2 = |µ| which
maximizes the h couplings to the charginos as described in section 2.2. In the upper panel
but we take both signs of µ and vary tan β, while in the lower panel, we take M2 = −µ
only and study the chargino impact as a function of M2 for the two values tanβ = 3 and
tanβ = 30 . From this figure, we see that the possible deviation ∆κhγ has the same sign as
the µ parameter. Moreover, |∆κhγ | is smaller than 1% and decreases with the increase of
tan β [as in figure 9(a)] and the increase of M2 [as in figure 9(b)].

7We will ignore here the corresponding chargino (and eventually neutralino) contributions to the other
loop induced decay mode, namely h→ Zγ [160], which can be probed only with extremely high statistics
and which will provide essentially the same information in the hMSSM context.
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Figure 10. Deviations of the Hγγ and Aγγ couplings as a function of tanβ in the upper panel
(a-c) and of the gaugino mass parameter M2 in the lower panel (b-d). For (a-c), the red (blue) curve
corresponds to M2 =µ (M2 =−µ) = 600GeV while for (b-d), the red (blue) curve corresponds to
tanβ= 3 (tanβ= 30) and we set M2 =−µ.

For comparison, we also present the chargino loop corrections to the Hγγ and Aγγ
couplings in figure 10 for MA=1 TeV. Because the masses of charginos can be smaller than
H and A, ∆Hκγ and ∆Aκγ can be larger than 1. There are significant differences near
MA=2M2≈2mχ±i

thresholds and the sign of µ has an opposite impact on ∆κHγ and ∆κAγ .

4.1.3 SUSY corrections to Higgs production and decays

As discussed in section 2.4, SUSY particles contribute directly to the Higgs couplings
to fermions gΦ

f and, hence, impact the MSSM Higgs production and decays rates in a
way that cannot be absorbed into corrections to the angle α. In particular, at high
tan β, the direct correction ∆b to the Higgs-bb̄ vertices, the leading part of which is
given in eq. (2.27), can be significant when µ is also large. The SUSY-QCD part of the
correction, ∆QCD

b , being proportional to tan βµmg̃/max(m2
g̃,M

2
S) and the electroweak one

∆EW
b ∝ tanβµ/M2

S×(µ,M1,M2), can be made small by setting the SUSY scale MS , and
hence the squark masses since M2

S =m
t̃1
m
t̃2
≈m2

q̃ , to very large values as we are assuming
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in the hMSSM considered here. This would also be the case of the stop-chargino and
sbottom-neutralino contributions to the electroweak correction ∆EW

b .
Nevertheless, even if squarks and gluinos are light enough to have sizeable contributions

to ∆b, the latter will have only a limited impact in the main detection channels of the heavy
MSSM Higgs states when the full production times decay rates in the dominant processes
are taken into account. Indeed, for H/A, the main processes considered at the LHC are
gg, bb̄→ H/A→ τ+τ− and while the production cross sections are modified as

σ(gg, bb̄→ H/A) ∝ (1 + ∆b)−2 , (4.2)

one would have the following modification f on the decay branching fractions:

BR(H/A→ττ) = Γ(H/A→ττ)/[(1 + ∆b)−2Γ(H/A→bb̄) + Γ(H/A→ττ)] , (4.3)

assuming, as it is generally the case, that the corresponding ∆τ correction is small enough
to be negligible. The ∆b correction will then largely cancel out in the product of the cross
section and branching fraction:

σ(gg, bb̄→ H/A)× BR(H/A→ ττ) ' 1−∆b/5 . (4.4)

Hence, only when the ∆b correction is very large (say, of order unity), its impact on the
pp→H/A→ττ rate would become of the order of the theoretical uncertainty of the process
(stemming from the scale and the PDF uncertainties), which is estimated to be about
20% [147–151]. Thus the ∆b effect is insignificant. Such a large ∆b correction does not occur
in our hMSSM scenario as we assume the squarks to be heavy enough. This is illustrated
in figure 11, from a scan over the parameters M2 and µ and for a representative large
tanβ = 30 value and not too heavy squark masses, MS =(3−5)TeV. Note that it would
reach about 10% only for values tanβ=50, MS =3TeV, and large |µ|'3TeV. Hence, the
limits set by ATLAS and CMS on the heavier MSSM Higgs bosons, which are dominantly
derived from the channels above, should not be affected by these SUSY direct corrections.

The discussion above holds partly in the case of the charged Higgs for which the main
production process is bg → H±t. At high tan β, its cross section is also modified as in
eq. (4.2) and in one the main detection channels, H± → τν, it has the same branching
ratio as in eq. (4.3) since BR(H/A→ ττ, bb̄) should be replaced by BR(H± → τν, tb). The
product of the two, σ(bg → H±) × BR(H± → τν), will then also behave as in eq. (4.4)
and, hence, the correction will largely cancel out in the cross section times branching ratio.
However, another important channel for the charged Higgs boson at high tan β (as well
as low) values, is the H± → tb channel which could also be strongly affected by the ∆b

correction. The cross section times decay branching ratio will behave in this case as

σ(gb→H±)×BR(H±→ tb) ' 1−11∆b/5 , (4.5)

and will be thus more significantly affected if the ∆b correction is large. In this case, one
will need to take into account the value of the relevant SUSY parameters (in particular the
gluino and squarks masses which enter the dominant SUSY-QCD corrections) in order to
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Figure 11. Impact of the ∆b correction on the production times decay rates pp→H/A→ τ+τ−

and pp→ tbH±→ tbτν for the large tanβ from a scan on the (M2, µ) parameter space.

fix this corrections. But again, one can choose a benchmark scenario in which all these
masses are large enough not to affect the Higgs vertices.

In any case, for the charged Higgs boson, the H± → tb channel is up to now not as
sensitive as the pp→ H/A→ τ+τ− process and will not change the LHC present sensitivity
limits of the ATLAS and CMS experiments. Note that we have ignored possible effects in
the H±tb vertex stemming from corrections due to the top/stop sector at low tan β. The
∆t corrections, as in the case of the ∆τ corrections are rather small.

Let us finally make an important remark on the case of the lightest h boson couplings
that are now measured rather precisely at the LHC. In principle, the hbb coupling also
receives ∆b corrections, but as discussed recently in ref. [89] for instance, close to the
decoupling limit MA�MZ the deviation from its SM-like value will be given by

∆ghd ' ∆b
1+tan2β

tanβ × M2
Z

2M2
A

sin4β tanβ�1−→ −∆b×
M2
Z

8M2
A

, (4.6)

which is very strongly suppressed for MA
>∼ 2MZ . Hence, these direct corrections should be

very small and will not affect the signal strengths of the h boson measured at the LHC to
which we turn our attention now.

4.2 Constraints on the parameter space of the Higgs sector

In this subsection, we study the present constraints on the parameter space of the hMSSM
Higgs sector as imposed by the ATLAS and CMS searches performed at the Run-II of the
LHC. These constraints arise from two sources. The first one is due to the measurements
of various couplings of the observed Higgs boson of mass 125GeV [119, 120] which, in our
context, corresponds to the lightest h state. Another source of constraints arise from the
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direct searches of the heavier neutral and charged Higgs bosons in various channels [121–
124]. Both constraints already exclude a significant portion of the [MA, tanβ] parameter
space. We recast the two sets of constraints above in our hMSSM context and we start by
summarizing our results in figure 12 that we will describe below.

For the direct or indirect searches, the main precision measurements of the SM-like Higgs
couplings come from the bosonic decays h→ZZ,WW and γγ with the h boson dominantly
produced from gluon fusion, gg→h . The measurements of the fermionic couplings in the
decays h→ τ+τ− and bb̄ are less precise and the contribution of the other production
channels such as vector boson fusion pp→ hqq and associated production pp→ hV add
only little. The measured signal strengths in these main production and decay channels,
µggF
γγ,ZZ,WW are as defined in eq. (4.1). The combination of measurements of the SM-like

Higgs production and decay channels using the full set of 139 or 137 fb−1 data collected at
the LHC with

√
s = 13TeV by ATLAS [119] and CMS [120] gives:

ATLAS : µggFγγ = 1.03+0.11
−0.11, µggFZZ = 0.94+0.11

−0.10, µggFWW = 1.08+0.19
−0.18, (4.7a)

CMS : µggFγγ = 1.09+0.15
−0.14, µggFZZ = 0.98+0.12

−0.11, µggFWW = 1.28+0.20
−0.19 , (4.7b)

where the errors correspond to the total theoretical plus experimental uncertainties which
have been added in quadrature. As can be seen, up to the level of about 10%, all signal
strengths are around unity, meaning that the Higgs particle has SM-like couplings. In
the MSSM, as the h couplings should be modified by the angles α and β outside the
decoupling regime, one concludes that the value of the pseudoscalar A boson should be
large, MA �MZ , in order to be close to this regime. To quantify the implications on these
measurements on the [MA, tan β] parameter space, we perform the following χ2 fit8

χ2 =
∑

(µhMSSM − µEXP)2 /σ2
EXP, (4.8)

where the quantities µEXP, σEXP are the signal strength and uncertainty from the obser-
vations given above, and the quantity µhMSSM is the corresponding signal strength in the
hMSSM which is a function of MA and tan β. As shown by the red area in figure 12, the
hMSSM fit has ruled out the mass range MA

<∼ 600GeV at the 2σ level. The excluded
area does almost not depend on the value of tan β. The reason is that cos(β − α) which
measures the departure from the decoupling limit reads at high MA values [89]

cos(β − α) MA�MZ−→ 1
2
M2
Z

M2
A

sin 4β −→ 1
2
M2
Z

M2
A

×
{−4/ tanβ for tanβ � 1

1− tan2 β for tanβ ∼ 1
→ 0 , (4.9)

is suppressed not only by M2
Z/M

2
A but also by tanβ, both at high and low tan β values.

Moving to the constraints from direct LHC searches, we will take into account those
of heavy Higgs bosons performed by ATLAS [121, 122] and CMS [123, 124] again using
the full integrated luminosity of 139 fb−1 at

√
s = 13TeV. The search that provides by

far the strongest constraint is the one performed in the channel pp → gg, bb̄ → H/A →
8The fit has also been performed by ATLAS (see e.g. [126]) and CMS and in a more accurate way. We

nevertheless need to do our own fit as we will extend it later to include some additional SUSY effects.
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Figure 12. Constraints on the hMSSM viable parameter space in the [MA, tan β] plane at 95%C.L.,
using the LHC measurements of the signal strengths of the SM-like Higgs boson h (the red area) as
well as the direct searches of the heavier neutral Higgs bosons in the reaction pp→H/A→ τ+τ−

(the blue area), the charged Higgs boson in the reaction pp→H+→ tb̄ (the green area) and the
neutral Higgs bosons in the channel pp→H/A→ tt̄ (the grey area).

τ+τ− [121, 123] and it excludes at the 95% CL the large part of the [MA, tan β] plane
depicted by the blue area in figure 12. Values of MA below the TeV range are excluded for
tan β >∼ 10.

The search of the charged Higgs boson in the channel pp→ tbH+ with H±→ tb [122] is
much less constraining than the previous one at high tan β, since it is sensitive only for tanβ
close to our upper limit tan β ≈ 50 and Higgs mass values MH± ≈MA which are already
excluded by the h signal strength measurements. However, the search is also sensitive to
very small tanβ values, tanβ = 1−2 for MH±

<∼ 800GeV.
Note that in this low tan β area, the search channel pp→ gg → H/A→ tt̄ should be in

principle very efficient, in particular when interference effects with the QCD background
are taken into account. However, the one performed by the CMS collaboration with only
a luminosity of about 36 fb−1 [124] is, for the time being, weaker than the one from the
H± → tb mode discussed above. The corresponding ATLAS search, performed with the
same integrated luminosity [125], did not include the interference effects and hence, has not
been interpreted in the Higgs resonance context. We also find that the bounds imposed
by other heavy Higgs search channels [126], including H →WW,ZZ, hh and A→ hZ for
instance, are weaker and are already covered by the exclusion regions shown in figure 12.
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Figure 13. Allowed parameter space in the (MA, tan β) plane at the 95%C.L., obtained by fitting
the h coupling measurements and direct search of H/A at the LHC and including the effects of the
parameters M2 and µ when setting M1�M2 (left panel) and M2 = 2M1 (right panel). The regions
on the left of the blue curves in each plot are excluded by the LHC h coupling measurements with
the parameters (MA, tanβ) only.

In a next step, we perform the previous χ2 fit of the h coupling measurements in
the [MA, tan β] parameter space, but this time, taking account the possible effect of the
parameters µ and M2 for which we perform the scan in eq. (3.11) with M1 � M2 and
M2 = 2M1 in, respectively, the left and the right panels. Again, the red dots represent the
hMSSM parameter space which obeys all the experimental constraints that we considered
here. The blue curves in each panel represent the constraints from the χ2 fit of the SM-like
h coupling measurements with the two parameters MA, tanβ only. Comparing the allowed
region (marked by red dots) by the four-parameter fit of (MA, tanβ, M2, µ) with the bound
(blue curve) by the two-parameter fit of (MA, tan β), we see that the lower bound on MA

in four-parameter fit is relaxed modestly.
The reason follows from the fact that the decay channel h→γγ is very important to

the χ2 fit of the h measurements. Since low M2 and µ values can affect the hγγ coupling,
with two more degrees of freedom (M2, µ), there is more available parameter space for
(MA, tan β). The red dots satisfy the constraint of heavy Higgs search without considering
the impact of charginos and neutralinos. We will discuss the bounds including the decays of
heavy Higgs bosons to charginos and neutralinos in the next subsection.

4.3 Higgs decays into charginos and neutralinos

A very important feature in the context of a light gaugino-higgsino spectrum is that it allows
for the decays of at least the heavier MSSM Higgs bosons into charginos and neutralinos.
These decays can be significant in some of the hMSSM parameter space and thus can make
a large impact on the phenomenology of the Higgs sector, as these will affect the LHC Higgs
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Figure 14. Branching fractions of the heavy Higgs decays into charginos and neutralinos as functions
of their masses for the inputs tanβ=3, 30, M2 =2M1 = 0.9TeV and µ = −1.2TeV. In the panel (d),
we further set the input MA=3TeV, such that all the SUSY-decay channels of the heavy Higgs
bosons are open and sum up all the decay modes.

searches, but also the chargino and neutralino sector, as they provide a new window for the
detection of these particles. We analyze this aspect in this subsection.

Denoting as in section 2.2 the MSSM Higgs bosons as Hk [with k = 1, 2, 3, 4 for
(H, h, A, H±)] and the neutralinos and charginos collectively by χi , the partial widths of
the decays Hk→χiχj into light gauginos and higgsinos can be written as [161–164]:

Γ(Hk→χiχj)=
GµM

2
W s

2
W

2
√

2π
MHk

λ
1
2
ij

1+δij

([
(gLijk)2+(gRjik)2

]
(1−κ2

i−κ2
j )−4εiεjgLijkgRjikκiκj

)
,

(4.10)
where use the abbreviation κi= mχi

/MHk
and where δij = 0 unless the final state consists
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of two identical (Majorana) neutralinos in which case δii= 1. εi= ±1 stands for the sign
of the i-th eigenvalue of the neutralino mass matrix, but for charginos, one has εi = 1;
λij =1+κ4

i + κ4
j− 2(κ2

iκ
2
j+κ2

i +κ2
j ) is the usual phase space factor. The Higgs couplings to

charginos and neutralinos have been already given in eqs. (2.14a)–(2.14b).
In the gaugino (higgsino) limit for the lightest χ states |µ|�M1,2 (or |µ|�M1,2), the

neutral Higgs decays into identical neutralinos and charginos A/H→χiχi, together with the
charged Higgs decays H± → χ0

1,2χ
±
1 , χ

0
3,4χ

±
2 , will be strongly suppressed by the couplings

even if phase-space favored. The Higgs decays to the mixed heavy and light χ states will
in turn be favored by the larger couplings. For example, in the gaugino limit and if one
ignores the phase-space suppression by taking MHk

�|µ|�M2, the partial widths of the
heavy Higgs decays into mixed χ states, in units of the factor GFM2

WMHk
/(4
√

2π), will be
simply given by the simple expressions

Γ(H/A→χ0
iχ

0
j ) ∝

1
2 ξi (1± sin 2β), Γ(H/A→ χ±1 χ

∓
2 ) ∝ 1, (4.11)

with ξ1 = tan2 θW and ξ2 = 1, so that the decays of one of the neutral Higgs bosons are
not suppressed when tanβ is either large or close to one. The charged Higgs boson decays
H±→χ±i χ

0
j do not depend on tanβ in this limit and the decay width is simply either 1 or

tan2θW in the unit above. We present in figure 14 the branching fractions of the three heavy
Higgs bosons decaying into the neutral and charged χ states. We see that the turning
points of the heavy Higgs masses around M2+ |µ|=2.1TeV are due to the mass relation
mχ0

2
,mχ±1

≈M2 and mχ0
3
,mχ0

4
,mχ±2

≈ |µ| .
For large Higgs masses MA≈MH≈MH±�MZ , when all decay channels are kinemati-

cally accessible, the branching fractions can be significant and sometimes can even become
dominant, also for the low and large values of tanβ which, respectively, enhance the top
and bottom decay modes. However, the maximal Higgs decay rates into these states are
obtained at moderate tanβ when all channels are kinematically accessible. In this case, as a
consequence of the unitarity of diagonalizing the χ mixing matrices, the sum of the partial
widths does not depend on any supersymmetric parameter when phase space is neglected.
For instance, one gets the following expressions for the total branching fraction by summing
up all the possible decay modes

BR
(
Φ→

∑
i,j

χiχj
)

=

(
1+ 1

3 tan2θW
)
M2
W(

1+ 1
3 tan2θW

)
M2
W +m2

t cot2β+ (m2
b+ 1

3m
2
τ ) tan2β

, (4.12)

where, besides the decays into the superparticles, only the leading channels tt̄, bb̄ and ττ
for the neutral H/A and the dominant modes tb and τν for the charged H± bosons are
included in the total decay widths, which is indeed the case in the decoupling limit where
other decays become negligible, and the mass effects have been neglected.

In figure 14, we illustrate the branching fractions for the heavy Higgs decays into
charginos and neutralinos. In the panels (a)-(c), these branching fractions are plotted for
neutral and charged heavy Higgs bosons as functions of their masses. In all these cases, we
choose the sample inputs of tanβ = 3, 30 and the SUSY parameters M2 = 2M1 = 0.9TeV
and µ = −1.2TeV. One sees that the pattern for the decay branching fractions of the
heavy H, A, H± bosons is quite similar. For the mass values MHk

.M2+|µ|=2.1TeV, the
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Figure 15. The invisible decay branching fraction BR( h→χ0
1χ

0
1) as a function of tan β, where the

(red, green, blue, purple) curves correspond to a gaugino mass parameter M1 =(10, 20, 30, 50)GeV,
respectively. We choose the sample inputs M2=1.1TeV, µ=−1.2TeV for the plot (a) and µ=1.2TeV
for the plot (b).

branching fractions are generally below the 10% level, and as the Higgs masses become
larger, they can increase up to the level of (40−50)%.

In the last pane (d), we also present the Higgs decay branching fractions into all χ
states as function of tanβ , where a sample input MA=3TeV is taken, such that all the
chargino and neutralino decay modes of the heavy Higgses are open. It shows that the
decay branching fractions of the three heavy Higgs bosons nearly coincide and can reach
values around 40− 80% for tanβ values in the range tanβ ∈ [2.5, 25].

As mentioned earlier, for very large tanβ values, the partial decay widths of the
H/A→bb̄, τ+τ− and H+→ tb̄, τ+ν decays are so strongly enhanced, that they leave little
room for the SUSY-decay channels. At low tanβ values, the decay rates of H/A→ tt̄ when
kinematically accessible and H+→ tb̄ are large and can be dominating. Thus, the heavy
Higgs decays into the neutralinos and charginos could play a significant role mainly for
the intermediate values of tanβ and possibly for MH = MA

<∼ 350GeV. However, two
requirements should be fulfilled also in this case. First of all, to make some SUSY decay
modes Hk→χχ kinematically possible, certain χ states should be light, MHk

>∼ 2mχ (with
Hk =H,A). Secondly, the Hkχχ couplings should be large enough, meaning that the χ
states should be gaugino-higgsino mixtures as previously discussed.

Finally, let us make a few comments on the SUSY-decay channels of the light CP-even
and SM-like h boson. The experimental bound m

χ±1

>∼104GeV from LEP2 searches does
not allow the h boson to decay into any chargino pair or neutralino pair except for the
invisible decays into a pair of the LSP neutralinos, h→χ0

1χ
0
1 . This is especially valid in

the case where one equates the gaugino masses at the GUT scale, leading to the relation
M1∼ 1

2M2 at the electroweak scale, is relaxed. This would lead to the possibility of very
light LSP neutralinos while the LEP2 bound on mχ±1

still holds. However, as χ0
1 should be
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Figure 16. Allowed parameter space in the [MA, tan β] plane at the 95%CL, obtained by fitting
the h coupling measurements and direct search of heavy Higgs bosons at the LHC, where we
set M2 = 1.1TeV, µ = 1.2TeV, M1 � M2 (shown by blue dots), and M2 = 2M1 (shown by red
dots). The grey area presents the exclusion region under the condition that SUSY particles have no
contribution to Higgs production and decays.

primarily bino-like in this case, M1�M2, |µ|, the hχ0
1χ

0
1 coupling is suppressed and leads

to small invisible branching fractions. Nevertheless, as it competes with modes that have
small partial widths, the rate can still reach a few percent level. Hence, it can be probed by
future measurements of the h signal strengths or in the direct searches for invisible decays
at HL-LHC or at future e+e− and pp colliders.

Nevertheless, even with such a small h branching fraction, one can arrange that the
LSP has the required cosmological density, since it will annihilate efficiently through the
exchange of the h Higgs boson, as will be discussed in the following astrophysics section.

In figure 15, we present the branching fractions of the lightest h boson when decaying into
the LSP neutralinos, h→χ0

1χ
0
1 , as a function of tanβ. Here, the (red, green, blue, purple)

curves correspond to the bino mass parameter taking the values M1 =(10, 20, 30, 50)GeV,
respectively. We choose the other input parameters as M2 = 1.1TeV, µ=−1.2TeV for the
panel (a), and M2 =1.1TeV, µ=1.2TeV for the panel (b).

We note that for the small bino mass M1 = (10− 20)GeV, the decay branching
fraction of h→χ0

1χ
0
1 is around (2−8)% for tanβ.5 . On the other hand, for larger mass

values M1= 50GeV, the decay branching fraction lies around the percent level only for
tanβ.2 . We find that the branching fraction for µ=1.2TeV is generally larger than that
for µ=−1.2TeV.
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Figure 16 presents the parameter space allowed by the combined h coupling measure-
ments and the direct Higgs searches, including contributions of SUSY particles to the
decays as discussed in this section. Here, we set the input parameters M2 =1.1TeV and
µ=1.2TeV for illustration. For comparison, we also present the exclusion region without
the contribution of SUSY particles (as given by figure 12), and this is shown as the grey
region of figure 16. The presence of SUSY particles tends to reduce the branching fractions
of heavy Higgs decays to the SM particles and thus allows for a larger parameter space.
Figure 16 considers the case of M2<µ and has the inputs of (M2, µ) lie in the allowed
parameter region of figure 8 (represented by the red points).

5 Astrophysical constraints of the hMSSM

The previous discussion about the relation between the invisible decay branching ratio of
the SM-like Higgs boson and the relic density of the DM particle allows us to make a smooth
transition towards the astrophysical and astroparticle aspects of a neutralino LSP in the
context of the hMSSM. As is well known, in an MSSM in which R-parity [59] is conserved,
this particle was for a long time considered to be the best candidate for a thermal DM
particle [165–168]. Under this assumption, the requirement of a cosmological relic density
compatible with the latest measurement of the PLANCK satellite [169]

Ωχ0
1
h2 ' 0.12± 0.01, (5.1)

as well as compatibility with direct and indirect detection experiments, provide very strong
constraints on the MSSM Higgs sector that are complementary to the collider constraints
discussed before. We will briefly review below the various DM constraints, focusing on relic
density and direct detection, being, in general, the most stringent. Whenever appropriate,
will account for indirect detection while illustrating our numerical results.

First, concerning the cosmological relic density of the LSP neutralino that should be
compatible with the measured value given in eq. (5.1), it is determined, up to non standard
assumptions about the cosmological history of the early universe, by the freeze-out paradigm.
According to the latter, the DM abundance is directly related to the thermally averaged
cross section 〈σv〉 of the annihilation of DM pairs into lighter particles, Ωχ0

1
∝ 1/〈σv〉. In

the MSSM, this cross section crucially depends on the composition of the lightest neutralino
and on the supersymmetric particle spectrum since co-annihilation processes, occurring
when the next-to-lightest supersymmetric particle (NLSP) is almost degenerate in mass
with the DM one, play an important role.

In a general MSSM with possibly light sfermions, two main configurations in the model
parameter space that lead to an appropriate relic density, have been discussed. A first one,
called the “bulk region” [168], is when the main DM annihilation process is into leptonic final
states. This is mediated by t-channel slepton exchange and, in particular, the exchange of
the τ̃ state which is expected to be the lightest slepton. The other configuration is when the
neutralino χ0

1 has a mass very close to that of a sfermion f̃ , leading to efficient LSP-f̃ and
f̃ f̃ co-annihilations. The possibilities which were advocated most are co-annihilations with
again τ -sleptons [170–173] but also top-squarks [174–178]. Both sfermions can be made the
lightest sfermions by enforcing a strong mixing between the left- and right-handed states.
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However, in our hMSSM context in which the sfermions are assumed to be very heavy,
these two possibilities become absent. DM annihilations will thus occur only through the
s-channel exchange of the Z and neutral bosons, à-la Higgs/Z-boson portal scenarios [179–
182], or via gauge interactions. The size of such LSP annihilation cross sections and thus,
the DM relic abundance, will then primarily depend on the gaugino-higgsino composition
of the neutralino DM. This composition also controls the mass difference between the LSP
and the other lighter neutralinos and charginos, which is important for co-annihilation.

The correct χ0
1 relic density can be therefore obtained only in the following situations.

i) A mostly bino-like LSP neutralino. This scenario resembles the Higgs portal sim-
plified models, with the DM mostly annihilating into SM fermions and gauge bosons via
the s-channel exchange of neutral bosons [179–182]. As the bino annihilation cross sections
via the exchange of the CP-even Higgs bosons, as well as the exchange of the Z boson, are
p-wave suppressed, only annihilation processes into SM fermions via the exchange of the
pseudoscalar A state, are in general relevant as they lead to an s-wave dominated cross
section. These processes feature a potentially nice correlation with the LHC Higgs searches
illustrated in the previous sections. Nevertheless, for a light DM with a mass mχ0

1
<∼ 100GeV,

Z and h mediated annihilation channels become relevant but the corresponding cross sec-
tions typically lie below the thermally favored value, of order 〈σv〉 ≈ 10−26cm3s−1, unless
“pole” enhancements that occur for mχ0

1
' 1

2MZ or mχ0
1
' 1

2Mh are present [183–185].

ii) A higgsino or wino-like LSP neutralino. In this case, the pairs of χ0
1 DM states

will annihilate via gauge interactions into pairs of W and Z bosons, with a relic density
mainly set by the value of the LSP mass. The cosmologically favored value is achieved for
mχ0

1
≈ 1TeV and mχ0

1
' 3TeV for, respectively, purely higgsino-like and purely wino-like

LSPs [186–190] and the DM would be under-abundant for lighter masses. In these cases, the
correlations with searches of heavy Higgs bosons at the LHC would be very weak or even
absent. Hence, dedicated DM searches will be the primary probes for this type of scenario.

iii) The “well tempered” bino-higgsino and bino-wino regimes [191–195]. Here,
the correct relic density is achieved, away from resonances and for DM masses of the
order of few hundred GeV, by having a suitable admixture between a bino-like LSP,
with very suppressed interactions, and a higgsino and/or wino component, which is more
efficiently interacting. As it will be clarified in the discussion below, bino-higgsino DM has
enhanced interactions with CP-even Higgs bosons in contrast to the mixed bino-wino lightest
neutralinos. The former is thus disfavored by DM direct detection, while the later regime
can instead evade these constraints provided that some fine tuning of parameters occurs.

This brings us to the issue of direct detection. In general, the neutralino DM features
both spin-independent (SI), mediated by the exchange of the neutral CP-even Higgs bosons
and generating a DM-nucleon scattering cross section on the proton of the form

σSI
χ0

1p
=
µ2
χ0

1p

π

m2
p

v2

∣∣∣∣∣∑
q

fpq

(
gχ0

1χ
0
1h
ghq

M2
h

+
gχ0

1χ
0
1H
gHq

M2
H

)∣∣∣∣∣
2

, (5.2)
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and spin-dependent (SD) interactions, mediated by the Z bosons and leading to a scattering
cross-section on protons which reads

σSD
χ0

1p
= 3

µ2
χ0

1p

πM4
Z

[
gχ0

1χ
0
1Z

(
gAu ∆p

u + gAd
(
∆p
d + ∆p

s

))]2
. (5.3)

In these equations, mp is the proton mass while µχ0
1p

= mχ0
1
mp/(mχ0

1
+ mp) is the DM-

proton reduced mass. For the coefficient fpq and ∆p
q giving the contributions of the various

light and heavy quarks, we adopt the numerical values given in refs. [196–199].
For both types of interactions, we will impose the most recent constraints provided

by the LUX-ZEPLIN (LZ) collaboration [200], which recently superseded the limits by
XENON1T [201, 202]. Analogous constraints have been also obtained by the PANDA-X
experiment and add little so that we do not include them.

In the next subsections, we show how these DM constraints complement the collider
ones in the different configurations for the various regimes of the bino and wino mass
parameters that we have identified in the previous sections. In all cases, our numerical
results will be based on the implementation of the modified version of the program SuSpect
for the hMSSM discussed in section 2 in the program Micromegas [203–205] for DM.

5.1 M1 ' 1
2M2

Let us first consider the case in which the soft SUSY-breaking wino and bino mass parameters
are linked by the GUT relation M2 ' 2M1. In such a case, the neutralino DM can be either
bino-like or higgsino-like, or a mixture of these two components. Representative examples
of the combined DM/LHC constraints in such a scenario are provided in figure 17.

The four panels of the figure show the constraints on the bidimensional [M2, |µ|]
parameter space for two benchmark scenarios with (MA, tan β) Higgs sector parameters of
(1TeV, 5) for the upper panels and (1.5TeV, 10) for the lower ones. For each of these two
scenarios, we considered the two possibilities µ > 0 and µ < 0. We have then applied on
this plane the constraints on the relic density from the PLANCK satellite, the present and
future sensitivities of the direct detection experiments and finally, the constraints on this
parameter space from LHC searches of charginos and neutralinos discussed previously.

Given the precision in the experimental determination of Ωχ0
1
h2, the correct DM relic

density, assuming the WIMP paradigm and a standard cosmological evolution for the early
universe, is achieved only in the narrow contours of the [M2, |µ|] plane marked in black. For
the shown benchmarks to be viable, at least one portion of the relic density isocontours
should lie outside both the blue regions, corresponding to the exclusion from LZ, the yellow
regions, corresponding to the exclusion from searches of continuous spectra of γ-rays from
DM annihilations as performed by the FERMI collaboration [220, 221],and the gray regions,
excluded by neutralino/chargino searches at the LHC. The areas of the [M2, |µ|] plane will
be, in turn, ruled out if the next future results from the DARWIN (purple) [208] experiment
will confirm the absence of DM signals.

The outcome shown in figure 17 can be understood as follows. In the regions corre-
sponding to mχ0

1
< 1

2MH,A, the correct DM relic density can achieved only for an LSP with
a substantial bino-higgsino mixture, a possibility that is ruled out by direct detection limits.
For mχ0

1
' 1

2MH,A, the vicinity of the Higgs poles enhances the DM annihilation rate, in
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Figure 17. Summary of DM constraints in the [M2, |µ|] plane for the M2 = 2M1 scenario. The
upper panels are for the (MA, tan β) assignments (1TeV, 5), while the lower panels ones consider
(1.5TeV, 10). For each benchmark we have considered both signs for the µ parameter. In all panels,
the black isocontours correspond to regions in which the correct DM relic density is reproduced, the
colored contours the present and future sensitivities regions of, respectively, the LZ and DARWIN
direct detection experiments and the regions marked in gray are those ruled out by LHC searches of
charginos/neutralinos.
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particular in the pseudoscalar Higgs case. The correct relic density could be then obtained
for a bino-like DM that evades, at least partially, the direct detection constraints. The
increased sensitivity of upcoming detectors will, however, strongly erode this region in the
absence of a signal. Finally, the relic density curve reaches a plateau at around µ ' 1.1TeV.
In this region the relic density is saturated by the annihilation processes into gauge boson
pairs of a higgsino-like DM state. For |µ| and M1,2 values of the same order, this region
appears to be excluded by DM direct detection. Direct detection bounds can be relaxed by
considering the possibility M1,2 � |µ|. This scenario would be not very interesting for what
concerns LHC SUSY particle searches.

Comparing the left (for positive µ) and right (for negative µ) panels, one notices
that in the latter case, there are regions in which direct detection constraints become
sensitively weaker. Indeed, in such regions, the DM scattering cross section is suppressed as
a consequence of “blind spots”, i.e. assignments of the model parameters corresponding to
a cancellation of the coupling of the DM with the light h boson or destructive interference
between the contributions associated with the exchange of the two h and H states [192,
209, 210]. An approximate analytic expression to have these “blind spot” regions reads

2
(
mχ0

1
+ µ sin 2β

)
/M2

h ' −µ tan β/M2
H . (5.4)

In the limit in which the H state is very heavy, MH ≈ MA � MZ , the condition above
reduces to mχ0

1
+µ sin 2β ' 0, which requires a negative µ value to be satisfied. Concerning

DM indirect detection, limits affect the regions of parameter space with mostly higgsino
like DM. This is due to the fact that in the latter case the DM annihilation cross-section is
s-wave dominated.

5.2 M1 'M2

The assignment M1 = M2 for the gaugino mass parameters leads to bino and wino states
with comparable masses and corresponds to one possible option of the so-called “well
tempered” LSP neutralino scenario. In this special case, the resulting combined DM
and LHC constraints on the [M2, |µ|] parameter space are illustrated by figure 18. The
benchmark scenarios for the Higgs sector and the sign of the µ parameter, as well as the
color coding for the various constraints, is exactly the same as in figure 17.

Looking first at the relic density contours, one can see that they feature two plateaux:
a first one for |µ| > M2 & 1TeV and another one for M2 > |µ| & 1TeV. It can be noticed,
furthermore, that these relic density curves are not sensitive to variations of the (MA, tan β)
parameter sets. The reason is that in the second case, i.e. for |µ| < M1,2, the limit of a pure
higgsino DM, already discussed in the previous subsection, is recovered. In the opposite
regime, i.e. for |µ| > M1,2, the M1 = M2 relation imposes a substantial mixing, of the order
of the Weinberg angle θW , between the bino and wino components of the mixed bino-wino
DM neutralino. Consequently, in both limits, the DM relic density is mostly accounted
for by DM annihilation into gauge boson pairs, whose cross sections are not sensitive to
the Higgs sector parameters. In addition, as one has mχ0

1
≈ mχ0

2
≈ mχ±1

, co-annihilation
processes (in particular those involving charginos which have stronger couplings) play an
important role. In both cases, a multi-TeV DM neutralino is favored.
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Figure 18. Summary of DM constraints in the [M2, |µ|] plane for the M2 = M1 scenario. The
upper panels are for the (MA, tan β) assignments (1,TeV,5), while the lower panels ones consider
(1.5TeV, 10). For each benchmark we have considered both signs for the µ parameter. In all panels,
the black isocontours correspond to regions in which the correct DM relic density is reproduced,
the colored contours the present and future sensitivities regions of the LZ (DARWIN) direct
detection experiments and the regions marked in gray are those ruled out by LHC searches of
charginos/neutralinos.
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For what concerns the limits from direct detection experiments, they are again very
similar to the ones obtained in the previous M1 ' 1

2M2 case. These very strong constraints
can be thus evaded only if blind spots, i.e. very specific correlations among the model
parameters, are realized as also discussed before. Indirect detection constraints (yellow
regions) play a complementary role at low DM masses. This is mostly due to the fact
that substantial wino and/or higgsino component for the DM induce high annihilation
cross-sections into pairs of gauge bosons, in tension with experimental sensitivity. Notice
that, due to Sommerfeld enhancement, also multi-TeV values of the DM mass are potentially
subject to constraints from DM indirect detection. As shown e.g. by [189], the latter
sensitively affect the parameter space corresponding to wino-like DM and µ > 0. The
systematic implementation of Sommerfeld enhancement is beyond the scopes of this work
and we hence refer to the dedicated literature.

The picture just depicted can be altered if a slight deviation from the M1 = M2 relation
is considered. This is illustrated in figure 19 in which a difference in the two gaugino mass
values M2 −M1 ' 5−10GeV is assumed. For |µ| � M1,2 as chosen in all panels of the
figure, this leads to small splittings between the masses of the gaugino-like next-to-lightest
neutralino and lightest chargino states χ0

2 and χ±1 and the mass of the LSP neutralino χ0
1.

This would strongly suppress the co-annihilation processes and allows that the correct DM
relic density is achieved for lower DM masses.

As can be seen from the lower panels of figure 19 with µ = ±2.5TeV (and also the
upper panel with µ = −750GeV), the direct detection constraints from the LZ experiment
can be evaded for relatively low values of the gaugino mass parameters M1 and M2, and
hence LSP masses, without relying on blind spot configurations. Nevertheless, some of
these values are already constrained by LHC searches of charginos and neutralinos given by
the orange regions. The portion of parameter space with M2 < M1, hence wino-like DM, is
also ruled out both by DM indirect detection (again because of the very efficient s-wave
annihilation cross-section) and both by LHC. For this kind of setup the most effective
limits come from searches of disappearing tracks [128, 143–146]. The upgraded sensitivity
expected for the future DARWIN experiment would allow to probe a very large part of the
remaining viable DM parameter space.

5.3 M1 �M2 and M2 �M1

The scenario M1 � M2 is the one in which the bino-like neutralino is lighter than the
wino-like neutralino and chargino and, for this reason at least for what concerns DM
phenomenology, it has strong similarities with the case M1 = 1

2M2 discussed before. Hence,
most of the results presented in subsection 5.1 apply also in this case. Nevertheless, in the
case M1 �M2 and for large values of the higgsino mass parameter, |µ|≫ M1, the LSP
can be almost bino-like with no or very small couplings to the Z boson. It is thus no longer
constrained by the LEP bounds and, hence, can be very light. We will hence focus the
analysis below on the specific M1 <∼

1
2Mh sub-case.

Figure 20 shows the combined constraints in the [M1, |µ|] plane for the (MA, tan β) =
(1TeV, 8) and (MA, tan β) = (1.5TeV, 15) Higgs parameter sets and both signs of µ.
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Figure 19. Summary of constraints, in the [M1, (M2 −M1)] parameter space, for some “well-
tempered” wino-like neutralino configurations, identified by the Higgs-higgsino parameter assignments
on top of each panel. Following the usual color code, the correct DM thermal relic density is identified
by the black isocontours, the present (future) excluded regions by the LZ (DARWIN) experiments
are marked in blue (magenta/purple) and the regions in orange correspond to those excluded from
neutralino/chargino searches at the LHC (see main text for details) while, finally, the yellow regions
are excluded by Indirect DM searches by the FERMI experiment.
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Figure 20. Summary of constraints for the scenario with a light DM neutralino and the choice
M1 �M2, in the [M1, |µ|] bidimensional space for the benchmark assignments of the parameters
MA, tan β and sign(µ) reported on top of the four panels. Following the usual color code, the black
isocontours have the correct DM relic density, while the blue (magenta) regions are currently (will
be) excluded by the LZ (DARWIN) experiments. In addition, shown in orange are the regions
excluded by LHC searches of neutralinos and charginos and, in green (dark green), the regions
excluded by invisible decays of the lightest Higgs (Z) boson.
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As already mentioned, the DM is mostly bino in the M1�M2 scenario and the DM
cosmological relic density is achieved essentially through DM annihilation processes into
SM particle final states, via the SM-like Higgs and the Z boson exchanges in the s-channel.
Bino-like neutralinos have, however, strongly suppressed couplings to these particles so that
the correct relic density is achieved only around the mχ0

1
' 1

2MZ or 1
2Mh poles.

For µ > 0, the two considered benchmark scenarios are, nevertheless, already ruled
out by present constraints from DM direct detection ad exception of very narrow regions
around the SM Higgs pole.9 For µ < 0, direct detection can be evaded in large regions of
the parameters space thanks to the occurrence of “blind spots”. However, having “blind
spots” means suppressed DM couplings to the SM-like Higgs boson which will then make it
difficult to achieve the correct relic abundance. Indeed, as it can be seen from the plots, the
PLANCK value of the DM relic density is reproduced only in the h pole region, provided
that |µ| . 500GeV. The portion of the (M1, µ) bidimensional space highlighted in orange
is excluded by LHC searches. For the considered setup, we adopted the limits determined
in [213] for bino DM with higgsino NLSP.

For completeness, we also display in figure 20, the excluded region from the invisible
decays of the h boson, measured at the LHC (when combining the ATLAS and CMS values)
to be [214, 215]

BR(h→ invisible) ≤ 11%, (5.5)

and the invisible width of the Z bosons, which is constrained from the very precise LEP
measurements to be [216]

Γ(Z → invisible) ≤ 2.49 MeV. (5.6)

One notices that the corresponding constraints are not as competitive as the ones from the
LZ experiment just discussed before. Contrary to the previous scenario, no limits from DM
indirect detection are displayed. This because of the p-wave suppression of the annihilation
cross-section of bino-like DM.

Finally, in the M2 � M1 scenario, the DM neutralino is a wino-higgsino admixture
for |µ| values comparable to M2 and a pure wino (higgsino) for large (small) values of |µ|.
The DM relic density is then determined essentially by the gauge interactions. Due to
their effectiveness, and further enhanced by Sommerfeld effects [217] and bound state
formation [218, 219], the experimental value of Ωh2 is matched only for multi-TeV lightest
neutralino states. Hence, there is almost no complementarity between the phenomenology
of the DM state including the constraints from the relic density and direct detection and
the LHC searches for neutralinos and charginos. For this reason, we will not discuss this
scenario in detail.

5.4 Summary of the DM constraints

We summarize the outcome of the present DM analysis, in the two plots given in figure 21
which show the outcome of different scans over the hMSSM parameters, namely M1,M2, µ

9Notice that in such regions the conventional numerical computations of the relic density are not
completely reliable [211, 212].
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and MA, tan β. Concerning the Higgs-higgsino parameters MA, tan β and µ, we have
assumed in all cases the following ranges of variation:

MA ∈ [600, 2000] GeV , µ ∈ [−3, 3] TeV, tan β ∈ [1, 60] . (5.7)

For what concerns the gaugino masses M1,2 we have considered the following cases:

M2 = 10M1 , M1 ∈ [10, 1000]GeV,
M1 = 0.5M2 , M2 ∈ [100, 3000] GeV,
M1 = M2 ± 50GeV , M2 ∈ [100, 3000] GeV ,
M1 = 10M2, M1 ∈ [100, 3000]GeV,
M1 = [10, 100]GeV M2 = 2.5TeV. (5.8)

The results are presented in the [M1, µ] and [M2, µ] planes. The lower range for the
value M2 and µ is chosen to automatically account for the LEP limit on the lightest
chargino mass, implying min[M2, µ] & 100GeV. The panels in the left column of figure 21
show the model points evading the constraints from DM direct detection, as given by LZ,
indirect detection, as given by FERMI, collider constraints from searches of additional
Higgs bosons, invisible decays of the Z/h bosons and searches for neutralinos/charginos.
The right column shows the model points which, in addition, feature the correct DM relic
density according to the WIMP paradigm. The different colors correspond to, respectively,
the M2 = 3TeV (cyan), M1 = 0.1M2 (green), M1 = 1

2M2 (blue), M1 ' M2 (red) and
M1 =10M2 (orange) configurations.

Focusing on the upper left panel, we see that the M1 = 0.5M2 configuration occupies
the smallest region of parameter space. This is due to the limits on LHC searches of
chargino/neutralino production which are particularly strong in the case of bino-LSP/wino-
NLSP [213, 222]. In agreement with the results shown in the previous subsection, Indirect
Detection constraints configurations corresponding to light higgsino-like DM while, bino-
higgsino mixtures, namely M1 ' µ, are ruled out by LZ.10 In order that light DM evades
observational constraints we need to increase the hierarchy between the M1, M2. Assuming
the latter parameter to be decoupled at a mass scale of 3TeV, it is possible to access values
of the DM mass below 100GeV. Looking finally at the M1 ∼ M2 case, the model points
occupy a relatively large region of parameter space for M1 > 100GeV. While the impact
of DM, namely direct and indirect detection, constraints is similar as the previous cases,
LHC bounds are weaker due to the compressed neutralino/chargino spectrum. The latter
have substantial impact in the case of almost pure wino DM where limits from disappearing
tracks apply.

Moving to the bottom left panel, showing the [M2, |µ|] bidimensional space, we can assess
the viable parameter region for M2 = 0.1M1. A generic admixture of wino and higgsino
components always features s-wave annihilation cross-section which is, hence, constrained
by indirect detection. This implies the lower bounds |µ| & 300GeV and M2 & 700GeV.

10Notice that, to apply direct and indirect detection limits in the way described above, one has to implicitly
assume that each model points complies with the correct DM relic density, possibly via unknown non-thermal
mechanism. Alternatively, one could assume that the neutralino DM represents only a fraction of the DM of
the universe and rescale accordingly the experimental exclusion bounds.
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Figure 21. Summary plots of the combined LHC, direct detection and relic density constraints on
the hMSSM. The colored points represent the outcome of different parameter scans (see main text
for details) conduced assuming M1 = 0.1M2 (green points), M1 = 0.5M2 (blue points), M1 'M2
(red points), M1 = 10M2 (orange points) and M2 = 3TeV. The left panel shows the points evading
constraints from DM direct detection and from LHC while the right panels shows, in addition, the
model points complying with the correct relic density.
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Again, the case M2 ∼ |µ| is ruled by Direct Detection for the whole range of the latter
parameters considered in this work. As it can be seen from the right-hand side column of
figure 21, the strict requirement of the conventional thermal paradigm as mechanism to
achieve the correct DM relic density has a dramatic impact on the viable parameter space.
This is due to the fact that one has to assume very specific and possibly fine-tuned relations
between the model parameters. In the case M1 = 0.5M2, the correct DM relic density is
achieved only for higgsino-like DM with µ ' 1TeV < M1,2 or for bino-like DM, provided
that mχ0

1
' 1

2MA. In light of this tight relation, the lower bound on MA from LHC searches
of resonances in the pp→ A/H → ττ channel, serves as a lower bound on the DM mass,
translating into the constraint mχ0

1
'M1 & 350GeV. In the case M1 'M2, the occurrence

of the well tempered bino-wino regime allows to have M1 as low as 100GeV, provided that
|µ| is above the TeV range. Furthermore, the correct DM relic density can be achieved in
the case of a wino-like DM, with M1 at around 2TeV. No new viable parameter regions
open up for M1 �M2. In this last case, all the experimental constraint are passed for pure
higgsino or pure wino DM while the mixed composition for the DM is ruled out by direct
detection. Finally, for M1 �M2, an additional small region of viable parameter space is
present which corresponds to the lightest Higgs pole region mχ0

1
'M1 ' 1

2Mh.

6 Conclusions

The hMSSM, in which the MSSM Higgs sector is parameterized in such a way that the
mass of the lightest Higgs boson is automatically set to the value Mh = 125GeV measured
at the LHC, has become one of the two main benchmark scenarios used by the ATLAS and
CMS collaborations in constraining the parameter space of the model either by interpreting
their measurements of the SM-like lightest h couplings to fermions and gauge bosons [3–5]
or in their searches of the heavier H,A and H± states in various discovery channels. A nice
feature of this approach, which tremendously simplifies the experimental and theoretical
analyses, is that only two basic input parameters, generally taken to be tan β and MA

exactly like at the tree-level, are then needed in order to describe the Higgs sector. This
is particularly true in the case where the masses of scalar quarks or, alternatively, the
SUSY-breaking scale MS , are large as suggested by the LHC data. It is nevertheless useful
and in fact mandatory in view of future LHC upgrades, to allow for the possibility of light
weakly interacting particles which are much less constrained by current data and which will
be subjects to intensive searches at these upgrades.

This is the main scope of the present paper: to extend the by now traditional hMSSM [34,
35] in order to incorporate the effects of possibly light charginos χ±i and neutralinos χ0

i

and study the implications at both colliders such as the LHC and in astroparticle physics
experiments searching for the dark matter particle which, in our context, is represented by
the lightest neutralino χ0

1. Still assuming large values of the SUSY scale MS and the gluino
mass parameterM3, which implies that squarks and gluinos are too heavy to have any direct
impact on Higgs phenomenology, we define an hMSSM with three extra inputs parameters
in addition to tan β and MA, namely the bino, wino and higgsino mass parameters M1,M2
and µ. In this extended hMSSM benchmark, we then explore in the most comprehensive
way all possible effects of charginos and neutralinos and their interplay with the Higgs sector.
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We first start be summarizing the way we implement such an hMSSM scenario in one
of the numerical codes that generate the superparticle and Higgs spectra in the MSSM, the
program SuSpect [64], which we then use in the subsequent numerical analyses (eventually
after linking it with codes that calculate production cross sections and decay branching
ratios such as HDECAY [152, 153] and SDECAY [117]). We then evaluate the one-loop
radiative corrections of charginos and neutralinos to the Higgs boson masses and couplings
and show that their impact, compared to the hMSSM as traditionally defined, is rather
modest for reasonable values of the additional SUSY parameters. In particular, the one-loop
corrections to the Higgs boson self-energies modify the mass of the h boson by less than
1%, which is well below the admitted theoretical uncertainty in determining this mass in a
general MSSM. These corrections have an even smaller impact on the determination of the
masses of the heavier CP-even H and charged H± states as well as on the angle α. There
are also direct corrections that affect the Higgs-bb̄ vertices at large tan β and µ values, but
it turns out that they are also modest if squarks and gluinos are assumed to be sufficiently
heavy and, hence, they do not alter the global picture.

We then study the collider implications of the charginos and neutralinos in this hMSSM.
We first summarize their production and detection channels at the LHC and adapt the present
experimental constraints on these particles derived by ATLAS and CMS to our hMSSM
with 5 parameters, MA, tan β,M1,M2 and µ and delineate the still allowed parameter space.
We then discuss all possible sources of impact of these charginos and neutralinos on the
MSSM Higgs sector: the χ±i contributions to the decays of the neutral h,H,A states into
two photons, the direct corrections to heavier H,A,H± production and decays in the main
channels, and their impact on the lighter h boson signal strengths as measured at the LHC.
We close this collider part by discussing the possible impact of Higgs decays into charginos
and neutralinos on present LHC constraints.

We finally, perform a complete analysis in the hMSSM of the astroparticle implications
of the lightest neutralino, considered as the dark matter particle. In particular, we update
the constraints from the relic abundance of this neutralino as well as the constraints and
prospects in direct and indirect detection experiments, paying a special attention to the
complementarity between these searches and those performed at colliders.

All in all, we show that extending the original hMSSM scenario to incorporate the
possibility of light chargino and neutralino states can be done at a minimal cost. Such
an hMSSM can still parameterize in an accurate manner the MSSM Higgs sector and,
at the same time, be a very good benchmark in describing the interplay between this
sector and the one involving the electroweak gauginos and higgsinos. This will ease
future simultaneous analyses of the two sectors at the next LHC runs, future colliders and
astrophysical experiments.
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