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Abstract

A cosmologically stable neutral component from a nearly pure SU(2) doublet, with

a mass ⇠1.1 TeV, is one appealing candidate for dark matter (DM) consistent with

all direct dark matter searches. We have explored this possibility in the context

of the Minimal Supersymmetric extension of the Standard Model (MSSM), with

the Higgsino playing the role of DM, in theories where supersymmetry breaking is

transmitted by gravitational interactions at the unification scale M ' 2⇥10
16

GeV.

We have focussed our work in the search of “light” supersymmetric spectra, which

could be at reach of present and/or future colliders, in models with universal and

non-universal Higgs and gaugino Majorana masses. The lightest supersymmetric

particles of the spectrum are, by construction, two neutralinos and one chargino,

almost degenerate, with a mass ⇠1.1 TeV, and a mass splitting of a few GeV.

Depending on the particular scenario the gluino can be at its experimental mass

lower bound ⇠ 2.2 TeV; in the squark sector, the lightest stop can be as light as ⇠
1.6 TeV, and the lightest slepton, the right-handed stau, can have a mass as light

as 1.2 TeV. The lightest neutralino can be found at the next generation of direct

dark matter experimental searches. In the most favorable situation, the gluino, with

some specific decay channels, could be found at the next run of the Large Hadron

Collider (LHC), and the lightest stop at the High-Luminosity LHC run.
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1 Introduction

Supersymmetry, and in particular the Minimal Supersymmetric extension of the Standard
Model (MSSM), remains as the most appealing solution to the Standard Model grand
naturalness problem [1,2]. In spite of all the negative results from experimental searches,
the fact that the Higgs boson was found with a mass mh ' 125 GeV, points toward a
heavy supersymmetric spectrum, so that nature should be a↵ected by an irreducible little
hierarchy problem to live with. Supersymmetric spectra in the few TeV range are still
allowed by present searches at the Large Hadron Collider (LHC) [3].

An important spin-o↵ of the MSSM, in the presence of R-parity conservation, which
prevents baryon and lepton number violation at the perturbative level and, thus, proton
decay, is that the Lightest Supersymmetric Particle (LSP) is a candidate for (cold) dark
matter (DM), if it is electrically neutral, and can give rise to the observed cosmological
abundance of dark matter density after thermal freeze-out [4]. The possibility that DM
is described as the lightest neutralino has been explored since long ago in the literature
as one of the most appealing features of the MSSM [5–18]. Given the strong bounds on
the mass of supersymmetric particles, and the plethora of null results from direct search
experiments [3], there is a clearly preferred scenario: a nearly pure Higgsino with a mass
⇠ 1.1 TeV [10,19].

In view of the previous comments, we will consider in this paper the possibility for
the MSSM to encompass a supersymmetric spectrum where the LSP is a nearly pure
Higgsino with a mass ⇠ 1.1 TeV. As the MSSM spectrum does largely depend on the su-
persymmetry breaking mechanism, and on the solution to the supersymmetric µ-problem
(generation of the µ term in the Higgs superpotential), we will do it in models of gravity
mediation of supersymmetry breaking, where the µ term can be generated through non-
renormalizable contribution to the Kähler potential, the Giudice-Masiero mechanism [20].
For these models the scale M at which supersymmetry is broken (i.e. the scale at which
the soft breaking masses are generated) is identified with the scale where gauge couplings
unify, i.e. the unification scale M ' 2⇥ 1016 GeV [2]. These models have minimal super-
gravity as the ultraviolet (UV) completion and are inspired by, and obtained from, string
constructions [21]. In these scenarios the soft breaking masses do depend on the localiza-
tion of Standard Model fields in the extra dimensions, so that two simple scenarios for
scalars are: i) Models where, at the unification scale, Higgs and sfermion masses are equal
(dubbed universal Higgs mass models) and, ii) Models where Higgs and sfermion masses
are di↵erent (dubbed non universal Higgs mass models). On the other hand, as gaugino
Majorana masses (Ma) evolve as the corresponding gauge couplings (↵a), it is usually
assumed that gaugino Majorana masses unify at the gauge coupling unification scale,
although, in supergravity models these masses depend on non-renormalizable F -density
couplings in the gauge sector and can be di↵erent.

To summarize, the main purpose of this paper is to make predictions on the supersym-
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metric mass spectra of models where a 1.1 TeV Higgsino is the LSP, and supersymmetry
is broken at the unification scale, which can be useful to guide experimental searches and,
in particular, to seek the existence of supersymmetric spectra which will be at reach of
present or future colliders. Given the present bounds on supersymmetric masses, we will
not pay particular attention to the issue of fine-tuning 1 but, instead, on the possibility
of experimental detection of the supersymmetric spectra. For that reason we will gave
up the criterium of Majorana mass unification and consider cases where the gluino is on
the verge of experimental detection. We will see that, with a lighter gluino the renor-
malization over the other supersymmetric parameters is smaller and the resulting squark
spectra are lighter than those with a heavy gluino.

The contents of this paper are as follows. In Sec. 2 the conditions for electroweak and
supersymmetry breaking are summarized for the scalar sector. In Sec. 3 the conditions
for the LSP to be an almost pure Higgsino with a mass of ⇠ 1.1 TeV are established. The
spectrum of charginos and neutralinos is fully determined, with all generality, after the
conditions from the XENON1T direct searches are imposed. In Sec. 4 the predictions on
supersymmetric spectra for di↵erent scenarios of supersymmetry breaking are obtained.
In particular, scenarios of universal and non-universal Higgs masses, at the unification
scale M , as well as those of universal and non-universal gaugino masses, will be separately
studied. In Sec. 5 some comments on the experimental signatures at hadron colliders of
the considered scenarios are pointed out. Finally in Sec. 6 the conclusions and outlook
are drawn.

2 Electroweak and Supersymmetry Breaking

In the MSSM electroweak symmetry breaking (EWSB) is achieved by means of two Higgs
doublets HU and HD whose vacuum expectation values (VEVs) give a mass to up-like
quarks, and down-like quarks and charged leptons, respectively. The corresponding su-
perfields HU and HD appear in the superpotential as W = µHU · HD , which gives a
supersymmetric mass to Higgs bosons and Higgsinos. Moreover, through the process of
supersymmetry breaking, the Higgs sector acquires soft-breaking masses as

� Lsoft = m
2
HU

|HU |2 +m
2
HD

|HD|2 + (bHU ·HD + h.c.) (2.1)

After imposing EW breaking at a low scale Q0 as hHUi = vU , hHDi = vD, with

1
An analysis based on fine-tuning criteria was done in Ref. [23].
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t� ⌘ tan � = vU/vD, the equations of minimum (EoM) are found as

m
2
HU

= �
✓
µ
2 +

1

2
m

2
Z

◆
t
2
�
� 1

t
2
�

+m
2
HD

/t
2
�

sin 2� =
2b

m
2
HU

+m
2
HD

+ 2µ2
(2.2)

where all parameters are considered at the scale Q0.

As it is obvious from the EoM (2.2), EWSB in the MSSM requires supersymmetry
breaking. We will assume that at the high scale M , the supersymmetry breaking scale,
soft breaking parameters are generated for the Higgses, gauginos and (third generation)
squarks as

m
0
HU

, m
0
HD

, m
0
Q
, m

0
U
, m

0
D
, A

0
t
, M

0
a

(a = 1, 2, 3) (2.3)

where the zero upper index indicates that the corresponding parameter is evaluated at
the scale M . Using the renormalization group evolution of the parameters from the high
scale M to the low scale Q0, the values specified in Eq. (2.3) should be considered as
boundary conditions. We will specify the corresponding parameter values at the low scale
Q0 with no upper index, i.e. mX .

We will, hereafter, consider gravity-mediated supersymmetry breaking, for which the
supersymmetry breaking scale is at the unification scale M ⇠ 2 ⇥ 1016 GeV, and the
soft breaking terms do depend on the superpotential and Kähler potential dependences of
the superfield X which spontaneously break supersymmetry through its FX-term. This
allows many di↵erent possibilities, or relationships, between the supersymmetry breaking
parameters in (2.3) [2]. Moreover in supergravity models the µ and b terms can be obtained
via the Giudice-Masiero mechanism [20], through non-renormalizable contributions to the
Kähler potential as

K =
�µ

MP

HU · HDX † +
�b

M
2
P

HU · HD|X |2 + h.c. (2.4)

leading to

µ
0 =

�µ

MP

F
†
X
, b

0 =
�b

M
2
P

|FX |2 (2.5)

As the values of the µ
0 and b

0 terms at the scale M do depend on unknown parameters
of the UV supergravity completion, we can consider their values at the low scale Q0 in
the EoM as free parameters (2.2): µ and b.

Moreover, the gaugino Majorana mass entry Mab is given in terms of the Kähler
potentialK, superpotentialW , and the gauge kinetic function fab(�i), an analytic function
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of the scalar fields �i which transforms under the gauge group as the symmetric product
of adjoint representations, as

Mab =
1

2Refab
e
�G/2

G
i(G�1)ij

@f
⇤
ab

@�j

(2.6)

where G = K + W . Depending on the particular UV (supergravity) completion of the
model, the gaugino mass spectrum can behave in di↵erent ways at the unification scale.
A survey of non-universal gaugino mass models from grand unified and string models can
be found in Ref. [22].

Here we will mainly study the case of intermediate tan �, 1 ⌧ tan � ⌧ mt/mb, so
that we will neglect all Yukawa couplings, except the top-quark one. Then we can write
the soft breaking terms which appear in the first equation of (2.2) in terms of their values
at M . In Refs. [24,25] we integrated the renormalization group equations (RGE) between
the high scale M and the low scale Q0. For cases where the hypercharge D-term vanishes,
i.e. m2

HU
�m

2
HD

+
P

a
(m2

Q
�2m2

U
+m

2
D
�m

2
L
+m

2
E
)a = 0, where a is a generation index, an

equality which is RGE invariant (and which will cover all cases considered in this paper),
the soft breaking terms, sensitive to the top Yukawa coupling, at the scale Q0 are linear
combinations of the parameters at the scale M : (m0

Q
)2, (m0

U
)2, (m0

HU
)2, M0

a
M

0
b
, M0

a
A

0
t

and (A0
t
)2. In particular we can write

m
2
HU

= (m0
HU

)2 + ⌘Q

⇥
(m0

Q
)2 + (m0

U
)2 + (m0

HU
)2
⇤

+ ⌘a

X

a

(M0
a
)2 + ⌘ab

X

a 6=b

M
0
a
M

0
b
+
X

a

⌘aAM
0
a
A

0
t
+ ⌘A(A

0
t
)2 (2.7)

where all the coe�cients ⌘X = ⌘X(Q0,M) are functions of the high scale M and the low
scale Q0, fitted in Ref. [24], and used throughout this work. As for the other breaking
parameter in Eq. (2.2), m2

HD
, as we are neglecting the bottom Yukawa coupling, it is

renormalized by gauge interactions, so that in the one-loop approximation it can be given
by [2]

m
2
HD

= (m0
HD

)2 +
3

2

✓
1� ↵

2
2(Q0)

↵
2
2(M)

◆
(M0

2 )
2 +

1

22

✓
1� ↵

2
1(Q0)

↵
2
1(M)

◆
(M0

1 )
2 (2.8)

Concerning the second equation in (2.2), the value of t� is determined by the soft-
breaking parameter b. In the limit of large t�, and using the first equation in (2.2) it is
given by

t� '
m

2
HD

+ µ
2 �m

2
Z
/2

b
'

m
2
HD

b
(2.9)

where, in the last equality, we are assuming soft breaking masses to be much larger than
µ. So, as it is natural in the mechanism of Eq. (2.5), for �b = O(�µ) we should get b ' µ

2

and for mHD � |µ| we should get t� � 1. In view of our ignorance on the UV completion
of the model we will consider t� as a free parameter.
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3 The Dark Matter sector

The Higgs bosons supersymmetric partners, H̃U and H̃D, along with the supersymmetric
partners of the SU(3)⌦ SU(2)L ⌦ U(1)Y gauge bosons, g̃, W̃ and B̃, make a set of four
neutral Majorana fermions (neutralinos) �

0
1,2,3,4, two charged fermions (charginos) �

±
1,2,

and eight gluinos g̃.

Charginos and neutralinos get masses from the superpotentialW = µHU ·HD, from the
soft-breaking Majorana masses M1,2 for B̃ and W̃ , respectively, and from the electroweak
breaking. The mass matrices for neutralinos and charginos are then given by

M0 =

2

664

M1 0 �c�sWmZ s�sWmZ

0 M2 c�cWmZ �s�cWmZ

�c�sWmZ c�cWmZ 0 �µ

s�sWmZ �s�cWmZ �µ 0

3

775 , (3.1)

M± =


0 X

T

X 0

�
, X =


M2

p
2s�mWp

2c�mW µ

�
(3.2)

where again all parameters are evaluated at the scale Q0, sW = sin ✓W and so on.

One of the most appealing features of the MSSM, in the presence of R-parity, a
symmetry preventing proton decay, is its capability to provide a viable DM candidate
as the lightest supersymmetric particle (LSP): in particular the lightest neutralino �

0
1.

However, from the plethora of DM searches in direct detection experiments, large regions
of the parameter space of neutralino DM have been excluded [26]. One scenario still
alive is a nearly pure Higgsino with a mass ⇠ 1.1 TeV [10, 19]. This happens whenever
|µ| ⌧ M1,M2 and |µ| ' 1.1 TeV. In this case the coupling of �0

1 with the proton comes at
tree-level from the coupling with the Higgs h, �̄0

1�
0
1h, induced by the mixing of Higgsinos

with gauginos, leading to spin-independent cross-sections with heavy nuclei. The spin-
independent cross-section with the proton is bounded by the XENON1T experiment [26]
which yields, for m�

0
1
' 1 TeV, the 90 % C.L. bound �

SI
p

. 9 ⇥ 10�10 pb, which we will
hereafter consider as a conservative limit.

In Fig. 1 (left panel) we show the (thick solid) contour line of �SI

p
= 9 ⇥ 10�10 pb

in the plane of Majorana masses (M0
1 ,M

0
2 ). Thus the shadowed region is forbidden by

the XENON1T experiment [26]. The mass spectrum is then: i) The LSP �
0
1 with a mass

⇠ 1.1 TeV in all the shown region, while the next to lightest neutralino �
0
2, has a mass

m�
0
2
larger than m�

0
1
by a few GeV, as we can see from the dotted contour lines. ii) The

heavy states �0
3 (�0

4), with mass labels in TeV, are the vertical (horizontal) dashed lines.
Therefore we can see that �0

1 and �
0
2 are almost degenerate in mass around 1.1 TeV, while

m�3 depends mainly on M
0
1 , and m�

0
4
depends mainly on M

0
2 . In the allowed region we

infer that M
0
1 & 3 TeV which corresponds to m�

0
3
& 1.5 TeV, while if we want to stick

to the lowest possible values of m�
0
3
we need to consider the region where M

0
2 & M

0
1 ,
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Figure 1: Left panel: The shadowed region is forbidden by the spin-independent cross-section

for �̄0
1�

0
1-proton in the plane (M0

1 ,M
0
2 ). Vertical (horizontal) dashed lines are mass values of �0

3

(�0
4) in TeV. Dotted lines are m

�
0
2
�m

�
0
1
in GeV. Right panel: Plot of �SI

p (in pb) as a function

of M0
1 = M0

2 in TeV.

although the larger M0
2 the larger m�

0
4
. We conclude from this analysis that, in order to

obtain the lightest possible neutralino spectrum, we should consider that M0
1 ⇠ M

0
2 . As

Ma (a = 1, 2, 3) evolves with the RGE as the couplings ↵a, it is a sensible condition to
consider the unification condition M

0
1 = M

0
2 , as we will do hereafter.

In the right panel of Fig. 1 we consider the case where M
0
1 = M

0
2 and plot the spin

independent cross-section �
SI
p

as a function of M0
1 = M

0
2 . We also plot the exclusion

region from the XENON1T experimental results which translates into the lower bound
M

0
1 = M

0
2 & 3.2 TeV at 90% C.L. The mass spectra for neutralinos (charginos) are plotted

in the left (right) panel of Fig. 2 in solid lines, while the mass di↵erences m�
0
2
�m�

0
1
(left

panel) and m
�
±
1
�m�

0
1
(right panel) in GeV are in dashed lines. Using the direct detection

cross section bound from the right panel of Fig. 1 we obtain the following restrictions on
the neutralino and chargino running masses:

m�
0
1
' 1.1 TeV, m�

0
3
& 1.5 TeV, m�

0
4
& 2.7 TeV, m�

0
2
�m�

0
1
. 6.3 GeV

m
�
±
2
& 2.7 TeV, m

�
±
1
�m�

0
1
. 3.5 GeV (3.3)

In the following, in order to minimize the neutralino and chargino mass spectra, we
will consider the benchmark case defined by

M
0
1 = M

0
2 ' 3|µ| ' 3.3 TeV (3.4)

which generates the spectrum given by the lower bounds in Eq. (3.3). Larger values of
M

0
1 = M

0
2 could be equally well considered but they would lead to heavier spectra.
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Figure 2: Mass spectra (in TeV) for neutralinos (left panel) and charginos (right panel) in solid

lines for M0
1 = M0

2 and µ = 1.1 TeV. The mass di↵erences m
�
0
2
�m

�
0
1
(left panel) and m

�
±
1
�m

�
0
1

(right panel) are in GeV units.

4 Scenarios of Supersymmetry Breaking

At the low scale Q0, the soft-breaking masses mQ and mU , and the mixing term At, can
be obtained by integrating the RGE, and have been fitted in Ref. [25]. After imposing
the EoM, Eqs. (2.2), one gets

m
2
Q
= (m0

Q
)2 +

X

a

dafa · (M0
a
)2 +

1

3
F, (d1, d2, d3) =

✓
� 1

15
, 1,

8

3

◆
(4.1)

m
2
U
= (m0

U
)2 +

X

a

cafa · (M0
a
)2 +

2

3
F, (c1, c2, c3) =

✓
1

3
,�1,

8

3

◆
(4.2)

where the functions F and fa are defined by

F = �(m0
HU

)2 �
✓
µ
2 +

1

2
m

2
Z

◆
t
2
�
� 1

t
2
�

+
m

2
HD

t
2
�

(4.3)

fa =
1

ba

↵
2
a
(M)� ↵

2
a
(Q0)

↵2
a
(M)

, (b1, b2, b3) =

✓
33

5
, 1,�3

◆
(4.4)

where mHD is given in Eq. (2.8). In the same way the mixing parameter at the low scale
can be written as

At =
X

a

�aM
0
a
+ �AA

0
t

(4.5)

where the coe�cients �a and �A are determined numerically, and fitted in Ref. [25].
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In this paper we want to find the region of parameters in Eq. (2.3) consistent with
the condition of a nearly pure Higgsino, with a mass at ⇠1.1 TeV, being the LSP and a
good DM candidate, and satisfying the EoM of Eq. (2.2), and all present experimental
constraints. We will concentrate in two general models: i) The case of Universal Higgs
Masses (UHM), a very popular model inspired by supergravity/superstring constructions,
also dubbed as constrained MSSM (CMSSM) and, ii) A model where we make a separation
of soft breaking masses in the Higgs and sfermion sectors, which is motivated by string
constructions if both sectors are di↵erently located in the higher dimensional compact
space, which is dubbed as Non-Universal Higgs Masses (NUHM) [27]. In both cases we
will separately consider the case where all Majorana gaugino mass are unified at the high
scale, and the case of non-universal gaugino masses [28], where we will concentrate in the
phenomenologically interesting case where only the gluino mass does not unify with the
electroweakino masses at the high scale M , and such that the gluino is on the verge of
experimental detection at the LHC.

4.1 Universal Higgs Masses

In this section we will assume the case of UHM so that the boundary conditions for the
scalar sector are

m
0
Q
= m

0
U
= m

0
D
= m

0
L
= m

0
E
= m

0
HU

= m
0
HD

⌘ m0, (4.6)

where only the third generation squark masses are relevant for our study.

4.1.1 Universal Gaugino Masses

As for the Majorana gaugino masses we will first assume the case of universal gaugino
masses, i.e. Majorana masses which unify at the high (unification) scale M , as

M
0
1 = M

0
2 = M

0
3 ⌘ m1/2 (4.7)

in which case we have as free parameters in our model (m0,m1/2, A
0
t
, t�), once we have

fixed µ ' 1.1 TeV. Moreover, as we want to minimize as much as possible the mass of
charginos and neutralinos, we will adopt the value

m1/2 = 3µ (4.8)

such that the mass spectrum of neutralinos and charginos is essentially given by the lower
bounds in Eq. (3.3), while the gluino running mass at the low scale Q0 is Mg̃ ' 6.7 TeV,
out of reach of LHC experimental searches. The remaining three parameters (m0, A

0
t
, t�)

have to satisfy the EoM, Eq. (2.2). The result is shown in the left panel of Fig. 3 where we
exhibit contour lines of A0

t
/µ (red dashed lines) in the plane (m0/|µ|, t�). The shadowed
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Figure 3: Left panel: Contour (dashed) lines of A0
t /µ in the plane (m0/|µ|, t�) satisfying the

EoM of Eq. (2.2) for universal gaugino masses. The shadowed region is forbidden by the EWSB

condition. Right panel: The same for contour (solid) lines of the lightest stop running mass m
t̃1

in TeV units.

region corresponds to values of the parameters where the EoM is not satisfied for real
values of the parameters, and thus there is no EWSB.

As we can see, the EWSB condition translates into an absolute lower bound on the
parameter t� as, t� & 8. Moreover, using the expressions for mQ, mU and At in Eqs. (4.1),
(4.2) and (4.5), respectively, one can easily compute the (running) mass spectrum for stops
(t̃1, t̃2), where we are using the convention that t̃1 is the lightest stop. Contour lines of
mt̃1

are provided (red solid lines) in the right panel of Fig. 3, from where we see that the
solution with light stops is prevented by the EoM. In fact we see that the EWSB condition
implies the lower boundmt̃1

& 18 TeV. As a consequence this scenario predicts superheavy
masses in the sfermion and gluino sectors, completely out of reach of future searches at
the LHC. Furthermore, as the values of the mixing parameters are tiny compared mainly
with the values of stop masses, we can conclude that the mixing parameter at the low
scale Q0 is negligible compared with the values of the relevant supersymmetric masses 2.
Due to the heavy spectrum this scenario might be in tension with the correct value of the
Higgs mass (see Ref. [29] for more details).

2
In particular we get that in the considered range |At � µ/t� | < 0.1

p
mt̃1mt̃2 .
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4.1.2 Non-Universal Gaugino Masses

As we have seen that, for universal gaugino masses, the gluino is heavy and out of reach
of LHC experimental searches, we will now explore a scenario where the gluino is on
the verge of experimental detection, which can be done if the gluino Majorana mass is
di↵erent at the high scale M from the bino and wino Majorana masses. In particular
we will assume Eq. (3.4) for M0

1,2, and a value for M0
3 corresponding to a running gluino

mass, at the low scale, Q0 of 2.2 TeV, i.e.

M
0
1 = M

0
2 = 3µ, Mg̃ = 2.2 TeV, (4.9)

in which case the free parameters of the model are still (m0, A
0
t
, t�) as in the previous

case of universal gaugino masses, but of course with di↵erent realization of the EWSB
conditions in the gaugino sector.
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Figure 4: Left panel: Contour (dashed) lines of A0
t /µ in the plane (m0/|µ|, t�) satisfying the

EoM of Eq. (2.2) for non-universal gaugino masses such that Mg̃ = 2.2 TeV. The shadowed

region is forbidden by the EWSB condition. Right panel: The same for contour (solid) lines of

the lightest stop running mass m
t̃1

in TeV units.

After imposing the EoM (2.2) the values of the parameters are provided in the left
panel of Fig. 4, which shows (dashed) contour lines of A0

t
/µ in the plane (m0/|µ|, t�). We

see that for large values of m0 there is still the lower bound t� & 8, while there is no bound
on t� for small values of m0. Similarly (solid) contour lines of mt̃1

in TeV units are shown
in the right panel of Fig. 4. Moreover we see, from the right panel of Fig. 4, that there is
no lower bound on the value of mt̃1

, as there is no experimental bound on mt̃1
for the value
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Field t̃1 t̃2 b̃L, Q̃
i

L
ũ
i

R
d̃
a

R
˜̀a
L

ẽ
a

R
H

0,±
, A g̃ h

Mass (TeV) 7.7 11.1 13.5 13.4 13.3 13.4 13.3 13.4 2.2 124

Table 1: Benchmark supersymmetric spectrum for values of the parameters: t� = 10, and

m0 ' 12µ. All masses are in TeV units, except the SM Higgs (h) mass which is in GeV.

Generation indices run as: a = 1, 2, 3, i = 1, 2. SU(2)L doublets are indicated by Q̃L and ˜̀
L,

for squarks and sleptons, respectively.

of the LSP mass, m�̃
0
1
' 1.1 TeV [30] 3. However we have found that in all the region of

the parameter space the mixing in the stop sector is small, |At � µ/t�| . 0.2
p
mt̃1

mt̃2
so

that, in the light stop region (small values of m0), the scenario would fail to describe the
correct value of the Higgs mass. The successful region to accommodate the Higgs mass
would require to go to large values of t� and large values of the lightest stop masses (say
15 . m0/|µ| . 25) in which case all sfermions would be out of reach of the experimental
LHC searches, and only the gluino could be discovered in the near future. A benchmark
case is provided in Tab. 1, where we have chosen t� = 10 and m0 = 12µ, with heavy
spectrum of supersymmetric scalars and heavy Higgs sector, and where, of course, only
the gluino could be detectable at the LHC. The last column contains the prediction for
the light Higgs mass mh, for which we have used FeynHiggs from Refs. [31–38], with an
estimated theoretical error �mh . 1 GeV [39].

4.2 Non-Universal Higgs Masses

In the previous section we have seen that in the case of UHM the only way of solving the
EoM and describing the correct Higgs mass is with a very heavy squark mass spectrum,
out of reach of LHC searches. In this section we will show that one way of avoiding this
feature is imposing di↵erent unified masses at the high unification scaleM for squarks and
sleptons, and the Higgs sector. In particular we will introduce the boundary conditions
at the scale M given by

m
0
Q
= m

0
U
= m

0
D
= m

0
L
= m

0
E
⌘ m0, m

0
HU

= m
0
HD

⌘ mH (4.10)

4.2.1 Universal Gaugino Masses

We will first consider the case of universal gaugino masses at the scale M given by the
boundary conditions in Eq. (4.7). In this case the free parameters are (m0,mH , A

0
t
, t�).

Motivated by the purpose of describing the Higgs mass with a light spectrum, as much

3
The only constraint in the present scenario would be of course imposing the lightest neutralino to be

the LSP, i.e. mt̃1 > m�̃0
1
.
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as possible, we will consider the case of large t�, and fix t� = 10, which is large enough
to contribute e�ciently to the tree-level calculation of the Higgs mass and small enough
to consistently allow the neglect of the bottom Yukawa coupling, as we are doing in our
analytical computation. The resulting three parameters (m0,mH , A

0
t
) can be confronted
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Figure 5: Left panel: Contour (dashed) lines of A0
t /µ in the plane (m0/|µ|,mH/|µ|) for t� = 10

satisfying the EoM of Eq. (2.2) for universal gaugino masses. The shadowed region is forbidden

by the EWSB condition. Right panel: The same for contour (solid) lines of the lightest stop

running mass m
t̃1

in TeV units.

with the EoM, Eq. (2.2).

In the left panel of Fig. 5 we show (dashed) contour lines of A
0
t
/µ in the plane

(m0/|µ|,mH/|µ|), while the right panel shows contour lines of mt̃1
in TeV units. In

both panels the lower shadowed region is the forbidden region where there is no EWSB.
In the right panel the upper shadowed region is the forbidden region where mt̃1

< m�̃
0
1

and the lightest stop would be the LSP. In the latter case we would need a lighter DM
candidate, a condition that we are not exploring in the present paper. As we can see in
the right panel of Fig. 5, for small values of m0 and values of mH near the upper shadowed
region, the lightest stop could be at reach of the future LHC running, and there are also
relatively light states for the rest of squarks and sleptons. Moreover, in this region the
stop mixing parameter can be maximal, i.e. |At � µ/t�| '

p
6
p
mt̃1

mt̃2
and the Higgs

mass can be easily accommodated by stops in the TeV region.

A benchmark model with maximal mixing is presented in Tab. 2, where we give the
tree level masses, in TeV, for the di↵erent scalars, and we have skipped the tiny splitting
generated by the EWSB contribution. We can see that the lightest scalar is the third-
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generation right-handed slepton with a mass ⇠ 1.2 TeV. The last column’s prediction is
obtained from FeynHiggs in Refs. [31–38], with an estimated theoretical error �mh .
2 GeV [39].

Field t̃1 t̃2 b̃L, Q̃
i

L
ũ
i

R
d̃
a

R
˜̀a
L

ẽ
a

R
H

0,±
, A g̃ h

Mass (TeV) 2.0 4.8 6.2 5.9 5.8 2.2 1.2 6.6 6.7 125

Table 2: Benchmark supersymmetric spectrum for values of the parameters: t� = 10, m0 ' 0

and mH ' 6.3µ. All masses are in TeV units, except the SM Higgs mass (h) which is in GeV.

Generation indices run as: a = 1, 2, 3, i = 1, 2. SU(2)L doublets are indicated by Q̃L and ˜̀
L,

for squarks and sleptons, respectively.

4.2.2 Non-Universal Gaugino Masses

Here we will consider the case of non-universal gaugino masses at the scale M corre-
sponding to the boundary conditions in Eq. (4.9), still with free parameters given by
(m0,mH , A

0
t
, t�). As in the case of UHM, and mainly motivated by describing the correct
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satisfying the EoM of Eq. (2.2) for non-universal gaugino masses. The shadowed region is

forbidden by the EWSB condition. Right panel: The same for contour (solid) lines of the lightest

stop running mass m
t̃1

in TeV units.

value of the Higgs mass with a relatively light stop spectrum, we will fix t� = 10, so that
the free parameters are (m0,mH , A

0
t
) that we will choose to satisfy the EoM, Eq. (2.2).
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Field t̃1 t̃2 b̃L, Q̃
i

L
ũ
i

R
d̃
a

R
˜̀a
L

ẽ
a

R
H

0,±
, A g̃ h

Mass (TeV) 1.57 3 3.5 2.9 2.8 3.1 2.4 2.8 2.2 124

Table 3: Benchmark supersymmetric spectrum for the value of the gluino mass Mg̃ = 2.2 TeV,

and values of the parameters: t� = 10, m0 ' 1.9µ and mH ' 1.5µ. All masses are in TeV

units, except the SM Higgs mass (h) which is in GeV. Generation indices run as: a = 1, 2, 3,
i = 1, 2. SU(2)L doublets are indicated by Q̃L and ˜̀

L, for squarks and sleptons, respectively.

In the left panel of Fig. 6 we show (dashed) contour lines of A
0
t
/µ in the plane

(m0/|µ|,mH/|µ|), and in the right panel we show contour lines of mt̃1
in TeV units.

In both panels the lower shadowed region is the region where there is no EWSB. In the
right panel the upper shadowed region is the region where mt̃1

< m�̃
0
1
and such that the

lightest stop would be the LSP. For the smallest possible values of m0 and mH consis-
tent with EWSB, m0 ' 1.9|µ| and mH ' 1.5|µ|, the lightest stop is as light as possible
within the present model (lighter than in the case of universal gaugino masses), and the
rest of squarks and heavy Higgses are also lighter than in the case of universal gaugino
masses because of a smaller renormalization from the gluino mass and the smaller value
of the common Higgs mass mH , respectively, while sleptons are heavier, because of the
larger value of the common masses m0. In this region the stop mixing is near maximal,
i.e. |At � µ/t�| '

p
6
p
mt̃1

mt̃2
, and the Higgs mass can be easily accommodated.

A benchmark model with maximal mixing is presented in Tab. 3, where we give the
tree level masses, in TeV, for the di↵erent scalars, and where, as done in Tab. 2, we have
skipped the tiny splitting generated by the EWSB contribution. We can see that the
lightest scalar is the lightest stop with a mass ⇠ 1.6 TeV. The last column’s prediction
is obtained from the code FeynHiggs, Refs. [31–38], with an estimated theoretical error
�mh . 2 GeV [39].

5 Experimental signatures

In this section we will comment on the di↵erent experimental signatures that the scenarios
presented in this paper could have. The common feature, and main motivation, for this
analysis has been a Higgsino doublet with a mass of 1.1 TeV, and with splitting among
the lightest components of several GeV, as can be seen in Eq. (3.3). The production cross-
section of such a Higgsino is too low for discovery at the LHC, but it can be produced at a
100 TeV collider, where the signal cross section is higher and it may be possible to create
su�cient amounts of highly boosted charginos and neutralinos for discovery [7, 40, 41].

A better option for discovering the Higgsino LSP is via dark matter direct detection
experiments [40, 41]. The detection prospects strongly depend on the bino/wino admix-
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ture in the LSP, as that admixture controls the strength of the LSP-LSP-Higgs vertex
that drives spin-independent scattering rate o↵ nuclei 4. The LSP for our benchmark
points is around 99% pure Higgsino – a result of the large wino/bino mass – so the spin-
independent nuclear cross section for the benchmark range is of the order of few 10�10

pb [19]; thus, the whole range escapes the current limit from XENON-1T [26]. How-
ever, as shown in Ref. [19], an LSP Higgsino of this purity will be accessed in the next
generation experiments, like XENON-nT or LZ [42].

Colored particles have higher cross sections and therefore can be easily produced at
the LHC. In particular, the gluino is the one having the largest cross sections, being a
QCD octet. In scenarios of universal gaugino masses, they sit at a mass around, or larger
than, 6.7 TeV, which is completely out of reach for the LHC. On the other hand, when
one deviates from universal boundary conditions, the gluino mass can be almost a free
parameter, and we have decided to put it at 2.2 TeV, which is the current LHC bound [43].
One feature of all spectra presented here is that there exists a heavy neutralino, mostly
bino, �0

3, whose mass is in between the gluino and the Higgsino (LSP) masses; this fact will
make the gluino decay, either directly to the LSP, or to �

0
3 which will then, subsequently,

decay to the LSP emitting a Higgs. This is not the usual assumption in experimental
papers, where simplified models, with the gluino decaying 100% to the LSP and jets,
are considered, and therefore all bounds should be reinterpreted for this particular case.
Moreover, a characteristic signature of this kind of spectra would be a gluino, with di↵erent
decay patterns, having Higgses in the cascade.

Stops are the second possibility of colored particles that could be discovered at the
LHC. We have presented a typical benchmark spectrum with stops masses of ⇠1.6 TeV
in Tab. 3. This “light” stop evades the current bounds because the amount of missing
energy is too small to trigger on the event [30]. In order to discover stops in the case
where the splitting between the stop and the LSP is around 500 GeV, we would need
di↵erent techniques for this compressed situation. Whereas in the benchmark shown in
Table 2, the lightest stop mass is ⇠ 2 TeV, well above the current LHC bound [30]. This
bound will be improved in the HL-LHC run, and hopefully it will reach a 2 TeV stop
mass.

6 Conclusion

In this paper we focussed on the appealing possibility that a nearly pure Higgsino with
a mass ⇠1.1 TeV be the LSP, and therefore constitutes the DM of our universe. We
have done so in the context of the MSSM, with supersymmetry breaking triggered by
gravitational interactions at the (high) unification scale M ' 2 ⇥ 1016 GeV, in which

4
The LSP Higgsino can also be detected via its spin-dependent scattering o↵ nuclei, although the

prospects there are not as good [19].
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case the µ-parameter of the superpotential can be generated by Higgs interactions in the
Kähler potential, the so-called Giudice-Masiero mechanism.

In particular we have considered two classes of models: i) Models with universal Higgs
masses, i.e. models where all scalar masses, for sfermions and Higgses, are equal at the
unification scale, and ii) Models with non-universal Higgs masses, i.e. models where the
common mass in the Higgs sector is in general di↵erent from the common mass in the
sfermion sector. In both classes of models we have considered the cases of universal
gaugino masses (i.e. all gaugino Majorana masses equal at the unification scale) and the
cases where only the electroweakino masses are unified at the unification scale, while the
gluino mass is put at its experimental lower bound.

In view of the strong experimental bounds on the mass of supersymmetric particles we
have focussed this work in the search of spectra which can be at reach of the future LHC
runs, or future high energy colliders. Notice that, as the LSP is a Higgsino with a mass
equal to 1.1 TeV, this means that all other supersymmetric particles are heavier and with
no easy detection, in agreement with the recent experimental results on supersymmetric
searches.

The conclusion for the neutralino/chargino sector is pretty general and model inde-
pendent. The two lightest neutralinos and the lightest chargino are quasi degenerate at a
mass ⇠1.1 TeV, with a splitting of order a few GeV. There is more freedom on the masses
for the other electroweakinos, but using the bound from XENON1T as a guidance, we
have a heavy neutralino, with a mass larger than 1.5 TeV and the heaviest neutralino and
chargino, almost degenerate, with a mass larger than 2.7 TeV.

For the sfermion sector, models with universal Higgs mass have sfermions heavier
than ⇠10 TeV, depending on the gluino mass, and thus the only observable particle, in
this class of models, can eventually be the gluino for models with non-universal gaugino
masses. Models with non-universal Higgs mass can have squarks in the (few) TeV range,
depending on the gluino mass. For heavy gluinos the lightest sfermion is the right-handed
stau. For light gluinos, the renormalization e↵ects are milder, and there can exist TeV
squarks in the third generation, and sizable mixing in the third generation squarks, such
that the experimental value of the Higgs mass can be easily accomodated. In this case
the lightest sfermion is the lightest stop.

In summary, the main purpose of this work was to corner spectra which could be at
reach of future collider searches. In short, we have found that the lighter particles can
be, apart from the Higgsino which is the LSP, the gluino, the right-handed stau and the
lightest stop. The prospect for discovering the Higgsino are at a future 100 TeV collider
and by direct search experiments at the XENON-nT or LZ experiments. The gluino
can be discovered at the LHC, if it is light enough. The fact that there is a neutralino
(mostly bino) with a mass between the gluino and the LSP translates into additional
decay channels for the gluino which should be incorporated in the codes used by the
experimental programs. Finally we have a model with the lightest stop with a mass ⇠1.3
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TeV which could be discovered in the HL-LHC run.
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