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The recent results of the LHC search for electroweak production of supersymmetric (SUSY) particles atffiffiffi
s

p ¼ 13 TeV have shown improved lower limits for their masses. In addition, the projected experiment
E989 will be able to measure the muon anomalous magnetic moment precisely so that the experimental
uncertainty can be reduced by a factor of four. It was pointed out that if the center value of the muon g − 2

remains unchanged the deviation between the standard model (SM) prediction and the experimental value
will be as large as 7.0σ. Such a large deviation will be solid evidence for new physics beyond the SM.
Motivated by these results, we investigate the minimal SUSY extension of the SM with universal gaugino
masses at the grand unified scale in the light of the muon g − 2 and the updated LHC constraints. The
squarks are assumed to be heavy and decoupled from physics at low energy scales to resemble the SM-like
Higgs boson mass of 125 GeV and other bounds for squark masses at the LHC. We have pinned down
allowed windows for the lightest neutralino and the smuon masses as well as other input parameters
relevant to the light SUSY sector. The expected results of the E989 experiment play a crucial role in
narrowing these windows. The viability of the model for small mass regions can be tested at the LHC Run 3
and the High Luminosity LHC in the near future.

DOI: 10.1103/PhysRevD.99.035040

I. INTRODUCTION

The standard model (SM) has successfully predicted
various physical observables. However, there are still
theoretical and experimental problems that require a careful
investigation of this model. Some of them lead to the
necessity of new physics beyond the SM. It is well known
that the SM suffers from the gauge hierarchy problem that
originates from the existence of a scalar sector and two
distant energy scales (for example, the electroweak and the
Planck scales) in the theory. When taking into account
quantum corrections, the quadratic divergences destabilize
the electroweak scale leading to the request of fine-tuning
parameters. On the experimental side, one of the long-
standing problems is the 3–4σ deviation between the SM
prediction and the measured value of the muon anomalous
magnetic dipole moment ðaμ ¼ g−2

2
Þ [1,2].

To address these problems, physics beyond the SM is
necessary. In the minimal supersymmetric (SUSY) exten-
sion of the SM (MSSM), the contributions of the

superpartners of the SM particles make the theory UV-
insensitive and to ameliorate the gap between the exper-
imental value and the SM prediction of the muon g − 2.
Moreover, the gauge couplings in the MSSM naturally
unify at a high energy scale of the order 1016 GeV,
suggesting the existence of a grand unified theory
(GUT). In such a SUSY GUT scenario, the gaugino masses
are interrelated at the GUT scale resulting in a specific
relation among them at low energies. This property reduces
the degree of freedom in the gaugino sector.
On the one hand, the measured value of the Higgs boson

mass of 125 GeV [3] imposes a constraint on the stop
masses that are at the order of about 10 TeV [4] assuming
small stop mixing. Due to this requirement, we assume that
the squarks are all heavy and decoupled from physics at low
energies in a similar way as in the split SUSY scenario [5].
This is in agreement with the fact that the LHC has not
found any signal for squarks [6]. In the various SUSY
breaking models, correlations between the squark and
slepton masses are assumed at some high energy scale
[7]. Therefore, after the renormalization group (RG) run-
ning from the high scale down to the electroweak scale, the
sleptons are relatively heavy [8]. On the other hand, the
muon g − 2 constraint requires relatively light smuons
and neutralinos/charginos [9,10]. Such tension between
the muon g − 2 and the Higgs boson mass constraints can
be resolved by a mass splitting between the stops and the
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smuons [11]. The tension can also be addressed with a large
stop mixing parameter Xt ¼ At − μ cot β that increases the
Higgs boson mass [12].1 In the meanwhile, a large value of
tan β is known to enhance the muon g − 2 [14]. Especially,
the limit tan β → ∞ was studied in [15]. Other possibilities
have been investigated to address this shortcoming as
well [16].
Recently, the Large Hadron Collider (LHC) data at

ffiffiffi
s

p ¼
13 TeV with the luminosity of 36.1 fb−1 have shown much
improved limits on the masses of neutralinos and charginos
[17,18] in comparison with the results of the previous run
[19]. These constraints have important consequences in
the phenomenology of the MSSM [20] as well as other
extensions [21]. Beside the searches at the LHC, the muon
g − 2 experiments at Fermilab (E989) [22] and at J-PARC
(E34) [23] will precisely measure the muon anomalous
magnetic dipole moment that will shed light on the MSSM
as well as other possible new physics beyond the SM.
These two experiments are planned to reduce the exper-
imental uncertainty of the muon g − 2 by a factor of four
[24] compared to the previous experiment E821 at
Brookhaven National Laboratory (BNL) [25]. Taking into
account the recent result in theoretical evaluation of the
hadronic vacuum polarization contributions to of the muon
g − 2, the hadronic contributions to the effective QED
coupling at the Z boson mass, and the projected accuracy
of the E989 experiment assuming that the center value
remains intact, it was shown that the deviation between the
experimental value and the SM prediction is up to 7.0σ [2].
Such a large deviation will provide solid evidence for the
existence of new physics beyond the SM.
Motivated by the recent LHC limits and the projected

muon g-2 experiments, we investigate a GUT-inspired
MSSM where the gaugino masses satisfy a specific
relation, and all the scalar superpartners are assumed to
be heavy except for the sleptons. In the paper [26], the
scenario of gaugino nonuniversality was studied with the
LHC data at 8 TeV. The prospects at the designed center of
mass energy were also examined. Here, we will focus on
the scenario of universal gaugino masses and consider
the updated result from the LHC search at

ffiffiffi
s

p ¼ 13 TeV,
which is close to its designed energy, as well as the
prospects for the muon g − 2 experiments. We will show
that the forthcoming result of the E989 experiment at
Fermilab will play a crucial role in testing the model and
restricting large portions of the parameter space due to its
high precision. The paper is organized as follows. In Sec. II,
the GUT-inspired MSSM is described. In Sec. III, we
present the results of numerical analyses, taking into
account the recent LHC constraints at

ffiffiffi
s

p ¼ 13 TeV, the
projected precision of the muon g − 2 experiment E989, as

well as the theoretical constraint of the vacuum metasta-
bility. Finally, Sec. IV is devoted to conclusions.

II. A GUT-INSPIRED MSSM
AND THE MUON g− 2

In the MSSM, the scale dependence of the gauge
couplings and the gaugino masses at one-loop are deter-
mined from their RG equations at one loop level as [27]

dgi
dt

¼ −
1

16π2
big3i ; ð1Þ

dMi

dt
¼ −

1

8π2
big2i Mi ði ¼ 1; 2; 3Þ: ð2Þ

It follows that the ratio Mi
g2i

is scale independence. Here,

we assume a boundary condition that all the three gauge
interactions unify, and the gaugino masses are universal at
the GUT scale. Therefore, the gaugino masses satisfy the
following GUT relation [28]:

M1

g21
¼ M2

g22
¼ M3

g23
¼ m1=2

g2GUT
; ð3Þ

where m1=2 and gGUT are the common gaugino mass and
the unified gauge coupling at the GUT scale respectively.
At low energies, the gaugino sector can be parametrized by
only one parameter, the bino mass M1.
In this investigation, we further assume that squarks are

all heavy. Thus, the free parameters relevant to our study
are the bino mass (M1), the slepton soft masses (ml̃i

), the
supersymmetric Higgs mass (μ) and the ratio between two
vacuum expectation values (tan β). These assumptions
are compatible with the simplified models employed by
ATLAS and CMS Collaborations in analyzing data at the
LHC [29]. Here, only a few particles are relatively light and
relevant for the LHC physics. Therefore, we can straight-
forwardly use the limits given by the LHC searches. When
the μ parameter is large, there are only two lightest
neutralinos (χ̃01;2) and one lightest chargino (χ̃�1 ) of the
gaugino/Higgsino sector relevant to the searches at the
LHC. In this case, these particles are mostly binolike and
winolike, and their masses can be approximated byM1 and

M2 ¼ g2
2

g2
1

M1 [28]. Since the chargino χ̃�1 and the neutralino

χ̃02 are dominated by the wino component, their interactions
with the right-handed sfermions are negligible.
In this model, the SUSY particles that contribute pre-

dominantly to the anomalous muon g − 2 are the neutralinos
(χ̃01;2), the chargino (χ̃�1 ), the smuons and the muon-
sneutrino. For convenience, we parametrize the smuon
masses as

mμ̃L ¼ M1 þ ðM2 −M1Þr; ð4Þ
1With large stop mixing, the stop masses can be as light as

2–4 TeV [13].
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mμ̃R ¼ mμ̃L − δ; ð5Þ

where the dimensionless parameter r must be non-negative
to avoid the situation with stable charged sleptons, and δ is
the mass splitting between right-handed and left-handed
smuons. The MSSM contribution to the muon g − 2 is
estimated at one loop level as [30]

ΔaSUSY;1μ ¼ αm2
μμM2 tan β

4πsin2θWm2
μ̃L

�
fχðM2

2=m
2
μ̃L
Þ − fχðμ2=m2

μ̃L
Þ

M2
2 − μ2

�

þ αm2
μμM1 tan β

4πcos2θWðm2
μ̃R

−m2
μ̃L
Þ

×

�
fNðM2

1=m
2
μ̃R
Þ

m2
μ̃R

−
fNðM2

1=m
2
μ̃L
Þ

m2
μ̃L

�
; ð6Þ

where the loop functions are defined as

fχðxÞ ¼
x2 − 4xþ 3þ 2 ln x

ð1 − xÞ3 ; ð7Þ

fNðxÞ ¼
x2 − 1 − 2x ln x

ð1 − xÞ3 ; ð8Þ

where mμ and θW are the muon mass and the Weinberg
mixing angle respectively. The SUSY contribution to the
muon g − 2, taking into account two loop diagrams, is
determined as [31]

ΔaSUSYμ ¼ 1

1þ Δμ

�
1 −

4α

π
ln
M1

mμ

�

×

�
1þ 2αΔb

4π
ln
Msoft

M1

þ 1

4π

9

4
α2 ln

M2

M1

�
ΔaSUSY;1μ :

ð9Þ

The first factor in the above equation comes from the
correction to the muon Yukawa coupling constant with
Δμ given as [14]

Δμ ¼ −μ tan β
g22M2

16π2

�
fðm2

1; m
2
2; m

2
ν̃μ
Þ þ 1

2
fðm2

1; m
2
2; m

2
μ̃L
Þ
�

− μ tan β
g21M1

16π2

�
fðμ2;M2

1; m
2
ν̃R
Þ − 1

2
fðμ2;M2

1; m
2
ν̃L
Þ

− fðM2
1; m

2
ν̃L
; m2

ν̃R
Þ
�
; ð10Þ

where the loop function is defined as

fða; b; cÞ ¼ −
ab ln a

b þ bc ln b
c þ ca ln c

a

ða − bÞðb − cÞðc − aÞ ; ð11Þ

and the chargino masses, m1;2, are given as

m2
1;2 ¼

1

2

h
ðM2

2 þ μ2 þ 2M2
WÞ

∓
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM2

2 þ μ2 þ 2M2
WÞ2 − 4ðM2μ−M2

W sin2βÞ2
q i

:

ð12Þ

This factor turns out to be important for the cases of large
tan β. The second factor written inside the round brackets of
Eq. (9) is due to the QED corrections to the muon g − 2 [32].
In the region of the parameter space that we are considering,
the magnitude of this two-loop contribution is about
Oð10%Þ of the one-loop contribution. It was found that
the nonlogarithmic terms of the QED corrections are
negligibly small in comparison to the leading logarithmic
one [33]. The third factor in the right-hand side of Eq. (9) is
caused by the corrections to the bino-smuon-muon coupling.
The term with the coefficient Δb originates from the
contributions of the SM particles and the light sparticles
when the heavy sparticles are decoupled at the scale
Msoft ∼Oð10Þ TeV. Hence, in our case we have Δb ¼
41
6
− nl̃ where nl̃ is the number of light slepton generations

involve in the correction. Note that nl̃ ¼ 3 when all three
generations of sleptons are light, and nl̃ ¼ 2 in the case that
the staus are heavy and decoupled. The term of α2 is the
correction related to the wino contribution that is small
compared to the above contributions.
The anomalous muon g − 2 is enhanced by the large left-

right mixing that is controlled by μ tan β. However, a too
large value of μ tan β might lead to a charged breaking
vacuum that is deeper than the electroweak breaking
vacuum [31,34]. In such case, the phenomenological
consistency required that the lifetime of the electroweak
breaking vacuum [35] should be longer than the age of the
universe. Thus, the value of μ tan β is subjected to the
condition of vacuum metastability given by the following
fitting formula [31]

jm2
l̃LR
j ≤ ηl

�
1.01 × 102 GeV

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ml̃L

ml̃R

p þml̃L
þ 1.03ml̃R

�

− 2.27 × 104 GeV2 þ 2.97 × 106 GeV3

ml̃L
þml̃R

− 1.14 × 108 GeV4

�
1

m2
l̃L

þ 0.983
m2

l̃L

��
; ð13Þ

where ηl ∼Oð1Þ, and the left-right mixing mass of slepton
is determined as

m2
l̃LR

¼ −
ml

1þ Δl
μ tan β: ð14Þ
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Here, Δl determined by a formula similar to Eq. (10) is a
correction to the lepton Yukawa coupling. Since the left-
hand side of Eq. (13) is proportional to the lepton masses,
the condition is most severe for stau in the case that all the
three slepton masses are degenerate. In the case that the
masses of the first two generation sleptons are degenerate
and the staus are decoupled (for example, in the split-family
scenario), the condition (13) is more severe for the smuon.
Another issue related to the large left-right mixing is the
possible blow-up of the down-type Yukawa couplings
when tan β becomes too large. According to the papers
[15,36], the parameter regions that we consider in the next
section are safe in terms of a perturbation theory.

III. NUMERICAL ANALYSIS

With the measured value of the muon anomalous mag-
netic moment at the E821 experiment [25] carried out at
BNL, the world average of the muon g − 2 becomes [37]

aexpμ ¼ 11659209.1ð5.4Þð3.3Þ × 10−10: ð15Þ

Employing a new data combination method in a bias free
approach, the recent estimation for the SM prediction of the
muon g − 2 reads [2]

aSMμ ¼aQEDμ þaEWμ þahadμ ¼ð11659182.04�3.56Þ×10−10;

ð16Þ

where aQEDμ , aEWμ , and ahadμ are respectively the quantum
electrodynamics (QED) contribution, the electroweak con-
tribution, and the hadronic contributions due to the vacuum
polarization and the light-by-light scattering. The uncertainty
of aQEDμ is due to the uncertainties on the lepton masses,
the 4-loop contributions, the 5-loop contributions, and the
determination of the fine structure constant α [38]. The
uncertainty of aEWμ includes those on the unknown 3-loop
contributions, the neglected 2-loop terms, the hadronic
loops, and the measured masses of the involved SM particles
[39]. The dominant sources of the theoretical uncertainty
on the SM prediction are those of the hadronic vacuum
polarization and the hadronic light-by-light scattering con-
tributions (ahadμ ) which originate from the statistical and
systematic errors of experimental data, and the uncertain-
ties of the vacuum polarization corrections and the final
state radiative corrections to the cross section data [2].
Accordingly, the discrepancy between the experimental
value and the SM prediction is 3.7 standard deviation:

Δaexpμ ¼ aSMμ − aexpμ ¼ ð27.06� 7.26Þ × 10−10: ð17Þ

The experiment E989 at Fermilab [22] is designed to collect
21 times the E821 data set with improved instrumenta-
tion. Thus, this experiment is expected to achieve a better
uncertainty about four times smaller than that of the

experiment E821. Assuming the same center value of
Δaexpμ as in the current result (17), the projected deviation
between the SM prediction and the experimental value is

Δaexpμ ¼ ð27.06� 3.87Þ × 10−10; ð18Þ

corresponding to a 7.0σ discrepancy [2].
Beside the muon g − 2 constraint, the light superpartners

are also subjected to the limits obtained from the LHC data.
We consider the constraints from the LHC searches for light
sleptons, neutralinos and charginos using 36.1 fb−1 of
proton-proton collision data at the center of mass energyffiffiffi
s

p ¼ 13 TeV [17,18]. In this model, the neutralino χ̃02 and
the chargino χ̃�1 cannot decay into squarks due to their
heavy masses. The decay products of χ̃02 and χ̃�1 depend on
the relation between their masses and the slepton ones.
In any case, the final production of these superparticles
always includes the lightest neutralino χ̃01 that is stable
under the R-parity conservation.
Case 1: M1 < ml̃i

< M2. Equivalently, the range of the
parameter r is 0 < r < 1.
In this case, on the one hand, the second lightest

neutralino χ̃02 once produced can decay into a lepton
and a same flavor slepton that finally decays into its SM
partner and the lightest neutralino: χ̃02 → l̃∓ðν̃Þ þ l�ðνÞ →
χ̃01 þ l∓ðνÞ þ l�ðνÞ. On the other hand, to end up with the
same final states, the neutralino χ̃02 can also decay directly
to the lightest neutralino χ̃01 and a Z0=h boson that
subsequently decays into a pair of leptons: χ̃02→ χ̃01þZ0=h→
χ̃01þ l−ðνÞþ lþðνÞ. Similarly, the light chargino χ̃�1 once
produced can decay to a charged slepton and a neutrino
of the same generation, or a charged lepton and a sneutrino
of the same generation. The slepton/sneutrino then decays
into the lightest neutralino χ̃01 and the corresponding SM
partner: χ̃�1 → l̃�ðν̃lÞ þ νlðl�Þ → χ̃01 þ l� þ νl. The char-
ginos χ̃�1 can also decay into the lightest neutralino and
leptons via the mediation of aW boson: χ̃�1 → χ̃01 þW� →
χ̃01 þ l� þ νl.
The LHC searches for the chargino and neutralino

productions have shown the limits for the masses of these
particles. The current best limits are obtained from the
analysis of the data at the center of mass energy

ffiffiffi
s

p ¼
13 TeV with the luminosity of 36.1 fb−1 [17,18]. The
search for the χ̃þ1 χ̃

−
1 pair production with l̃ mediated decays

was analyzed by the ATLAS Collaboration in the 2 leptons
and 0 jet channel [17]. For the GUT-inspired model, we can
extract the limit for the bino mass as

M1 ≳ 350 GeV ð95% C:L:Þ: ð19Þ

The search for the associated χ̃�1 χ̃
0
2 production with l̃

mediated decays in the 3 leptons channel imposes even
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more severe constraint [17]. In the GUT-inspired model, the
result implies that

M1 ≳ 700 GeV ð95% C:L:Þ: ð20Þ

It is worth noting that the constraints (19) and (20) are
applied when the slepton masses are assumed to be midway
between bino and wino masses, namely ml̃L

¼ M2−M1

2
.

The l̃ l̃ production has been analyzed in the 2 leptons plus
0 jet channel [17]. Here, the slepton l̃ decays directly into a
same flavor lepton l and the lightest neutralino χ̃01 with
100% branching ratio: l̃� l̃∓ → l� þ l∓ þ 2χ̃01. In the con-
sidered model, the limits for slepton and the neutralino
masses read as

M1 ≳ 300 GeV ð95% C:L:Þ; ð21Þ

ml̃ ≳ 510 GeV ð95% C:L:Þ: ð22Þ

Case 2: M1 < M2 ≤ ml̃i
. Equivalently, the range of the

parameter r is r ≥ 1.
In this case, the neutralino χ̃02 and the chargino χ̃�1 can

respectively decay into Z0=h and W� bosons and the
lightest neutralino χ̃01. The search for the associated χ̃�1 χ̃

0
2

production withW=Z-mediated decays has been carried out
in the 2 leptonsþ jets channel and the 3 leptons channel
[17,18]. The combined limit for the bino mass extracted in
this model is as follows

M1 ≳ 300 GeV ð95% C:L:Þ: ð23Þ

Given the GUT relation for gaugino masses in the
model (3), the above constraints for the bino mass imply
the lower limit for the gluino mass as

M3 ≳ 2 TeV: ð24Þ

With the squark mass scale of Oð10Þ TeV, the gluinos
hadronize before decaying [40]. This indirect bound for
the gluino mass in the model is consistent with the current
LHC limit [41].
In the numerical analysis, we investigate the impact of

the current and projected muon g − 2 constraints, the LHC
limits on the bino and slepton masses, and the constraint
from the vacuum metastability condition on the parameter
space of the model. Here, all the squarks are heavy, and
their mass scale is taken to be mq̃ ¼ 10 TeV. The staus are
also assumed to be heavy enough to decouple from physics
at the LHC. For the case 1, first we consider the special
case in which the left-handed smuon masses are in the
middle between the wino and bino masses, mμ̃L ¼ M2−M1

2
.

In Fig. 1, we show the dependence of the SUSY contri-
bution to the anomalous muon g − 2 where the inputs are
set as tan β ¼ 50, r ¼ 0.5, δ ¼ 100 GeV. The solid, dash

and dotted curves correspond to three representative values
(4, 8.5, 20 TeV) of the μ parameter. The 95% C.L. excluded
region from the LHC search for the associated χ̃�1 χ̃

0
2

production in the 3 leptons channel (20) is shown in the
red color. The yellow and cyan bands correspond to the
current and projected 2σ regions for Δaμ. As expected, Δaμ
is enhanced for smaller values ofM1 and larger values of μ.
We see that the lower limit on the bino mass (20) has ruled
out the scenarios with μ ≲ 4 TeV. In the near future, the
projected result (18) can exclude the values of the μ
parameter up to 8.5 TeV. In Fig. 2, the excluded region
by the LHC search, and the allowed regions by the muon
g − 2 experiments are depicted with the same colors in the
parameter space of (M1, μ). The parameter points in the
hatched region lead to the unstable electroweak vacuum
with the lifetime shorter than the age of the universe.
Therefore, this region is ruled out by the constraint (13).
The combination of the vacuum metastability condition
(13) and the current muon g − 2 constraint (17) results in
the upper limits for the bino mass and the SUSY Higgs
mass:

M1 ≲ 1.8 TeV; ð25Þ

μ≲ 120 TeV: ð26Þ

Taking into account the LHC limit (20) and the projected
muon g − 2 constraint (18), the windows for these two
parameters are given by

700 GeV≲M1 ≲ 1450 GeV; ð27Þ
8.5 TeV≲ μ ≲ 97 TeV: ð28Þ

In Fig. 3, the constrained regions are plotted in the plane
of (M1, tan β). Here, we fix the values of other input

FIG. 1. The SUSY contribution to the muon anomalous
magnetic moment (Δaμ) as a function of the bino mass M1

in the case tan β ¼ 50, r ¼ 0.5, δ ¼ 100 GeV, and μ ¼ 4, 8.5,
and 20 TeV.
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parameters as μ ¼ 30 TeV, r ¼ 0.5, δ ¼ 100 GeV. The
combination of the LHC limit for the bino mass (20) and
the muon g − 2 constraint results in a lower bound for tan β.
In the meanwhile the vacuum metastability condition (13)

and the muon g − 2 constraint imply an upper bound for
tan β. For the current 2σ limits for the muon g − 2, these
bounds specify the allowed region for tan β:

10≲ tan β ≲ 210: ð29Þ

For the projected 2σ limits for the muon g − 2, the window
for tan β will be narrowed

15≲ tan β ≲ 165: ð30Þ

From Figs. 2 and 3, we see that for a larger value of the bino
mass M1, larger values of μ and/or tan β are required to
maintain an adequate SUSY contribution to the muon g − 2
to explain the experimental result. In Fig. 4, the constraints
are shown in the plane of (μ, tan β) for fixed values of the
other parameters: M1¼1400GeV, r ¼ 0.5, δ ¼ 100 GeV.
For a given value of the muon g − 2, there is a dependence
of tan β on the μ parameter that can be approximated by a
hyperbolic function. With this particular choice of the
inputs, although the LHC searches for the neutralino and
chargino productions become challenging [26], the pro-
jected muon g − 2 limits and the vacuum metastability
condition play an important role to rule out the parameter
space. Here, only a tiny strip of the parameter space is
allowed after taking these two constraints into consider-
ation. ForM1 ≳ 1500 GeV, the projected muon g − 2 result
from the E989 experiment requires too large μ tan β
such that it becomes inconsistent with the metastability

FIG. 3. The phenomenological constraints on the plane of
(M1, tan β). The other input parameters are fixed as μ ¼ 30 TeV,
r ¼ 0.5, δ ¼ 100 GeV. The hatched region is excluded by the
vacuum metastability condition.

FIG. 2. The phenomenological constraints on the plane of
(M1, μ). The other input parameters are fixed as tan β ¼ 50,
r ¼ 0.5, δ ¼ 100 GeV. The hatched region is excluded by the
vacuum metastability condition.

FIG. 4. The phenomenological constraints on the plane of
(μ, tan β). The other input parameters are fixed asM1 ¼ 1400 GeV,
r ¼ 0.5, δ ¼ 100 GeV. The hatched region is excluded by the
vacuum metastability condition.
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condition of the electroweak breaking vacuum. Therefore,
the whole parameter space for this case will be excluded if
the center value of Δaμ is unchanged.
When the specific relation between the slepton mass

and the gaugino masses is relaxed (namely, r ≠ 0.5), the
lower bound on M1 is not as severe as that in Eq. (20).
Instead, we employ the lower bound given by Eqs. (21)
and (23). The SUSY contribution to the muon g − 2 is
depicted in Fig. 5 as a function of the bino massM1. In this
figure, the other parameters are set as tan β ¼ 40,
μ ¼ 10 TeV, δ ¼ 100 GeV. The solid, dash, dotted and
dash-dotted curves corresponding to the cases r ¼ 0.2, 1.2,
2.7, and 3.3 respectively. The color convention is similar to
that of Fig. 1. In order to satisfy the muon g − 2 constraint,
the case with a larger value of r requires a smaller value of
M1. It is due to the fact that with increasing smuon masses,
the contribution to the muon g − 2 from the smuons is
reduced. To compensate such a reduction, lighter neutra-
linos and charginos will enhance the total SUSY loop
contribution to Δaμ. The combination of the LHC lower
limit onM1 and the current muon g − 2 constraint rules out
the cases with r≳ 3.3. Taking into account the projected
E989 experimental result, upper bound on the parameter r
can be reduced to 2.7.
In Fig. 6, the constrained regions are plotted in the plane

of (M1, r) for fixed values of the other parameters:
tan β ¼ 40, δ ¼ 100 GeV, μ ¼ 10 TeV. For this parameter
setting, the 95% C.L. excluded limits for mμ̃ is consistent
with the muon g − 2 constraint. In addition to the pre-
viously considered constraints, we require that the right-
handed smuon must be heavier than the lightest neutralino
to avoid a stable charged slepton. Therefore, the blue region
in this figure is excluded. With the current constraints, we
find the window for the parameters as follows

300≲M1 ≲ 950 ðGeVÞ; ð31Þ

0.1≲ r≲ 3.3: ð32Þ

Considering the projected muon g − 2 result, these win-
dows become narrower

300≲M1 ≲ 800 ðGeVÞ; ð33Þ

0.15≲ r≲ 2.75: ð34Þ

In Fig. 7, we fix the value of r parameter to be 2, while
relaxing the mass splitting δ. For too large mass splitting
between left-handed and right-handed smuons, the right-
handed one could become lighter than the neutralino χ̃01.
Hence, this blue region is excluded. The corresponding
windows for M1 and δ in this case are

300≲M1 ≲ 620 ðGeVÞ; ð35Þ

−600≲ δ≲ 1000 ðGeVÞ; ð36Þ

for the current limits from the LHC data and the muon
g − 2. With the projected bounds on the muon g − 2, these
windows become smaller:

300≲M1 ≲ 530 ðGeVÞ; ð37Þ

−250≲ δ≲ 850 ðGeVÞ: ð38Þ

FIG. 5. The SUSY contribution to the muon anomalous
magnetic moment (Δaμ), as a function of the bino mass M1 in
the case tan β ¼ 40, μ ¼ 10 TeV, δ ¼ 100 GeV.

FIG. 6. The phenomenological constraints in the plane of
(M1, r). The other input parameters are fixed as tan β ¼ 40,
δ ¼ 100 GeV, μ ¼ 10 TeV.
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We observe that the constraint on the slepton masses (22)
rules out a part of the parameter region that is in agreement
with the muon g − 2 measurement.
For a given value of the bino massM1, the smuon masses

are subjected to two constraints: (i) the requirement that
the smuons must be heavier than the lightest binolike

neutralino χ̃01, (ii) the LHC lower limit (22) on ml̃. We can
see from both Figs. 6 and 7 that when M1 < 510 GeV, the
constraint (ii) is more severe. When M1 > 510 GeV,
the constraint (i) become more severe. As an example,
the allowed region in the plane of (mμ̃L , mμ̃R ) is depicted in
Fig. 8 for the case of tan β ¼ 40, M1 ¼ 400 GeV,
μ ¼ 10 TeV. The choice of M1 here satisfies the con-
straint from the LHC searches, but smaller than the lower
bound for sleptons. Therefore, the 95% C.L. excluded limit
for the slepton is more severe than the constraint mμ̃ < M1.
In this case, the current upper bound for the smuon masses
can be derived from the figure as mμ̃L ≲ 1850 GeV, and
mμ̃R ≲ 2000 GeV. These upper bounds will be significantly
reduced in the near future with the projected E989 experi-
ment results (18):

mμ̃L ≲ 1450 ðGeVÞ; ð39Þ

mμ̃R ≲ 1500 ðGeVÞ: ð40Þ

Such parameter regions with the light neutralino and the
light smuons will be accessible in the near future at the
LHC Run 3 and the High Luminosity LHC (HL-LHC).

IV. CONCLUSION

The new results of the LHC search for neutralino,
chargino, and slepton productions in final states with
two or three leptons at

ffiffiffi
s

p ¼ 13 TeV with the integrated
luminosity of 36.1 fb−1 show the improved lower limits on
their masses. On the other hand, the recent study on the
muon anomalous magnetic moment [2] pointed out that the
discrepancy between the SM prediction and the measured
values can raise from 3.7σ up to 7.0σ with the projected
E989 experiment assuming the unchanged center value of
this quantity. From an optimistic point of view, it is likely
that we are close to finding something related to the muon
g − 2. In this paper, we have investigated the GUT-inspired
MSSM with the universal gaugino masses at the GUT
scale. In order to explain the SM-like Higgs boson of
125 GeV, the squarks are heavy and decoupled from
physics at the TeV scale. The light superparticles include
the neutralinos (χ̃01;2), the charginos (χ̃

�
1 ) and the sleptons of

the first two generations. Beside the muon g − 2 con-
straints, we have taken into account the recent LHC bounds
for their masses. For large values of μ and tan β, the vacuum
metastability condition becomes important. The allowed
windows for each input parameters have been pinned
down. Especially, we obtain the upper bounds for the bino
mass M1 and the smuon masses from these constraints.
It is pointed out that the projected muon g − 2measurement
will play a crucial role in reducing these upper bounds.
Since these windows are applied for a few parameters
corresponding to the light SUSY sector at low energies, the
results can be applied to various SUSY GUT models with

FIG. 7. The phenomenological constraints in the plane of
(M1, δ). The other input parameters are fixed as tan β ¼ 40,
r ¼ 2, μ ¼ 10 TeV.

FIG. 8. The phenomenological constraints in the plane of
(mμ̃L , mμ̃R ). The input parameters are fixed as tan β ¼ 40, M1 ¼
400 GeV, μ ¼ 10 TeV.
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universal gaugino masses at the GUT scale. The small mass
regions of the allowed parameter space will be accessible in
the near future at the LHC Run 3 and the HL-LHC.
With the improvement in the E989 experiment, the

uncertainty on the deviation (18) between the SM pre-
diction and the measured value of the muon g − 2 that
controls the allowed ranges of input parameters is domi-
nated by the uncertainty of the SM prediction (16).
Therefore, a reduction of the SM estimation uncertainty
in the future will result in more severe limits on these
parameters. On the other hand, due to missing higher order
diagrams in the SUSY calculation, the additional theoreti-
cal uncertainty relating to their contributions [42,43] may

enlarge the allowed parameter space. Considering this
uncertainty, the full two-loop calculation of the SUSY
contribution to the muon g − 2 is essential to increase the
accuracy of the analysis and to obtain more stringent
constraints on the input parameters.
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