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The long-standing discrepancy between the experimental determination by the Muon g − 2 Collabo-
ration at Brookhaven and the Standard Model predictions for the anomalous magnetic moment of the muon
cannot be explained within a simple unified framework like the constrained minimal supersymmetric
standard model, but it can within its extension with vectorlike fermions. In this paper we consider a model
with an additional vectorlike 5þ 5̄ pair of SUð5Þ. Within this model we first identify its parameter space
that is consistent with the current discrepancy and show that this implies the lighter chargino mass in the
range of 700–1200 GeV. We examine how it is affected by constraints from the electroweak sparticle search
at the LHC based on a 13 TeV search with 36.1 fb−1 integrated luminosity. We show that null trilepton
signal searches coming from chargino-neutralino pair production significantly constrain the allowed
parameter space except when the chargino-neutralino mass difference is relatively small, below about
10 GeV. Next we consider the expected impact of the New Muon g − 2 experiment at Fermilab with its
projected sensitivity reach of 7σ and, assuming it confirms the current discrepancy, show that the remaining
parameter space of the considered model will be in strong tension with the current LHC limits.
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I. INTRODUCTION

Despite the absence of a signal for supersymmetry
(SUSY) at the LHC, it still remains one of the most
appealing frameworks for physics beyond the Standard
Model (BSM). Besides providing a natural candidate for
dark matter (DM), it also gives a possible explanation for the
discrepancy that exists in the Standard Model (SM) value of
the anomalous magnetic moment of muon, ðg − 2Þμ, and the
experimentally measured quantity. The SM value for
ðg − 2Þμ differs by more than 3σ from the measured value
[1,2]. Future measurement at Fermilab [3,4] is expected to
improve the sensitivity of the previous measurement by a
factor of 4 and hence potentially confirm or falsify the
persistent disagreement. In SUSY, the explanation for the
difference arises from contributions due to smuon-neutralino
and sneutrino-chargino loops. To fit the ðg − 2Þμ anomaly
within the framework of the minimal supersymmetric
Standard Model (MSSM), one requires the slepton and
the lighter chargino masses in a range of a few hundreds of
GeV [5–11]. However, the stringent bounds on the strong
sector (squarks and gluinos) from the LHC and the Higgs
mass measurements rule out the possibility of explaining
ðg − 2Þμ in Grand Unified Theory (GUT)-constrained
models such as the constrained MSSM (CMSSM) and the

nonuniversal HiggsMass (NUHM)model [12–14]. The way
out has usually been to assume nonuniversal gaugino masses
[15–22] which can provide a viable parameter space to
explain ðg − 2Þμ while at the same time not conflicting with
constraints from LEP and LHC.
There have also been alternative solutions as, for

example, adding vectorlike (VL) matter to MSSM which
has been studied in Refs. [23–32]. The presence of a new
VL sector gives an extra contribution to ðg − 2Þμ by
introducing new sources of smuon mixing and new
Yukawa couplings [32]. Apart from ðg − 2Þμ, it has been
shown that VL colored sparticles provide extra contribu-
tions to the Higgs mass [33–38], and several phenomeno-
logical analyses have addressed the extra VL matter in the
context of various long-standing theoretical issues related
to beyond SM physics [23–32].
In particular, Ref. [32] studied two simple extensions of

the CMSSM by adding a pair of multiplets, first in the
5þ 5̄ and second in the 10þ 10 representations of SUð5Þ.
It was shown that the model could satisfy various con-
straints from flavor physics and LHC direct searches, as
well as include a viable dark matter candidate that was in
agreement with relic density and direct detection con-
straints, for a considerable region of the parameter space
[32]. In particular, through the additional mixing of VL
fields with second generation leptons, the model proved
particularly useful in explaining the ðg − 2Þμ discrepancy.
In this work we extend the analysis considered in Ref. [32],
using the models with additional 5þ 5̄. Motivated by the
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solution to the ðg − 2Þμ discrepancy, we examine the impact
of collider constraints on the viable parameter space.
As mentioned earlier, the allowed parameter spaces

satisfying ðg − 2Þμ constraints are characterized by light
electroweak (EW) sparticles, i.e., light EW gauginos or
electroweakinos (the charginos and the neutralinos) and
charged sleptons. Hence, to probe the relevant parameter
space at the LHC, the most sensitive search is chargino and
neutralino pair production (via pp → χ�1 χ

0
2) leading to the

trileptonþ transverse missing energy (=ET) signal. Both
CMS and ATLAS Collaborations have looked for electro-
weakinos, or EWinos, with different leptonic final states
[39–47], among which the trilepton data give the most
stringent bound. From the very recent LHC analysis of
Run-II data with L ¼ 36.1 fb−1, ATLAS has excluded
chargino masses up to 1150 GeV for relatively light lightest
supersymmetric particle (LSP) [46]. However, ATLAS and
CMS have presented these limits for a few particular types
of simplified models with specific assumptions on the
compositions and branching ratios of EWinos. The electro-
weakinos searches and related topics in the context of the
LHC have been analyzed by various phenomenology
groups in Refs. [7,9,48–66]. Because of the presence of
VL particles and their mixing with SM, the electroweakinos
(mainly χ�1 ; χ

0
2) can have nonstandard branching ratios

compared to the CMSSM or usual phenomenological
MSSM (pMSSM) scenarios. Hence the limits interpreted
by ATLAS or CMS for various simplified models are not
directly applicable to such models and a reinterpretation of
the bounds from trilepton searches at the LHC is necessary.
The paper is organized as follows. We first give a brief

overview of the model which is obtained by adding a VL
5þ 5̄ of SUð5Þ pair to CMSSM in Sec. II. We briefly
mention the constraints applied to obtain the relevant
allowed parameter space in Sec. III and then discuss
different scenarios for chargino (χ�1 ) and neutralino (χ02)
decays in the context of a VL extension of CMSSM in
Sec. IV. In Sec. V, we show results for LHC trilepton
searches from chargino-neutralino pair production using
the latest LHC Run-II 36.1 fb−1 data. Finally, we give our
conclusions in Sec. VI.

II. VECTORLIKE EXTENSION OF THE CMSSM

We follow the model studied and analyzed in [32],
particularly in the context of ðg − 2Þμ where the MSSM is
extended through the addition of a pair 5þ 5̄ or a pair
10þ 10. However, it was shown in [32] that the 10þ 10
extension was more fine-tuned in order to provide a viable
parameter space for a significant contribution to ðg − 2Þμ,
and therefore the analysis was restricted to 5þ 5̄. Here we
shall focus only on the 5þ 5̄ extension, which from now on
we shall refer to as the LD model following the previous
convention. We summarize the main features of the LD
model below (for more details see Ref. [32]).

The LD model consists of extending the MSSM spec-
trum with the addition of the following fields1:

D ¼ ð3̄; 1; 1=3Þ; D0 ¼ ð3; 1;−1=3Þ;
L ¼ ð1; 2;−1=2Þ; L0 ¼ ð1; 2; 1=2Þ:

This implies the addition of a quark with charge −1=3
and a charged lepton along with their antiparticles, and
two massive neutrinos to the MSSM spectrum. Corres-
pondingly the sparticle content sees the addition of squarks,
sleptons, and sneutrinos.
In comparison to the MSSM, there are now additional

trilinear and bilinear terms in the superpotential,

W ⊃ −λDqHdD − λLLHdeþMDDD0 þMLLL0

þ ~MLlL0 þ ~MDdD0: ð2:1Þ
Finally the soft SUSY-breaking Lagrangian also has

extra terms involving ~Lð0Þ and ~Dð0Þ as follows:

−Lsoft ⊃ ½m2
Lj ~Lj2 þm2

L0 j ~L0j2 þm2
Dj ~Dj2 þm2

D0 j ~D0j2
þ ð ~m2

L
~l† ~Lþ ~m2

D
~d† ~Dþ H:c:Þ�

þ ðBML
~L ~L0 þ B ~ML

~l ~L0 þ BMD
~D ~D0

þ B ~MD
~d ~D0 þ H:c:Þ

− ðTD ~qHd
~D† þ TL

~LHd ~e† þ H:c:Þ; ð2:2Þ
where ~m2

L, ~m2
D, TL, TD, B ~ML

, and B ~MD
are three-

dimensional matrices that govern mixing between
MSSM and VL matter. This mixing plays an important
role for ðg − 2Þμ phenomenology.
In addition to the above, we also make the choice of

GUT scale parameters such that the boundary conditions
for the extra Yukawa couplings demanded by UV com-
pletion at the GUT scale are given by

λL ¼

0
B@

0

λ5

ϵλ5

1
CA; ð2:3Þ

where ϵ < 1. This in turn means that the soft mass matrices,
which also satisfy the same flavor constraints as the
Yukawa couplings, will have their off-diagonal mixing
terms parametrized similar to Eq. (2.3) as follows:

~m2
L ¼ ~m2

D ¼

0
B@

0

~m2

α ~m2

1
CA; ð2:4Þ

where once again α < 1.

1The MSSM fields are q ¼ ð3; 2; 1=6Þ, u ¼ ð3̄; 1;−2=3Þ,
d ¼ ð3̄; 1; 1=3Þ, l ¼ ð1; 2;−1=2Þ, e ¼ ð1; 2;−1=2Þ, Hu ¼ð1; 2; 1=2Þ, Hd ¼ ð1; 2;−1=2Þ with SUð3Þ × SUð2Þ × Uð1Þ
quantum numbers in parentheses.
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Thus the first generation mixing is almost absent
compared to second and third generation mixing.
Equations (2.3) and (2.4) not only impact the ðg − 2Þμ
contribution but also have a significant effect on the
trilepton signal from chargino and neutralino decays as
we shall see in Sec. IV.

III. CONSTRAINTS FROM FLAVOR PHYSICS,
ðg− 2Þμ, AND DIRECT DETECTION OF DM

In this section we mention the GUT scale input param-
eters used as well as the constraints applied in order to
obtain the parameter space shown in Fig. 1.2 The parameter
space was scanned using MULTINEST [67], and the SARAH
[68–71] package was used to generate the spectrum, while
the relevant flavor constraints were calculated using the
SARAH package FLAVORKIT [72]. In addition, dark matter
constraints on relic density and direct detection were
obtained using MICROMEGAS v.3.5.5 [73]. Bounds on
the Higgs sector from LHC searches for Higgs production
channels, branching ratios as well as Higgs decay were
applied using the codes HIGGSSIGNALS [74] and
HIGGSBOUNDS [75–77]. The following ranges of values
for the GUT scale input parameters were used, which are
also listed in [32]:

VLYukawa coupling; λ5 ∈ ½−0.5; 0.5�;
Yukawa hierarchy factor; ϵ ∈ ½−0.5; 0.5�;

superpotential massVL fields; MV ∈ ½50; 1500� GeV;
superpotential mass mixing; ~M ∈ ½−20; 20� GeV;
mass mixing hierarchy factor; α ∈ ½0.01; 1Þ;

scalar mass; m0 ∈ ½100; 4000� GeV;
gaugino mass; m1=2 ∈ ½300; 4000� GeV;

soft mass mixing; ~m2 ∈ ½−5 × 106; 5 × 106� GeV2;

trilinear coupling; A0 ∈ ½−4000; 4000� GeV;
soft bilinear termVL fields; B0 ∈ ½−1500; 1500� GeV;
ratio of the Higgs VEVs; tan β ∈ ½1; 60�;

and the sign of the Higgs mass parameter, sgn μ ¼ þ1.
The experimental constraints used to derive the parameter

space in addition to the Higgs bounds are flavor physics
constraints such as BRðB̄ → XsγÞ [78], BRðBu → τνÞ
[79], ΔMBs

[80], Δρ [80], BRðBs → μþμ−Þ [81,82], and
BRðτ� → μ�γÞ [83], while in the DM sector the constraint
on relic abundance [84], Ωχh2, and the current LUX limit

[85] on the spin-independent DM-nucleon scattering cross
section, σSIp , are taken into account. For more details on
ranges and theoretical and experimental errors see Table 1
of Ref. [32].

IV. ALLOWED PARAMETER SPACE AND
DECAY PROPERTIES OF EWINOS

In this section we study decay properties of χ�1 and χ02 in
the parameter space which satisfies the constraints men-
tioned in the previous section as well as δðg − 2Þμ bounds

FIG. 1. Allowed parameter space for δðg − 2Þμ in the LD model
as a function of chargino mass. The 2σ allowed region for
δðg − 2Þμ according to the latest data [1,2] is indicated by the blue
solid lines, while the dashed lines indicate future measurement
[3,4] with 4 times greater sensitivity, assuming that the central
value remains the same.

2The result shown in Fig. 1 is obtained using the same
numerical tools and priors used in Ref. [32].

IMPACT OF LHC DATA ON MUON g − 2 SOLUTIONS IN … PHYSICAL REVIEW D 96, 075046 (2017)

075046-3



(2σ) as shown in Fig. 1. The 2σ allowed region for
δðg − 2Þμ according to the latest data [1,2] is indicated
by the blue solid lines, while the dashed lines indicate
future measurement [3,4] with 4 times greater sensitivity,
assuming that the central value remains the same. We
consider the red points that are allowed by current δðg − 2Þμ
bounds for further analysis. The trilepton final states from
direct chargino-neutralino pair production will be the most
effective channel to probe all these points. Because of the
choice of input parameters and mixing in our model, it is
expected that the decay modes of EWinos could be
different from the MSSM cases or usual choices made
by ATLAS/CMS with simplified scenarios.

A. Decay modes for χ 02
In general for light slepton scenarios (lighter than mχ�

1
),

the second lightest neutralino χ02 decays into two body final
state—l~l and ν~ν where l denotes e, μ, and τ. For our model,
the first slepton mass eigenstate is mostly mixed smuon/
VL, and the second slepton eigenstate is usually right-
handed stau. Hence we sometimes obtain large mass
splitting between the first two slepton mass eigenstates.
For a significant portion of the parameter space χ02 decays to
a muon and a slepton at 50% branching ratio, or one sees
the τ lepton channel but no electrons, with 50% branching
ratio for invisible modes. Thus the flavor democratic
simplified model scenarios are mostly absent in our model.
As a result, apart from the invisible modes which have a
50% branching ratio, χ02 can dominantly decay into either
μ~μ or τ~τ with 50% branching ratios. For the first case the
usual LHC limit will then provide more stringent bounds.
In the left panel of Fig. 2, the branching ratios for

different leptonic decay modes are plotted against the χ02
mass. The muon channel is always at 50% branching ratio
but the τ channel has a branching ratio which is mostly less

than 20% with some points having branching ratio in the
range between 20% and 100% while no electrons are seen.
In Fig. 3, we present the branching ratios of χ02 which

decays into a muon and a slepton (~e1=~e2), where the slepton
further decays into a muon and an LSP with 100%
branching ratio. The points are color coded according to
the mass differences m~e −mχ0

1
(left panel) and mχ0

2
−m~e

(right panel). These BRs(χ02 → μ~e1=2 → μμχ01) vary within
40%–50% with the rest being invisible, where the slepton
could be degenerate with either χ01 or χ02.

B. Decay modes for χ�1
The charginos decay into l~ν and ν~l with equal branching

ratios for three generations in the “flavor-democratic”
simplified model. As we discussed in the previous sub-
section, because of the different smuon mixing as com-
pared to MSSM, the charginos largely decay into ν ~μ and μ~ν
with a branching ratio of 50% each or the corresponding τ
lepton channel.
In the right panel of Fig. 2, we show the branching ratios

into different leptonic channels for χ�1 as a function ofmχ�
1
.

We can see that the chargino dominantly decays to muons
with a very small fraction going to τ and none to electrons.
Thus a three muon signal is the most likely and also the
most constraining signature to look for in the trilepton
searches.
In Fig. 4, we present the branching ratios of χ�1 where

it decays into a neutrino and a slepton (~e1=~e2), where
the slepton further decays into a muon and an LSP. The
points are color coded according to the mass differences
m~e −mχ0

1
(left panel) and mχ�

1
−m~e (right panel). These

BRs(χ�1 → ν~e1=2 → νμχ01) vary within 40%–50% with the
rest being χ�1 → μ~ν, where the slepton could be degenerate
with either χ01 or χ02.

FIG. 2. Branching ratio of χ02 → l~e (left panel) and χ�1 → l~ν (right panel) plotted against χ02 and χ�1 masses, respectively, for the
parameter space satisfying the constraints described in the text as well as giving a ðg − 2Þμ contribution that is within the current 2σ limit.
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C. Benchmark points and models

From the results of the previous section on the decay
modes of χ�1 and χ02, we can see that the collider constraint
that is best suited to probe the chargino-neutralino pair
production are the trilepton searches. In Table I, we show
three benchmark points chosen from Figs. 2–4. The decay
properties of these points are strikingly different from the
usual simplified models considered by LHC Collaboration
to interpret the trilepton limits. Also the mass hierarchies
between sleptons and the electroweakinos are different in
our model. Motivated by these benchmark points we choose
the following three scenarios, or benchmark models:

(i) Benchmark Model 1 (BM1): This model is motivated
by benchmark point 1 (BP1) where the electro-
weakinos dominantly decay into muons. Here
sleptons are next to lightest supersymmetric particle
and nearly degenerate with the LSP, and we
assume m~ν1 ¼m~e1 ¼mχ0

1
þ10GeV. For the branch-

ing ratios of the electroweakinos we assume
BRðχ�1 →μ~ν1;ν~e1Þ¼0.50 and BRðχ02→μ~e1;ν~νÞ¼
0.50, where BRð~e1 → μχ01Þ ¼ 1.0. These assump-
tions apply to each point in the parameter space.

(ii) Benchmark Model 2 (BM2): BM2 is motivated by
BP2, and the decay patterns of BM2 are the same as

FIG. 3. Branching ratio of χ02 → μ~e plotted against χ02 mass for parameter space satisfying the constraints described in the text as well
as giving a ðg − 2Þμ contribution that is within the current 2σ limit. The left panel shows the points color coded with slepton-LSP mass
difference while the right panel shows them color coded according to the χ02-slepton mass difference.

FIG. 4. Same as Fig. 3 but for χ�1 → ν~e with the points in the left panel color coded according to the mass difference m~e −mχ0
1
while

those in the right panel are according to mχ�
1
−m~e.
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BM1 but with the choice m~ν1 ¼ m~e1 ¼ mχ0
1
þ

50 GeV. This choice of mass dependence can
significantly change the limits on chargino masses.

(iii) Benchmark Model 3 (BM3): BM3 is motivated by
BP3, and the decay patterns of chargino and neu-
tralino are similar to previous benchmark models.
We choose the slepton mass as m~ν1 ¼ m~e1 ¼
ðmχ0

2
þmχ0

1
Þ=2. This choice of mass basically is

similar to the simplified models considered by
ATLAS, but BM3 is different in terms of branching
ratios.

V. COLLIDER ANALYSIS
FOR TRILEPTON SEARCHES

Both CMS and ATLAS Collaborations have searched for
the EWinos with different final states (2l; 3l, with/without
taus; lbb; lγγ, etc.) from direct pair production of χ�1 χ

0
2

or χ�1 χ
�
1 [39–47]. The results are mainly interpreted for

slepton mediated simplified model,WZ mediated simplified
model, andWh mediated simplified model. In the first case,
the sleptons are assumed to be lighter than χ�1 and χ02, and
this channel gives the most stringent bounds as the EWinos

decay via slepton to lepton enriched final states [46]. For
the rest of the two cases, sleptons are assumed to be much
heavier than χ�1 or χ02 and the electroweakinos decay via
real or virtual W, Z, and Higgs boson. In our own model,
the LHC limits on gluinos from 13 TeV data put stringent
bounds on mχ�

1
≳ 700 GeV (due to high scale input) and

only the trilepton analysis targeting χ�1 χ
0
2 production is

sensitive to the mχ�
1
> 700 GeV region. Hence in this

analysis we only focus on the trilepton channels (dedicated
signal regions for slepton mediated simplified model). First
we will briefly discuss the 13 TeV trilepton search analysis
considered by ATLAS [46] and present our results along-
side ATLAS for validation and direct comparison.

A. Validation for trilepton analysis

In slepton ( ~lL)-mediated models, it is assumed that the
left handed sleptons and sneutrinos lie exactly midway
between χ01 and χ

0
2,m ~lL

¼ ðm~χ∓
1
þmχ0

2
Þ=2, and the EWinos

decay either to left-handed sleptons or sneutrinos univer-
sally. Events are considered with exactly three tagged
leptons (electron or muon) [46]. Event reconstruction
details, such as electron, muon, tau and jet identification,
isolation, and overlap removal, are followed according to
the ATLAS analysis as mentioned in Secs. 5 and 6 of [46].
In this trilepton analysis, a veto on b-jet is applied to all
signal channels. For b-jets, we use the pT dependent
b-tagging efficiencies obtained by ATLAS Collaboration
in Ref. [86].
Depending upon the requirement of mSFOS [invariant

mass of same-flavor opposite-sign (SFOS) lepton] and pl3
T

(pT of third leading lepton), ATLAS has optimized five
signal regions (SR), namely, SR3l-a to SR3l-e for slepton
mediated simplified model. The basic selection require-
ments for these channels, number of observed events, and
total SM background are listed in Table II. In the absence of
any BSM signal in all these channels, limits are set on the
number of SUSY signal events at 95% confidence level
(C.L.). For these five signal regions (SR3l-a to SR3l-e)
NBSM at 95% C.L. are 7.2, 5.5, 10.6, 3.0, and 3.0,
respectively. The ATLAS Collaboration has translated these
obtained upper limits on NBSM into exclusion limits in the
mχ0

1
-mχ�

1
plane. In a similar way, we have also reproduced

the exclusion contours obtained by ATLAS assuming
similar mass relations and branching ratios of the relevant
gauginos and sleptons. In order to validate our results we
reproduce the exclusion contours using PYTHIA (v6.428)
[87].3 We use the next-to-leading order ðNLOÞ þ next-to-
leading logarithmic (NLL) chargino-neutralino pair produc-
tion cross sections given in Ref. [88], which have been
calculated for 13 TeV using the RESUMMINO code [89,90].
For slepton mediated models, SR3l-e is the most sensitive

TABLE I. Benchmark points chosen such that they satisfy the
constraints as described in the text as well as giving a contribution
to ðg − 2Þμ that is consistent with the current 2σ limit. All masses
are in GeV.

Parameter BP1 BP2 BP3

GUT inputs m0 1023 1162 970
m1=2 1398 1544 1358
A0 36 1317 606
MV 329 324 746
B0 692 −410 278
λ5 −0.16 −0.14 −0.16

~m2ð×106Þ 1.6 1.9 1.6
~M 4.3 4 −10.9

tan β 44.7 48.5 48.8
λD;2 −0.39 −0.34 −0.38
λL;2 −0.2 −0.17 −0.19

Pole masses mh 124 123 123
mχ0

1
474 526 463

mχ�
1

898 993 875
m~e1 484 576 669
m~e2 858 866 752
m~ν1 475 569 663
m~tR 2021 2297 1986

Branching ratios χ�1 → μ~ν 0.5 0.5 0.5
χ�1 → ν~e1 0.49 0.48 0.47
χ02 → μ~e1 0.49 0.49 0.48
χ02 → ν~ν 0.5 0.5 0.49
~e1 → μχ01 1.0 1.0 1.0

δðg−2Þμð×10−9Þ 2.54 2.23 2.09
Δm¼m~e1 −mχ0

1
10 50 ðmχ0

2
−mχ0

1
Þ=2

3These same setups of codes were also used in Ref. [59].
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channel for the parameter space with large mass splitting
between χ�1 and χ01 (δm ¼ mχ�

1
−mχ0

1
Þ. For smallest δm,

low-valued mSFOS SR3l-a is more effective to probe the
relevant parameter space.
In Fig. 5, we present the validated results for slepton

mediated simplified models. The red line corresponds to
95% C.L. exclusion limits obtained by ATLAS, and the
black line corresponds to our validated results adopting the
ATLAS analysis. From Fig. 5, it is evident that our validated
results are in good agreement with that of ATLAS.

B. New limits for benchmark models

First we present our results for Benchmark Model 1
(BM1), where the scenarios represent slepton coannihi-
lation regions and due to the extreme mass degeneracy
(δm ¼ mχ�

1
−mχ0

1
¼ 10 GeV) the leptons coming from

slepton decay are very soft (below the trigger cuts). The
soft leptons cause the reduction on limits on chargino
masses. The orange regions in Fig. 6 are excluded from
13 TeV data where the red dotted line represents the usual

limits from simplified scenarios with the sleptons being
midway between LSP and charginos. The vertical and
horizontal magenta lines present the indirect limit on mχ�

1

and mχ0
1
from the gluino limits coming from 13 TeV data

[91]. The blue points (circles) are allowed by the new
muon g − 2 result in a future measurement at Fermilab
[3,4] while the red points (star) are ruled out, assuming
that the central value of the measurement remains the
same. It is clear from Fig. 6 that for coannihilation
scenarios trilepton limits are even weaker than the indirect
bounds from direct gluino searches due to the mass
correlations in GUT models. It may be noted that with
nonuniversal gaugino mass models the indirect limits
from gluino searches are not valid and the models have a
wide range of parameter space which is still allowed
(except for the magenta regions).

TABLE II. Selection requirements for slepton mediated (3l) channel considered by ATLAS for 13 TeV 36.1 fb−1

data [46].

SR3l-a SR3l-b SR3l-c SR3l-d SR3l-e

Nlepton 3
=ET > ðGeVÞ 130
mmin

T > ðGeVÞ 110
mSFOS (GeV) <81.2 >101.2

pl3
T (GeV) 20–30 >30 20–50 50–80 >80

Observed events 4 3 9 0 0

Total SM 2.23� 0.79 2.79� 0.43 5.41� 0.93 1.42� 0.38 1.14� 0.23

FIG. 5. Validation of the ATLAS trilepton analysis for Run-II
36.1 fb−1 data [46]. The exclusion limit in the mχ0

1
−mχ�

1
plane

obtained by the ATLAS Collaboration (red line) in their trilepton
analysis is reproduced using similar mass relations and branching
ratios of the relevant gauginos and sleptons (black line).

FIG. 6. Limits onmχ�
1
−mχ0

1
plane for Benchmark Model 1 (see

text). The excluded region for BM1 is shown in orange. The red
dotted line represents the limit for slepton mediated simplified
scenarios [46]. The magenta lines indicate the indirect lower limit
on mχ�

1
(vertical line) and mχ0

1
(horizontal line) from gluino

seaches in 13 TeV data [91]. The blue points (circles) will be
allowed by the new muon g − 2 result in a future measurement at
Fermilab [3,4] while the red points (star) will be ruled out,
assuming that the central value of the measurement remains the
same.
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The situation changes drastically if the mass difference is
somewhat larger. We present the implication of trilepton
data in Fig. 7 for BM2 where the mass splitting between χ�1
and χ01, δm ¼ mχ�

1
−mχ0

1
, is 50 GeV. The orange regions in

Fig. 7 are excluded for BM2. In some region of the
parameter space the limits are stronger than usual simpli-
fied models (denoted by red line). This is simply due to the
enhancement of branching ratios in our model. It may be
noted that for the simplified models considered by ATLAS,
the electroweakinos decay to leptonic final state universally
(but for BM2, electroweakinos decay mainly to μ final
states). In Fig. 7, roughly half the points outside the
orange shaded region are ruled out by future muon g − 2
experiment [3,4] as indicated by the red points.
In Fig. 8 we analyze the model BM3 where the sleptons

are exactly midway of χ�1 and χ02 (same choice as simplified
models). Similar to BM1 and BM2, EWinos decay also
mainly to μ final states in BM3. For this model, the limits
are even stronger than BM2. For light χ01, the limit on
chargino mass extends up to 1250 GeV. Hence the current
LHC data exclude all the ðg − 2Þμ allowed points which
have the same characteristic as BM3.

VI. CONCLUSIONS

In thisworkwehave studied theVLextensionofMSSM—
by the addition of a pair 5þ 5̄ of SUð5Þ which leads to an
additional quark, lepton, and a pair of neutrinos with
corresponding squarks, sleptons, and sneutrinos—in the
context of ðg − 2Þμ, various flavor physics constraints, DM
constraints, and LHC limits on squarks and gluinos. We
identify that the allowed parameter space in Fig. 1 leads to
chargino mass in the range of 700–1200 GeV. The mixing of
the second and third generation leptons with the extended
spectrum of VL particles leads not only to an enhanced
contribution to ðg − 2Þμ but also gives a very different kind of
signature for electroweakino decay modes.

To probe the allowed parameter space at the LHC, the
most sensitive search will be the trilepton signal coming
from chargino-neutralino pair production. For this reason
we do a detailed study of relevant decay properties and the
mass hierarchies in Secs. 4.1 and 4.2. In particular we
observe that the VL extension of MSSM along with the
specific choice of GUT scale parameters made here leads to
a 3 muon or 3 tau final state instead of lepton universality
assumed in the LHC trilepton analysis. We therefore recast
the ATLAS trilepton searches in chargino-neutralino pair
production using the recent Run-II data. We identify three
benchmark points from the scanned data set. To interpret
the trilepton search we construct three simplified bench-
mark models based on these benchmark points. We observe
that the slepton coannihilation scenario, i.e., BM1, is not at
all sensitive to the current LHC data due to the soft nature
of the lepton signal (see Fig. 6). However, the points with a
relatively larger mass difference, as for example BM2, can
exclude chargino mass up to 1 TeV (see Fig. 7). The
strongest constraint comes from BM3 where the slepton
mass lies midway between the chargino and second lightest
neutralino. For such a choice any parameter range allowed
by ðg − 2Þμ data is already excluded (see Fig. 8). There still
exists more than half of the parameter space that is not
covered by the three benchmark models considered here,
which were chosen such that they are most sensitive to the
trilepton searches. For this parameter space, the allowed 2σ
range of δðg − 2Þμ from the new muon g − 2 experiment at
Fermilab [3,4] can potentially rule out more than two-thirds
of the region, assuming that the central value of the ðg − 2Þμ
measurement remains the same. Much of this parameter
space consists of tau lepton final states in chargino-
neutralino pair production, which is not sensitive to the
current Run-II data with L ¼ 36.1 fb−1 [92]. Future
searches with higher luminosity for 2τ=3τ signal at the
LHC could potentially probe this region of the param-
eter space.

FIG. 7. Same as Fig. 6 but for Benchmark Model 2 (see text). FIG. 8. Same as Fig. 6 but for Benchmark Model 3 (see text).
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We thank Luc Darmé and Enrico Maria Sessolo for
the useful discussions in the initial stage of this work.
A. C. and S. R. thank Luc Darmé for helpful inputs
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