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1 Introduction

The first preliminary results on the muon anomalous magnetic moment (known as muon
g − 2) from the Muon g − 2 experiment at Fermilab, were recently revealed as aµ =
116592040(54)× 10−11 [1–3], which, after combining its results with those from the exper-
iments at the Brookhaven National Laboratory (BNL) [4], led to a new world average [1]:

aWA
µ = 116592061(41)× 10−11 , (1.1)

where aµ ≡ (g− 2)/2 is the anomalous magnetic moment of the muon, while g denotes the
gyromagnetic ratio, which is equal to 2 at tree-level.

Comparing this result with the theoretical prediction of the Standard Model (SM)
(aSM
µ = 116591810(43) × 10−11 [5]) the current experimental results on muon g − 2 now

lead to a deviation of 4.2σ from the SM prediction, expressed as [1]

∆aµ = aWA
µ − aSM

µ = 251(59)× 10−11 . (1.2)

The SM prediction includes the electroweak, QED and hadronic components con-
tributing to the muon g − 2. Despite large uncertainties arising from αS(MZ) recent
studies have significantly improved the calculations of the hadronic contributions [6–8].
The leading order (LO) contribution from the hadronic vacuum polarization (HVP)
yields aHVP−LO,lattice

µ = 707(55) × 10−11 [9] using Lattice QCD, and comparison with
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the e+e− → hadrons data indicates a deviation of about 1.6σ between the experimen-
tal measurements and theoretical calculations of the hadronic contributions to the muon
g − 2 [10, 11]. This discrepancy in the hadronic sector can be ameliorated by reducing
the overall uncertainty in the hadronic sector such that aHVP−LO,lattice

µ may not need to
require extra contributions from strongly interacting new particles within BSM models to
be consistent with the experimental measurements. On the other hand, this leaves the
muon g− 2 anomaly as expressed in eq. (1.2) to be explained by the QED and electroweak
sectors. The discrepancy between theory and experiment remains even after the calcula-
tion is performed with high precision, and thus it indicates the need for contributions from
QED and electroweak sectors of BSM models. A nice compendium of experimental and
theoretical results is found in [12].

While the muon g−2 anomaly can be used to constrain the electroweak sector of BSM
models, another restriction is introduced by the precise experimental measurements of the
electron g−2 as aexp

e = 1.15965218076(28)×10−3 [13]. When the BSM models are built in
a flavor blind fashion, their g − 2 predictions for the electron and muon are correlated by
∆ae/∆aµ = m2

e/m
2
µ. The SM prediction calculated up to ten loops within QED [14–17]

yields aSM
e = 1.159652181643(25)(23)(16)(763) × 10−3, which is, in contrast to the muon

g − 2 prediction, greater than the experimental results for the electron g − 2,

∆ae = −(8.8± 3.6)× 10−13 . (1.3)

Such a discrepancy does not lead to a numerical deviation only, but it also indicates
that a mechanism must be implemented in BSM models which breaks lepton universality
of the SM so that ∆ae/∆aµ = (−14)m2

e/m
2
µ as experimentally established. Numerous

studies resolving the muon g − 2 anomaly exist within a variety of BSM models [18–60],
while there also are (fewer) studies which attempt to provide a consistent description of
both deviations [61–68].

Given some attractive features such as the resolution to the gauge hierarchy problem,
the existence of dark matter and a rich spectrum testable at the ongoing experiments,
supersymmetry (SUSY) and supersymmetric extensions of SM (SSM) provide a class of
well-motivated BSM models to explore the g−2 implications. In the minimal SSM (MSSM)
framework, as is well known, the chirality flip between the left-handed and right-handed
sleptons enhances the supersymmetric contributions to the leptons g − 2 [69]. Since this
supersymmetric enhancement is proportional to the lepton mass and µ tan β, the flavour
blind interactions can adjust the magnitudes of the g−2 calculations but still yield the ratio
∆ae/∆aµ = m2

e/m
2
µ. However one can modify this ratio by choosing opposite signs for the

bino and wino masses, in which the bino can provide the main contribution to the electron
g−2, while the Wino contribution is mainly responsible for the SUSY contributions to the
muon g − 2. However resolutions to the g − 2 anomalies can simultaneously be accommo-
dated when the chargino, neutralino and sleptons are very light (∼ O(100)GeV) [70]. The
collider experiments are expected to impose strong constraints on such solutions, especially
during the LHC-Run3 [71].
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Since the gauge interactions are flavor universal, and Higgs/higgsino couplings to the
electron and muon are quite small to significantly modify the SM predictions, it can be
concluded that MSSM can adjust the g−2 of the electron and muon with the experimental
data only with the light sleptons and electroweakinos. On the other hand, SUSY models
extending the MSSM with new particles and/or symmetries can potentially accommodate
the simultaneous resolutions to the electron and muon g− 2 anomalies by introducing new
interactions involving non-MSSM fields, which can distinguish between the electron and
muon. The simplest class of extended MSSM models can be built by supplementing the
MSSM gauge symmetry with an extra Abelian U(1)′ gauge group [72–74]. This class of
models introduces a new neutral gauge boson (Z ′) associated with the local U(1)′ symmetry.
Besides, one can implement a spontaneous breaking mechanism for U(1)′ which requires
another field (S). The S field is preferably a singlet under the MSSM gauge symmetry,
while it is non-trivially charged under the U(1)′ symmetry so that its vacuum expectation
value (VEV) can break the U(1)′ symmetry, while leaving the MSSM symmetry intact.
In addition, the supersymmetric partners of these new particles are also included in the
spectrum and, since they are expected to interfere with the MSSM particles, they can
significantly alter the low scale implications of the model. In addition to these particles,
such models need three MSSM singlet fields (one for each matter family) to cancel the
gauge and gravity anomalies. These singlet fields can be sometimes chosen to be the right-
handed neutrinos, and so they can provide a suitable framework for the neutrino masses
and mixing. Whereas in general U(1)′ models one must either introduce exotic fermion
fields, or add three scalar singlets (secluded U(1)′ models) to cancel all anomalies.

This class of models have been explored [75–82] by assuming family-universal U(1)′
charges for the MSSM fields inspired by the lepton universality of the SM. However, it is
also possible to consider sets of U(1)′ charges in which different families of matter fields
can have distinct charges [83]. Even though it seems a simple difference and it does not
change the spectrum compared to the U(1)′ extended MSSM models with universal charges,
the non-universal charges can change the particle interactions by forbidding some terms
while allowing others which are not present in the case of universal U(1)′ charges. This
would provide a natural expression for the apparent non-universality of electron and muon
magnetic moments.

Motivated by its different structure we will explore the class of U(1) extended MSSM
models in which the matter families are charged differently under the U(1)′ gauge group,
whose salient features will be discussed in section 2. The rest of the paper is organized as
follows. After explaining our scanning procedure and enforcing experimental constraints
in section 3, we present our lepton anomalous magnetic moment results in the surviving
parameter space from LHC direct SUSY constraints and dark matter constraints in sec-
tion 4. We then choose three different benchmark scenarios, highlighting different dark
matter choices, and investigate the detectability of non-universal U(1)′ scenarios at the
LHC in section 5 and indicate the best variables to fulfill this goal. We then summarise
and conclude in section 6.
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2 Non-universal U(1)′ models

A known problem in supersymmetry is the so-called µ problem [72, 84, 85]. That is, even
though the µ−parameter is directly related to the electroweak (EW) symmetry breaking,
its scale can lie between the EW scale and the grand unification (or Planck) scale, since it
is not protected by any symmetry. This is resolved if the MSSM gauge group is extended
to involve more local gauge groups, and the MSSM fields are non-trivially charged under
the extra symmetry groups, then the µ−term can be generated dynamically and its scale
can be restricted by the breaking of the symmetries. Indeed, supersymmetric U(1)′ models
were originally motivated by stabilizing the µ−term at the scales consistent with the EW
symmetry breaking. This class of supersymmetric models can be motivated by the SUSY
grand unified theories (GUTs), since additional U(1) groups can emerge from the breaking
of grand unified groups larger than SU(5) such as SO(10) and E6, which are extensively
explored in [73, 79, 84, 85].

In addition to stabilizing the µ-term, the new particles and interactions required by
the U(1)′ invariance and non-trivial charges of the MSSM fields under the U(1)′ gauge
group also enrich the supersymmetric spectrum and phenomena. As summarized in the
previous section, a local U(1)′ group requires a neutral gauge boson (Z ′) in the spectrum.
Indeed, Z ′ has been under investigation experimentally in a model dependent framework
for a while, and the current bounds on the Z ′ mass for U(1)′ extended supersymmetric
models is MZ′ & 5 TeV [86, 87]. Even though the impact from this heavy new gauge boson
can be suppressed in the experimental observations, this is not the case for the mass of its
supersymmetric partner, B̃′, which can even be as light as about 100GeV [88]. In addition,
the spectrum should include another superfield Ŝ, whose scalar component is responsible
for the spontaneous breaking of U(1)′ by developing a non-zero VEV. This VEV is also
responsible for generating the µ-term dynamically. In addition to these new particles, the
anomaly cancellation conditions require more particles in the spectrum. The properties of
new particles depend on the considered U(1)′ group and charges under this symmetry. For
instance, if U(1)′ ≡ U(1)B−L, then the anomaly cancellation requires three fields which are
singlet under the MSSM gauge group. One can naturally prefer to include right-handed
neutrinos as one per each family to cancel the anomalies [89, 90], but right-handed neutrinos
can cancel the anomalies only when the MSSM gauge group is extended by U(1)B−L. In
general, U(1)′ models require also exotic superfields to cancel the anomalies [91–96].

2.1 Family-dependent charge assignments

In table 1 we list the all the particles involved in the spectrum and their charges under the
MSSM gauge group and the additional U(1)′ symmetry. The Higgs VEVs responsible for
breaking the U(1)′ model to U(1)em are

〈Hu〉 = 1√
2

(
0
vu

)
〈Hd〉 = 1√

2

(
vd
0

)
, 〈S〉 = 1√

2
vS , (2.1)
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SF Spin 0 Spin 1
2 Generations U(1)Y ⊗ SU(2)L ⊗ SU(3)C ⊗ U(1)′

Q̂i Q̃i Qi 3
(

1
6 ,2,3, QQi

)
L̂i L̃i li 3

(
−1

2 ,3,1, QLi
)

Ĥd Hd H̃d 1
(
−1

2 ,2,1, QHd
)

Ĥu Hu H̃u 1
(

1
2 ,2,1, QHu

)
D̂c
i D̃∗Ri d∗Ri 3

(
1
3 ,1,3, QDci

)
Û ci Ũ∗Ri u∗Ri 3

(
−2

3 ,1,3, QUci
)

N̂ c
i Ñ c

i N c
i 3

(
1,3,1, QNc

i

)
Êci Ẽ∗iR E∗iR 3

(
1,1,1, QEci

)
Ŝ S S̃ 1 (0,1,1, QS)

Table 1. Superfield configuration in the non-universal U(1)′ model.

with tan β = vu
vd
. In table 1 the subscript i runs over the families. We assume family-

dependent charges for the leptons, while the quarks carry family-independent charges.1
We display the U(1)′ charges as variables in the table, since one can configure different sets
for the charges. These sets can be determined by imposing gauge invariance and anomaly
cancellation conditions. The gauge invariance requires the following equations satisfied
simultaneously:

QQi +QUci +QHu = 0 ,
QQi +QDci +QHd = 0 ,
QL3 +QEc3 +QHd = 0 ,
QL3 +QNc

3
+QHu = 0 ,

QS +QHu +QHd = 0 ,


Superpotential

QL1 +QEc1 +QHu = 0 ,
QL2 +QEc2 +QHu = 0 .

 Non-holomorphic Terms

(2.2)

In addition, for the model to be anomaly-free the U(1)′ charges of chiral fields
must satisfy conditions corresponding to the vanishing of U(1)′-SU(3)-SU(3), U(1)′-SU(2)-
SU(2), U(1)′-U(1)Y -U(1)Y , U(1)′-graviton-graviton, U(1)′-U(1)′-U(1)Y and U(1)′-U(1)′-
U(1)′ anomalies. An anomaly free U(1)′ model should provide a solution for all the charges.
However, if one assigns family-independent charges for the quark fields, as we did, then
these equations cannot be solved simultaneously without inclusion of a number of exotic
fields. If we require family-universal U(1)′ charges for all quarks, this necessitates intro-
ducing a set of nDx exotic fields (D̂x, ̂̄Dx), whose charges can be determined with respect
to QS , as necessary to solve all the equations for gauge invariance and anomaly cancelation

1We discuss this requirement further at the end of this section.
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conditions. The gauge conditions are then augmented by:

QS +QDx +QD̄x = 0 (2.3)

while the anomaly cancellation conditions become

0 =
∑
i

(2QQi +QUci +QDi) + nDx(QDx +QD̄x)

0 =
∑
i

(3QQi +QLi) +QHd +QHu

0 =
∑
i

(1
6QQi + 1

3QD
c
i

+ 4
3QU

c
i

+ 1
2QLi+QE

c
i

)
+ 1

2(QHd +QHu) + 3nDxY 2
Dx(QDx+QD̄x)

0 =
∑
i

(6QQi + 3QUci + 3QDci + 2QLi +QEci ) + 2QHD + 2QHu +Qs + 3nDx(QDx +QD̄x)

0 =
∑
i

(Q2
Qi +Q2

Dci
− 2Q2

Uci
−Q2

Li +Q2
Eci

)−Q2
Hd

+Q2
Hu + 3nDxYDx(Q2

Dx −Q
2
D̄x

)

0 =
∑
i

(6Q3
Qi + 3Q3

Dci
+ 3Q3

Uci
+ 2Q3

Li +Q3
Ei) + 2Q3

Hd
+ 2Q3

Hu +Q3
S + 3nDx(Q3

Dx +Q3
D̄x

)

(2.4)

where nDx are the number of exotic fields, YDx is their hypercharge and QDx , QD̄x their
U(1)′ charges. All equations are satisfied by setting nDx = 3, YDx = −1/3, while for
QDx , QD̄x several values are possible depending on the choice of U(1)′ charges for the other
particles. These fields which behave effectively as exotic d-type quarks, can be thought of as
remnants from the breaking of E6. Their properties and consequences at LHC, have been
considered in [97]. They do not affect the phenomenology we study here, so we omitted
them in table 1 and we ignore them in our further considerations.

We proceed by giving, in the next subsection, the Lagrangian and soft-breaking terms
which satisfy all gauge and anomaly canceling conditions.

2.2 Lagrangian and particle masses

If the presence of exotic fields the particle spectrum is required by anomaly cancellation
conditions, one can minimize the required number of exotic fields by assigning family-
dependent U(1)′ charges to the MSSM fields. Since our work focuses on g−2 of the electron
and muon, we implement different charges to each lepton family only, and assume that the
quarks have family-universal charges. However, family-dependent charges forbid leptons
to couple to the Higgs field in the superpotential, which results in massless fermions [96].
If we assign a charge to the third lepton family which allows it to couple to the Higgs field,
then the superpotential does not involve any Yukawa term for the electron and muon. We
make this choice as the τ is heavier and its mass significantly different from zero. In this
case, the superpotential can be written as follows:

Ŵ ′non−Uni = YuQ̂ ·ĤuÛ + YdQ̂ ·ĤdD̂ + Yτ L̂3 ·ĤdÊ3 + λŜĤu ·Ĥd + YνL̂ ·ĤuN̂ + κŜD̂xD̂x

(2.5)
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Thus our consideration of the family-dependent charges in the leptonic sector still requires
introducing only two exotic fields, D̂x and ̂̄Dx coupling to the MSSM singlet Ŝ field, see [97],
where this was shown to be a non-universal U(1)′ scenario with a minimal extension. Here
Q̂ denotes the left-handed quark superfields, and Û , D̂ represent the right-handed up-
type and down-type quark fields, respectively. As we stated above, the family-dependent
charges for the lepton superfields allow only the τ superfield (L̂3) to interact with Hd,
in our choice, while the Yukawa terms for the first two-family leptons are forbidden. In
addition, since the MSSM Higgs fields, Ĥu and Ĥd are non-trivially charged under the
U(1)′ group, their bilinear mixing is also forbidden. Instead, the superpotential involves
λŜĤuĤd. The bilinear mixing of these Higgs fields is effectively generated by the VEV of
S as µeff = λ〈S〉. Finally, we introduce right-handed neutrinos, and allow a Yukawa term
as YνL̂ĤuN̂ . We expect the right-handed neutrinos to decouple and to not affect directly
the low scale implications.2

Based on the superpotential given in eq. (2.5), the soft supersymmetry breaking (SSB)
can be achieved through the following Lagrangian:

−L′soft =
∑
i

Miλiλi −AλλSHdHu −AuYuU cQHu −AdYdDcQHd

−AτYτE3L3Hd −AκκSDxDx + h.c.
+m2

Hu |Hu|2 +m2
Hd
|Hd|2 +m2

S |S|2 +m2
QQ̃Q̃+m2

U Ũ
cŨ c +m2

DD̃
cD̃c +m2

LL̃L̃

+m2
EẼ

cẼc +m2
XD̃xD̃x +m2

X̄
D̃xD̃x + h.c. , (2.6)

where mQ̃, mŨ , mD̃, mẼ , mL̃, mHu , mHd , mS , mX and mX̄ are the mass matrices of the
scalar particles, Mi ≡ M1,M2,M3,M4 are gaugino masses, and Aλ, Au, Ad , Aτ and Aκ
are the trilinear scalar interaction couplings.

Within these interactions the model still suffers from having massless leptons for the
first two families, inconsistent with experiment, as the absence of Yukawa terms for these
leptons prevents them to acquire masses at tree-level. Moreover, there is no term which
can yield masses for the leptons at loop-level. One must then consider non-holomorphic
terms [96], where the superpartners of these massless leptons couple to the “wrong” Higgs
doublet. Even though these interaction terms do not involve the SM leptons, they can
induce masses for the leptons at loop-level. The following terms are necessary to complete
the Lagrangian which then yields consistent masses for all the SM particles:

− L′non−holomorphic = T ′eL̃1H
∗
uẼ

c
1 + T ′µL̃2H

∗
uẼ

c
2 + h.c. , (2.7)

where T ′e and T ′µ are the corresponding non-holomorphic couplings for electrons and muons.
We then can proceed by adopting a non-universal U(1)′ model with a minimum number
of exotics from [97]. The non-holomorphic terms introduced through eq. (2.7) induce
the following effective mass terms for the leptons at one-loop involving the neutralino

2However their superpartners, the sneutrinos, could be relevant, and in particular one of them could be
the lightest supersymmetric particle (LSP) and thus a candidate for dark matter. We comment on this
choice later.
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exchange [98].

mf = T ′ivu
g2

1
8π2

6∑
j=1

Kj
fmχ̃0

j
I

(
m2
f̃1
,m2

f̃2
,m2

χ̃0
j

)
, (2.8)

where T ′i with i = e, µ are the non-holomorphic trilinear couplings between the sleptons
and Hu, Ki

f is the coupling between the neutralino and leptons, and I
(
m2
f1
,m2

f̃2
,m2

χ̃0
j

)
stands for the loop function, which is given by

I
(
m2

1,m
2
2,m

2
3

)
=



1
m2

1 −m2
2

(
m2

1 log(m2
3/m

2
1)

m2
3 −m2

1
− m2

2 log(m2
3/m

2
2)

m2
3 −m2

2

)
, no-degeneracy

m2

(m2
3 −m2)2

(
1− m2

3
m2 + m2

3
m2 log(m2

3/m
2)
)
, m1 ∼ m2 = m

log(m2
3/m

2
2)

m2
3 −m2

2
, m1 � m2 .

(2.9)
Before concluding the discussion on the charge assignments we should also note that

assigning family-dependent charges to the quark fields may remove the need for the exotic
fields (see, for instance, [96]). In such cases Yukawa terms for the down-type quarks are
also forbidden, and one can add other non-holomorphic terms to eq. (2.7) which induce
effective mdi terms for the down-type quarks. The quarks could acquire their masses at
one-loop level through the gluino exchange as well as those involving the neutralino. The
gluino contribution to the quark masses at one-loop can be written as

mf = T ′divu
g2

3
6π2mg̃I

(
m2
f̃1
,m2

f̃2
,m2

χ̃0
j

)
, (2.10)

where T ′di are would-be non-holomorphic trilinear scalar couplings between the down-type
squarks andHu similar to those given for leptons in eq. (2.8). Combining this result with the
one from the loop function given in eq. (2.9) the gluino contribution seems to be inversely
proportional to the gluino mass, mg̃. This dependence has a strong impact on the loop
level quark masses due to the heavy mass bounds on the gluino and the squarks [99, 100].
Even though one can consider large T ′d terms to enhance the gluino contribution, large T ′d
causes a large mass difference (m2

f̃2
−m2

f̃1
) between the squarks, which provides another

suppression in the loop function. In this case, the loop-level quark masses mostly depends
on the contributions from the neutralino exchange given in eq. (2.8). The neutralino loops
can provide consistent masses for the quarks from the first two families; however, a large
mass of the bottom quark (mb ' 4.18GeV) requires significant contributions from the
gluino loops, as well. Hence, the suppression from the heavy gluino and squarks effectively
exclude the option in which the bottom quark acquires its mass through the loops (that is,
the presence of non-holomorphic terms for down-type quarks). Considering this challenge,
even though it is possible to realize charge assignments without a need for the exotics, we
prefer a configuration in which all the quarks receive their masses at tree level, with the
disadvantage of the inclusion of a set of exotic fields.
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2.3 Anomalous magnetic moments — theoretical considerations

As discussed before, the hadronic contributions to the lepton g−2 within the SM are more
or less consistent with the experimental measurements, and the main discrepancy arises
from the electroweak contributions, which necessitate significant contributions from new
physics. Typical electroweak contributions to the lepton g − 2 in many supersymmetric
models are provided by the slepton-neutralino and the chargino-sneutrino loops [101–103].
These contributions are enhanced by the chirality flip between the sleptons or the mixing
among the neutralino (chargino) species. If the masses of the particles running in loops
are set to a common mass scale (MSUSY), the leading contributions within the MSSM
framework can be approximated by [29]:

∆al ≈
m2
l

m2
µ

CSsign(µMi)
(500 GeV
MSUSY

) tan β
40 , (2.11)

where

CS =



21× 10−10 for WHL ,
1.2× 10−10 for BHL ,
−2.4× 10−10 for BHR ,

2.4
(

µ

500 GeV

)
× 10−10 for BLR .

Eq. (2.11) can be used to quantify the contributions from different neutralino and chargino
species. Following the notation of [29] B,W,H denote bino, wino and higgsino respectively,
while L,R represent the left and right-handed sleptons. As seen from CS , the BLR contri-
bution is proportional to µ−term which results from the chirality flip between the left- and
right-handed sleptons, and so the dominant supersymmetric contribution to lepton g − 2
arises from bino-slepton loops. The enhancement from the chirality flip is proportional to
µ tan β−Al. Even though Al can be neglected by comparison to µ tan β for moderate and
large values of tan β, it can slightly break the relation between the electron and muon g−2
given as ∆ae/∆aµ = m2

e/m
2
µ, so that contributions to g − 2 can have different signs for

electrons and muons when the sleptons are significantly light [46].
The contributions from the class of U(1)′ supersymmetric models, in general, differ

from the MSSM contributions by the inclusion of two additional neutralino species; i.e. B̃′
and S̃ and their contributions. After the U(1)′ and electroweak symmetry breaking, the
mass matrix for the neutralinos in the (B̃′, B̃, W̃ , H̃u, H̃d, S̃) basis is:

Mχ̃0 =



M4 0 0 g′QHdvd g′QHuvu g′QSvS

0 M1 0 − 1√
2
g1vd

1√
2
g1vu 0

0 0 M2
1√
2
g2vd −

1√
2
g2vu 0

g′QHdvd −
1√
2
g1vd

1√
2
g2vd 0 − 1√

2
λvS −

1√
2
λvu

g′QHuvu
1√
2
g1vu −

1√
2
g2vu −

1√
2
λvS 0 − 1√

2
λvd

g′QSvS 0 0 − 1√
2
λvu −

1√
2
λvd 0



, (2.12)
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which yields the neutralino mass eigenstates after diagonalization by a unitary matrix N as

N∗mχ̃0N
† = mD

χ̃0 . (2.13)

Since the MSSM fields are non-trivially charged under the additional U(1)′ group, the
B̃′ neutralino also participates in the processes which contribute to the lepton g − 2. The
B̃′ contribution can be obtained through a loop process which can be identified as B′LR,
B′HL and B′HR in notation of [29]. The contribution from all neutralinos to g − 2 is
obtained from the general expression of the supersymmetric g − 2 contributions through
neutralino-slepton loops in terms of neutralino mass eigenstates

aχ̃
0

l = − ml

16π2

6∑
i=1

2∑
j=1

[(
|nLij |2 + |nRij |2

) ml

12m2
l̃ j

FN1 (xij) +
mχ̃0

i

3m2
l̃ j

<
(
nLijn

R
ij

)
FN2 (xij)

]
(2.14)

where xij ≡ m2
χ̃i
/m2

l̃j
and the functions in the loop are:

FN1 (x) = 2(1− 6x+ 3x2 + 2x3 − 6x2 log x)
(1− x)4 ,

FN2 (x) = 3(1− x2 + 2x log x)
(1− x)3 . (2.15)

Here nLij (nRij) represent couplings of the left-handed (right-handed) leptons to the neutrali-
nos given as follows:

nLij = −YLN?
i,3X

l?
j,1 −

√
2g1N

?
i,1X

l?
j,2 +

√
2g′N?

i,5X
l?
j,2

nRij = −YLNi,3X
l?
j,2 +

(
g1√

2
Ni,1 + g2√

2
Ni,2 −

√
2g′Ni,5

)
X l?
j,1.

The contribution from B̃′ is associated with the coupling g′ and the U(1)′ charges of
the leptons (X l), and the suppression from the B̃′ mass is controlled by the loop functions
given above. Note that there is no contribution from S̃, since it does not couple to the
leptons directly.

Despite the additional contributions from B′, the correlation between the ∆ae and
∆aµ still holds in the case of family-independent U(1)′ charges, since lepton families are
not distinguished. But a differentiation between the leptons can be realized by introducing
family-dependent U(1)′ charges, which is what motivates our study. Non-universal charges
for electrons and muons under U(1)′ mean that ∆ae and ∆aµ can become almost indepen-
dent on each other. Besides, if the mass parameter of B̃′ is set to be negative (M4 < 0),
then electron and muon g − 2 can receive contributions with opposite signs, as desired in
our work.

In addition to the family-dependent charges, our model significantly differ from the gen-
eral U(1)′ models because of the presence of the non-holomorphic terms given in eq. (2.7).
Since the selectron and smuon couple to the “wrong” Higgs field, the chirality flip be-
tween the left-handed and right-handed states of these sleptons becomes proportional to
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µ cotβ − A′l, and consequently the T ′l−term (T ′l ≡ A′lyl) dominates over the µ−term due
to the suppression from tan β. In this case, setting opposite sign T−terms for selectron
and smuon can easily yield ∆ae and ∆aµ predictions, which can satisfy experimentally
established correlation (∆ae/∆aµ = −14m2

e/m
2
µ) without the need for very light sleptons.

The additional U(1)′ symmetry leaves the charged sector of MSSM intact, and thus
the contributions from the chargino-sneutrino loops are the same as those realized in the
MSSM framework.3 Its general expression can be written as

aχ̃
±

l = ml

16π2

2∑
k=1

[
ml

12m2
ν̃l

(
|cLk |2 + |cRk |2

)
FC1 (ylk) +

2mχ̃±
k

3m2
ν̃l

<
(
cLk c

R
k

)
FC2 (ylk)

]
(2.16)

where the loop functions are

FC1 (x) = 2(2 + 3x− 6x2 + x3 + 6x log x)
(1− x)4

FC2 (x) = −3(3− 4x+ x2 + 2 log x)
2(1− x)3 (2.17)

and ylk =
m2
χ̃±
k

m2
ν̃l

. The couplings between the leptons and the charginos are cLk = ylU
∗
k2, c

R
k =

−g2Vk1. We should note that the presence of the additional U(1) group is still effective
in this sector, since the Higgsino masses (i.e. µ−term) is dynamically generated through
the breaking of U(1)′ symmetry (µeff ≡ 1√

2λvS , where vS is the breaking scale if U(1)′
symmetry.)

Before concluding we should also include the contributions to ∆al from Z ′ boson
as [104–106]

∆aZ′µ =
g′2m2

µ

4π2

∫ 1

0
dz

z2(1− z)
m2
µz +M2

Z′(1− z) . (2.18)

This contribution to (g − 2)µ is always positive; however, it is quite suppressed due to the
strict bound on the Z ′ as MZ′ > 5.5TeV.

3 Computational setup and experimental constraints

Following the development of the model as in section 2, to enable our analysis and impose
constraints coming from experimental data, we implement the model within a computa-
tional framework. We used SARAH (version 4.14.3) [107–109] to generate a UFO [110]
version of the model [111] and CalcHep [112] model files, so that we could employ Mi-
crOMEGAs (version 5.0.9) [113] for the computation of the predictions relevant for our
dark matter study, SPheno (version 4.0.4) [114, 115] package for spectrum analysis and
MG5_aMC (version 3.0.3) [116] for generating the hard-scattering event samples nec-
essary for our collider study. We used MadAnalysis 5 [117] (version 1.8.58) for the
analysis of section 5. Note that SARAH (version 4.14.3) includes all RGE corrections to

3With the understanding that the µ-term is generated dynamically, and is proportional to vS .
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Parameter Scanned range Parameter Scanned range
tan β [2., 60.] vS [10., 25.] TeV
M1 [-3., 3.] TeV M3 [1., 60.] TeV
M2 [-5., 5.] TeV M4 [-4., 4.] TeV
λ [0.02, 0.5] T ′e [-10., 10.] TeV
Aλ [-3., 15.] TeV T ′µ [-15., 15.] TeV

Table 2. Scanning range of parameter space of the Non-Universal U(1)′ model.

model parameters to second order, and these are intrinsically dependent on our choice of
U(1)′ charges.

In addition, we have used the PySLHA package [118] to read the input values for
the model parameters that we encode under the SLHA format [119], and to integrate the
various employed programmes into a single framework. Using our interfacing, we performed
a random scan of the model parameter space described in table 2 following the Metropolis-
Hastings technique. Here M1, M2 and M3 denote mass terms for MSSM gauginos while
M4 refers to the gaugino mass associated with the U(1)′ gauge group. As before, tan β
is the ratio of VEVs of the MSSM Higgs doublets. λ is the coupling associated with the
interaction of the Hu, Hd and S fields. Trilinear coupling for λ is defined as Aλλ at the
SUSY scale. Note that, we also scan the Yukawa coupling, Y ν

ij , of the term LiHuN
c
j and

we vary only the diagonal elements in the range of 1 × 10−8–1 × 10−7 while setting the
off-diagonal elements to zero. Finally, the diagonal elements of slepton soft masses, M `

ij ,
M e
ij and Mν

ij are also varied between 1× 105–3× 107.
We begin by scanning the U(1)′ charges and use the following to restrict our choices.

1. With the U(1)′ charge choices for the model, we obtain 416 unique charge sets, which
are consistent with gauge and anomaly cancellation conditions.

2. Requiring non-zero charges for the following: QQ, QUc , QDc , QHu , QHd , only 170
distinct sets survive.

3. If we assume, in addition to non-zero charge conditions, that the ratios QEc1/QEc2 > 2
and QL1/QL2 > 2, to enhance electron over muon magnetic moment, we are left with
10 unique sets. We present the surviving ten sets of charges in table 3.

We perform the random scan using the 10 unique sets obtained by requiring
QEc1/QEc2 > 2 and QL1/QL2 > 2.

LHC collaborations have explored possible signals originating from extra neutral gauge
bosons Z ′. The most stringent constraint is derived from high-mass dilepton resonance
searches which exclude Z ′ mass up to 4.5TeV from data accumulated at

√
s = 13TeV with

139 fb−1 luminosity [86, 87].4 Search for heavy particles decaying into a top-quark pair
4Model-dependent analyses were performed, and thus mass limits on the Z′ boson vary slightly among

models.
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S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

Qu 0.166667 0.142857 0.444444 0.4 -0.3 -0.4 -0.444444 -0.142857 -0.166667 0.3
Qd 0.333333 0.285714 0.222222 0.2 -0.2 -0.2 -0.222222 -0.285714 -0.333333 0.2
QEc1 0.333333 0.428571 -1.000000 -1.0 1.0 1.0 1.000000 -0.428571 -0.333333 -1.0
QEc2 0.000000 -0.142857 -0.444444 -0.3 0.4 0.3 0.444444 0.142857 0.000000 -0.4
QEc3 0.166667 0.142857 0.777778 0.7 0.1 -0.7 -0.777778 -0.142857 -0.166667 -0.1
QQ 0.166667 0.142857 0.111111 0.1 0.1 -0.1 -0.111111 -0.142857 -0.166667 -0.1
QL1 -0.666667 -0.714286 0.444444 0.5 -0.8 -0.5 -0.444444 0.714286 0.666667 0.8
QL2 -0.333333 -0.142857 -0.111111 -0.2 -0.2 0.2 0.111111 0.142857 -0.333333 0.2
QL3 -0.333333 0.285714 -0.444444 -0.4 -0.2 0.4 0.444444 -0.285714 -0.333333 0.2
QNc1 1.000000 1.000000 0.111111 0.0 0.6 0.0 -0.111111 -1.000000 -1.000000 -0.6
QNc1 2 0.666667 0.428571 0.166667 0.7 0.0 -0.7 -0.666667 -0.428571 -0.666667 0.0
QNc3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
QHu -0.333333 -0.285714 -0.555556 -0.5 0.2 0.5 0.555556 0.285714 0.333333 -0.2
QHd -0.500000 -0.428571 -0.333333 -0.3 0.1 0.3 0.333333 0.428571 0.500000 -0.1
QS 0.833333 0.714286 0.888889 0.8 -0.3 -0.8 -0.888889 -0.714286 -0.833333 0.3
QDx -0.333333 -0.285714 -0.555556 -0.5 0.2 0.5 0.555556 0.285714 0.333333 -0.2
QD̄x -0.500000 -0.428571 -0.333333 -0.3 0.1 0.3 0.333333 0.428571 0.500000 -0.1

Table 3. U(1)′ charges, as defined in table 1, for the 10 solutions (S1–S10) satisfying all imposed
conditions.

yielded an exclusion limit on the Z ′ mass ranging from 3.1TeV to 3.6TeV at
√
s = 13TeV

with 36.1 fb−1 luminosity [125]. Dijet resonance search limits on Z ′ yielded slightly weaker
limits, MZ′ > 2.7TeV at

√
s = 13TeV with 36 fb−1 luminosity [126, 127]. Since the most

stringent constraints on MZ′ are obtained from its leptonic decay modes, models with a
leptophobic Z ′ [50, 128–131] are much less constrained. Production of Z ′ bosons, followed
by decays into τ lepton pairs have been also looked for, taking into account the fact that
τ ’s can decay both leptonically and hadronically. A combined search of both leptonically
and hadronically decaying τ -pairs exclude Z ′ masses up to 2.42TeV at

√
s = 13TeV with

36 fb−1 luminosity [132].
To insure the LHC constraints on the properties of Z ′ bosons are respected, we re-

quire our solutions to have a Z ′ mass heavier than 5TeV as well as low Z − Z ′ mixings,
O(10−3). Then we calculate the Z ′ production cross section. Using the decay table pro-
vided by the SPheno package and assuming the narrow-width approximation, we compare
our predictions with the ATLAS and CMS limits on Z ′ bosons in the dilepton [86, 87] and
dijet [126, 127] modes in order to estimate the impact of supersymmetric decay channels
in the non-universal U(1)′ model. Following the methodology described above, we scan the
parameter imposing constraints on SUSY particles, rare B-meson decays, Z ′ mass, both
electron and muon magnetic moments within 1σ as indicated in table 4.

– 13 –



J
H
E
P
1
0
(
2
0
2
1
)
0
6
3

Observable Constraints Ref. Observable Constraints Ref.
mh1 [122, 128]GeV [120] m

t̃1
> 730GeV [11]

m
g̃

> 1.75TeV [11] m
χ̃±1

> 103.5GeV [11]

m
τ̃1

> 105GeV [11] m
b̃1

> 222GeV [11]
m
q̃

> 1400GeV [11] m
µ̃1

> 94GeV [11]
m
ẽ1

> 107GeV [11] |αZZ′ | < O(10−3) [121]
MZ′ > 5TeV [86, 87] BR(B0

s → µ+µ−) [1.1, 6.4]× 10−9 [122]
BR(B → τντ )

BRSM(B → τντ ) [0.15, 2.41] [123] BR(B0 → Xsγ) [2.99, 3.87]× 10−4 [124]

Table 4. Current experimental and theoretical bounds used to determine consistent solutions in
our scans.

Major contributions to the muon g−2 come from the neutralino-slepton and chargino-
sneutrino loops. Thus, apart from the absolute constraints presented in table 4, LHC
limits on the neutralino, chargino, slepton and sneutrino masses [133–136] also impact the
favored parameter region in this context. In this work we considered scenarios where the
LSP can be the lightest neutralino. The lightest sneutrino can also be the LSP and dark
matter candidate. However, the sneutrino of course has to be dominantly singlet to be
consistent with dark matter constraints. The lightest neutralino can be bino-dominated,
wino-dominated or higgsino-dominated. Given the different LSP scenarios, the relevant
mass limits on the electroweak sector particles will also be different depending on various
factors, like the LSP mass and mixing, the LSP-NLSP mass gap and the available decay
modes of the heavier particles (in particular the NLSP).

• For a bino-dominated LSP and wino-dominated NLSP, the most stringent constraint
comes from their WZ mediated decays. The experimental collaborations can exclude
the wino-mass up to 650GeV subjected to the bino mass. Similarly the LSP bino
mass can be excluded up to at most 300GeV [133]. If the decay is Wh mediated, the
constraints are weaker. The bounds in that case on the wino and bino masses are
around 250GeV and 60GeV respectively at 139 fb−1 luminosity [133].

• If the SUSY spectra is such that one of the charged sleptons is the NLSP (along
with a bino LSP), the heavier neutralino/chargino states may decay to the LSP via
these sleptons. Depending on the NLSP slepton mass, the limits on the bino LSP
and the heavier wino-like neutralino/chargino masses can be more severe. In such
scenarios, the wino-like neutralino/chargino masses can be excluded up to 1450GeV
while the LSP bino mass can be excluded up to 900GeV at 139 fb−1 luminosity [133].
For τ -enriched slepton mediated decays, the bounds are a bit weaker [133].

• Exclusion limits on the bino-mass are weaker for direct search of NLSP sleptons. If
the NLSP slepton happens to be the lighter stau, the exclusion on the stau NLSP and
bino LSP masses can go up to 400GeV and 150GeV respectively [134] at 139 fb−1

luminosity. If the contributions from selectrons, smuons an staus are combined, the
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exclusion limit on their masses can go up to 700GeV while the LSP can be ruled out
up to 400GeV [135].

• For higgsino LSP, the exclusion limits on the neutralino, chargino masses are much
weaker. In this case, one can only rule out higgsino masses up to 250GeV at
most [136].

• The additional B̃′ mixes with the singlino S̃, as seen from the neutralino mass matrix,
eq. (2.12). Thus like later, it is constrained to be very heavy, due to the constaints
on Z ′ mass (MZ′ > 5TeV) and not only can it never be the LSP, but its contribution
is negligible.

• For sneutrino LSP, the constraints are much weaker and no updated results from LHC
are available for 13TeV. One can put constraints on the neutralino, chargino and
slepton states assuming sneutrino to be the LSP. Those constraints are comparable
to the ones already discussed above.

Given the fact that there are six neutralino states and additional sneutrino states, the
present scenario is quite different from that of the MSSM. In the next section, we present
the impact of these constraints on our favored parameter space (the one which satisfies
both electron and muon g − 2 experimental bounds). As it is computationally tedious to
check the relevant constraints for every individual points in the scan, the exclusion lines
shown in the plots are often conservative.

4 Analysis of lepton g − 2 in non-universal U(1)′ models

In this section we present the numerical analysis for lepton anomalous magnetic moments,
and investigate their dependence on the details of the spectrum.

In figure 1 we plot, on the left, points of the parameter space which satisfy both ∆aµ
and ∆ae to 1σ (blue circles), 2σ (green circles) and 3σ (olive green circles). In these plots
we restrict the LSP to be the lightest neutralino and a viable dark matter candidate. The
plot on the left shows the impact of the new Fermilab data corresponding to ∆aµ on the
pre-existing allowed regions. The new 1σ, 2σ and 3σ allowed regions are shown by the light
green, yellow and blue bands respectively while the allowed ranges from pre existing data
are represented by the three red circles. These are combined likelihood regions that satisfy
the ∆aµ and ∆ae anomalies simultaneously within the three corresponding confidence
levels. Evidently, the allowed regions have shrunk, which reduces some of the available
parameter space. However, the plot indicates that a large number of generated solutions
lie in the desirable ranges. The plot on the right of figure 1 showcases the range of the non-
holomorphic couplings, T ′µ for smuons T ′e for selectrons, consistent with anomalous magnetic
moments within 1-3σ of the measured values. There is clear indication that these couplings
are required to have opposite sign. In fact, as we shall see later, both the magnitudes and
signs of the non-holomorphic couplings are essential to yield different signs, and different
magnitudes, for the electron and muon g− 2. As expected from other analyses [96], values
of T ′µ and T ′e in the TeV range satisfy both mass and magnetic moment constraints for
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Figure 1. Left: parameter space points where ∆aµ and ∆ae are within 1σ (blue circles), 2σ
(green circles) and 3σ (olive green circles) of their experimental values; Right: anomalous magnetic
moments dependence on the non-holomorphic couplings T ′µ and T ′e.

Figure 2. Correlations between electron and muon U(1)′ charges, QL1 and QL2 (on left) and QEc1
and QEc2 (on right).

the leptons. As shall be seen in the next section, when we discuss the composition of
the LSP and next-to-LSP (NLSP), the singlino and bino prime dominated neutralinos are
always heavy. Thus, these neutralino states do not contribute significantly to the magnetic
moments in this model. The contribution to g − 2 instead depends heavily on the masses
and couplings of the other neutralino, chargino states along with that of the sneutrinos,
smuons and selectrons. The masses of selectrons and smuons are in turn affected by the
choices of non-holomorphic couplings. Hence the non-universal structure of the model plays
an essential role in obtaining g − 2 results consistent with the experiment.

In figure 2 we show correlations between the relevant non-universal U(1)′ charges for
left and right-handed selectrons and smuons such that the electron and muon magnetic
moment contributions fall within the 3σ range of the best fit value. The difference between
required electron and muon U(1)′ charges, besides the fact that they have different signs,
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Figure 3. Gaugino/higgsino mass parameters dependence on ∆aµ and ∆ae. We show solutions
which pass all constraints, with masses indicated in the right-handed legends. Top left: bino-
dominated solutions, Top right: wino-dominated solutions, Bottom: higgsino-dominated solutions.

indicate that the choices of QL1 and QL2 differ from each other and the same holds for
QEc1 and QEc2 . This result underlines the importance of non-universality in this scenario in
order to explain the difference in lepton anomalous magnetic moments.

In figure 3 we showcase the impact of the choices of gaugino and higgsino mass pa-
rameters on the calculation of ∆ae and ∆aµ. One can learn about the favoured ranges of
these soft-SUSY mass parameters in order to obtain anomalous magnetic moments within
their 1, 2 and 3σ allowed ranges from the color-coded points corresponding to different LSP
scenarios. The three plots represent scenarios with bino, wino and higgsino dominated5

LSP scenarios, respectively, from left to right. It is evident that a large range of solutions
exist both below and above the TeV range with bino and wino dominated LSP scenarios
with the higgsino dominated LSP scenario being slightly more restricted. Note also that
there is a lack of apparent correlation between the choices of the soft-SUSY masses in the
favoured parameter space and magnetic moment values within their 1, 2 and 3σ allowed
ranges. This is because of the fact that, along with the MSSM particle content, there

5The LSP composition should be greater than 90% bino, wino or higgsino for the respective cases.
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Figure 4. Correlation between the choices of lightest neutralino-lightest slepton masses left and
lightest chargino-lightest sneutrino masses right in order to obtain ∆aµ and ∆ae within 1 σ (blue
circles), 2σ (green circles) of their experimental values. All possible LSP scenarios are included.

are now three new sneutrinos and two new neutralino states, which give rise to a large
number of possible diagrams contributing to the magnetic moment calculations. The con-
tributions arising from processes with heavier neutralino and chargino states in the loop
will understandably be smaller, but when all these contributions are added up, they can
be significant. Especially, owing to the various complex mixing patterns one obtains in the
neutralino sector while scanning, it is difficult to identify one or two processes that can
explain the results. This is also the reason why a much larger range for these soft masses
are consistent with ∆ae and ∆aµ compared to situation in the MSSM. We note that even
if we choose the gaugino mass parameter M4 to be light, the physical neutralino states
involving B̃′ are always heavy. This is due to mixing with the singlino, as in eq. (2.12),
which is constrained to be heavy by the choice of vS , which must yield a heavy Z ′ mass.

However, a significant contribution always arise from the lightest neutralino-lightest
slepton and lightest chargino-lightest sneutrino loops. So, it is worth investigating the
ranges of the physical masses of these lightest states. In figure 4 we present the correlations
between the lightest neutralino-lightest slepton masses (left) and lightest chargino-lightest
sneutrino masses (right). Evidently, the most favored region for the lightest neutralino
state is ∼ 0.2–1.3TeV while that for the corresponding lightest charged slepton it is ∼ 0.5–
3.0TeV. However, as the plot indicates there are some parts of the parameter space where
we can get a consistent solution with lighter charged sleptons as well. In our scan the
soft slepton masses for the three families are assigned at SUSY scale independent of each
other [131]. Therefore, the lightest slepton can be the smuon or selectron, rather than stau,
and this explains why we can fulfill lepton g − 2 constraints to 1σ easily. Understandably,
the acceptable chargino mass range is wider, ∼ 0.2–3.0TeV while that for the sneutrino
is ∼ 0.5–3.6TeV. In the next section, we study the impact of LHC direct SUSY search
constraints and the dark matter constraints on the favored parameter space discussed in
the previous section.
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Figure 5. The favored parameter space with bino dominated LSP along with the LHC constraints
derived from direct search.

4.1 LHC constraints

The impact of the LHC constraints on the electroweak sector particle masses varies de-
pending on the nature of the LSP, NLSP and the composition of the relevant states as
discussed in detail in section 3. As a case study, in figure 5 we show the impact of the
relevant constraints on the LSP neutralino and NLSP chargino mass plane. Here the LSP
is bino dominated while the NLSP is wino dominated. Hence the lighter chargino mass
is nearly degenerate with the second lightest neutralino mass. This scenario presents the
most restricted parameter space thus far. However, as can be seen from the figure, al-
though it has a sizeable impact on the available parameter space, in our scenario, a large
portion of it remain unexplored. The exclusion lines are taken from public results of CMS
experimental collaboration [133]. As discussed before, ATLAS collaboration also provides
similar constraints. Note that, some of the points ruled out by the exclusion lines may
not be excluded after all since while scanning the parameter space we did not assume the
simplified model scenarios considered by the experimental collaborations to present their
results. Therefore, figure 5 represents a conservative estimation and if anything, the impact
of the constraints in the present context will be weaker.

4.2 Dark matter constraints

For the calculation of lepton magnetic moments, g − 2 and dark matter constraints were
not correlated. In figure 6 we divide the dark matter content into three cases, depending
on whether it is higgsino, bino, or wino dominated. In no cases do we get B̃′ domination,
even for small bino prime masses. The reason, as previously discussed, can be seen from
analysing the neutralino mass matrix, eq. (2.12). While the bino mass mixes with the
(relatively lighter) higgsinos H̃u and H̃d, the bino prime mass includes, in addition, mixing
with the heavier singlino S̃. In the left panel of figure 6, we verify the relic density for bino,
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Figure 6. Neutralino dark matter. Left panel: relic density plot for bino, higgsino or wino domi-
nated neutralino LSP, compared to the measured values by Planck [137]. Right panel: direct detec-
tion limits for neutralino LSP, depending on its composition, compared to the Xenon1T [138, 139]
and Darwin [140] constraints.

higgsino or wino dominated LSP. We note that like in MSSM, the relic density is dominated
at lower masses by the bino LSP, while higgsino LSP saturates the Planck value [137]
between 900–1400GeV. Wino LSP points are required to have masses in excess of 1.5TeV
to yield correct relic density. We further checked if we can obtain a good benchmark, and
found higgsino-dominated LSP solutions which yield lepton anomalous magnetic moments
for both muon and electron within 1σ of the experimental value. Wino-dominated dark
matter candidates which obey relic constraints are heavier and may cross the line between
1.5–2.3TeV, but below this value they are underabundant. Many viable solutions are bino-
dominated, and while most yield overabundant relic densities, some satisfy the constraints,
mostly those which are mixtures of binos and higgsinos. We also explore limits from direct
detection. We show, in figure 6 right panel, the limits from cross sections with protons.
Of the solutions that satisfy relic constraints only a small portion lies in the excluded
region and the resulting parameter points are consistent with the existing direct detection
constraints. Neutron direct detection cross sections are exactly the same, so we do not
show them separately. We note that bino-like solutions are most promising, as they fall
significantly below the Xenon1T constraints [138, 139] and even below constraints from
Darwin [140]. Wino-like solutions can also satisfy most direct detection constraints, while
most higgsino-like LSP are just below but close to the Xenon1T limits and will likely be
ruled out by more precise experiments in the near future.

In this model, the LSP can also be the sneutrino. A more detailed scan around the
resonance regions yields points with right-handed sneutrino LSP satisfying relic density
requirement, However in these cases, the sneutrino DM sector behaves exactly like MSSM +
RH neutrino models, and thus, in what follows, we analyse only cases where the neutralino
is the LSP.
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5 Model characterization at LHC

In this section, we investigate the observability of a non-universal UMSSM scenarios with
heavy Z ′ masses at LHC, in particular when the high-luminosity LHC run is considered.
We are interested in finding ways to differentiate this model from other U(1)′ models, in
particular, from U(1)′ models with universal couplings. To determine the signals to be
searched for, we focus on a set of promising benchmarks obtained from our scan results for
which all constraints are satisfied. In order to evaluate the fiducial cross sections associated
with Drell-Yann signals, we export the non-universal UMSSM to the UFO format [110] and
make use of the MG5_aMC framework (version 3.0.3) [116] to simulate hard-scattering
LHC collisions. These events, obtained by convoluting the hard-scattering matrix elements
with the LO set of NNPDF 3.1 parton densities [141] are analysed within the MadAnal-
ysis 5 framework (version 1.8.58).

To highlight the model characteristics, we focus on three optimistic signal benchmarks,
BM I, BM II and BM III, that are currently not excluded by data and with different
U(1)′ properties. All three scenarios exhibit a Z ′ boson with a mass of 5.5TeV and σ(pp→
Z ′) × BR(Z ′ → ``) as large as possible, in order to maximize the total cross section.
All benchmarks are consistent with all constraints, including relic density, and satisfy the
bounds on the g − 2 factor of the electron and muon at 1σ. The LSP neutralino is bino,
wino and higgsino for BM I, BM II and BM III, respectively.

In table 5 we present a complete list of the three benchmark model parameters, in-
cluding gaugino masses, non-holomorphic couplings, U(1)′ gauge coupling, and the non-
universal charges for all the particles in the model. We note that the latter are very close
among the three benchmarks, indicating the strict constraints imposed by the anomalous
magnetic moments. In table 6 we give the values of the masses of the particles in the model
for the three scenarios. Note that here dark matter and g − 2 constraints are satisfied for
relatively heavy superpartner masses, and thus the spectrum is consistent with strong con-
straints obtained from the Run-1 and Run-2 at the LHC. Dark matter and anomalous
magnetic moment values for the three benchmarks are given in table 7, indicating that
relic density is kept within 5σ of its measured value and the direct detection cross section
is below its upper bound at Xenon1T. In table 8 we show properties of the Z ′ gauge boson
in our model, including production cross sections at 13, 14, 27 and 100TeV, and branching
ratios into chargino and neutralino pairs, jets, leptons and neutrinos. The surprising equal-
ity between the branching ratios of Z ′ to electron and muon pairs is due to the choice of
U(1)′ charges in table 5, where right-handed electron charges match left-handed muon ones,
and right-handed muon charges are the same as left-handed electron charges. Therefore,
the electron and muon for each benchmark have same vector and axial-vector Z ′ couplings
that impact the branching ratio of Z ′. The only non-universality is then present in the
Z ′ → τ+τ− decay, which differs from the branching ratio Z ′ → µ+µ−, e+e−.

We further explore the model consequences in figure 7, where in the top panel we
show properties of the Z ′ boson in this model. On the left, we plot the production cross
section for Z ′ times the dilepton (` = e, µ) branching ratio. For masses MZ′ ≥ 5.5TeV,
mass bounds are satisfied, even for dilepton branching ratios of O(25%). Also values of the
U(1)′ coupling constant g′, evaluated at SUSY scale, can be as large as ∼ 0.5 (right plot).
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[GeV] M1 M2 M3 M4 vS g′SUSY

BM I 453 -1088 31858 300 12573 0.462
BM II 1614 1509 7568 1849 14964 0.472
BM III -1967 2139 8109 -3087 15172 0.472

tan β λ Tλ T ′e T ′µ Aτ Y ijv

BM I 22.8 3.01×10−1 -794 -4199 6249 178 10−8

BM II 40.6 2.43×10−1 1167 -2106 9454 -399 10−8

BM III 33.0 9.07 ×10−2 13122 4382 -7300 -41.15 10−8

Q`1 Q`2 Q`3 Qe1 Qe2 Qe3 Qν1 Qν2 Qν3

BM I -0.11 0.55 -0.44 0.55 -0.11 -0.11 -0.33 -1.0 0.
BM II 0.60 -0.20 -0.40 -0.20 0.60 -0.10 -1.0 -0.20 0.
BM III -0.20 0.60 0.40 0.60 -0.20 -0.10 -0.20 -1.00 0.

Qq Qu Qd QHu QHd QS

BM I -0.11 -0.33 -0.44 0.44 0.55 -1.0
BM II -0.10 -0.30 -0.40 0.40 0.50 -0.90
BM III -0.10 -0.30 -0.40 0.40 0.50 -0.90

Table 5. Set values for the free Non-UMSSM parameters defining our benchmark scenarios BM
I, BM II and BM III. All masses are given in GeV.

On the top left of figure 8 we show the dilepton invariant massMll with only basic cuts
(|η`| < 2.5, 5TeV < M`` < 6TeV) and compare the results of our model with predictions
from E6 motivated U(1)′ψ and U(1)′η. For all models, the branching ratios and production
cross section of Z ′ are very similar. Thus, our model cannot be distinguishable from
other scenarios. Due to the limited SM number of events, the significance is low for
both our non-universal U(1)′ model and the other models. For characterization of signals,
we try other methods for detection [142]. On the top right panel of figure 8, we show
the forward-backward asymmetry for all the U(1)′ models from the left-hand plot. The
forward-backward asymmetry in pp→ (Z/Z ′/γ)→ `+`−, (` = e, µ) is

AFB = dσ/dM(`+`−)|η(`−) > 0| − dσ/dM(`+`−)|η(`−) < 0|
dσ/dM(`+`−)|η(`−) > 0|+ dσ/dM(`+`−)|η(`−) < 0| (5.1)

where M(`+`−) is the neutral current (NC) Drell-Yan (DY) lepton pair invariant mass
and η(`−) is charged lepton pseudorapidity while the identification of the forward (F) and
backward (B) hemispheres via the restrictions η(`−) > 0 and η(`−) < 0.

The dashed lines are for U(1)′ψ and U(1)′η, the solid lines are for the three benchmarks
in our model. We observe that different models have unique curves, and in our model, the
asymmetry does not change from one BM to another: we have the same MZ′ ; g′, Qu, and
Qd, which are important for the process, are very close. This indicates that the model is
robust in asymmetry predictions. We calculate the Kullback-Leibler divergence, DKL, as
measure of how the probability distribution of our scenarios differs from the probability
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[GeV] MZ′ MH0
1
MH0

2
MH0

3
MA0

1
MH±1

BM I 5500 126 5734 15260 15260 15266
BM II 5500 123 6340 22405 22405 22418
BM III 5500 122 6441 21073 21073 21075

[GeV] χ̃0
1 Comp. Mχ̃0

1
Mχ̃0

2
Mχ̃0

3
Mχ̃0

4
Mχ̃0

5
Mχ̃0

6
Mχ̃±1

Mχ̃±2
Mg̃

BM I Bino-like 442 1192 2747 2748 5581 5875 1192 2749 32043
BM II Wino-like 1595 1601 2589 2593 5478 7317 1595 2592 7820
BM III Higgsino-like 992 995 1949 2240 6275 6583 993 2240 8383

[GeV] Md̃1
Md̃2

Md̃3
Md̃4

Md̃5
Md̃6

Mũ1 Mũ2 Mũ3 Mũ4 Mũ5 Mũ6

BM I 23730 24305 24789 24789 25870 25870 21125 23732 25127 25127 25870 25870
BM II 4740 6192 7537 7538 9300 9301 4727 5140 6771 6771 7536 7537
BM III 5926 7348 7879 7880 9247 9247 5439 5936 7155 7155 7879 7880

[GeV] M˜̀1
M˜̀2

M˜̀3
M˜̀4

M˜̀5
M˜̀6

Mν̃1 Mν̃2 Mν̃3 Mν̃4 Mν̃5 Mν̃6

BM I 479 2961 3206 3796 4169 5831 2986 3216 3785 4777 5366 5831
BM II 1623 3561 4012 4514 4790 5374 3562 4012 4159 4587 5364 6437
BM III 1598 2435 4143 4988 5314 5597 1013 1619 3909 5308 5596 7292

Table 6. Particle spectrum of BM I, BM II and BM III: bosons (top), fermions (middle),
squarks and sleptons (bottom). All masses are given in GeV.

ΩDMh
2 σproton

SI [pb] σneutron
SI [pb] 〈σv〉 [cm3s−1] ∆ae × 1012 ∆aµ × 1010

BM I 0.091 2.93 ×10−13 2.97 ×10−13 3.95×10−29 -1.40 (within 1σ) 26.97 (within 1σ)
BM II 0.102 1.12 ×10−10 1.13 ×10−10 3.08 ×10−26 -0.39 (within 1σ) 30.55 (within 1σ)
BM III 0.114 6.32 ×10−11 6.40 ×10−11 1.07×10−26 -0.55 (within 1σ) 23.05 (within 1σ)

Table 7. Predictions for the BM I, BM II and BM III scenarios, of the observables discussed
in our dark matter and lepton g − 2 analysis.

distributions of U(1)′ψ and U(1)′η. For probability distributions P and Q defined on the
same probability space, χ, the Kullback-Leibler divergence from Q to P is defined to be

DKL(P ||Q) =
∑
x∈χ

P (x)log
(
P (x)
Q(x)

)
(5.2)

As seen from the bottom plane of figure 8, the Kullback-Leibler divergences are different
in the vicinity of the Z ′ peak. In the bottom figure, we also introduce the statistical
uncertainty on the asymmetry, which is calculated through the formula

δAFB =
√

4
L

σFσB
(σF + σB)3 =

√
1−A2

FB
σL

=

√
1−A2

FB
N

, (5.3)
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σ(pp→ Z ′) [fb] BR(Z ′→ χ̃±1 χ̃
∓
1 ) BR(Z ′→ jj) BR(Z ′→ ``)

13TeV 14TeV 27TeV 100TeV
BM I 0.1795 0.2945 9.398 324.8 3.01 ×10−7 0.46 0.11
BM II 0.1515 0.2493 7.933 274.7 8.07 ×10−7 0.41 0.15
BM III 0.1520 0.2494 7.977 275.9 5.56 ×10−2 0.36 0.13

BR(Z ′ → ee) BR(Z ′ → µµ) BR(Z ′ → ττ) BR(Z ′ → νiν̄i)
BM I 5.68 ×10−2 5.68 ×10−2 3.71 ×10−2 0.28
BM II 7.62 ×10−2 7.62 ×10−2 3.24 ×10−2 0.30
BM III 6.70 ×10−2 6.70 ×10−2 2.84 ×10−2 0.27

Table 8. Z ′ production cross section at
√
s = 13, 14, 27 and 100TeV and branching ratios for the

BM I, BM II and BM III scenarios, relevant for the associated LHC phenomenology.

Figure 7. Z ′ mass limits in the non-universal U(1)′ model.

where L is the integrated luminosity of the HL-LHC and N the total number of events
associated to it. The overarching message emerging from the last plot of figure 8 is that,
alongside the total rate, AFB is especially useful for all scenarios considered in order to
separate these from the U(1)ψ and U(1)′η model-dominated solutions. However, due to the
limited number of events, some care should be given to optimising the binning, as statistical
uncertainties are rather large away from the Z-dominated solutions mass position, while
they can well be controllable near it. In order to reduce the uncertainties in the asymmetry
plot, for the last plot of figure 8, we used variational bin size (5.0–5.4, 5.4–5.6, 5.6–6.0TeV),
thus we increased the number of events in each bin, which decreases the uncertainties. The
conclusion from this plot is that, assuming that a Z ′ boson is experimentally discovered,
then one can calculate the forward-backward asymmetry between 5.0–5.6TeV, and dis-
tinguish our scenarios from E6-motivated U(1)′η and U(1)′ψ models since the uncertainty
bars do not cross each other. Unfortunately, we cannot make this comment for Z ′ masses
between 5.6 and 6.0TeV, since there the uncertainty bars are still touching each other, in
other words, the number of events is not enough in this region at 14TeV and 3000 fb−1.
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Figure 8. Z ′ phenomenology at colliders. We depict signals from benchmarks BM I in blue, BM
II in green, and BM III in purple. Top left: number of events in the NC DY channel versus the
dilepton invariant mass within the SM, E6 models of ψ and η type and BM I, BM II and BM
III. For reference, BM II events are also given with cos θ > 0 and cos θ < 0, where θ is the angle
between the positively charged initial quark and negatively charged final state lepton. Top right:
true AFB versus the dilepton invariant mass within the SM, E6 models of ψ and η type and BM
I, BM II and BM III. Results are given at the LHC with

√
s = 14TeV and L = 3000 fb−1 for

bin widths equivalent to the expected mass resolution in the cross section distribution while at the
bottom plane the results are optimized so as to distinguish between various scenarios.

6 Summary and conclusion

In this paper, we provide a solution to measurements of the anomalous magnetic mo-
ments for both the muon and the electron. We include supersymmetry to account for dark
matter, and interpret the deviations as arising from beyond the MSSM scenarios. As the
ratio of the anomalous magnetic moments of electron and muon conflict assumptions about
universal lepton gauge couplings (as the Yukawa couplings to the Higgs bosons are very
small), we attempt a description within the simplest extension, that containing an addi-
tional Abelian gauge group, U(1)′ with non-universal couplings. This model supplements
the SM minimally by an additional neutral gauge boson Z ′, and by a singlet Higgs bosons
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which breaks U(1)′ (and their fermionic partners). The advantage of U(1)′ models with
non-universal couplings is that, in principle, anomaly cancellations can occur without the
introduction of exotic states. This however means introduction of non-holomorphic terms
in the Lagrangian, generating quark and/or lepton masses at loop level. Attempting to do
so for the top quark is impossible, and for the bottom quark proves to be very difficult. We
can circumvent the problem by introducing a minimum number of exotics, the so-called Dx

quarks and their partners, assumed to be heavy and decoupling from the spectrum. We
then scan the model for a set of non-universal charges consistent with the anomaly condi-
tions, non-zero charges for quarks and Higgs bosons, and correct ratios for the anomalous
magnetic moments for electron and muon. These conditions are quite restrictive, and we
are left with only 10 sets of U(1)′ charges. We further apply constraints from LHC involving
Z ′ masses, chargino and neutralino masses, as well as dark matter constraints. The latter
are applied to our analysis of dark matter, taken here to be the lightest neutralino, since
sneutrino LSP scenarios are indistinguishable from those in MSSM plus a right-handed
neutrino. We concentrate on the parameter space where anomalous magnetic moments are
consistent with the measurements to 1σ, and choose three benchmarks: one where the LSP
is bino-dominated, one where it is wino-dominated and one where it is higgsino-dominated.
We use these to then perform an analysis of the consequences of the model at the Run-3
at LHC. We compare some of our results with E6 motivated U(1)′ models with universal
couplings. To do so, we calculate the number of events in the NC DY channel versus the
dilepton invariant mass within the SM, E6 models of ψ and η type and our three bench-
mark scenarios. The branching ratios and production cross section of Z ′ are very similar in
all models, and so our model cannot be distinguishable this way from other scenarios. In
particular, the significance is low for both universal or non-universal scenarios. However,
we find that the forward-backward asymmetry is very different for different models, and
distinct in our model from E6 motivated U(1)′η and U(1)′ψ models. Moreover, the asymme-
try is the same for all three benchmarks thus this prediction for the model is very robust,
and we show that the shape of the asymmetry is different, yielding hopes that it can be
distinguished at the Run 3 at LHC.
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