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The longstanding muon (g − 2) anomaly, as well as some hints of lepton flavor universality violation in 
B-meson decays, could be signaling new physics beyond the Standard Model (SM). A minimal R-parity-
violating supersymmetric framework with light third-generation sfermions (dubbed as ‘RPV3’) provides a 
compelling solution to these flavor anomalies, while simultaneously addressing other pressing issues of 
the SM. We propose a new RPV3 scenario for the solution of the muon (g − 2) anomaly, which leads 
to an interesting LHC signal of μ+μ−τ+τ− final state. We analyze the Run-2 LHC multilepton data to 
derive stringent constraints on the sneutrino mass and the relevant RPV coupling in this scenario. We 
then propose dedicated selection strategies to improve the bound even with the existing dataset. We 
also show that the high-luminosity LHC will completely cover the remaining muon (g − 2)-preferred 
parameter space, thus providing a robust, independent test of the muon (g − 2) anomaly.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/). Funded by SCOAP3.
1. Introduction

The magnetic moment of the muon (gμ) is one of the most 
precisely measured quantities in particle physics and an important 
ingredient to precision tests of the Standard Model (SM) [1]. In-
triguingly, the anomalous magnetic moment of the muon, aμ ≡
(gμ − 2)/2, arising from loop corrections to the fermionic electro-
magnetic vertex, was found to have a 3.7σ discrepancy between 
the experimental value from the E821 experiment at Brookhaven 
and the SM prediction [2]. The situation became even more inter-
esting recently, as the first result from the Fermilab Muon (g − 2)

experiment [3], utilizing a more intense muon beam and improved 
detectors was shown to be consistent with the old Brookhaven 
measurement to six significant figures. When combined and com-
pared with the world-average of the SM prediction using the “R-
ratio method” [4], the discrepancy increases to 4.2σ :

�aμ ≡ aexp
μ − aSM

μ = (251 ± 59) × 10−11 . (1)

It should be noted here that simultaneously with the announce-
ment of the Fermilab result in 2021, a new lattice simulation result 
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from the BMW collaboration was also published [5]. The BMW 
result for the leading hadronic contribution to aμ reduces the dis-
crepancy in �aμ to only 1.5σ . At that time most other lattice 
collaborations did not have their results available. This situation 
has changed now. In the past few months several lattice collabora-
tions have made their results available [6–11] in the “intermediate 
distance regime”, i.e. from 0.4 to 1.0 fermi. In that intermedi-
ate regime, almost all lattice collaborations now seem to agree 
with BMW. The interpretation of these new lattice results seems 
to be that the tension with experiment is only of order 3.1σ , 
i.e. somewhat less than the R-ratio method indicated. However, 
the new lattice results are in some tension with the low energy 
e+e− → hadrons cross-section data [11–14], so further clarification 
is needed. In the coming years, more refined lattice results should 
be forthcoming and are eagerly awaited. Until all these issues get 
resolved we choose to use the discrepancy quoted in Ref. [3] and 
shown in Eq. (1).

Taking the muon (g − 2) anomaly at face value, one could ask 
what kind of beyond the SM (BSM) physics might be responsible. 
The answer is many [15–17]. The leading one-loop contribution 
from any new physics (NP) source is parametrically of the order of

aNP
μ ∼ g2

NP

16π2

m2
μ

m2
NP

, (2)
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which should coincidentally be at the same level as the SM elec-
troweak contribution [18]

aEW
μ [1 − loop] = g2

16π2

m2
μ

m2
W

f � 194.8 × 10−11 , (3)

(where f =
[

5 + (1 − 4 sin2 θW )2
]
/12 � 0.4) in order to explain 

the discrepancy in Eq. (1). Hence, there are essentially two types 
of solutions, depending on whether the new physics contains (i) 
small couplings and small masses compared to the electroweak 
scale, as in e.g. axion, dark photon, and light Z ′ models; or (ii) 
O(1) interactions and O(100 GeV) masses,1 as in e.g. two-Higgs 
doublet, supersymmetry, and leptoquark models [15,16]. There is 
no restriction on the new particle(s) in the loop contributing to 
g − 2, except that in most cases we need to invoke flavor non-
universal couplings to avoid other experimental constraints. In this 
context, the models with a new coupling to the μ − τ sector are 
particularly appealing, because of the relatively weaker constraints 
involving the tau lepton. We will assume this to be the case for 
the solution to the muon (g − 2) anomaly, and explore how this 
scenario can be directly tested at the LHC using final states with 
two muons and two taus.2

A particularly attractive BSM scenario is R-parity violating su-
persymmetry (RPV-SUSY) [27], which has the virtue to address 
many shortcomings of the SM, such as nonzero neutrino masses, 
radiative stability of the Higgs boson, radiative electroweak sym-
metry breaking, stability of the electroweak vacuum, gauge cou-
pling unification, (gravitino) dark matter and baryogenesis. Here 
we focus on a minimal, well-motivated RPV-SUSY framework with 
the third-generation superpartners lighter than the first two, hence 
dubbed as ‘RPV3’ [28], which preserves all the attractive fea-
tures of SUSY mentioned above. On top of that, it was recently 
shown [29,30] that RPV3 can simultaneously explain the muon 
(g − 2) anomaly, along with other persistent hints of lepton flavor 
universality violation in semileptonic B-meson decays, most signif-
icantly the R D(∗) and R K (∗) anomalies.3 Another important feature 
of the RPV3 solution proposed in Refs. [29,30] is that the muon 
(g −2) anomaly is primarily governed by the LLE-type interactions 
[cf. Eq. (4)], while the R D(∗) and R K (∗) anomalies are governed by 
the L Q D-type interactions [cf. Eq. (5)]. This mutual orthogonality 
allows us to explore here the LHC prospects of probing the muon 
(g − 2)-preferred parameter space, irrespective of the fate of the 
B-anomalies.

For the benchmark scenario considered in Ref. [30] with only 
λ232 = −λ322 �= 0 (and all other λi jk = 0), there is a spectacular 
four-muon signal at the LHC [47], coming from the tau sneu-
trino pair-production, followed by each sneutrino decaying into 
two muons via the λ232 coupling. Recasting a recent ATLAS multi-
lepton analysis [48], we obtained a lower bound of mν̃τ � 670 GeV, 
which ruled out most of the muon (g − 2)-preferred region and 
pushed the λ232 coupling toward the perturbative limit of 

√
4π .

Given the fact the collider signals involving tau final states 
are in general less constrained than those involving electrons or 
muons, in this paper we explore a new RPV3 benchmark with 
λ233 = −λ323 �= 0, which leads to a final state with two muons 
and two taus at the LHC [cf. Fig. 2]. To the best of our knowl-
edge, there are no existing constraints on sneutrinos that can be 

1 In some new physics models, the SM-like scaling aNP
μ ∝ m2

μ in Eq. (2) can be 
avoided by chiral enhancement inside the loop, thus allowing for viable solutions 
with higher masses up to tens of TeV [19–21].

2 For other interesting ideas on testing the muon (g − 2) at colliders, see e.g.
Refs. [22–25]. The same final state was also considered in Ref. [26] in the context 
of an SU (2)H model for large neutrino magnetic moments.

3 For reviews of the B-anomalies and BSM interpretations, see e.g. Refs. [31,32]. 
For RPV-SUSY interpretations of the flavor anomalies, see also Refs. [33–46].
2

directly applied to this scenario (without any additional assump-
tions), except the model-independent LEP limit of mν̃τ > 41 GeV 
from Z invisible decay width measurements [49]. Our goal in this 
paper is to remedy this situation and derive the first direct LHC 
limit on sneutrinos for the λ233 �= 0 case. To this end, we repur-
pose a recent ATLAS analysis [50] to study the μ+μ−τ+τ− signal 
and background at 

√
s = 13 TeV LHC with an integrated luminos-

ity of 139 fb−1. As a result, we are able to put a new robust lower 
limit on mν̃τ extending to about 400 GeV. When contrasted with 
the muon (g − 2)-preferred region, we get a conclusion similar to 
Ref. [30], i.e. only large values of λ233 close to the perturbative 
limit are compatible with the muon (g − 2)-anomaly in this sce-
nario. We also give the future projections at the high-luminosity 
phase of the LHC (HL-LHC), which will be able to completely probe 
the remaining muon (g − 2)-preferred parameter space, thus pro-
viding an independent probe of the muon (g − 2)-anomaly.

The rest of the paper is organized as follows: in Section 2, 
we briefly review the salient features of the RPV3 model frame-
work and how it explains the muon (g − 2) anomaly. Section 3
presents the details of the signal and background analysis for the 
μ+μ−τ+τ− channel. Our results are summarized in Section 4. 
Section 6 gives the conclusions. Some additional kinematic distri-
butions are shown in Appendix A.

2. Muon (g − 2) in the RPV3 framework

As suggested earlier [28–30], the RPV3 framework provides an 
appealing solution to the flavor anomalies. The relevant pieces of 
the Lagrangian read as follows4:

LLLE =1

2
λi jk

[̃
νiL ēkR e jL + ẽ jL ēkRνiL + ẽ∗

kR ν̄c
iLe jL

− (i ↔ j)
] + H.c. (4)

LL Q D =λ′
i jk

[̃
νiLd̄kRd jL + d̃ jLd̄kRνiL + d̃∗

kR ν̄c
iLd jL

− ẽiLd̄kR u jL − ũ jLd̄kR eiL − d̃∗
kR ēc

iLu jL
] + H.c. (5)

Note that the simultaneous presence of λ and λ′ couplings is con-
sistent with proton decay constraints, as long as the relevant λ′′
(U D D-type) couplings are either switched off or sufficiently small. 
In general, the above Lagrangians feature 33 = 27 independent λ′

i jk

couplings and 32 = 9 independent λi jk couplings.5 However, in the 
RPV3 framework with the first two generations of sfermions de-
coupled, the total number of relevant RPV couplings reduces to 
9 + 6 = 15. Moreover, because of the orthogonality between the 
R D(∗) , R K (∗) -preferred region which is mostly controlled by the λ′
couplings and the muon (g − 2)-preferred region which is con-
trolled by the λ couplings, we only focus on the λ couplings in 
this paper and find a new solution for the muon (g − 2) anomaly 
with λ233 �= 0, without affecting the allowed parameter space for 
R D(∗) and R K (∗) reported in Ref. [30].

The RPV3 contributions to (g − 2)μ can, in principle, arise from 
both λ and λ′ couplings [51], as shown in Fig. 1. Applying the 
general results from Ref. [52], one obtains [51]

�aμ = m2
μ

96π2

3∑
k=1

(
2(|λ32k|2 + |λ3k2|2)

m2
ν̃τ

−|λk32|2
m2

τ̃L

− |λk23|2
m2

τ̃R

+ 3|λ′
2k3|2

m2
b̃R

⎞⎠ . (6)

4 We have ignored the bilinear RPV couplings in this work.
5 λi jk is antisymmetric in the first two indices.
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Fig. 1. Relevant contributions to the muon (g − 2) from λ (top row) and λ′ (bottom row) couplings in our RPV3 scenario. Note that the stop contributions (the last two 
diagrams) add up to zero.
Note that the λ′-contribution, as well as the λ-contribution from 
sneutrinos, is always positive definite, whereas the λ-contribution 
from staus has the wrong sign and is required to be sub-dominant 
in order to explain the observed discrepancy in Eq. (1).6

As shown in Ref. [30], the λ′-contribution from sbottom is 
sub-dominant to the λ-contribution from sneutrinos, mainly be-
cause the LHC lower limits on the masses of colored sfermions 
like the sbottom are much stronger than those on sneutrinos. 
In particular, mb̃R

is typically between 1.5 TeV and 10 TeV, and 
|λ′|/(mb̃R

/1 TeV) � 1 to explain the R D(∗) and R K (∗) anomalies [30]. 
This makes the sbottom contribution to muon (g − 2) negligible.

Thus, focusing only on the λ-contributions in Eq. (6), we see 
that there are only four relevant couplings, namely, λ132, λ231, λ232
and λ233, that lead to a positive contribution to �aμ in Eq. (6). 
However, any two of them cannot be large simultaneously because 
of the lepton flavor violation constraints from low-energy pro-
cesses like τ− → e−μ+μ− , τ− → μ−μ+μ− , μ → eγ , etc. There-
fore, it is safe to assume only one of these couplings to be large, 
while the rest can be set to zero. In Ref. [30], the nonzero cou-
pling was chosen to be λ232, which led to four-muon final states 
at the LHC via resonant sneutrino-pair production. In this paper, 
we study the case where λ233 �= 0, which leads to a final state of 
two muons and two taus at the LHC. We expect this case to be 
more promising, because of the relatively weaker LHC constraints 
on signals with tau final states, which in turn are expected to give 
a weaker bound on the sneutrino mass, thus allowing for a larger 
contribution to �aμ , since it is inversely proportional to the square 
of sneutrino mass [cf. Eq. (6)]. For instance, for mν̃τ ∼ 100 GeV, 
λ233 ∼ 1 can explain the central value of �aμ in Eq. (1). The 
remaining two cases, namely with either λ132 or λ231 nonzero, 
which give rise to final states with two electrons and two muons, 
will give a bound on the sneutrino mass comparable to that in the 
four-muon case studied in Ref. [30].

We have also assumed λ′
311 to be small in order to avoid the 

resonance production of ̃ντ , which gives stringent bounds from the 
LHC. For λ′

311 = 0.1, the limit on mν̃τ is O(TeV) [56]. For the sub-
TeV ν̃τ considered here, we therefore need λ′

311 <O(0.01).

2.1. Low-energy constraints

With λ233 = −λ323 �= 0 (and all other λi jk = 0), the left-handed 
stau contribution to �aμ in Eq. (6) is absent. As for the right-
handed stau contribution, which is of the wrong sign, we need 
to make sure that it is sub-dominant to the sneutrino contribu-

6 R-parity preserving SUSY contributions involving smuons and muon sneutri-
nos [53–55] are small in RPV3 because the first two generations of sfermions are 
heavy.
3

tion. This is automatically enforced by the low-energy constraint 
from tau decay, because τ̃R with coupling λ233 �= 0 has a tree-level 
contribution to the process τ → μνν̄ . The effective four-fermion 
Lagrangian for the tau decay (after integrating out the τ̃R ) is

Lλ233
τ→μνν̄ = −|λ233|2

2m2
τ̃R

(μLγ
μνμL)(ντ LγμτL). (7)

The effective Lagrangian has the same chiral structure as the SM 
contribution to tau decay. This can only affect the gV

LL coupling (in 
the notation of Ref. [57]), and because of the normalization condi-
tion of the couplings, our scenario does not influence the Michel 
parameters [58].

However, it still affects the e − μ universality in tau decays, 
measured by the ratio

Rμe ≡ 
(τ → μνν̄)


(τ → eνν̄)
. (8)

The SM prediction including mass effects gives RSM
μe = 97.26%

while the experimental measurement prefers a slightly larger cen-
tral value Rexp

μe = (97.62 ± 0.28)% [1]. The ratio between the exper-
imental value and the theory prediction in our scenario is given 
by

Rexp
μe

RSM
μe

�
(

1 + 1

4
√

2GF

|λ233|2
m2

τ̃R

)2

, (9)

where G F is the usual Fermi constant. Allowing for 3σ uncertainty 
in the experimental value, we obtain a limit on λ233 as

|λ233| � 0.65
( mτ̃R

1 TeV

)
. (10)

A slightly stronger limit can be derived by comparing the de-
cays τ → μνν̄ and μ → eνν̄ [59], which is described by the ob-
servable

Rτ/μ ≡ BR(τ → μνν̄)exp/BR(τ → μνν̄)SM

BR(μ → eνν̄)exp/BR(μ → eνν̄)SM
. (11)

The current value is measured to be Rτ/μ = 1.0022 ± 0.0030 [39]. 
Using expressions analogous to Eq. (9), and taking 3σ uncertainties 
in the measured value, it converts to a slightly stronger bound on 
λ233:

|λ233| � 0.61
( mτ̃R

1 TeV

)
. (12)

Eq. (12) is satisfied for any |λ233| <
√

4π (perturbative limit), as 
long as mτ̃R � 5.8 TeV. For such mτ̃R values, the τ̃R contribution to 
�aμ can be safely neglected.
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2.2. Neutrino mass constraint

The LLE interactions contribute to neutrino mass at one-loop 
level through the lepton-slepton loop [27,60–62]. In the RPV3 sce-
nario, we have

Mν
i j � 1

16π2

∑
k

λik3λ j3kmek

(
m̃e

LR

)2
33

m2
τ̃R

− m2
τ̃L

log

(
m2

τ̃R

m2
τ̃L

)
+ (i ↔ j) , (13)

where 
(
m̃e

LR

)2 is the left-right slepton mixing matrix, given by(
m̃e

LR

)2
i j = vd√

2

(
Ae

ij − μ tanβ ye
i j

)
, (14)

where Ae is the soft trilinear term, μ is the Higgs-Higgs mixing (or 
off-diagonal Higgsino mass) term, ye is the lepton Yukawa cou-
pling, and tan β = vu/vd is the ratio of the vacuum expectation 
values of the two Higgs doublets. In the basis of diagonal charged 
lepton masses, it is customary to assume that the A-term is pro-
portional to the Yukawa coupling, i.e. Ae

33 = Aτ yτ . We also assume 
that mτ̃L = mτ̃R , in which case log

(
m2

τ̃R
/m2

τ̃L

)
/ 
(

m2
τ̃R

− m2
τ̃L

)
=

1/m2
τ̃R

. Then Eq. (13) simplifies to

Mν
23 � |λ233|2

8π2

m2
τ

m2
τ̃R

(Aτ − μ tan β)

= (0.05 eV)|λ233|2
(

6 TeV

mτ̃R

)2
(Aτ − μ tanβ)

45 MeV
. (15)

Thus the neutrino mass constraint can be easily satisfied, albeit 
with some fine-tuning in the SUSY parameters Aτ and μ tan β , 
which however do not affect the muon (g − 2) solution in our 
case.

3. Signal and background analysis

We use the results of the analysis done by the ATLAS collabora-
tion in Ref. [50], with the data recorded during Run-2 of the LHC 
at a center-of-mass energy of 

√
s = 13 TeV and integrated lumi-

nosity of 139 fb−1, which targeted a search for RPV-SUSY in final 
states with four or more charged leptons (electrons, muons and 
taus). Later we will emphasize how the signal sensitivity can be 
enhanced with more dedicated selections.

The τ+τ−μ+μ− signal that is relevant to the muon (g − 2)-
anomaly comes from the sneutrino pair-production, followed by 
each sneutrino decaying into τ−μ+ pair via the λ233 coupling, as 
shown in Fig. 2. Note that there are also some contributions to 
this final state from pair production of muons or taus, followed by 
sneutrino single production from a lepton leg and its subsequent 
decay into τ−μ+ pair. However, in the parameter space of interest, 
we find that the sneutrino single production contributes far less 
than the pair production shown in Fig. 2. Also note that because 
of the particular structure of the LLE interaction terms in Eq. (4), 
ν̃τ → τ+μ− is not allowed if we assume only λ233 �= 0, and thus, 
we cannot have a more distinguishing signal like τ+τ+μ−μ− or 
τ−τ−μ+μ+ in our scenario.

3.1. Simulated event samples

All event samples for the signal and the SM backgrounds were 
generated using MadGraph5_aMC@NLO [63] at leading order (LO) 
parton-level. The SM background events are not used directly for 
the estimation of the sensitivity, but as a cross-check that af-
ter applying the selections stated in Ref. [50] we get a simi-
lar background estimation. In addition, we use the simulation of 
4

Fig. 2. Feynman diagram for the τ+τ−μ+μ− signal from the sneutrino pair-
production in our RPV3 scenario. The blue portion of the figure is closely related 
to the muon (g − 2), i.e. if we join the τ legs and attach a photon to it, it resembles 
the first two diagrams in Fig. 1.

the SM backgrounds in order to estimate the efficiency of our 
proposed dedicated selection. For the RPV-SUSY signal, a dedi-
cated universal FeynRules Output (UFO) model was produced using
FeynRules [64]. For all of the samples, both signal and back-
ground, the 5-flavor scheme was used for the event generation 
with the NNPDF30LO parton distribution function (PDF) set [65]
and the default MadGraph5_aMC@NLO LO dynamical scale, which 
is the transverse mass calculated by a kt -clustering of the final-
state partons [66]. After generation, events were interfaced with 
the Pythia 8 [67] parton shower, and different jet-multiplicities 
were matched using the MLM scheme [68] with the default Mad-

Graph5_aMC@NLO parameters. Finally, all samples were processed 
through Delphes 3 [69], which simulates the detector effects, ap-
plies simplified reconstruction algorithms and was used for the 
reconstruction of all objects.

According to Ref. [50], the dominant SM backgrounds are Z Z , 
tt̄ Z , V V V (V = W , Z ) and Higgs production. We note that off-
shell production is included for W and Z . All of those processes 
can have four leptons in the final state, similar to our signal. All of 
those backgrounds were simulated and similar selections of the 
analysis as in Ref. [50] were applied. In addition to those irre-
ducible backgrounds, there are dominant reducible backgrounds 
that contain processes that have at least one fake lepton, such as 
tt̄ , Z + jets, W Z , W W , W W W , tt̄W .

3.2. Event selection and background

The reconstruction of electrons and muons (light leptons) was 
done based on efficiency parametrization which depends on trans-
verse momentum (pT) and pseudo-rapidity (η), and with an isola-
tion from other energy-flow objects applied in a cone of �R = 0.4. 
Electrons must have |η| < 2.47 GeV and pT > 7 GeV, while muons 
are required to have |η| < 2.7 GeV and pT > 5 GeV.

The reconstruction of jets was done using the anti-kt [70] clus-
tering algorithm with radius parameter of R = 0.4 implemented 
in FastJet [71,72]. Jets are required to have pT > 20 GeV and 
|η| < 2.8. The identification of b-tagged jets was done by applying 
a pT-dependent weight based on the jet’s associated flavor and the 
MV2c20 tagging algorithm [73] in the 70% working point, which is 
the default one provided by Delphes 3.7

Hadronically decaying taus have a visible part coming from the 
hadrons involved in the process and an invisible part coming from 
the neutrino. The visible part (τ vis

had) is reconstructed using jets, 
with |η| < 1.37 or 1.52 < |η| < 2.47 and pT > 20 GeV [74], using 
information about the tracks within �R = 0.2 of the jet direction.

The missing transverse momentum �pmiss
T and its magnitude 

Emiss
T are reconstructed as the negative sum of the pT of all objects 

7 We note that in Ref. [50] the 85% working point is used for b-tagging, but since 
we have no b-jets in our signal production, the impact of this difference on the 
signal selection is negligible.
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Table 1
Selections for the analysis. SR2loose

bveto and SR2tight
bveto apply the selection used in 

Ref. [50], while SR2loose
bveto-μμ and SR2tight

bveto-μμ apply similar selections, but with 
only muons as the light leptons.

Selection SR2loose
bveto SR2loose

bveto-μμ SR2tight
bveto SR2tight

bveto-μμ

N = 2
Nμ 0-2 = 2 0-2 = 2
Ne 0-2 = 0 0-2 = 0
Nτ vis

had
≥ 2

Nb = 0
mOSSF

 [GeV] < 81.2 & > 101.2
meff [GeV] > 600 > 1000

Fig. 3. Distribution of the effective mass meff defined in Eq. (16). All of the selections 
of SR2loose

bveto-μμ and SR2tight
bveto-μμ are implemented, as described in Table 1, beside 

the meff selection. Three signal points are presented by setting mν̃τ = 300 GeV and 
λ233 = 0.5, for three benchmark values of mχ̃0

1
: with a very small value (0 GeV), 

100 GeV, and a very large value (∞).

in the event and a soft term built from all tracks not associated to 
any reconstructed object.

The event selection applied in Ref. [50] which yields the best 
sensitivity for the signal scenario considered here, is noted with 
two Signal Regions (SRs): SR2loose

bveto and SR2tight
bveto. These SRs con-

tain two light leptons (electrons or muons) and at least two τ vis
had. 

In addition, a b-veto is applied by requiring no b-tagged jets in 
the events. In order to reduce events with a Z -boson decaying to 
a pair of leptons, events with a pair of opposite-sign and same-
flavor (OSSF) leptons within the mass range of 81.2–111.2 GeV are 
removed. The main discriminating variable used in Ref. [50] is meff, 
defined as:

meff =
∑

i

pT,i +
∑

j

pT,τ vis
had j

+
∑

k

pT,jetk>40 + Emiss
T , (16)

where pT,i is the pT of a light lepton, pT,τ vis
hadi

is the pT of a τ vis
had

and pT,jeti>40 is the pT of a jet with a minimum transverse mo-

mentum of 40 GeV. SR2loose
bveto and SR2tight

bveto differ from each other 
by a looser or a tighter selection of meff , respectively. Based on 
these SRs, we emphasize how the results would improve with a 
dedicated selection of only two muons as the light leptons. We 
call these selections SR2loose

bveto-μμ and SR2tight
bveto-μμ. All of the se-

lections are summarized in Table 1. The distribution of meff with 
a selection of only two muons as the light leptons is shown in 
Fig. 3, along with the dominant backgrounds. Additional distribu-
tions with our improved selection are given in Appendix A.
5

3.3. Bounds from current data

The observed number of signal events with 95% confidence 
level (CL), S95

obs, is reported in Ref. [50]. The meaning of this num-
ber is that given a signal hypothesis, if the expected yield in the 
signal region is higher than S95

obs, the signal hypothesis is excluded 
with 95% CL. For the selection described above, these values are 
8.45 and 5.63 for SR2loose

bveto and SR2tight
bveto, respectively. Using these 

numbers, we set limits on our signal hypothesis.

3.4. Expected improved bounds

Given the limits set by using an existing analysis, a few remarks 
are in place:

• In Ref. [50] an inclusive selection of the light lepton flavor is 
done. In the signal hypothesis mentioned in this paper, only 
final states with two muons are relevant. This selection is ex-
pected to reduce the SM irreducible background, and has no 
impact on the signal scenario we consider.

• About a third of the background contribution in SR2loose
bveto-μμ

is coming from the reducible background. Typically, this back-
ground is more dominant for final states with electrons. There-
fore, excluding events with electrons is expected to remove a 
significant part of the reducible background.

In order to estimate how would S95
obs change given our new 

selection, we calculate the expected Z -value, which is the num-
ber of standard deviations from the background-only hypothe-
sis given a signal yield and background uncertainty, using the 
BinomialExpZ function by RooFit [75]. We scan over different 
values of the signal yield. Once we get similar Z -value to the ones 
from SR2loose

bveto and SR2tight
bveto in Ref. [50], we set S95

obs of SR2loose
bveto-μμ

and SR2tight
bveto-μμ. We do the same procedure for two values of the 

total integrated luminosity: 139.0 fb−1, as in Ref. [50], which cor-
responds to the total integrated luminosity recorded during Run-2 
of the LHC, and 3000.0 fb−1, which corresponds to the expected 
integrated luminosity from the HL-LHC.

4. Results

We consider three benchmark cases of our scenario where the 
mass of the lightest neutralino mχ̃0

1
is (a) much smaller than mν̃τ , 

(b) equal to a fixed value of 100 GeV, and (c) much larger than 
mν̃τ . In Fig. 4, the red solid contours show our 95% CL bounds 
derived in each case in the (mν̃τ , λ233) parameter space from the 
current 13 TeV LHC Run-2 data with 139 fb−1 in the τ+τ−+−
channel with SR2loose

bveto selection, as given in Table 1. The orange 
dashed contours, on the other hand, show the expected improved 
bounds derived from the same LHC dataset in the τ+τ−μ+μ−
channel with SR2loose

bveto-μμ selection, i.e. excluding the electron final 
states from the selection. The blue and purple dashed contours are 
the expected improved bounds from the HL-LHC with 3000 fb−1

luminosity in the τ+τ−μ+μ− channel with SR2loose
bveto-μμ and with 

SR2tight
bveto-μμ selections, respectively.

We do not show the SR2tight
bveto selection results for the 139 fb−1

case, because they are found to be weaker than the corresponding 
SR2loose

bveto results. However, as shown in Fig. 4, this is not the case 
for the 3000 fb−1 luminosity, where the tight selection gives better 
results than the loose selection in the large coupling region.

Our analysis for the existing 139 fb−1 LHC data uses the se-
lection of meff > 600 GeV (“loose”) while our HL-LHC analysis also 
uses meff > 1000 GeV (“tight”). It turns out that when the mass 
of sneutrino is relatively small, the leptons in the final state are 
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Fig. 4. Three benchmark cases of our RPV3 scenario with mχ̃0
1

(a) much smaller than mν̃τ , (b) 100 GeV, and (c) much larger than mν̃τ ) in the (mν̃τ , λ233) parameter space. 
The red (solid) and orange (dashed) contours, respectively, show the 95% CL current bounds derived from the 139 fb−1 LHC data in the τ+τ−+− SR2loose

bveto channel, and the 
expected improved bounds with the same dataset in the τ+τ−μ+μ− SR2loose

bveto-μμ channel, whereas the blue and purple (dashed) contours show the 95% CL sensitivities at 
HL-LHC with 3000 fb−1 luminosity in the τ+τ−μ+μ− SR2loose

bveto-μμ and SR2tight
bveto-μμ channels, respectively. The green, yellow and cyan-shaded regions explain the muon 

(g − 2)-anomaly at 1σ , 2σ and 3σ , respectively, while the black solid curve at the middle of the green region gives the best-fit value. The gray-shaded region on the top left 
corner is the 5σ -exclusion region from muon (g − 2). The brown-shaded region in case (b) is excluded by an 8 TeV LHC multi-lepton search [76] [not applicable to cases (a) 
and (c)]. The horizontal black dot-dashed line shows the perturbativity limit.
too soft to pass the tight selection of meff > 1000 GeV. This feature 
makes the bounds of HL-LHC (SR2tight

bveto-μμ) weaker than the 139 
fb−1 LHC (SR2loose

bveto) in the small sneutrino mass region, as can be 
seen from Fig. 4 (a) and (b).

Some of the features in Fig. 4 are the same as those found 
in the four-muon channel [30]. In particular, the LHC bounds 
are nearly vertical, with a lower limit on the sneutrino mass of 
mν̃τ � 400 GeV, when λ233 is large or when mν̃τ � mχ̃0

1
because 

the dilepton branching ratio of the sneutrino BR(̃ντ → τ−μ+) is 
dominant in these regions. In Fig. 4 (a) and (b), the bounds slowly 
bend toward the horizontal direction as we decrease the coupling 
λ233 because the BR(̃ντ → χ̃0

1 ντ ) governed solely by the R-parity 
conserving gauge coupling (and hence, independent of the λ233
coupling) becomes more and more important. Finally, as the mass 
of the sneutrino gets close to the mass of the neutralino, the 
bounds asymptotically approach the line mν̃τ = mχ̃0

1
because the 

ν̃τ → χ̃0
1 ντ decay becomes kinematically suppressed in this region 

and BR(̃ντ → τ−μ+) is dominant again. This asymptotic feature 
is out of the range in Fig. 4 (a) as the mν̃τ value starts from the 
6

model-independent lower limit of 41 GeV, derived from the LEP 
data on the invisible Z decay width [49].

The vertical brown-shaded region in Fig. 4 (b) (where mχ̃0
1

=
100 GeV) is excluded by an old 8 TeV LHC multi-lepton search [76]. 
But for the cases (a) mχ̃0

1
� mν̃τ and (c) mχ̃0

1
� mν̃τ , this search 

does not apply because the mass of the lightest neutralino is out-
side the range of their assumption.

The green, yellow and cyan-shaded regions in Fig. 4 explain the 
muon (g − 2)-anomaly at 1σ , 2σ and 3σ CL, respectively, while 
the black dashed curve gives the best-fit value. The gray-shaded 
region on the top left corner gives a �aμ discrepancy of more than 
5σ , and hence, is disfavored. From Fig. 4, we see that the new LHC 
limits derived here preclude most of the muon (g − 2)-preferred 
region in our RPV3 scenario, except for large λ233 coupling val-
ues close to the perturbative limit (shown by the horizontal black 
dot-dashed line). The future HL-LHC projected sensitivities shown 
here could completely cover the remaining 2σ -preferred regions. It 
should be noted here that the lower boundaries of the yellow and 
cyan-shaded regions correspond to corrections of the muon (g −2)
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at 2σ (with �aμ = 133 ×10−11) and 3σ (with �aμ = 74 ×10−11), 
respectively. If the new lattice results for the SM prediction come 
closer to the BMW-reported one, the new central value for �aμ is 
expected to lie somewhere between these two lower boundaries, 
which in fact opens up a larger allowed parameter space below the 
perturbativity limit that can be probed at the HL-LHC.

For completeness, we also considered other possible experi-
mental limits for the case (a) mχ̃0

1
� mν̃τ that could potentially 

be relevant to the parameter space considered here. In particular, 
we analyzed the LHC mono-jet [77] and the LEP Z -pair [78] and 
mono-photon [79] constraints to derive a lower bound on sneu-
trino mass. First, let us recast the LEP Z -pair data, letting the 
Z -pair decay into τ+τ−μ+μ− final state, which is the same as 
our signal from sneutrino pair, and allows us to derive a lower 
bound on the sneutrino mass, since the measured cross-section at 
LEP was found to be close to the SM expectation. However, we 
find that the resulting lower bound on the sneutrino mass is about 
100 GeV, which is entirely within the current 13 TeV LHC exclu-
sion (inside the red-shaded region in Fig. 4). This seems reasonable 
because the center-of-mass energy of LEP is only 209 GeV and 
sneutrino pair-production via the Z -boson (similar to Fig. 2, but 
replacing the qq̄ with e+e−) is kinematically suppressed for sneu-
trino masses beyond ∼ 100 GeV. Similarly, we find that the recast 
mono-photon bound from LEP for the channel e+e− → ν̃τ ν̃

∗
τ →

χ̃0
1 χ̃

0
1νν̄ with an initial-state-radiation of photon is always weaker 

than the model-independent limit on sneutrino mass of 41 GeV 
because the experimental uncertainty of the measured cross sec-
tion [79] is relatively large. Similarly, the mono-jet bound from 
LHC for the channel pp → ν̃τ ν̃

∗
τ → χ̃0

1 χ̃
0
1νν̄ with an initial-state-

radiation of gluon is also weaker than the model-independent LEP 
limit used here due to small signal cross-section (in the absence 
of any λ′ couplings). For these reasons, the collider constraints we 
derived in Fig. 4 are the strongest so far.

We also note that Ref. [50] considered the cascade decay of 
sleptons via the neutralino and derived stringent bounds on the 
sneutrino mass up to 850 GeV, depending on the neutralino mass. 
Naively, it looks like our scenario (b) is within their exclusion 
curve. However, we would like to stress that in the ATLAS anal-
ysis [50], a mass-degeneracy of charged sleptons and sneutrinos of 
all three generations is assumed. This assumption introduces many 
more production and decay channels and makes the cross-section 
much larger. In our scenario, only the third-generation sneutrino 
is light (sub-TeV scale), while the others are decoupled. Therefore, 
the exclusion limits of Ref. [50] cannot be directly compared to our 
results. Moreover, their results do not cover our scenarios (a) and 
(c).

5. Neutralino decay

In the above discussion, the lightest supersymmetric particle 
(LSP) is assumed to be either the lightest neutralino χ̃0

1 or the 
tau sneutrino ̃ντ . For mχ̃0

1
> mν̃τ , the neutralino undergoes prompt 

decay into ντ ν̃τ via its gauge coupling. On the other hand, for 
mχ̃0

1
< mν̃τ , it undergoes a three-body decay into μ−τ+ντ via an 

off-shell ν̃τ , with the corresponding decay width given by


(χ̃0
1 → μ−τ+ντ ) � g2|λ233|2

512π3

m5
χ̃0

1

m4
ν̃τ

. (17)

This leads to a typical decay length of

τ (χ̃0
1 → μ−τ+ντ ) � 20 cm

|λ233|2
(

1 GeV

mχ̃0
1

)5 ( mν̃τ

400 GeV

)4
, (18)
7

which means that the decay can be either prompt or displaced, 
depending on the mass and coupling values.

For mχ̃0
1

< mτ + mμ , we have the loop-induced decay χ̃0
1 →

γ + ν(ν̄), with the decay width given by [60,80,81]


(χ̃0
1 → γ ν) �

|λ233|2α2m3
χ̃0

1

512π3 cos2 θw

[
3mτ

m2
τ̃

(
1 + log

m2
τ

m2
τ̃

)]2

(19)

where α is the fine-structure constant and θw is the weak mix-
ing angle. This decay mode is suppressed by the heavy stau mass 
(which is required to be heavier than 5.8 TeV in our case), with 
the corresponding decay length given by

τ (χ̃0
1 → γ ν + γ ν̄) � 106 cm

|λ233|2
(

1 GeV

mχ̃0
1

)3 ( mτ̃

6 TeV

)4
, (20)

which necessarily makes it long-lived.
If gravitino is the LSP (and a potential dark matter candidate), 

then there is another possible decay mode for the neutralino into 
gravitino and photon [82]:


(χ̃0
1 → γ G̃) � cos2 θw

48π M2
Pl

m3
χ̃0

1

x2
3/2

(
1 − x2

3/2

)3 (
1 + 3x2

3/2

)
, (21)

where x3/2 ≡ mG̃/mχ̃0
1

. However, this decay mode is suppressed by 
the square of the Planck mass MPl, and again, makes the neutralino 
very long-lived.

6. Conclusions

The RPV3 framework provides a compelling solution to the per-
sistent hints of lepton flavor universality violation. In this paper, 
we have proposed a new RPV3 solution to the muon (g − 2)-
anomaly using the λ233 coupling. This is consistent with the low-
energy flavor constraints and existing collider bounds. The scenario 
is also compatible with the R K (∗) and R D(∗) anomalies whether or 
not they survive in the end.8

For the scenario under consideration, we have constructed new 
LHC bounds, following an existing ATLAS multi-lepton analysis 
with the Run-2 data. We have also shown how the bounds would 
improve with a dedicated selection of only two muons as the light 
leptons. The HL-LHC prospects were also discussed in this context.

We found that under the current LHC data, the muon (g − 2)-
favored region survives only for mν̃τ � 400 GeV and λ233 � 2. 
Unlike our previous results for the λ232 �= 0 [30], where mν̃τ was 
required to be larger than � 650 GeV, our new scenario allows 
lighter sneutrinos. This is because the ̃ντ decays into a μτ -pair for 
λ233 �= 0 rather than a μμ pair for λ232 �= 0, and taus are more 
difficult than muons to identify experimentally.

The collider signal of μ+μ−τ+τ− that we analyzed here is a 
generic prediction of any BSM scenario trying to explain the muon 
(g − 2) via a tau-loop, either with or without chirality enhance-
ment. Therefore, the analysis presented here can be extended to 
all such models, although the specific details, such as the signal 
cross section or the (g − 2)-preferred range of model parameters, 
might be somewhat different.

We expect new results forthcoming from the Fermilab Muon 
(g − 2) experiment, as a lot more data has been accumulated since 
the first results were announced in 2021. Another muon (g − 2)

experiment with similar sensitivity but using a different technique 
is currently under construction at J-PARC [85]. On the theory front, 

8 The latest LHCb results [83,84] seem to indicate that the R K (∗) anomaly does 
not exist anymore.
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Fig. 5. Additional distributions that can be used in a dedicated analysis: (a) mmax
μτ , (b) mmin

μτ and (c) (mmax
μτ − mmin

μτ )/(mmax
μτ + mmin

μτ ). All of the selections of SR2loose
bveto-μμ

and SR2tight
bveto-μμ are implemented, as described in Table 1, beside the meff selection. Three signal points are presented by setting mν̃τ = 300 GeV and λ233 = 0.5, for three 

different choices of mχ̃0
1

: with a very small value (0 GeV), 100 GeV, and a very large value (∞).
more refined SM calculations for aμ are currently underway [86]. 
An independent measurement of the leading order hadronic con-
tribution to aμ has also been proposed from the MuonE experi-
ment at CERN [87], which is immune to any possible BSM con-
tamination [88,89]. All in all, it is very likely that the fate of the 
muon (g − 2) anomaly will be sealed beyond a reasonable doubt 
in the not-so-distant future. Our proposed collider signal will inde-
pendently test the BSM interpretation of the muon (g −2) anomaly 
in any model with lepton flavor violating μτ couplings. This may 
also have implications for lepton flavor universality tests in the B-
meson decays.
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Appendix A. Kinematic distributions

Additional kinematic observables can be used in order to en-
hance the sensitivity for a given model. For the RPV3 model con-
sidered in this work, we list a few of these and show the kinematic 
distributions of the signal (for three benchmark cases) and the SM 
backgrounds (shaded histograms) in Fig. 5. This is to emphasize 
the future potential of the μ+μ−τ+τ− channel at the HL-LHC. 
The variables considered here are:

• mmax
μτ : the maximum value of the invariant mass of a pair 

of a muon and the visible part of a hadronically decaying 
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tau-lepton, τ vis
had, with opposite charges.9 This observable is ex-

pected to peak close to the mass of the sneutrino for the 
signal.

• mmin
μτ : similar to the observable above, but with the minimum 

value instead.
• (mmax

μτ − mmin
μτ )/(mmax

μτ + mmin
μτ ): since the signal production in-

cludes two resonances with similar masses, we expect that the 
difference between the invariant masses of their decay prod-
ucts will be similar, different than the SM backgrounds.
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