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We analyze the lepton flavor violating process μ-e conversion in the framework of the minimal
R-symmetric supersymmetric standard model. The theoretical predictions are determined by considering
the experimental constraint on parameter δ12 from the lepton flavor violating decay μ → eγ. The predictions
for CRðμ − e; nucleusÞ in nuclei are not sensitive to tan β or mA and take values in a narrow region. The
numerical results show that γ penguins dominate the predictions on CRðμ − e; nucleusÞ, and the
contribution from Higgs penguins is insignificant. The Z penguins and box diagrams are less dominant
in the predictions on CRðμ − e; nucleusÞ in a large parameter region. For small squark mass parameter, the
contribution from box diagrams is comparable with dipole contribution from γ penguins. The theoretical
predictions on conversion rate CRðμ − e; nucleusÞ in an Al or Ti target can be enhanced close to the future
experimental sensitivities and are very promising to be observed in near future experiments.
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I. INTRODUCTION

Searching for lepton flavor violating (LFV) decays are of
great importance in probing new physics (NP) beyond the
StandardModel (SM) inwhich the theoretical predictions on
those LFV decays are suppressed by small masses of
neutrinos and far beyond the experimental accessibility.
There are many different ways to search LFV such as
μ → eγ, μ → 3e, μ-e conversion in nucleus, τ decays,
hadron decays, and so on. However, no LFV signals have
been observed in experiment up to now. The μ − e con-
version in nucleus is a process that muons are captured in a
target of atomic nucleus and form a muonic atom. Several
experiments have been built or planned to be built to search
for this process. Current limit on the μ-e conversion rate is
4.6 × 10−12 for a Ti target at TRIUMF [1], 4.3 × 10−12 for a
Ti target, and 7 × 10−13 for a Au target at SINDRUM-II
experiment [2]. In the future, this LFV process may be
observed by experimentswith improved sensitivity. A future
prospects of 10−13 for a C target or 10−14 for a SiC target

at DeeMe [3], 10−18 for a Ti target at PRISM [4], and
10−16–10−17 for anAl target atMu2e and COMET [5,6] will
be achieved, which will improve the current experimental
limits by several orders of magnitude.
The μ-e conversion rate has been calculated in the

literature for various extensions of the SM. Some seesaw
models with right-handed neutrinos [7–13], scalar triplets
[14–16], fermion singlet [17], and fermion triplets [18]
can have CRðμ − e; nucleusÞ close to the experimental
sensitivity. There are a few studies within models of non-
supersymmetry (SUSY), such as unparticle model [19,20],
littlest Higgs model [21,22], left-right symmetric models
[23], 331model [24], and so on. There are also a few studies
within models of SUSY, such as the minimal supersym-
metric Standard Model (MSSM) [25], R-parity violating
SUSY [26], low-scale seesaw models of minimal super-
gravity [27], a minimal supersymmetric extension of the SM
with local gauged B and L [28,29], the constrained minimal
supersymmetric Standard Model-seesaw [30], μνSSM [31],
and so on. μ-e conversion is particularly sensitive to Higgs
mediated LFV because it is not suppressed by small Yukawa
couplings as μ → eγ and μ → 3e, and Higgs-induced LFV
occurs in many NP models [32]. Some pedagogical intro-
ductions on the theoretical motivations for charged LFVand
the experimental aspects are provided in Ref. [33–35].
In this paper, we will study the LFV process μ-e

conversion in the minimal R-symmetric supersymmetric
standard model (MRSSM) [36]. The MRSSM has an
unbroken global Uð1ÞR symmetry and provides a new
solution to the supersymmetric flavor problem in MSSM.
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In this model, R-symmetry forbids Majorana gaugino
masses, μ term, A terms, and all left-right squark and slepton
mass mixings. The R-charged Higgs SUð2ÞL doublets R̂u

and R̂d are introduced in MRSSM to yield the Dirac mass
terms of higgsinos. Additional superfields Ŝ, T̂, and Ô are
introduced to yield Diracmass terms of gauginos. Studies on
phenomenology in theMRSSMcan be found in the literature
[37–55]. Similar to MSSM, the off-diagonal entries δij in
slepton mass matricesm2

l andm
2
r dominate the LFV process

μ-e conversion. Taking account of the constraints from
radiative decays μ → eγ on the off-diagonal parameters
δij, we explore the μ-e conversion rate as a function of
off-diagonal parameter δij and other model parameters.
The paper is organized as follows. In Sec. II, we present

the details of the MRSSM. All relevant mass matrices and
mixing matrices are provided. Feynman diagrams contrib-
uting to μ-e conversion in MRSSM are given at one loop
level. The μ-e conversion rate is computed in the effective
Lagrangian method, and notations and conventions for
effective operators and Wilson coefficients are also listed.
The numerical results are presented in Sec. III, and the
conclusion is drawn in Sec. IV.

II. MRSSM

In this section, we firstly provide a simple overview of
the MRSSM in order to fix the notations we use in this

paper. The MRSSM has the same gauge symmetry
SUð3ÞC × SUð2ÞL ×Uð1ÞY as the SM and MSSM. The
spectrum of fields in the MRSSM contains the standard
MSSM matter, Higgs, and gauge superfields augmented by
chiral adjoints Ô; T̂; Ŝ and two R-Higgs iso-doublets. The
general form of the superpotential of the MRSSM is given
by [37]

WMRSSM ¼ μdðR̂dĤdÞ þ μuðR̂uĤuÞ þ ΛdðR̂dT̂ÞĤd

þ ΛuðR̂uT̂ÞĤu þ λdŜðR̂dĤdÞ þ λuŜðR̂uĤuÞ
− Ydd̂ðq̂ĤdÞ − Yeêðl̂ĤdÞ þ Yuûðq̂ĤuÞ; ð1Þ

where Ĥu and Ĥd are the MSSM-like Higgs weak iso-
doublets, R̂u and R̂d are the R-charged Higgs SUð2ÞL
doublets, and the corresponding Dirac higgsino mass
parameters are denoted as μu and μd. Although R-symmetry
forbids the μ terms of the MSSM, the bilinear combinations
of the normal Higgs SUð2ÞL doublets Ĥu and Ĥd with the
Higgs SUð2ÞL doublets R̂u and R̂d are allowed in Eq. (1).
Parameters λu, λd, Λu, and Λd are Yukawa-like trilinear
terms involving the singlet Ŝ and the triplet T̂. For our
phenomenological studies we take the soft-breaking terms
involving scalar mass that have been considered in [39]

VSB;S ¼ m2
Hd
ðjH0

dj2 þ jH−
d j2Þ þm2

Hu
ðjH0

uj2 þ jHþ
u j2Þ þ ðBμðH−

dH
þ
u −H0

dH
0
uÞ þ H:c:Þ

þm2
Rd
ðjR0

dj2 þ jRþ
d j2Þ þm2

Ru
ðjR0

uj2 þ jR−
u j2Þ þm2

TðjT0j2 þ jT−j2 þ jTþj2Þ
þm2

SjSj2 þm2
OjO2j þ d̃�L;im2

q;ijd̃L;j þ d̃�R;im2
d;ijd̃R;j þ ũ�L;im

2
q;ijũL;j

þ ũ�R;im
2
u;ijũR;j þ ẽ�L;im

2
l;ijẽL;j þ ẽ�R;im

2
r;ijẽR;j þ ν̃�L;im

2
l;ijν̃L;j: ð2Þ

All trilinear scalar couplings involving Higgs bosons
to squarks and sleptons are forbidden in Eq. (2) because
the sfermions have an R-charge and these terms are
non-R invariant, and this relaxes the flavor problem
of the MSSM [36]. The Dirac nature is a manifest feature
of MRSSM fermions and the soft-breaking Dirac mass
terms of the singlet Ŝ, triplet T̂, and octet Ô take the
form as

VSB;DG ¼ MB
DB̃ S̃þMW

DW̃
aT̃a þMO

Dg̃ ÕþH:c:; ð3Þ

where B̃, W̃, and g̃ are usually MSSM Weyl fermions.
R-Higgs bosons do not develop vacuum expectation
values since they carry R-charge 2. After electroweak
symmetry breaking the singlet and triplet vacuum expect-
ation values effectively modify the μu and μd, and the
modified μi parameters are given by

μeff;þd ¼ 1

2
ΛdvT þ 1ffiffiffi

2
p λdvS þ μd;

μeff;−u ¼ −
1

2
ΛuvT þ 1ffiffiffi

2
p λuvS þ μu:

The vT and vS are vacuum expectation values of T̂ and Ŝ
which carry R-charge zero.
In the weak basis ðσd; σu; σS; σTÞ, the pseudoscalar

Higgs boson mass matrix and the diagonalization pro-
cedure are

MA0 ¼

0
BBBBBB@

Bμ
vu
vd

Bμ 0 0

Bμ Bμ
vd
vu

0 0

0 0 m2
S þ λ2dv

2
dþλ2uv2u
2

λdΛdv2d−λuΛuv2u
2
ffiffi
2

p

0 0
λdΛdv2d−λuΛuv2u

2
ffiffi
2

p m2
T þ Λ2

dv
2
dþΛ2

uv2u
4

1
CCCCCCA
;

ZAMA0ðZAÞ† ¼Mdiag
A0 : ð4Þ
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In the weak basis ðϕd;ϕu;ϕS;ϕTÞ, the scalar Higgs boson mass matrix and the diagonalization procedure are

Mh ¼
�
M11 MT

21

M21 M22

�
; ZhMhðZhÞ† ¼ Mdiag

h ; ð5Þ

where the submatrices (cβ ¼ cos β, sβ ¼ sin β) are

M11 ¼
� m2

Zc
2
β þm2

As
2
β −ðm2

Z þm2
AÞsβcβ

−ðm2
Z þm2

AÞsβcβ m2
Zs

2
β þm2

Ac
2
β

�
;

M21 ¼
�
vdð

ffiffiffi
2

p
λdμ

eff;þ
d − g1MD

B Þ vuð
ffiffiffi
2

p
λuμ

eff;−
u þ g1MD

B Þ
vdðΛdμ

eff;þ
d þ g2MD

WÞ −vuðΛuμ
eff;1
u þ g2MD

WÞ

�
;

M22 ¼

0
B@ 4ðMD

B Þ2 þm2
S þ λ2dv

2
dþλ2uv2u
2

λdΛdv2d−λuΛuv2u
2
ffiffi
2

p

λdΛdv2d−λuΛuv2u
2
ffiffi
2

p 4ðMD
WÞ2 þm2

T þ Λ2
dv

2
dþΛ2

uv2u
4

1
CA:

The number of neutralino degrees of freedom
in MRSSM is doubled compared to MSSM as the neu-
tralinos are Dirac type. In the weak basis of four neutral
electroweak two-component fermions ξi ¼ ðB̃; W̃0; R̃0

d; R̃
0
uÞ

with R-charge 1 and four neutral electroweak two-
component fermions ςi¼ðS̃;T̃0;H̃0

d;H̃
0
uÞ with R-charge -1,

the neutralino mass matrix and the diagonalization pro-
cedure are

mχ0 ¼

0
BBBBB@

MB
D 0 − 1

2
g1vd 1

2
g1vu

0 MW
D

1
2
g2vd − 1

2
g2vu

− 1ffiffi
2

p λdvd − 1
2
Λdvd −μeff;þd 0

1ffiffi
2

p λuvu − 1
2
Λuvu 0 μeff;−u

1
CCCCCA;

ðN1Þ�mχ0ðN2Þ† ¼ mdiag
χ0

: ð6Þ

The mass eigenstates κi and φi, and physical four-
component Dirac neutralinos are

ξi ¼
X4
j¼1

ðN1
jiÞ�κj; ςi ¼

X4
j¼1

ðN2
ijÞ�φj; χ0i ¼

�
κi

φ�
i

�
:

The number of chargino degrees of freedom in the
MRSSM is also doubled compared to MSSM and these
charginos can be grouped to two separated chargino sectors
according to their R-charge. The χ�-charginos sector has
R-charge 1 electric charge; the ρ-charginos sector has
R-charge −1 electric charge. In the basis ξþi ¼ ðW̃þ; R̃þ

d Þ
and ς−i ¼ ðT̃−; H̃−

d Þ, the χ�-charginos mass matrix and the
diagonalization procedure are

mχ� ¼
 
g2vT þMW

D
1ffiffi
2

p Λdvd
1ffiffi
2

p g2vd − 1
2
ΛdvT þ 1ffiffi

2
p λdvS þ μd

!
;

ðU1Þ�mχ�ðV1Þ† ¼ mdiag
χ� : ð7Þ

The mass eigenstates λ�i and physical four-component
Dirac charginos are

ξþi ¼
X2
j¼1

ðV1
ijÞ�λþj ; ς−i ¼

X2
j¼1

ðU1
jiÞ�λ−j ; χ�i ¼

�
λþi
λ−�i

�
:

Here, we do not discuss the ρ-charginos sector in detail since
it does not contribute to μ-e conversion. More information
about the ρ-charginos can be found in Refs. [39,41,43,53].
In MRSSM the LFV decays mainly originate from the

potential misalignment in sleptons mass matrices. In the
gauge eigenstate basis ν̃iL, the sneutrino mass matrix and
the diagonalization procedure are

m2
ν̃ ¼ m2

l þ
1

8
ðg21 þ g22Þðv2d − v2uÞ þ g2vTMW

D − g1vSMB
D;

ZVm2
ν̃ðZVÞ† ¼ m2;diag

ν̃ ; ð8Þ
where the last two terms in mass matrix are newly
introduced by MRSSM. The slepton mass matrix and
the diagonalization procedure are

m2
ẽ ¼
�ðm2

ẽÞLL 0

0 ðm2
ẽÞRR

�
; ZEm2

ẽðZEÞ†¼m2;diag
ẽ ;

ðm2
ẽÞLL ¼m2

l þ
1

2
v2djYej2þ

1

8
ðg21−g22Þðv2d−v2uÞ

−g1vSMB
D−g2vTMW

D ;

ðm2
ẽÞRR ¼m2

r þ
1

2
v2djYej2þ

1

4
g21ðv2u−v2dÞþ2g1vSMB

D: ð9Þ
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The sources of LFV are the off-diagonal entries of the
3 × 3 soft supersymmetry breaking matrices m2

l and m2
r in

Eqs. (8) and (9). From Eq. (9) we can see that the left-right
slepton mass mixing is absent in the MRSSM, whereas the
A terms are present in the MSSM.
The mass matrix for up squarks and down squarks, and

the relevant diagonalization procedure are

m2
ũ ¼

� ðm2
ũÞLL 0

0 ðm2
ũÞRR

�
; ZUm2

ũðZUÞ† ¼m2;diag
ũ ;

m2
d̃
¼
� ðm2

d̃
ÞLL 0

0 ðm2
d̃
ÞRR

�
; ZDm2

d̃
ðZDÞ† ¼m2;diag

d̃
;

ðm2
ũÞLL ¼m2

q̃ þ
1

2
v2ujYuj2 þ

1

24
ðg21 − 3g22Þðv2u − v2dÞ

þ 1

3
g1vSMB

D þ g2vTMW
D ;

ðm2
ũÞRR ¼m2

ũ þ
1

2
v2ujYuj2 þ

1

6
g21ðv2d − v2uÞ−

4

3
g1vSMB

D;

ðm2
d̃
ÞLL ¼m2

q̃ þ
1

2
v2djYdj2 þ

1

24
ðg21 þ 3g22Þðv2u − v2dÞ

þ 1

3
g1vSMB

D − g2vTMW
D ;

ðm2
d̃
ÞRR ¼m2

d̃
þ 1

2
v2djYdj2 þ

1

12
g21ðv2u − v2dÞ þ

2

3
g1vSMB

D:

ð10Þ
The MRSSM has been implemented in theMathematica

package SARAH [56–58], and we use the Feynman rules
generated with SARAH-4.14.3 in our work. In the
MRSSM, violating of lepton flavor arises at the one-loop
level. In the MRSSM, μ-e conversion is induced by the
Feynman diagrams given in Fig. 1. The various contribu-
tions to this process can be classified into Higgs penguins,
γ penguins, Z penguins, and box diagrams. In the
effective Lagrangian method, one can derive the effective
Lagrangian relevant for μ-e conversion as [59]

Leff ¼ el̄eγμðKL
1PL þ KR

1PRÞlμAμ

þ
XX;Y¼L;R

K¼S;V

BK
XY l̄eΓKPXlμd̄ΓKPYd

þ
XX;Y¼L;R

K¼S;V

CK
XY l̄eΓKPXlμūΓKPYuþ H:c: ð11Þ

The conversion rate CRðμ − e; nucleusÞ in nuclei can be
calculated by

CRðμ− e;nucleusÞ

¼
X
X¼L;R

peEem3
μG2

Fα
3Z4

effF
2
p

8π2ZΓcapt

× jðZþNÞðgð0ÞXV þ gð0ÞXSÞ þ ðZ−NÞðgð1ÞXV þ gð1ÞXSÞj2: ð12Þ

Here pe and Ee (∼mμ in the numerical evaluation) are the
momentum and energy of the electron. GF and α are the
Fermi constant and the fine structure constant, respectively.
Zeff is the effective atomic charge. Z and N are the number
of protons and neutrons in the nucleus. Fp is the nuclear
form factor, and Γcapt is the total muon capture rate. The
values of Zeff , Fp and Γcapt that will be used in the
phenomenological analysis below are given in Table. I.

At the quark level, the gðiÞXK factors (with i ¼ 0,1, X ¼ L, R,
and K ¼ S, V) can be written as combinations of effective
couplings

gðiÞXK ¼ 1

2

X
q¼u;d;s

ðgXKðqÞGðq;pÞ
K þ ð−1ÞigXKðqÞGðq;nÞ

K Þ:

The values of GK factors are Gðu;pÞ
S ¼ Gðd;nÞ

S ¼ 5.1,

Gðd;pÞ
S ¼ Gðu;nÞ

S ¼ 4.3, Gðs;pÞ
S ¼ Gðs;nÞ

S ¼ 2.5, Gðu;pÞ
V ¼

Gðd;nÞ
V ¼ 2, andGðd;pÞ

V ¼ Gðu;nÞ
V ¼ 1. The gXKðqÞ coefficients

can be written as combinations of Wilson coefficients

gLVðqÞ ¼
ffiffiffi
2

p

GF

�
e2QqðKL

1 − KR
2 Þ −

1

2
ðCVLL

llqq þ CVLR
llqq Þ

�
;

gLSðqÞ ¼ −
ffiffiffi
2

p

2GF
ðCSLL

llqq þ CSLR
llqq Þ;

where Qq are the electric charge of quarks, CSLL
llqq

equals BK
XY ðCK

XYÞ for d-quarks (u-quarks), gRVðqÞ ¼
gLVðqÞjL → R, and gRSðqÞ ¼ gLSðqÞjL → R.

III. NUMERICAL ANALYSIS

We now turn to the numerical analysis of the one-loop
corrections to μ-e conversion in nuclei in the MRSSM by
using the full evaluation within the framework of SARAH-
4.14.3 [56–58] and SPheno-4.0.4 [60,61]. The computation
is done in a low scale version of SPheno and all free
parameters are given at the SUSY scale. The experimental
values of the Higgs mass and W boson mass can impose
stringent and nontrivial constraints on the model parame-
ters. The one-loop and leading two-loop corrections to the
lightest (SM-like) Higgs boson in the MRSSM have been
computed in Ref. [39] and several sets of benchmark points
are given. These benchmark points make it possible to
accommodate a proper Higgs boson mass of around
125 GeV in MRSSM. The Higgs sector of the benchmark
points is checked against existing experimental data using
HiggsBounds and HiggsSignals and the Higgs potential of
the MRSSM is checked for possible presence of deeper
minima in the parameter space. There are also other
restrictions. The W boson mass is found in agreement
with the experimental value from combined LEP and
Tevatron, and low energy B meson physics observables
are found in agreement with measurements. All benchmark
points are allowed by the fits to electroweak precision
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parameters S, T, and U. The particle mass spectra are also
shown as well as the effective couplings of the lightest
Higgs particle to the gauge boson and fermion pairs at
leading order. A better agreement with the latest exper-
imental value for the W boson mass has been investigated
in Ref. [42]. It combines all numerically relevant contri-
butions that are known in the SM in a consistent way with
all MRSSM one-loop corrections. A set of updated bench-
mark points BMP1 is given in Ref. [42].
In the numerical analysis, we will use two sets of

benchmark points which are taken from the above refer-
ences and display them in Eq. (13) (BMP1) and Eq. (14)
(BMP2). All mass parameters in Eq. (13) and Eq. (14) are
in GeV or GeV2,

tan β ¼ 3; Bμ ¼ 5002; λd ¼ 1.0;

λu ¼ −0.8; Λd ¼ −1.2; Λu ¼ −1.1;

MB
D ¼ 550; MW

D ¼ 600; μd ¼ μu ¼ 500;

vS ¼ 5.9; vT ¼ −0.33;

ðm2
l Þ11 ¼ ðm2

l Þ22 ¼ ðm2
l Þ33 ¼ ðm2

rÞ11 ¼ ðm2
rÞ22

¼ ðm2
rÞ33 ¼ 10002;

ðm2
q̃Þ11 ¼ ðm2

ũÞ11 ¼ ðm2
d̃
Þ11 ¼ ðm2

q̃Þ22 ¼ ðm2
ũÞ22

¼ ðm2
d̃
Þ22 ¼ 25002;

ðm2
q̃Þ33 ¼ ðm2

ũÞ33 ¼ ðm2
d̃
Þ33 ¼ 10002; mT ¼ 3000;

mS ¼ 2000: ð13Þ

TABLE I. Effective atomic charges, nuclear form factors, and capture rates.

Nucleus A
ZN

27
13Al

48
22Ti

80
38Sb

121
51 Sr

197
79 Au

208
82 Pb

Zeff 11.5 17.6 25 29 33.5 34
Fp 0.64 0.54 0.39 0.32 0.16 0.15
Γcapt × 1018 0.464079 1.70422 4.61842 6.71711 8.59868 8.84868

FIG. 1. One loop Feynman diagrams contributing to μ-e conversion in MRSSM.
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tan β ¼ 10; Bμ ¼ 3002; λd ¼ 1.1;

λu ¼ −1.1; Λd ¼ −1.0; Λu ¼ −1.0;

MB
D ¼ 1000; MW

D ¼ 500; μd ¼ μu ¼ 400;

vS ¼ 1.3; vT ¼ −0.19;

ðm2
l Þ11 ¼ ðm2

l Þ22 ¼ ðm2
l Þ33 ¼ ðm2

rÞ11 ¼ ðm2
rÞ22 ¼ ðm2

rÞ33
¼ 10002;

ðm2
q̃Þ11 ¼ ðm2

ũÞ11 ¼ ðm2
d̃
Þ11 ¼ ðm2

q̃Þ22 ¼ ðm2
ũÞ22 ¼ ðm2

d̃
Þ22

¼ 25002;

ðm2
q̃Þ33 ¼ ðm2

ũÞ33 ¼ ðm2
d̃
Þ33 ¼ 10002; mT ¼ 3000;

mS ¼ 2000: ð14Þ

In the following numerical analysis, the values in
Eqs. (13) and (14) will be used as the default. Note that,
the off-diagonal entries of squark mass matricesm2

q̃,m
2
ũ,m

2
d̃

and slepton mass matrices m2
l , m

2
r in Eqs. (13) and (14) are

zero, i.e., the flavor mixing of the squark and slepton is
absent. Similarly to most supersymmetry models, the LFV
processes in the MRSSM originate from the off-diagonal
entries of the soft-breaking terms m2

l and m2
r , which are

parametrized by mass insertion

ðm2
l ÞIJ ¼ δIJl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

l ÞIIðm2
l ÞJJ

q
;

ðm2
rÞIJ ¼ δIJr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

rÞIIðm2
rÞJJ

q
; ð15Þ

where I; J ¼ 1, 2, 3. To decrease the number of free
parameters involved in our calculation, we assume that
the off-diagonal entries of m2

l and m
2
r in Eq. (15) are equal,

i.e., δIJl ¼ δIJr ¼ δIJ.

The experimental limits on LFV decays, such as radi-
ative two body decays l2 → l1γ and leptonic three body
decays l2 → 3l1, can give strong constraints on the param-
eters δIJ. In the following, we will use LFV decays μ → eγ
to constrain the parameters δ12 which was discussed in
Ref. [54]. It is noted that δ23 and δ13 have been set zero in
the following discussion since they have no effect on the
predictions of CRðμ − e; nucleusÞ. The current limit of
LFV decays μ → eγ is BRðμ → eγÞ < 4.2 × 10−13 from
MEG experiment (MEG) [62] and new sensitivity for this
decay channel in the future projects will be BRðμ → eγÞ ∼
6 × 10−14 from MEG II [63].
In Fig. 2 the predictions for BRðμ→eγÞ and CRðμ−e;

nucleusÞ for Al, Ti, Sr, Sb, Au, and Pb are shown as a
function of mass insertion parameter δ12 with BMP1 (a)
and BMP2 (b). The prediction for BRðμ → eγÞ exceeds the
future experiment sensitivity at δ12 ∼ 0.001. In a recent
work, Ref. [54], the analytical computation and discussion
of BRðμ → eγÞ in the MRSSM was performed. The valid
region for δ12 calculated in Ref. [54] with theMathematica
package Package-X is compatible with that in this work
calculated with SARAH and SPheno. We clearly see that
both the predictions for BRðμ → eγÞ and CRðμ − e;
nucleusÞ in nuclei are sensitive to δ12, and they increase
along with the increase of δ12 which has the same behavior
as those in most SUSY models (see e.g., [64]). At
δ12 ∼ 0.001, the prediction on BRðμ → eγÞ is very close
to the current experimental limit, and the predictions on
CRðμ − e; nucleusÞ are around 10−15–10−16 which are 2
orders of magnitude below current experimental limits. The
predicted CRðμ − e;TiÞ is around 10−15 and this is 3 orders
of magnitude above future experimental sensitivity [4]. The
predicted CRðμ − e;AlÞ is around 10−16 and this is in the
region of the future experimental sensitivity [5,6]. In Fig. 2,

(a) (b)

FIG. 2. Dependence of BRðμ → eγÞ and CRðμ − e; nucleusÞ on the logarithm of mass insertion parameter δ12 to the base 10. All other
parameters are set to the values of benchmark points BMP1 (a) and BMP2 (b).
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the predicted CRðμ − e; nucleusÞ with BMP1 are higher
than those with BMP2, and this is because of a larger tan β
and a smaller MW

D in BMP2 than those in BMP1.
As shown in Fig. 2, the predicted CRðμ − e; nucleusÞ in

various nuclei are very close to each other. A lower
CRðμ − e;AlÞ together with an upper CRðμ − e; SbÞ is
predicted within the same parameter space for BMP1 and
BMP2, respectively. It is compatible with the result in
Ref. [65] which indicates the CRðμ − e; nucleusÞ increases
for a light nucleus up to the atomic number Z < 30, is
largest for Z ¼ 30–60, and becomes smaller for a heavy
nucleus with Z > 60. In the following we will display the
predicted CRðμ − e; nucleusÞ in one nucleus with δ12 ¼
0.001 in each plot and the predicted BRðμ → eγÞ for all
points in each plot satisfy the current experimental bound.

In Fig. 3 the predictions for CRðμ − e; nucleusÞ are
shown as a function of tan β and mA. This is realized by
varying parameter Bμ which is related to mA through the

equation m2
A ¼ 2Bμ

sin 2β. We clearly see that the predictions for
CRðμ − e; nucleusÞ grow as tan β or mA grows. The
predictions for CRðμ − e; nucleusÞ in nuclei are not sensi-
tive to tan β or mA and take values in a narrow region.
This is a striking difference to some SUSY models
[28,29,31,43]. Due to the existence of the transition from
d-Higgsino to u-Higgsino in the MSSM, which is governed
by the μ term, the well-known tan β enhancement is
possible. A well-established way to understand the tan β
enhancement is provided by mass-insertion diagrams
involving insertions of the μ parameter and Majorana
gaugino masses. However, the μ term and Majorana

(a) (b)

(c) (d)

FIG. 3. Dependence of CRðμ − e; nucleusÞ on tan β andmA. All other parameters are set to the values of benchmark points BMP1 (top
row) and BMP2 (bottom row).
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gaugino masses are forbidden in the MRSSM and this leads
to the result that CRðμ − e; nucleusÞ are not enhanced
by tan β.
The predictions for CRðμ − e; nucleusÞ in Al and Sb are

shown in Fig. 4 as a function of the squark mass parameter
mQ and the slepton mass parameter mL. Here, mL¼ffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

l Þ11
q

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

l Þ22
q

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

l Þ33
q

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

rÞ11
p

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

rÞ22
p

¼ffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

rÞ33
p

and mQ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

q̃Þ11
q

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

ũÞ11
p

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

d̃
Þ11

q
¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðm2
q̃Þ22

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

ũÞ22
p

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

d̃
Þ22

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

q̃Þ33
q

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

ũÞ33
p

¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

d̃
Þ33

q
. We clearly see that the predictions for

CRðμ − e; nucleusÞ in nuclei are sensitive to mQ and mL,

and they decrease along with the increase of mQ and mL
which is described as a baseline behavior as those in
Refs. [43,64]. In a wide region of mL and mQ, the predicted
CRðμ − e;TiÞ is around 10−16 and this is still 2 orders
of magnitude above future experimental sensitivity [4],
and the predicted CRðμ − e;AlÞ is below 10−16 and this is
in the region of the future experimental sensitivity [5,6].
Only the contribution from box diagrams for CRðμ − e;
nucleusÞ depend on the squark masses. This means the
contribution from box diagrams is comparable with other
diagrams.
It is noted that the predictions for CRðμ − e; nucleusÞ in

nuclei show a weak dependence on the wino-triplino mass
parameter MW

D , and they decrease slowly along with the

(a) (b)

(c) (d)

FIG. 4. Dependence of CRðμ − e; nucleusÞ on squark mass parameter mQ and slepton mass parameter mL. All other parameters are
set to the values of benchmark points BMP1 (top row) and BMP2 (bottom row), and all mass parameters are in TeV.
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increase of MW
D . However, the valid region of MW

D is
constrained by the boundary conditions at the unification
scale, and unphysical masses of neutral Higgs and charged
Higgs are obtained when MW

D above several TeV. We are
also interested in the effects from other parameters on the
predictions of CRðμ − e; nucleusÞ in the MRSSM such as
MB

D, λd, λu, Λd, Λu,μd, and μu. By scanning over these
parameters, the results show these parameters are also
constrained in a narrow band and the predictions for
CRðμ − e; nucleusÞ take values along a narrow region.
In Fig. 5, we show the predictions on CRðμ − e;AlÞ as a

function of tan β with benchmark points BMP1 (a) and
BMP2 (b) but independently considering the contributions
from each diagram, and the values of CRðμ − e;AlÞ are
given by only the listed contribution with all others set to
zero. The range of input parameters for the numerical scan
is given in Eq. (16). All other parameters are set to the
values of benchmark points BMP1 (a) and BMP2 (b),

3< tanβ< 40; 300GeV<MW
D ; MB

D < 1000GeV;

9×104 GeV2 <Bμ < 106 GeV2; 1000GeV<mL;

mQ< 3000GeV: ð16Þ

We observe that the dipole contributions AL=R
2 from γ

penguins dominate the predictions on CRðμ − e;AlÞ simi-
lar to the case in some SUSY models (see e.g., [30]). The
contributions from Higgs penguins is negligible. In the
supersymmetric seesaw model, LFV in the Higgs coupling
originates from the nonholomorphic correction to the
Yukawa interactions of the charged leptons [66] which
involves the gaugino and Higgsino mass parameters.
However, these parameters are absent in the MRSSM.
Thus the Higgs-exchange diagrams play a different role in

the MRSSM from that in other SUSY models [25]. The
predicted CRðμ − e;AlÞ of Higgs penguins would be even
smaller when MW

D is close to the boundary conditions.
The nondipole contributions AL=R

1 from γ penguins and
the contributions from Z penguins and box diagrams are
less dominant in a large parameter region. In the MSSM,
for a small ratio of wino mass to slepton mass, the predicted
CRðμ − e; nucleusÞ is dominated by the dipole contribu-
tions [67]. There is a simple relation between the CRðμ − e;
nucleusÞ and BRðμ → eγÞ. Given the future experimental
improvements on measuring both CRðμ − e; nucleusÞ and
BRðμ → eγÞ, μ-e conversion can impose limits on LFV
insertions comparable to those from μ → eγ. The nondipole
contributions from γ=Z penguins dominate the predictions
on CRðμ − e; nucleusÞ for a small ratio of a common
mass to slepton mass. In the MRSSM, the predicted
CRðμ − e;AlÞ of box diagrams can reach similar magni-
tudes as those from the dipole contributions of γ penguins
when mQ ∼ 1 TeV, or similar magnitudes as those from
Z penguins or nondipole contributions of γ penguins
when mQ ∼ 3 TeV. Thus, by considering the contributions
form nondipole diagrams, the predicted CRðμ − e;
nucleusÞ could be increased even larger than the predicted
BRðμ → eγÞ (see e.g., [27]). This makes it possible to
observe μ-e conversion in experiment while no signals of
μ → eγ or μ → 3e are obtained [26].

IV. CONCLUSIONS

In this work, taking into account the constraints from
μ → eγ on the parameter space, we analyze the LFV
process CRðμ − e; nucleusÞ in the framework of the min-
imal R-symmetric supersymmetric standard model. In this
model, R-symmetry forbids Majorana gaugino masses, μ
term, A terms, and all left-right squark and slepton mass

(a) (b)

FIG. 5. Contributions from γ dipole (blue dot), γ nondipole (orange square), Z penguins (green diamond), box diagrams (brown
triangle), and Higgs penguins (purple inverted triangle) and to CRðμ − e;AlÞ as a function of tan β. All other parameters are set to the
values of benchmark points BMP1 (a) and BMP2 (b).
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mixings. Due to the absence of a μ term and Majorana
gaugino masses, the predictions for CRðμ − e; nucleusÞ are
not enhanced by tan β. This is the main difference to
the MSSM.
Besides the constraints considered in Sec. III, restrictions

arising from the ATLAS and CMS searches for heavy
Higgs bosons in the ditau channel should also be consid-
ered. The effect of this collider search is to impose an upper
limit on tan β. The latest search for a scalar or pseudoscalar
decaying to a pair of taus with simplified exclusion like-
lihoods has been released by ATLAS by using 139 fb−1 of
integrated luminosity at 13 TeV [68]. This model inde-
pendent likelihood has been properly implemented in the
new version of HiggsBounds-5 [69]. We would like to
postpone this work to our next article which analyzes the
LFV decays of SM-like Higgs in the MRSSM. The change
of mA has a small effect on predictions of BRðμ → eγÞ and
CRðμ − e; nucleusÞ for small tan β as shown in Fig. 3.
For large tan β, the effect of mA on the predictions for
CRðμ − e; nucleusÞ is also small and the latter take values
along a narrow region. In Ref. [68] values of tan β > 8 and
tan β > 21 are excluded at the 95% confidence level for
mA ¼ 1.0 TeV and mA ¼ 1.5 TeV in the M125

h scenario of
the MSSM, respectively. In the MRSSM, corresponding to
tan β ¼ 3 and tan β ¼ 10, the default values of mA are

mA ¼ 0.912 TeV and mA ¼ 0.953 TeV for BMP1 in
Eq. (13) and BMP2 in Eq. (14), respectively.
In the MRSSM, the theoretical predictions on CRðμ − e;

nucleusÞ mainly depend on the mass insertion δ12. The
predictions on CRðμ − e; nucleusÞwould be zero if δ12 ¼ 0
is assumed. Taking into account the experimental bounds
on radiative decays μ → eγ, the values of δ12 are con-
strained around 0.001. Assuming δ12 ¼ 0.001 and other
parameter settings in Eq. (13), the predictions on CRðμ − e;
nucleusÞ are at the level of Oð10−15–10−16Þ, which are
2 or 3 orders of magnitude above the future experimental
prospects for an Al or Ti target. Thus, the LFV processes
μ-e conversion in Al and Ti are very promising to be
observed in near future experiments.
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