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Abstract: In this study, we analyze the rare decays of the neutral vector mesons J/i and Y(nS) in the scenario of

the minimal R-symmetric supersymmetric standard model using the effective Lagrangian method. The predicted

branching ratios are dominated by the mass insertion parameters 6V, i.e., the off-diagonal inputs, and the contribu-

tions of different parts are comparable. Taking into account the experimental constraints on the mass insertion para-

meters, the predicted branching ratios for the most promising processes T(nS) — [T are ten orders of magnitude

smaller than the present experimental bounds.
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I. INTRODUCTION

It is well known that lepton flavor violating (LFV) de-
cays, such as [} - by, [} —3hL, u—e conversion,
h— I, and T — PI;, are strongly suppressed by small
masses of neutrinos in the standard model (SM), in which
the neutrino oscillations (the masses and the mixing) are
accommodated. In the SM with three massive neutrinos,
the predicted branching ratios (BRs) of the LFV decays
of the vector meson ¥ are under10~° [1], and this is far
below the current experimental sentivity. Nevertheless, in
many new physics scenarios beyond the SM, the branch-
ing ratios of the LFV decays can be adjusted to be within
the current experimental range; this is the case for the
grand unified models [2—4], the two Higgs doublet mod-
els [5], the supersymmetric models [6], and the left-right
symmetry models [7—9]. The results show that, in vari-
ous SM extensions, the predicted BR(V — [;;) can be
within the range of the current or future experiments [1,
10—15]. The LFV decays of neutral vector mesons can
also be studied in a model-independent manner [16—22],

which can be used to obtain the constraints on the Wilson
coefficients.

Using a sample of about 10 billion J/y events collec-
ted by the BESIII detector [23, 24], the BESIII collabora-
tion reported their results for the LFV decays of J/y. The
upper limits on BR(J/¢ — ey) and BR(J/¢ — er) were
45%x10™ and 7.5x107% at the 90% confidence level
(CL), improving over the previous limits by one and two
orders of magnitude [25, 26], respectively. Using the col-
lected 158 million Y(2S) events, the LFV decays of the
neutral vector meson Y(1S) have been detected at the
Belle detector at the KEKB e*e™ collider [27]. The estim-
ated upper limit on the BR of (1S) — u7 was 2.7x 1076,
which is 2.3 times more stringent than the previous result
[28]. The Belle collaboration also performed the first
search for Y(1S) — eu and Y(1S) — er and the estimated
upper limits were 3.9x 1077 and 2.7 x 107, respectively.
Using 118 million T(3S) samples collected by the
BABAR detector at the PEP-II collider at SLAC, the
BABAR collaboration set the upper limit on the LFV de-
cay BR("(3S) — eu) at 3.6 x 1077, at the 90% CL [29]. In
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Table 1, we provide a summary of the current limits on
the LFV decays of the neutral vector meson V' (V = J/y,
T(nS), $)-

In the present work, we analyze the LFV decays
V — Il in a model that contains the continuous R-sym-
metry [32, 33] and is called the minimal R-symmetric su-
persymmetric standard model (MRSSM) [34]. The gauge
symmetry of the MRSSM is the same as those of the SM
and MSSM. R-symmetry forbids Majorana gaugino
masses, and the MRSSM contains Dirac gauginos and the
gauge/gaugino sector is an N = 2 supersymmetric theory.
In the MRSSM, the u term, A terms and the left-right
mixings in the squark and slepton mass matrices, which
usually exist in the MSSM, are also absent. In the MSSM
there is a tanf-enhancement for the muon anomalous
magnetic dipole moment a, [35, 36] and a similar en-
hancement for the predictions of BR(u —ey) and
CR(u—e,nucleus) [37]. However, the tanf-enhancement
for these observables does not exist in the MRSSM since
there are no Majorana gaugino masses and no u term
[38]. The branching ratios of the LFV processes are af-
fected by the off-diagonal inputs of the matrices m? and
m?. Several references to the phenomenology of the
MRSSM are provided [38—56].

A brief introduction to the MRSSM is provided in
Sec. II, and the notation for the operators and their corres-
ponding Wilson coefficients are also given in that
section. The numerical comparison of the different mod-
els is described in Sec. III. Section IV lists our conclu-
sions.

II. THE MODEL

In this section, we firstly provide a simple introduc-
tion to the MRSSM. Similar to the SM and MSSM, the
gauge symmetry of the MRSSM is SU(3)¢c xSU(2).x
U(1)y. The spectrum of fields in the MRSSM contains
the standard MSSM matter, the Higgs and gauge super-
fields augmented by chiral adjoints $§, 7, O and two R-
Higgs iso-doublets. The R-charges of the superfields and
the corresponding bosonic and fermionic components in
the MRSSM are given in Table 2. The most general form
of the superpotential in the MRSSM takes the form of
Ref. [39]

Whirssm =AqRq-TH;+ AR, -TH,
+A8R;-Hy+ 48R, - A,
~Y,dg-Hy-Y.el-Hy
+Yuﬁf]-ﬁu+ude-I:Id+HuRu'ﬂu, (1)

where the dot '-' refers to an SU(2) contraction with the
Levi-Civita tensor, the MSSM-like Higgs weak iso-
doublets are H, and H,, the R-charged Higgs SU(2),
doublets are R, and R;, and y, and py stand for the Dir-
ac higgsino mass parameters. Y,, ¥, and Y, stand for the
Yukawa couplings of a charged lepton, up quarks and
down quarks, respectively. 4,4 and A,y stand for the
Yukawa-like trilinear terms that involve the singlet § and
triplet 7', and the triplet 7" takes the form of

Table 1. Current experimental limits on the LFV decays of neutral vector mesons.

Decay Limit Experiment Decay Limit Experiment
JIy — ep 45%107° BESIII (2022)[23] JIy — et 7.5%1078 BESIII (2021)[24]
JIy — ut 2.0%x10°° BES (2004)[26] T(1S) — eu 3.9% 1077 BELLE (2022)[27]

T(1S) > er 27%10-6 BELLE (2022)[27] T(1S) - pr 27%10-6 BELLE (2022)[27]

T(2S) — et 3.2x107°6 BABAR (2010)[30] T(2S) - ur 33x10°° BABAR (2010)[30]

T(3S) > eu 3.6x10~7 BABAR (2022)[29] T(3S) - ur 31%10-6 BABAR (2010)[30]

T3S) —er 42%107° BABAR (2010)[30] ¢ —eu 2%10°° SND (2010)[31]
Table 2. The field content of the MRSSM.

Field Superfield R-charge Boson R-charge Fermion R-charge
Gauge vector 8,W.B 0 &W.B 0 2.W,B +1
Ie +1 1,&, +1 Lej, 0
Mater g.d.i +1 G,diiy +1 qodisuy 0
H-Higgs Hy, 0 Hgy 0 Hyy -1
R-Higgs Ry +2 Rau +2 Rau +1
Adjoint chiral $,7,0 0 S,7,0 0 S.T,0 -1
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For the phenomenological studies, we take the soft
breaking scalar mass terms [39]

Vsss =(Bu(Hy H} — HYHY) + h.c.)
+m3y (HOP +H; 1) + iy ((HOP +|H7 )
+mF(T°P +|T +|T*)
+my (RO + R, [*) +my (IRY” + R} )
B+ T+ 2 d
+ ‘z;,imczl,ijCZR,j + Vi,im%ijﬂL,j

5 2 5 5 2 5 21¢2 2 2
+ ez’l’ml,ijeL’j + e;}’imr,ijER’j + ms |S | + m0|0| . (2)

Due to the R-symmetry, the trilinear terms that contain
the interaction between the slepton/squark and the Higgs
boson are absent. The couplings involving the auxiliary
D-fields to the adjoint scalars and the Dirac gaugino mass
terms are included in the soft break terms, given by

Vsg.p =M} (WT - N2D5,T*) + M§ (50 — V2010
+MB(BS - \2DpS)+h.c.,
(3)

where W, g , and B are the Weyl fermions, and M)} ,M§ ,
and M8 stand for the masses of wino, gluino, and bino,
respectively [39].

Because neutralinos are Dirac-type, the number of
neutralinos in the MRSSM is two times higher than that
in the MSSM. The neutralino mass matrix can be diagon-
alized by the two unitary matrices N' and N2, which are
given by [39]

1 1
M3 0 ~581Va 581V
1 1
0 My 782V 58V
nyo = 1 1 ot )
——Agvg  —=Agva —ust 0
A
% Ay - E Ayvy 0 ,uzﬂr’i

- 1 1
M?,E}ﬂ =% EAlu,d}VT + %/l{u,d}vS + Hu,dy»
di «
my'® =(N')'my(N?)',
“
where g; stands for the coupling constant for the U(1)y

sector, g, stands for the coupling constant for the SU(2),,
sector, v, stands for the nonzero vacuum expectation

value (vev) of the up-type Higgs doublet, v, stands for
the vev of the down-type Higgs doublet, and the ratio
tanﬂ=&.
Vd

In light of the R-charge, each chargino can be separ-
ated into two parts: the y-chargino (R-charge 1) and the p-
chargino (R-charge -1). Thus, the number of charginos in
the MRSSM is two times higher than that in the MSSM.
It is noted that the p-chargino part has no effect on the
LFV decays and we do not refer to this part in this paper.
The y-chargino mass matrix can be diagonalized by the
two unitary matrices U' and V!, which are given by [39]

1
MY +gvr  —=Agva
m,. = V2
X 1 eff,_ s
—= 27V
\/582 d M4
m =(U) my. (V)T 5)

As mentioned above, the off-diagonal terms of the
slepton mass matrix are zero where the ¢ and 4 terms ex-
ist in the MSSM. The slepton/sneutrino mass matrix can
be diagonalized by the unitary matrices Z€ and ZV, re-
spectively, which are given by [38]

(mHLL 0
0 (m2rr )

1
g(g% +82)(Vi—v2) + gvr M)} — g1vs MB +mj,

m

N

m;
2 diag _ E_ 2/ 5E\t
m; =Z"mz(Z")',

my e =2V 2", (©)
where

1
(M) =g (81 - €)(g =) = q1vs Mp
1
—gvr M)y + EVL21|YE|2 +m}

1 v
(mg)rw = €107, = Vi) + 281vs M+ LYol + iy

Compared with the MSSM, the last two terms in the
sneutrino mass matrix are added in the MRSSM.

The off-diagonal terms of the up/down squark mass
matrix are zero. The mass matrix for up/down squarks

can be diagonalized by the unitary matrices ZU and ZP,
respectively, which are given by [38]
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o [ mprL 0
m; = ,
0 (m2)rr

= m3 0
¢ 0  (mdee )

2diag _ U 2 U\t
m; =Z"my(Z")',

2diag _—»D_ 2 ,~>D\t
where
2 L 22 a1 B
(mz)rL =ﬁ(gl =3g5)(v,, —vy) + 381Vs My,

lovp, 2
SVl Yul™ +m3,

+ gszMg + >

1 4 1
(m3)kk =6g%(v§ —vi) - 381Vs M} + EvﬁIYu|2 +m2,

1 1
(me =57 (81 +38)(v, = vy) + 381vs Mp

Loy, 2
SvalYal” +mg,

—gvrMpy + >

1 2 2 2
*Vd|Yd| +mj.

2
Vi) + gglVSMg"' >

1
(m>)rr =§g%(v3 -

The explicit expressions of the Feynman rules
between fermions, sfermions, and neutralinos/charginos
are given as

—iL =&Y, 2} U PL— g2V Z PRI
+ (Y Z{3 ) U PRl di
— & V281285, ) NIt PL+ VNS ZES o PRI ek

~ eV N5 Z P~ %Zlﬁ*(&N}l + 8N ) Prlx ) e
22

'H/_li[TglN Zk(3+t)PL Yle(3+z)N '4PR]X?L~”€

\/E * * ] ~
- ﬁi[?(?’gzN]l'z +81N]1'1 VZj Pr+ Y;ZIEIJ'NJZ'4PR]X?CM"

22

- Ji[?glN Zk(3+1)PL + Y5Z123+i)N123PRLV?‘Zk
3 i * : \/z * - g
~dYNEZE P+ -2 (61N )y = 32N ) Pl dy

+di[Y U 524" PL— 2225V PRI .

®)

The explicit expressions of the Feynman rules between
photon/Z boson and neutralinos/charginos are given as

—iL=— /[0 Vi Vi

1 * *
+ 5 (826 = 8150V Vi) YuPL+ (8265 Ui Uy

1 .
+ 5 (820w = @150 UE Up)yuPrly; 2

glsw+82cw =0

S NN = NNg)yPL
+ (N5 N3 — N N7y PR )2

1 * *
—X7 15 Q825w Vi Vit + (8160 + 828wV 3 Vi) YuPr

1 .
+5Q828: Uil Uy,

+(g10w+ 825 Ub Vi) yu Prlx €
9)

It is noted that the Feynman rules between photon/Z bo-
son and sleptons/sneutrinos are the same as those in the
MSSM.

In the following we will discuss the LFV decays
V — I1l, in detail. The one-loop Feynman diagrams for
the LFV decays V — 1l in the MRSSM are shown in
Fig. 1. The analytical expression of the BR(V — [1l)is
given in terms of the Wilson coefficients using the effect-
ive Lagrangian method in which the general effective
Lagrangian for V — [,1, is expressed as [19]

— Lo =ma(Cipplyo* Prly + Cpi 1" Prly)Fy + hic.

+Z { CO Ty Prly+ CO Ty PLL ) Gyg

+ (CZIIQZAY”PR[Z + CZizlly“Ple)éwysq
l]Ple +C l]PRlz)qq
+m2quF (Cq . zlllez +CqI zllpRlz) qvsq

+ mquGF (qu Izlla'HVPle

+moym,Gr (C

+ C o Prly)gong +hee.), (10)

where the left/right chiral projection operator Pp g =
1 .
7(1 F7vs), Gr stands for the Fermi constant and m,, stands

for the mass of the quark ¢. Cli: ,pr 10 the first row in Eq.
(10) are the dipole Wilson coefficients and thus strongly
constrained by the radiative decays of the leptons (i.e.,
l1 = bLyy). The rest are the dimension six four-fermion
Lagrangian, where the Wilson coefficients contain the
contributions from the Z boson and the Higgs boson ex-
cluding the photon.

For the LFV decays V — [l,, the general expression
of the amplitude is rewritten as [19]
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Iy

£ (x% x%)

Fig. 1.

Cl.l2
AV = ) =a(po) (A F + By + L (p2 = po),
L1,
==L (p2 = p0y’ |up2)E (),
my

(11)

where my stands for the mass of the vector meson V,
€'(p) stands for the polarization vector, and p stands for
its momentum. The coefficients A%>, Bi:, Ci" | and DYt
are dimensionless and can be expressed in terms of the
Wilson coefficients in Eq. (10) together with the decay
constants. The coefficients in Eq. (11) are derived as [19]

2 h 1,1, L1,
AL = VAra Q2 (Chi + Clth) + kv (CLL= + €T
i alls | rahls
+2y va—Gpmvmq(CTL +Crr),

B = — VaraQ,yA(Clhi — Chik) — k(T — ity
-2y vac—Gpmvmq(C‘” = Cr),
Cyh = Varna Q,y(Cly; +Chr)

Iy abl , cal:
+ 2KV—Gpm2mq(C R )

The Feynman diagrams for V — [;1; in the MRSSM at the one-loop level.

Dy == VAraQ,y(Chj - Ch
f\; ql L, ql,l,
+2KVf—GFm2mq(CTL —-Crr?), (12)
Vv

where a stands for the fine structure constant, Q, stands

1
for the charge of the quark ¢, y = , and xy== for the
m

pure gg states. It is noted that, different from the defini-
tion of D"‘,lz in [19], the imaginary unit was not con-
sidered in this work. From Eq. (12) we see that the contri-
butions of the Higgs mediated self-energies and penguin
diagrams are nonexistent since these diagrams only con-
tribute to the Wilson coefficients corresponding to the
scalar and the pseudo-scalar operators in Eq. (10). The
contributions of the tensor operators can be neglected in
the MRSSM since the coefficients CquI“I/ZTR (correspond-
ing to the Feynman diagrams in Fig. 1) are computed as
zero. The definitions of the decay constant fi, and the
transverse decay constant f; are

(0|gy"q| V(p)) = fymve'(p),
(0|go*q| V(p)) =ify (¢'p" ~€'p"). (13)
In the following, we list the general expressions of the

Wilson coefficients, where F, S denote the fermion and
the scalar particle, respectively. The coefficients C{}ILZ for
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the self-energy diagrams in Fig. 1 are

LLZ
C“I/’ilz_CLi
2 2,2
(mj, —mj )my
2 ~FSI ~FS L 2 2
X (mj Cp " Cg” ™ B1(0,mgp, my)

FS1, ~FS Ly 2 2
—mympCr”" Cr"™*" Bo(0,mp,my)

(CI7 + i)

+my,my, CRNCES R By (0,m%,m3)
—mympCyhCrE R Bo(0,m%, m3)),
il — ZCIL'IZ _(CI 4 o)
(my, —my )mz
x (m} C* P Cy 3 By (0,m3,m3)
—my,mpCESE CESY By (0, m%, m2)
+mymy, CYSE*CESh B, (0,m%,m3)

FS L ~FSI 2 2
—mympCr™= Cp”" By(0,mg, my)),

with FS € {y%¢,x%e,x*%}. ge{c,s,b} depends on the
components of the vector mesons. CZ%,CJLF/SRZ' ,---, stand for
the interaction of g-g-Z,F-S-1;, etc. The coefficients Cl;

for the triangle diagrams in Fig. 1 are

Ghls _ 2 FS\ ~FSlk 8 S, Z 047, ~q4Z
CVL __ECL HCR 2 C 192 (CL +CR )
7

SV I
XCOO(mF,mSZ,mS]),
ahly _ V' FSL AFShe ~FFZopy o2 2 2
Cyp’ =—C " Cm 2 (CR " (By (i, m, , mis)
mz
SV T
- 2C00(mF2’ mg, , Mg )

FFZ~ 2 2 2 z z
-C;" CO(sz,mFl,mS)mFlmpz)(CZq +C;1eq ),

with  FS S, € (\y*#7, y%ee, y*ee) and F F,S € {}°\'e,
x%x%&, x*x*7). The coefficients Ch% for the triangle dia-

grams in Fig. 1 are

S8,y
g, _ C FS\Lx ~FSsh ' o 2 2 2
Cpr = (my, Cp™ " C " Cy(mip, mis ,ms )
Vanay
+ mlzcgs,z,*cgszlz
I R FS\Lt ~FSyh~ 2 2 2
XCy(mp,mg ,mg )—mpC;~""C " Co(mp, mg_,mg ))
qlil, _ 1 F\Slix ~F,Sl, ~F\Fyy ~ 2 2 2
Cpr = (my, Cp™ " C " CL " Chop(mip,, mip, ,ms)
Vanay
_mlzcglsh*cgzsb

F\Fyy ~ 2 2 2

X Cg'" " Cylmg,,mp, ,my)
F\S1 F,Sh ~F Fyy ~ 2 2 2
_mFIC ! I*CLZ CLI ? Cl(sz,mFl,ms)

A F,F g
+mp, CTSI O3S Cp ™Y Cy(md m3, ,m3)),

with  FS S, e {y*7,x%e x*ee} and F F,S € {y°\'e,
x*x%e, x*x*7). The coefficients Cli; for the box dia-
grams in Fig. 1 are

qlil, _ ~F,S,1 FSl*l F\S,q ~F2S2q* 1y
CVL _CLl HCRZ " (ECR CL DO

2 2 2 2
X(memF:’sz’mF,’mS,’mSZ)

F182q ~F2S2q% ry 2 2 2 2
—C, " CRTT Doo(mip,,m mig ,mi,)),

with F1F281S5 € (y xy*vd(in), x°xCei(d), x*x ei(d),
xox%eii(d), x*x eii(d)}. The coefficients are left-right
symmetric, i.e, Ci’,l,'elz:C‘{,l'le(L < R) and Cg,‘ek:C%l'le
(L & R). The explicit expressions of the loop integrals are
given elsewhere [57—60]. The expressions of the Wilson
coefficients in the MRSSM were added to the Mathemat-
ica package SARAH [59—-63] to generate modules for the
Fortran package SPheno [57, 58].

The amplitude in Eq. (11) leads to the branching ratio
BR(V — [11,), which is conveniently given as [19]

miy(1 - y?)?

BR(V — [1) =BR(V — ee) x im0 )2
q

> [|Al‘,/lz|2+|Bl‘1/lz|2
1
+(§_2y2)(|ci|/l:|2+|D[‘|/l:|2)

+yRe(AbEChE* 4+ Bl D"'/z*)] , (14)

where the mass of the lighter one of the two final leptons
is set to zero.

III. NUMERICAL ANALYSIS

In Table 3, we provide a list of values of the vector
masses, the decay constants and BR(V — ee) used for cal-
culating BR(V — [11;); all the mass parameters are in
GeV [19, 64]. Following the suggestion in Ref. [65] and
the fact that the branching ratio in Eq. (14) is, to a large
extent, independent of the value of the decay constant
[19], the transverse decay constants of the vectors are the
same (i.e., fy =fv) except for J/y, which is ff,, = 0.410
GeV.

The most accurate prediction for the mass of the SM-
like Higgs boson as well as the W boson in the MRSSM
was given in Ref. [43], with the following set of bench-
mark points:

My = g = 500, M)} = 600, M5 = 550,Aq = -1.2,, = 1.0,
A, =~-1.1,1,=-0.8,B, = 500*,vs = 5.9,tan8 = 3,
(m})ii = (m2); = 1000% (i = 1,2,3), vy = ~0.38,
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Table 3. Values used in the calculation.

Vector ¢ JI W(28) T(1S) T(2S) T(3S)
my 1.0194 3.0969 3.686 9.4603 10.023 10.355
fv 0.241 0.418 0.294 0.649 0.481 0.539

BR(V — ee) 2.973x107* 5.971x1072 7.93x1073 2.38x1072 1.91x1072 2.18x1072

(m3)ii = (m3)i = (m3)ii = 2500 (i = 1,2),mr = 3000,
(m2); = (m2); = (m3);; = 1000% (i = 3),mg = 2000,  (15)

where the mass parameters are in GeV or GeV?2. The pre-
dicted W boson mass in the MRSSM is comparable with
the result from the combined Large Electron-Positron
(LEP) collider and Fermilab Tevatron collider measure-
ments [66], the result from the ATLAS collaboration [67]
and the result from the LHCb Collaboration [68], which
is more precise than the LEP result. By changing the val-
ues of some parameters, e.g. msyusy, vr, A, and Ay, the
recent result for the W boson mass obtained by the CDF
collaboration [69] can also be accommodated in the
MRSSM [43, 53]. It is noted that these parameters have
very little effect on the predicted BR(V — [11,), which
takes values within a narrow range. The default values of
the input parameters are given in Eq. (15) in the follow-
ing analysis. Note that the off-diagonal inputs of the
slepton mass matrices m7, m? as well as the squark mass
matrices m%l, m2, mé- in Eq. (15) are zero.

The LFV decays arise from the off-diagonal inputs of
the 3x3 slepton mass matrices m? and m2. These off-di-
agonal inputs of matrices m? and m? are usually paramet-

erized by the mass insertions

(mi) = 617 A/ (mpy1mp),

mHY =8 \JmH T (mH)7 (1,0 =1,2,3).

Before the numerical computation, some assumptions
were made to decrease the number of free parameters.
The parameters 6/ and 6/ were strongly constrained by
the experimental limitations on several LFV decays, for
example, the radiative two body decays (I, — l1y), the
leptonic three body decays (I — 3/;), and u—e conver-
sions in nuclei. We list the current limits of the above
LFV decays in Table 4 [64]. Both 6/ and 6%/ have a per-
ceptible effect on the prediction of the branching ratio of
the lepton flavor violating processes, with 6/ having a

stronger effect than 67/. For simplicity and for obtaining
larger predictions of the branching ratios, we assumed 6!/
= ¢/ = 6! and then 6"/= 6'2, 5'3 or 6%. In the following
we used the experimental limits in Table 4 to constrain
the parameters 6/ .

We give the corresponding predictions for BR(V —
1) in Fig. 2 along with the other SUSY parameters in
Eq. (15) where the predictions for BR(/; — bLy),
BR(!/; — 3l,) and CR(u—e, Ti) are also presented. Res-
ults are shown as functions of one of the parameters 6/.
In all plots, only the indicated 6"/ is varied with all other
mass insertions set to zero. The predictions for
BR(Y(nS) — l115) in each plot are very close to each oth-
er. The predictions for BR(V — e u*), BR(V - e™1t),
and BR(V — u~t*) were affected by the mass insertions
612, 63 , and 6?3, respectively. The predicted BR(V —
Ii1;) in the MRSSM was below 107'* and was at least
seven orders of magnitude below the current experiment-
al limit. A linear relationship was obtained between the
branching ratios and the flavor violating parameters 6/’
owing to the fact that both x axis and y axis in Fig. 2 were
logarithmically scaled. The actual dependence on 6/ was
quadratic. The following hierarchy is shown in Fig. 2,
BR(T3S)—lih )> BR (T(2S)— L1k )~ BR(T(1S)
- Ll )> BR (]/l/l - Ll )> B R(lﬂ(ZS) - Ll )> B R(¢
— [11;). The same hierarchy appeared in several new
physics scenarios [1, 14]. The most challenging experi-
mental prospects for 6'> arose for u — ey. Considering
that the new sensitivity for BR(u — ey) will be approxim-
ately 6x 1074 in the future projects of MEG II [70], §'2
was constrained to be approximately 1073. The con-
straints on §'3 from 7 — ey and 7 — 3e were comparable,
and §'° was constrained to be approximately 107°2. The
case for 6** was the same as that for 6'°.

In the following, we consider the process Y(3S) —
l11, as an example since the behavior for T(3S) also ex-
ists for ¢, J/y, Y(2S), Y(1S) , and Y(2S). We present the
corresponding predictions for BR(Y(3S)— 1) from
various parts as functions of tanf in Fig. 3, where
6'2=1073(ep), 6" = 10702 (er), and 6*3=10""2 (ur) are

Table 4. Current limits on the I; — Ly, I; — 3, and u—e conversions for Ti targets.

Decay Limit Decay Limit Decay Limit Decay Limit
H—oey 42x10713 o 3e 1.0x 10712 Toey 3.3x1078 T 3e 27x1078
TNy 44x%1078 T 3u 2.1x1078 u—e,Ti 43%x10712

073106-7
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Fig. 2.
close to each other.

used. The lines corresponding to "Z," "y,” and "Box"
stand for the values of BR(Y(3S) — /;1,) obtained by only
considering the listed contribution without any others.
The predicted BR(T(3S) — [11,) with the total contribu-
tion is also indicated. We observe that the contributions
from different parts are comparable, and the following or-
der holds: BR(T(3S) - L, Z)> BR(T(3S) - i,
Total)>BR (Y(3S) — L1, y)>BR (J/y — 11, Box) (for
W, w(2S), BR(T3S)—=Lbk, 7)>BR(T3S)- b,
Total)). For small values of tanp, the prediction for Z
penguin changes quickly, since the branching ratios are
proportional to the reciprocal of tans?, and for the same
reason, the prediction for Z penguin changes slowly for
higher values oftanB. This behavior is also observed for
the p—e conversion [38, 71] and for the T — PI process
[55], both of which gain the contribution from the similar
Z penguin diagrams excluding the quark sector.

We present the contour plots of BR(T(3S) — /;/;) in

—0.6
Logyo [523]
(color online) Predictions for BR(V — [11;) in the MRSSM. Note that the predictions for BR(C(nS) — [;1;) in each plot are very

—0.4

the mQ~mL plane in Fig. 4, where mQ=,/(m§),»,-=

\/ (m2)i; = \/(mtzz)ii (i=1,2,3)andmL=\/(m});; = \/(m2);;
(i=1,2,3) are assumed. The predictions for
BR(Y(3S) — l11;) are sensitive to mQ and mL. The pre-
dictions for BR(T(3S) — [;/;) increase slowly when the
parameter mQ varies from 1 TeV to 5 TeV and decrease
slowly when the parameter mL varies from 1 TeV to 5
TeV. For a wide range of mQ and mL values, the predic-
tions for BR(T'(3S) — [;/;) change by approximately one
order of magnitude. The off-diagonal inputs 6’/ . of the

aid
mass matrices mz, m; and m> have very little offect on
the predicted BR(Y(3S) — /;1»), which takes values in a
narrow range. The effect from the off-diagonal inputs of
the squark mass matrics is too small to be neglected. It is
noted that the effects of the other parameters in Eq. (15)
are the same as those described in Refs. [55, 56].

The final results on the upper bounds of BR(V — [;1,)
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in the MRSSM are given in Table 5; those were obtained
by assuming ¢'?=1073, §*=1072(~ 0.63) and 6**=10702,
respectively, and the results in the literature are also in-
cluded for comparison. Using an effective field theory,
the data in Ref. [20] were obtained from the recast of
high-pr dilepton tails at the LHC for the left-handed
scenario, where dipole operators were not considered.
The expressions for BR(V — [,1;) in Ref. [20] were the
same, except for a few adjustments (e.g., mass, decay
constant and full width). Since the mass, decay constant
and full width for y(2S) are very close to J/y, the bounds
for ¢(25) — L1, were on the same level as J/y — i1;.
For the same reason, the bounds for Y(1S)— /;l, and
T(2S) — 1, were on the same level as Y(3S) — [1/,. The
predicted values for BR(V — Ir) in the MRSSM ranged
between the values reported in Ref. [1] and Ref. [14], and
the predicted values for BR(V — en) were below those
reported in Ref. [1] and Ref. [14]. All the direct bounds in

(color online) Contributions to BR(T(3S) — /,1;) from various parts in the MRSSM.

new physics scenarios were smaller than the indirect
bounds in Ref. [20]. The limits on BR(V — [;};) in the
MRSSM were more than ten orders of magnitude smaller
than the current limits or future experimental sensitivities
[24, 27, 29, 72].

IV. CONCLUSIONS

Although higher order LFV processes in the SM are
permitted, these are extremely suppressed by the powers
of small neutrino masses, making it impossible to obtain
LFV signals in current and future experiments. From this
point of view, observations of the LFV decays could in-
dicate new physics, beyond the SM.

In this study, we analyzed the LFV decays of vector
mesons V — [, inthe framework of the MRSSM, ac-
counting for the constraints on the mass insertion para-
meters 6 from the radiative charged lepton decays

073106-9
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Fig. 4. (color online) Contour plots showing the behavior of BR(Y(3S) — /;1,) as a function of mQ and mL.

(I1 - Lyy), leptonic three body decays (/; — 31), and
u—econversion in nuclei. The predictions for BR(V —
e u*), BR(V—-e 1), and BR(V - u~v") were domin-
ated by the mass insertions 6'2, §'%, and %3, respectively.
It is thought that the LFV decays of mesons may be signi-
ficantly enhanced by the off-diagonal inputs 6% 7
However, as far as we know, this depends on the struc-
ture of mesons. The enhancement would be large for the
mesons containing two different generation quarks and
small for those containing two same generation quarks.
For the vector mesons J/¢, T(nS), and ¢, the effect from
the off-diagonal inputs of the squark mass matrics would
be too small to be neglected. The final results for the up-
per bounds of BR(V — [;/;) in the MRSSM are given in

Table 5 and were obtained by assuming 6'2= 1073,
63=10"92 | and 6**=10"92, respectively. Literature res-
ults were also included for comparison. The predictions
for BR(V — [11;) in the MRSSM were much smaller than
the current upper limits.

The studies of the radiative LFV (RLFV) decays of
vector mesons V — yljl, showed that the RLFV decays
might be a new way to search for new physics [19]. Be-
sides the dipole, vector, and tensor operators, the RLFV
decays V — yl1l, could receive contributions through the
axial, scalar, and pseudoscalar operators, which are not
accessible in the Feynman diagrams of V — [,1;, e.g., the
Higgs mediated self-energies and penguin diagrams. If
only considering the contribution from the scalar operat-

073106-10
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Table 5. The upper limits on BR(V — /1) in literature and in the MRSSM.

Decay Ref. [20](3 ab™") Ref. [1]((2,3)-ISS) Ref. [14](331) this work (MRSSM)

¢ —en 1.2x10718 1x1073 8.1x1073 32x107%7
Iy — ep 1.6x 10712 2x10720 7.7%10720 1.5x1072
Iy — et 4.8x10712 1x1071° 63x1071 53x10718
I — pt 6.4x 10712 4x10710 52x1071 53x107'8
Y(28) > ep - 4x1072 2.1x10720 3.9%x 107
W(28) - et - 4x10720 2.1x1071 1.6x10718
W(2S) - pt - 1x1071° 1.7x1071 1.6x10718
T(1S) > e - 2x10710 3.8x10717 1.0x 10721
T(1S) — et - 6x10718 55%x10712 6.4x 10710
T(1S) - pr - 1x10717 43x10712 6.4x 10716
T(2S5) — eu - 2x1071° 42x107"7 1.1x1072!
T(2S)—> et - 8x 10718 6.1x10712 6.5%x 10716
TQ2S) > pr - 2x10717 4.8x10712 6.5%x 10710
T(3S) - e 1.3x107° 5%10710 9.1x1077 1.4x 10721
T(3S) - er 7.9%107° 2x1077 1.3x10711 8.5x 10710
TES) - pr 12x1078 3x107V7 1.0x 107! 8.5x 10710

ors [22], the indirect upper limits on BR(Y(1S) — yli7)
could be approximately two to three orders of magnitude
smaller than the current result from the Belle collabora-
tion [27]. It might be possible that the RLFV processes

V — yll, could be enhanced close to the sensitivities of

the current or planned experiment, while the LFV decays

V — 11, remain out of the reach of current experiments.
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