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We analyze the charged lepton flavor violating (CLFV) decays of vector mesons V — l.ilf with V €

1

{9, J/¥, Y, p° w} in the BLMSSM model. This new model is introduced as a supersymmetric extension
of the Standard Model (SM), where local gauged baryon number B and lepton number L are considered.
The numerical results indicate the BLMSSM model can produce significant contributions to such two-body
CLFV decays, and the branching ratios to these CLFV processes can easily reach the present experimental
upper bounds. Therefore, searching for CLFV processes of vector mesons may be an effective channel to

study new physics.
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I. INTRODUCTION

The neutrino oscillation experiments have convinced us
that neutrinos possess tiny masses and mix with each other
[1-9]. This phenomenon shows that the charged lepton
flavor violating (CLFV) process [10-12] is strongly sup-
pressed in the standard model (SM). Therefore, CLFV
processes are considered as evidence for the study of new
physics beyond the SM. Physicists now do more research
on the CLFV decays of vector mesons in various SM
extensions, such as grand unified models [13,14], super-
symmetric models with and without R-party [15-17], left-
right symmetry models [18,19], and Z" models [20,21], etc.
In our previous work, we investigate these CLFV processes
in the framework of MSSM with a type-I see-saw mecha-
nism[22,23], and some of the theoretical evaluations on
CLFV processes fit better with the experimental upper
bounds, such as J/¥(Y) = 1] with [, I; € {e, pu,7}.
However, the predictions on processes ¢(p°, w) — ey~ in
the MSSM with the type-I seesaw mechanism are around
102, which are far below the present experimental upper
bounds.
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Current experiments naturally suggest searching for two-
body decays of vector mesons in the e*yuT final state.
Considering the experimental constraints on the processes
l; = 3l; and I; — [; +y, many experts have studied the
CLFV processes involving vector mesons V — liil;F with
Vel{p.J/Y. Y. )% w} and [, [;€{e.p 1} [2425].
Likewise, the constraints on the y — e conversion are also
taken into account on these processes [26—28]. Currently,
PDG [29] give independent experimental upper limits of
the two-body decays of vector mesons, which are shown as

As an extension of the minimal supersymmetric standard
model (MSSM)[15,16,30,31], the gauged baryon number
(B) and lepton number (L) are added in the BLMSSM
[32-35]. Compared with the MSSM possessing R-parity
conservation, there are new parameters and new contribu-
tions to CLFV processes. We introduce the local gauged B
to explain the matter-antimatter asymmetry in the universe.
Lepton number L is expected to be broken spontaneously at
the TeV scale. Furthermore, right-handed neutrinos are
considered to explain the neutrino oscillation experiments.
In our work, the CLFV processes of vector mesons
BP0 0) = et and J/P(Y) » e (ute))
are investigated within the BLMSSM. Let us assume that
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a vector meson V; couples to e*u ¥, and the corresponding
effective Lagrangian can be written as [25-28]

Lo = V¥(EW iy, e + Efy,yse + Hee.), (2)

where V,; is a quark-antiquark bound state like ¢,J/
Y. Y, 0% 0., represent the effective couplings of the
vector meson V; to the CLFV lepton currents.

This work is organized as follows: In Sec. II, we describe
the BLMSSM model briefly, including the corresponding
interaction Lagrangian, needed mass matrices, and cou-
plings. We derive the analytic results of amplitudes for
diagrams in Sec. III. In Sec. IV, we give the corresponding
parameters and numerical results, and the conclusion is
shown in Sec. V. In the Appendix, we discuss the
corresponding hadron matrix elements, one-loop integral
functions, and the superfields in the BLMSSM.

II. BLMSSM

In this work, we study a supersymmetric model where
baryon (B) and lepton (L) numbers are local gauge sym-
metries. This model is defined as the BLMSSM and the

|

corresponding local gauge group is SU(3), ® SU(2), ®
U(1), ® U(1); ® U(1), [32,36,37]. In the BLMSSM, the
local B and L are spontaneously broken at the TeV scale.
In order to cancel the B and L anomalies, a vectorlike
family is needed, which are Q4, Uﬁ, Dﬁ, f,4, Eﬁ, NZ and
Qg‘, Us, Ds, LS, Es, Ns. The corresponding superfields pre-
sented in the BLMSSM are shown in Table I of the
Appendix. To break the baryon number and lepton number
spontaneously, the model introduces the Higgs superfields
Ci>3, @p and dA>L @y, respectively. After these Higgs super-
fields acquire nonzero vacuum expectation values (VEVs),
the exotic quarks and leptons obtain masses. Furthermore,
the introduction of superfields X and X is to make the exotic
quarks avoid stability. Actually, the lightest one can be a dark
matter candidate.
The superpotential of the BLMSSM is written as

Waimssm = Wussm + Wa + Wi + Wk, (3)
where Wy sgm represents the superpotential of the MSSM,

and the concrete forms of superpotentials Wpg, W;, and
Wy are given as

Wp = /IQQ4Q§qA)B + A USUspp + ApDsDsip + up®ppp + Y, 0.H,U5 + Yq, Q.H,Df + Yy O5H,Us + Yy Q$H,Ds.
Wy =Y, LHE;+Y, LANS+Y, LA, Es+ Y, LsH,Ns + Y,LH N + Ay N°NG, + p, @,y

Wy = 4 005X + LU UsX' + 13D DsX’ + uyXX'.

(4)

The soft breaking terms L, in the BLMSSM can be found in our previous work [38—40].
In the BLMSSM, the SU(2), doublets H,,, H,; and singlets @, @, ®;, ¢; obtain the nonzero VEVs v, v, and vg, D,
vz, Dr, respectively, then the local gauge symmetry SU(2), ® U(1), ® U(1), ® U(1), breaks down to the electro-

magnetic symmetry U(1),.

< H;f ) <
H, = . , H, =
"\ g5 (v + HY P ‘

1

M. NG

5 (0 + H + iPY)

1
>, @3275(034"1)%"‘”)%)7

_ - 1 . 1 _ =
(vg + @% + iPY), O, =— (v, + D) +iPY), o =—= (0 + ¢ +iPY). (5)

V2

In this model, we introduce the superfields N¢, so three neutrinos obtain tiny masses through the see-saw mechanism. In
the basis (w,/L, y/N;-{), the mass matrix of neutrinos is deduced after the symmetry breaking,

<

!

(Y,)¥

(Ane)™

Si

I~

( 0
Ao

Si

— 7la 1,0
Wy = Zy, Ky,

)ZNb:diag(myu), a=1...6,1,J =1,2,3,

kS
(I43)a N,
Wy =2y, lk?v(,’ )(R]a = (l_‘?v > (6)

Here, X?va represent the mass eigenstates of the neutrino fields mixed by left-handed and right-handed neutrinos.

Similarly, with the introduced superfields N¢, we can also obtain the mass squared matrix of sneutrinos in the base

T

nl = (7, N“), and this matrix is more complicated than that in the MSSM.
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( M3 (5;0y) M; (5N > )
(ME@NG)T ME(NGNG) )
where
e + _
M%( i0y) = 92 9%(1}3_”5)5” +9%( _UL)511 + > (Y Y,)+ (m 25)11’
o ~ v
MG(NGNG) = =g (0] — v7)61y 4 5 (Y Y,) 1+ 20F (Aedne )y + (m NL)IJ +pL \/i(’lN )y, \/LE(AN‘)IJ(/IN‘)IJ’
~ AJC « Y = i
M%(VINJ) =4 7% Yy — UuUL(YMNf)IJ \/— = (An) 1 (Y)1- (8)

Through matrix Z,, the mass matrix can be diagonalized.

With the new gaugino 4; and the superpartners of SU(2), singlets ®;, ¢; mixing together, the mass matrix of lepton
neutralinos 49 is produced. In the base (i, W, W,, ), We can diagonalize the mass matrix 2% by Zy,.

| 2M;
/3;(3 E(ML»W@L l//qu) 2vr91
—2019;,

29 2091 iAr
0 —uy o, | +He. 9)
—HL 0 W(pL

From the contributions of the superpotential and the soft breaking terms, the corrected form for the slepton mass squared

matrix reads as

(e

where

(M%>LL _ (g% - g%)(l)é - U%)

81y + 91 (07 —

(Mbie o)

ke

7)1y +mydyy + (m3);;,

8
w, v, v
(M%>LR = \/§ (Y,)” - 75(’4;)1] + \/_%(Al)u’
(MZ) _gl( vczi)a 2(—2 2 5 25 2 11
L)RR 1 17— 91 (0F — v7)01; + mudyy + (mz),;. (11)

Then the mass matrix can be rotated to the mass eigenstates
by the unitary matrix Z;.

In the BLMSSM, the introduced superfields N lead to
corrections for the couplings existing in MSSM. We deduce
some corrected couplings, such as W-lepton-neutrino and
Z-neutrino-neutrino couplings, which are shown as

6
e
L= =5 Wi 3D 2y APl

6
e
£ZUIJ = Z;t Z Z ZII\Z*Z]]\?XN y”PL)(N; (12)

where P; = % and Py = Hz“. We define sy = sin Oy,

cw = cos By, and Oy, is the Weinberg angle.

The Z-sneutrino-sneutrino coupling is deduced as

3 6
Z Z ZIFZUg i3 — 9id. (13)
=1 ij=1

We also obtain the chargino-lepton-sneutrino coupling:

ZSWCW

3.6 2
- % [% e 1j %
Cou== 3 S (e [ 202

1 =1 j=1

+ Yﬂ"ZiijH)i*} PL> '™ + Hee. (14)

Considering the interactions of gauge and matter mul-
tiplets igv/2T% LAy AT — 295,A j)» we deduce a new

056027-3



XING-XING DONG et al.

PHYS. REV. D 97, 056027 (2018)

FIG. 1. The self-energy-type diagrams for processes V — [T, with g representing u, c, d, s, b.

L] ’

coupling for the lepton-slepton-lepton neutralino. The III. THE AMPLITUDES FOR CLFV DECAYS
corresponding form for this coupling is written as OF VECTOR MESONS

— 1 i
ﬁl;fgi = \/EQL)(Q,. (ZNJLZ%IPL -

q ) li
g L,
¥ XO
~
q L\ U
(a)
q l;
z L,
> XO
w
q Lo \ U
(e)

In the BLMSSM, the CLFV decays of vector mesons
V—»l,il;F with Ve {¢,J/¥,Y,p°% w} and [, l; €
{e,u,7} are studied. We know that the meson consists
of the quark and antiquark. The meson ¢ is made up of s5;
(15)  J/W¥ is constituted of c&; Y is composed of bb; p° is

Zy 2V PP LT + Hee

q l; q q
v L,
)
~
q Lo \ U q q
(b) d
q l, q lz q
z L, z 7
71X T loxt
w w
q Z/m l] (j v, m l] (j
() (2) (h)

o

)

FIG. 2. The penguin-type diagrams for processes V — /I
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FIG. 3. The box type diagrams for processes V — [ lf.

comprised of% (uit — dd), and @ consists of\/% (uit + dd).
We depict the relevant Feynman diagrams contributing to
these processes in Figs. 1, 2, and 3.

In the quark picture, mesons are composed of a quark
and an antiquark. QCD has the property of “quark confine-
ment,” so the traditional way to the perturbative calculation
cannot work. At the quark-gluon level, the complicated
calculation of loop integrations is governed by the non-
perturbative QCD effects. However, a completely reliable
way to these nonperturbative QCD effects is lacking at
present. Therefore, as a powerful phenomenological model,
a sum rule for the light-cone wave function [41-45] is
adopted, which is widely used in the theoretical research of
particle physics and nuclear physics.

To obtain the decay amplitude of processes involving a
vector meson, one needs to calculate the matrix elements of
gauge invariant nonlocal operators [44,45],

(0lg(y)Tlx, ylg(x)|V), (16)

where I'[x, y] is a generic Dirac matrix structure, and x and
y represent the coordinates of quark and antiquark. The
leading-twist distribution amplitude of the vector meson V
can be defined by the correlator [44,45]

(0174(y)qs(x)IV(p))

51” ! —i )+ px
:41\;0 A due="upyip )[fvmvsi/VVH(“)

i /.
20 evupy = enp)V i@ (17)

DDA SN
Pt S
JMNM+B ) HH)
AR(S)=AL(S)|Lor
with x =

i Iy (xp,xs) +[(x;\/XpX;H] HY

where my and &y are, respectively, the mass and polari-
zation vector of the vector meson, fy and £, are the meson
decay constants, and V(u) and V,(u) represent
the leading-twist distribution functions corresponding to
the longitudinally and transversely polarized mesons. The
momentum p satisfies p?> = m}, which shows that the
meson momentum is on-shell. The integration variable u
stands for the momentum fraction carried by the quark,
and # =1 — u corresponds to the momentum fraction of
the antiquark. In our calculation, we make Vi=V,.=
V(u) = 6u(1 — u), the reason is that the meson amplitudes
are similar to their asymptotic form[46]. We take the
number of colors N, = 3. The corresponding hadron
matrix elements we used in our work are discussed in
Appendix.

In the frame of center of mass, the amplitude of decay
V — [T can be shown at hadron level.

A. Decays for self-energy type diagrams

We can generally write the effective amplitudes of y
lepton self-energy type diagrams corresponding to
Figs. 1(a)-1(d):

A,y = 0j(pa)7,(ALPL + AgPr)vi(p3)

e _ _
X F“v(l’z)H(/qu"uv(Pl), (18)

where p represents the momentum corresponding to meson
V., p; and p, represent the quark and antiquark momen-
tums, respectively, p; and p, represent the lepton and
antilepton momentums, respectively. ii; and v; are the wave
functions for the external leptons, with i (j) representing the
ith- (jth-) generation charged lepton. As well as, vy and uy,
are the wave functions for the external quarks, with V
representing mesons, here, V € {¢,J/¥,Y,p°, w}. H}
are the corresponding couplings for the different mesons.
The Wilson coefficients A; and Ay are shown as follows.

Ay (S) stand for the contributions from Figs. 1(a) and
1(b), which are obtained with the sum of these diagrams’
amplitudes.

ZFS

—Xj\/Xpx;Hpy

lFS I,Fs* IFSMIZ(-szxS)

LES* 1,FS st
+/xix;H} :|15(vaxS)}v

(19)

m?/A?, m is the mass of the corresponding particle and A is the energy scale of the new physics.

The virtual W diagrams Figs. 1(c) and 1(d) have contributions to the meson decay processes. The corresponding

couplings A; z(W) are shown as
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Xi+X; T FwW
AuW) = S Y (). A(W) =0, (20)
F=v J

In the same way, we deduced the effective amplitudes of the Z-lepton self-energy-type diagrams of Figs. 1(e)-1(h),

_ 1 ] )
Az = j(pa)r,(BLPL + BrPg)vi(p3) mvv(pz)r”(quqPL + HZAPR)uy (py). (21)
VA

The contributions from Figs. 1(e) and 1(f) are denoted by B; (S). We give out the concrete forms as follows,

PICEND DDy

*;(O/)( +S5=Lp Xi

lFS

HZFS I (xp, xg)

{ 2 H

[(x VAFXj Hfl'l'HiFSHILFS — XjVAFX; Hfl'llHﬁeFSHﬁeFS ] (L2 (xF, xs5) = I3(xF, X5)]

1 7Ll o, L,FS lS /s lFS LES*
—|—[§(xj—x)H YHE CH™ + xH, Hi | Is(xp, xg) ¢

BR(S) = BL<S)|L<—>R- (22)

The corresponding coefficients for Figs. 1(g) and 1(h) are described by B; (W),

Xi+X; 7l LFW
BL(W) =Y LHH Y Is(xpxw), Ba(W) =0, (23)
F=v 71 J

B. Decays for penguin-type diagrams

In Fig. 2, we give out the corresponding penguin-type diagrams for decays V — liilf. When the external leptons are all
on-shell, we obtain the effective amplitudes of y penguin-type diagrams,

_ . e _ g
Ay—p = ”,j(P4)[}’ﬂ(C1LPL + CllePR) + lO’;wP”(C%PL + C§PR)]7)1'(P3) X ?Uv(Pz)H(/qu”Mv(Pl)- (24)

CER(n), CE®(n) represent the contributions from the virtual neutral fermion diagrams Figs. 2(a) and 2(b):

2

SF1; .81, 14
= > D Hy H F[ Is(xp, x5) + 6714(XF’XS)’

F=°/9 S=L
mg  SFI
= > Y e H H i (arxs) = (. x))
F="/x s=L
CR(n) = CL(n)|peg. a=1.2. (25)

The couplings coefficients C-*(c), C¥*(c) for Fig. 2(c) are written as

2

SFI; 1 P
Ci(c Z ZH HSIF[ZIS(XS’XF)+xFI3(xvaF) 6A2 (31y (x5, xp) = Ls(xs5,xF)) |
F—y* S=0
== SRR H ). CB() = ChO)lopea = 1.2 (26)
F—y* S=0
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We also acquire the contributions CX* (W), Ct-® (W) from Fig. 2(d), which are in the following forms:
2
WFI, 4 1
= o [zsm,xW) 0 (-2natarxw) +§14<xF,xw>)], Ch(W) = CEW) =0, a=1.2.
(27)

Using the same method as the y penguin-type diagrams, the effective Lagrangian for the Z penguin-type diagrams is
deduced as follows. Here, we just give out the dominate contributions of the effective operators:

1

3 Do)y (H;Y P, + HZPg)u(p)). (28)
7

A._, = uj(pa)y,(DLPL + DrPg)vi(p3)

The concrete contributions for D; z(S) are encoded as follows, which correspond to Figs. 2(e)-2(i):

i) == 3 3 g G )t )
S=Lp
_H;ZFleZSlS;Hi]liFG2(xFaxSIaxSZ ZZ SzFleZS S g Sl, G (p x5, x5, ).
F=4% S=L
Dg(S) = Dr(5)| <r- (29)

We also deduce the effective couplings D; x(W) in detail, which are written as

2

WFI, " p 1
D (W) = ZHL THAYW ) [15(XF»XW) v (—212(XF,XW) + §I4(XF,XW))]
F=v

— BV EZEE Y G (e xp k). Dr(W) =0, (30)
Then, we discuss the contributions of the box-type diagrams in Fig. 3. To simplify the corresponding amplitudes, we need
to swap the position of the wave functions u(p;) and v;(p3). The method is named as Fierz rearrangement, and the

corresponding transformation rules and characters can be learned from Refs. [47-49]. After that, the reduced results of the
amplitudes can be written as

Avox = ANT#;(p4)7, PLvi(p3)B(p)r* PLu(py) + (L < R)} + {N5[it;(p4)o,,vi(p3)o(pa)e* PLu(py) + (L < R)}

AN (P Proi(ps) (o) Pr(py) + (L < R, G1)
where
1 2
NY 2 > Z Z HP T HY FIH]LSZF'HISF'J (XF,» XF,» X5, Xs, ),
Fi.Fa="y* 8=
JXp X
Nf = -V Z Z Z HISP S S F g g (g g x x),
Fi.Fo=" % 8= =Lp
/Xp X Fy 114
NE = -V S S S mE P HE T ). (32)

F1.Fy=¢"x* §,=0 S,=L.i

In Egs. (18)—(32), H(,‘M, HIL"_I;S, ... represent the corresponding couplings in the Lagrangian. The one-loop functions
Ii(x1,x0),i =1,2,....,5, Gi(x1,xp,x3),i = 1, 2, and J;(xy, X5, x3,x4),i = 1, 2 are shown in the Appendix.
The branching ratios for processes V — [ l;F can be deduced as

[m, = (my, +my, )] [m, — (my, —m
\/ l 1617:m3v Ty e ZAW Ve (33)

Br(V =[] )=

056027-7
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where 'y represents the total decay width of meson V (with
Vel{p.J/Y. Y, p° w} and [;, I; € {e,u.7}). We chose
[y~42x 1073 GeV, [y ~0.093 x 1073 GeV, TI'y=x~
0.054x 107 GeV, I, ~0.149GeV, I',~8.49x 107 GeV
[29]. AV5 are the amplitudes corresponding to Figs. 1, 2,

and 3. Summation formula )", ., (¢} (p)e}*(p) = —g" +

PP can be used to simplify 3 Av A

2
ﬂ’lV

IV. NUMERICAL RESULTS

In the numerical analysis, we consider the experimental
constraints from the light neutral Higgs mass mo =~
125 GeV [50-52] and the neutrino experiment data
[1,4,5,53,54],

sin?6;; = (2.19 £ 0.12) x 1072,

sin?6;, = 0.304 £ 0.014,

sin6,; = 0.51 £ 0.05,

Am2 = (7.53 +£0.18) x 1075 eV?2,

|Am}| = (2.44 £0.06) x 10~* eV2. (34)
In our previous works, Br(u—ey)<5.7x107!3, Br(u—
3¢)<1.0x10712, and Br(Z—eu)<7.5x1077 [24,29,55]
are strict constraints for our parameter space. In this work,
we take the same parameter space satisfying the constraints
of processes u — ey, — 3e, and Z — ep.

In this work, the meson masses are adopted as
my = 1.019, m;y = 3.096, my = 9.460, my = 0.775,
and m,, = 0.782 GeV. The decay constants for the corre-
sponding mesons are shown as fy = 0.231, f;y = 0.405,
Sy =0.715, f, =0209, and f, = 0.195 GeV. Further-

more, some other parameters we used are shown as follows
[29,56]:

m,=0.51x1073GeV, m, =0.105GeV,

3
m=1.777GeV, Ly=3. m,=22x107GeV.

3
m.=127GeV, m;=1732GeV, B, =5

my=4.7x10"3GeV, m,;=0.096GeV,
my—418GeV, Aye=1, my—=91.1876GeV,
my =80.385GeV, a(my,)=1/128,

2,(my) =023, (Y,);;=1.3031%1075,

(V,)1=9.0884% 1075, (V,) 3 =6.9408 % 105,

(V,)yp = 1.60025 1075, (V,),3=3.4872% 107,

(Y,)33 = 1.7208 % 105, (35)

We assume py = 0.7 TeV, u; =0.5TeV, A = M, =
(A = (A = (A = (mge); = 1 TeV, (A); =
-2 TeV, (Ay<); = (Ay); = 0.5 TeV, (A},); = 0.8 TeV,

(A); =Ap, and (mQ)ii = (mg); = (mp); =2 TeV,
where i =1, 2, 3. tanf3;, = v /v, and V= /7] + 0.
The diagonal entries of matrices m7 and m?% are supposed
as (m3);; = (m%); = Sy, and nondiagonal terms (m3),;; =
?‘e)i/’ = M%f, with i # jand i, j = 1, 2, 3. m, represents
the gaugino mass in U(1), and m, represents the gaugino
mass in SU(2). We take m; = 0.5 TeV. Generally, if we do
not specify, the nondiagonal elements of the parameters are
defined as zero.

(m

AV oetu~

At first, we discuss the CLFV decays of vector mesons
V > ety with Ve {¢,J/¥,Y,p°, w}. The branching
ratios for processes ¢(J/W) — eTpu~ are strict. The corre-
sponding experimental limits are Br(¢ — etu) <
2.0 x 107 at 90% confidence level and Br(J/¥ — et u™) <
1.6x 1077 at 95% confidence level.

As the diagonal elements of the mass matrices mi and

m2,
sneutrino. And the CLFV processes can be influenced
by slepton-neutralino, slepton-lepton neutralino, and
chargino-sneutrino contributions. At this subsection, the
parameters are supposed to be tanf = 6, m, = 0.5 TeV,
gr =0.1, tanp;, =2, V; =3 TeV, A} =0.3 TeV, and
M%f = 2% 10° GeV?. In Fig. 4, we plot the branching

ratios of decays V — eTu~ varying with §,,. Here, a
different line corresponds to a different decay process.
We find that the results for processes J/W¥ — e*u~ and
Y — ety are around 1078 ~ 107!, the results of ¢ —
ety are around 10719 ~ 10713, and the results of p° —
etu~ and @ — eu~ are around 10~!" ~ 1074, These five
lines all decrease quickly with the increasing S,,. Therefore,
S,, are very sensitive parameters to the numerical results.

The parameter m, not only presents in the mass matrix of
the neutralino, but also in the mass matrix of the chargino.
Therefore, m, affects the numerical results through the
neutralino-slepton and chargino-sneutrino contributions.

S,, present in the mass matrices of slepton and

107
""" Br(¢—ep)
--- Br(J/y—ep)
10-1
- = Br(Y—eu)
— Br(p—ep)
-13
1077 — Br(w—eu)

oMb
1000 2000 3000 4000 5000

Sn/GeV

FIG. 4. The contributions to V—eTpu~(Ve{p,J/¥, Y, 0%, 0})
varying with S,, are, respectively, plotted by the five lines.
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107} ‘\‘;;:;\““‘*\—\.\ 1
1o~ L I Br(d—ep)
--- Br(J/y—ep)
17— 1 == Br(Yoeu)
—  Br(p-ep)
107" ¢ — Br(w-eu)
1077 ‘ ‘ ‘ ‘ ‘ K
0 500 1000 1500 2000 2500 3000
my/GeV
FIG.5. ThedecaysV — etu=(V € {¢,J/¥, Y, p°, w}) versus

parameter m, are plotted by the five lines, respectively.

The branching ratios of V — e™p~ varying with parameter
m, are shown in Fig. 5. Choosing tanf =6, g; = 0.1,
tanf;, =2,V, =3TeV, A} =0.3TeV, M%f =2%10°GeV?,
and §,, =1 TeV, with the enlarging m,, the branching
ratios for each process all decrease. However, the results do
not change very remarkably. Although m, is a sensitive
parameter, the influence from m, is smaller than that
from §,,.

1 J/¥(Y) > e*p~

Here, we study the decay processes J/¥ — etu~ and
Y — etu~. The many mass matrix, such as sleptons, s-
neutrinos, neutrino, include the parameter tan /3, and the
numerical results can be influenced by this parameter.
Supposing gr = 0.1, tan f; =2, Vi, =3 TeV,
Ap =03 TeV, Mj =2%10° GeV? S, =1TeV, and
my = 0.5 TeV, we give out the values of Br(J/¥(Y) —
e*u™) versus tan § in Fig. 6. When the tan $f changes from 0
to 10, the numerical results decrease quickly. When
tanf > 10, the numerical results almost do not change.
Therefore, in the range of 0~ 10, tanf have sensitive
effects for the CLFV decays.

M;, is of interest. As the nondiagonal elements of mi
and m%, M, lead to strong mixing for slepton (sneutrino)
of different generations. So we study the processes with
parameter M . With tanff = 6, m, = 0.5 TeV, g, = 0.1,

2x 1078

1x107%F % ]

5x107°F

4 -=-Br(/yep)
1 —Br(Y—ep)

Out[7]= 2x107°F

1x107}

5x10710

2x10°10 L
0

tanf

FIG. 6. The branching ratios of decays J/¥(Y) — eTu~
change with the parameter tan /.

3.x107 T T T
\
2.5% 1078 ,/ ]
2.x109F .
1.5%x 1078k - Br(J/y—eu)
] — Br(Y-ew)

1.x1078F

5.x107°F

e L e
~500 0 500
M, /GeV

0

FIG. 7. The branching ratios for processes J/¥(Y) — ey~
change with the parameter M, .

tanp;, =2, V, =3TeV, A} =03TeV, and S, =
1 TeV, the numerical results are plotted corresponding
to parameter M in Fig. 7. When M, ; is zero, the
branching ratios are almost zero; with enlarging |M Lf|,
the results for both processes increase quickly, which are
around 0 ~ 1078, and the figures are very symmetrical for
both processes. Obviously, M L is a much more sensitive
parameter, and the effects from M, , are very strong for
these CLFV decays.

2. p(p'w) > etp”

As new parameters in the BLMSSM, g; and tan §; have
relations with the mass matrices of slepton, sneutrino, and
lepton neutralino. It is worth considering the contributions
from g; and tan ;. Based on the supposition tan ff = 6,
my =0.5TeV, tanff, =2, V, =3 TeV, A} =0.3 TeV,
S, =1TeV, and sz =2%10° GeV?, the branching

ratios for ¢(p°, ) — eTu~ are discussed with parameter
g;, in Fig. 8. The values for each process decrease slightly
with the enlarging g;, so the effects from ¢g; on the
numerical results are small.

The slepton mass squared matrix includes the para-
meter A/, which is the nondiagonal element of this matrix.

15x 107 T T T T T T

1Lox 1071} T 1
7.0% 10712}
5.0x 107124 <
————— Br(¢-ep)
1 — Bripoep
20x 107124 B

— — Br(w-ep)
1.5x 10712} - - 1

3.0x10712F

10X 10712} - - _1

L L L L L L
0.05 0.10 0.15 0.20 0.25 0.30 0.35
8L

FIG. 8. The contributions to Br(¢(p°,w) = eTu~) varying
with g; are plotted by the dotted line, dashed line, and solid
line, respectively.
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4.x107
3.5%107°F
3.x107°F
25%x107F ]
Outf4}= AR Br(¢—ep)
2.x107°F ]
— Br(p-ep)
1.5x10°F 9
— Br(w-ep)
1L.x107F
5.x10710F -]
—
sasziiiiit == .
1000 2000 3000 4000
A'L/GeV

FIG.9. The numerical results for Br(¢(p°, @) — e*u~) versus
A are plotted.

So the results can be affected by A} through slepton
mass and mixing. Here, tanf =6, m, =0.5 TeV,
9, =0.1, tanp, =2, V;, =3TeV, §,=1TeV, and
M%f = 2% 10° GeV?, the branching ratios for ¢(p°, w) —

ey~ versus parameter A; are plotted in Fig. 9. With A}
changing from 0 to 3 TeV, both processes slightly increase.
However, the numerical results change obviously when
A} >3 TeV, especially the process ¢ —e'u~. In a
reasonable range of parameter A}, the branching ratios
will be close to the experimental expectations with the
enlarging A’ .

B.Voetr (u*t™)

We study the decays V — etz (u"z7) as follows,
where V € {J/¥, Y'}. The experimental limits for decays
J/¥ — et (utz7) are Br(J/¥ — etr7) <83 x107°
and Br(J/¥ — ut77) <2.0 x 107, which are both at
90% confidence level. The experimental limit for decay
Y — utr™ is lower than 6.0 x 107 and at 95% confi-
dence level.

To study the processes V — ez~ (u*77), the branching
ratios versus tan f5; are researched. Here, tan 8, = v, /v,
vy, and 7, are the nonzero VEVs of the SU(2),
singlets ®; and ¢;. In Fig. 10, using tanf =6,
m,=0.5TeV, V, =3TeV, A} =0.3TeV, §, =1 TeV,
M%/ =2%10° GeV?, and g, = 0.1, we describe the

1.8x 107

1.6x 107 F o

Lax10of-  J— Br(J/y—er)

e e o —  Brd/y-ur)

125107 1 --- Br(Y—er)
9 /’/— — Br(Y—-ur)

1.x1077 | - [

8.x 10710

FIG. 10. The branching ratios for Br(V — eTz(u"77))x
(Ve {J/¥,Y}) changing with tan ; are given out.

2.% 107
1.8x107F

1.6x107°F —
e Br(J/y—er)
— Br(J/y-ur)
--- Br(Y-er)

14x10°F_ . — — — —

12x107°F

-9
1.x107 — Br(Y-ur)

gx100L

6.x 10710 L L L L L L n
1000 1500 2000 2500 3000 3500 4000

V., /GeV

FIG. 11. For Br(V — et (ut77)),V € {J/¥, Y}, the results
varying with V; are plotted.

numerical results with the parameter tan/f;. Obviously,
the parameter tan/f3; has tiny effects on our numerical
analysis. When the decay processes have the same initial
state, for example, J/¥ — eTz~ and J/¥ — utz™, the
numerical results for both processes are almost the same,
and the figure of J/¥ — et~ is under that of
J/¥ — utr~. The processes Y — ez (u"77) have the
same characters as that of J/¥ — eTz~(u"77).
Compared with MSSM, V; is also a new parameter,
which presents in the mass matrices of the slepton,

sneutrino, and lepton neutralino. With V, = \/vi + 77,
mz, = 2g,V,, is the mass of neutral U(1), gauge boson
Z;. In Fig. 11, the branching ratios for V — e"7™(u"77)
changing with V, are discussed, where tanp =6,
m, =0.5TeV, g, =0.1, tanf, =2, A} =0.3TeV,
S,, =1 TeV, and M%f =2 % 10° GeV2. When the values
of V; change from 1 to 4 TeV, each figure keeps an
increscent variation trend. However, the numerical results
all increase slowly, so the effects from V; are small.

V. DISCUSSION AND CONCLUSION

In the frame of the BLMSSM, we study the CLFV
decays for vector mesons V =[] with Ve
{6, 7/¥. Y, p°, w} and I;, I; € {e,p,7}. In this model,
new parameters and new contributions are considered to
these CLFV processes. For example, with the new intro-
duced parameters g, , tan #;, and V; , lepton neutralino Vo)
is discussed in our work, which gives new types of
contributions through the lepton neutralino-slepton-lepton
coupling. Furthermore, three heavy neutrinos and three new
scalar neutrinos are also considered in the BLMSSM. The
contributions from neutrinos can be neglected due to the
tiny Yukawa Y,. However, the new scalar neutrinos play
very important roles, especially the nondiagonal elements
My, in (m3);;, which lead to strong mixing for scalar
neutrinos of different generation and enhance the lepton
flavor violation.

In our previous work, we study the decay processes [; —
[; +y and the corresponding effective amplitudes are
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shown as M,_,, = ec’ii;(p + q)[¢*7,(CL P + CRPg)+
mljiamq”(CéPL + CEPg)Ju;(p). In this work, the effec-
tive amplitudes for V — eu are influenced by that of
u — ey. Therefore, we take the same parameter space as
u — ey to study the processes V — ll-ilf, and the corre-
sponding constraints from process y — ey are also taken
into account in this work.

Considering the numerical results discussed in Sec. 1V,
various parameters affect the CLFV decays. S,, and M| ;

are the sensitive parameters, which are the diagonal and
nondiagonal elements in matrices m; and mpy. The
influences from S, and M, are very remarkable. After
discussing the constraints on [; — 3/[;, [; - [; +y and
i — e conversion, Br(¢p—epu)~10""1Br(J/¥(Y)—ep)~
10°, and Br(p’(w) = eu) ~2x 107!, the decays
J/¥(Y) — ey are much easier than ¢(p°,w) — eu to
reach the experimental upper bounds. Similarly, Br(J/¥ —
et(ut)) are at the order of (107'°~ 107%), and Br(Y —
et(ut)) can reach 5 x 107'%, which are very promising to
be observed in near-future experiments.
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APPENDIX THE HADRON MATRIX ELEMENTS,
ONE-LOOP INTEGRAL FUNCTIONS AND
BLMSSM SUPERELDS

The corresponding hadron matrix elements we used in
our work are encoded as

Oy (p2)ruy () V() = LYY e (),

2N,

TABLE L. Superfields in the BLMSSM.
Superfields SU(3). SU(2), U(1)y U(l), u(l),
0 3 2 1/6 1/3 0
Ue 3 1 -2/3 -1/3 0
D¢ 3 1 1/3 —1/3 0
i 1 2 —-1/2 0 1
o 1 1 1 0 -1
Ne 1 1 0 0 -1
0, 3 2 1/6 B,
U 3 1 -2/3 —B,
D 3 1 1/3 —B, 0
i, 1 2 —-1/2 0 Ly
E¢ 1 1 1 0 —L,
N¢ 1 1 0 0 —L,
< 3 2 -1/6 —-1-B, 0
Us 3 1 2/3 1+ B, 0
Ds 3 1 —1/3  1+B, 0
Le 1 2 1/2 0 3L,
Es 1 1 -1 0 3+1Ly
Ns 1 1 0 0 3+1Ly
i, 1 2 1/2 0 0
A? 1 2 —1/2 0 0
b, 1 1 0 1 0
s 1 1 0 -1 0
o, 1 1 0 0 -2
oL 1 1 0 0 2
X 1 1 0 2/3+ B, 0
X 1 1 0 —2/3-B, 0

[y 0 4 ify (pre (p) = pre (p))

OBy (p2)a PLuy(pi)|V(p)) =

2N, ’

(0[py (p2)o Pruy (p1)|V(p))

O[py (p2)uy(p1)|V(p)) = (Oloy (p2)rsuy (p1)IV(p)) = (O[Dy(p2)r*ysuy(pi)|V(p)) = 0.

v ) — ify (pe (p) — e (p))

2N, ’
(A1)

We find that (0|oy (p,2)y*uy(py)|V(p)) plays the dominant contribution in our numerical results. We can almost ignore the

effects from the other hadron matrix elements in Eq. (36).
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In this section, we give out the corresponding one-loop integral functions, which read as

Xy Inx, —x1 Inxy
II(XI,X2): 16][2 —(A-l—l—i—lnxﬂ)-l- (xz_x1> :|,
1( ) 1 [3+2lnx, 2x,+4xInx, 2x3Inx, —2x3Inx;
X1, %) = - ,
B 327% | (x2 = x1) (x2 = x;)? (x2 = x1)?
Iy( ) I [1+Inx, x;Inx;—x,Inx,
X1, X)) = ,
P06 (60 — X)) (X2 —xp)?
Ly x) = 1 [11+6Ilnx, 15x,+ 18x,Inx, 6x3+18x3Inx, 6x3Inx; —6x3 Inx,
YT 962 | (o —xp) (x> —X1)2 (x5 —X1)3 (x —X1)4 ’
I X3+ 2xInx;,  x3Inx, —x}lnx,
1 , =——[(A+1+1 ,
) g (AT T T T
G ( ) 1 X1 lnxl X2 IIIXZ X3 lnx3
X, X, X3) = )
P 167 L =) (= x3) (o —xp) (0 —x3) (x5 —x)(x3 = x2)
1 XlInx
Gy(x1.%2.X3) = — |—(A+1+1 Sl
2(xl X2 )C3) ]671'2 I ( + 1+ nxﬂ) + (xl _xz)(xl _x3>
x5 In x, x3 In x3 ]
(= x) (2 = x3) (w3 = xp)(x3 = x2) ]
1 x?Inx 2lnx
J b 9, b B 1 1 2 2
10x1- %2, %, 34) 1677 |:(xl =) () = x3) (X1 —x4) (= x) (%2 — x3) (%2 — x4)

x5 Inx3 x3Inxy }
(03 =xp)(x3 = x2) (03 = x4) (204 — x1) (x4 — %) (x4 — X3) ’
1 x1Inx, Xy Inx,
‘] 9, 9’ b -
2(XI 2 X4) 167 [(?ﬁ - xz)(xl —x3)(x1 —x4) * (x> —X1)(x2 —x3)(x2 — X4)

x;Inx
i 3 3

X4 11’1)C4 (AZ)

(23 = x1) (x3 = x2) (X3 — x4) -

with A =1— 7, +In4xz.

(24 = x1) (24 = 2x2) (x4 — x3)

J

We also describe the corresponding superfields presented in the BLMSSM model, which are shown in Table 1.
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