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Charged lepton flavor violation (CLFV) represents a clear new physics (NP) signal beyond the standard
model (SM). In this work, we investigate CLFV processes /7 — [y utilizing mass insertion approximation
(MIA) in the minimal supersymmetric extension of the SM with local B — L gauge symmetry (B — L
SSM). The MIA method can provide a set of simple analytic formulas for the form factors and the
associated effective vertices, so that the movement of the CLFV decays l/T — [Ty with the sensitive

parameters will be intuitively analyzed. Considering the SM-like Higgs boson mass and the muon
anomalous dipole moment (MDM) within 46, 36, and 26 regions, we discuss the corresponding constraints

on the relevant parameter space of the model.
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I. INTRODUCTION

Although the Standard Model (SM) is considered as a
very mature theory, it holds that lepton number is conserved,
i.e., no charged lepton flavor violation (CLFV) occurs [1].
However, the CLFV processes can easily occur in new
physics (NP) beyond the SM. Therefore, if the CLFV
signals are observed in future experiments, it is obvious
evidence of NP beyond the SM. In Table I, we show the
latest experimental data for the CLFV processes [ — [y
[2-4], and these processes were discussed in various
theoretical frameworks [5—13]. In this work, we investigate
these CLFV processes in the minimal supersymmetric
extension of the SM with local B — L gauge symmetry
(B — L SSM) [14-18]. We hope to reveal some properties of
high-energy physics through detailed analyses of these
CLFV processes.

It is worth noting that we use a novel calculation method
called mass insertion approximation (MIA) [19-24] to study
CLFV processes [; — [;y in the B — L SSM. The CLFV
decays [; — [;y are produced via one-loop contributions,
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which are influenced by the flavor mixing among the three
generations of the B — L SSM sleptons and/or sneutrinos.
The MIA works with the sleptons (sneutrinos) in the
electroweak interaction eigenstate instead of mass eigen-
state. That is to say, the MIA method operates mass
insertions inside the propagators of the electroweak inter-
action sleptons (sneutrinos) eigenstates, instead of perform-
ing the exact diagonalization of the mass basis involved in
the full one-loop computation. The MIA method has been
studied in other LFV works, including the i, H,A — u
decays induced from supersymmetric (SUSY) loops [20],
an effective LFV HI;l; vertex from right-handed neutrinos
[21], a one-loop effective LFV ZI[;1l,, vertex from heavy
neutrinos [22], LFV decays [; — [,y in the U(1)y SSM
[24], and so on. These works provide references and
guidance for our research of CLFV processes [; — [y
in the B — L SSM.

On the base of the minimum supersymmetric Standard
Model (MSSM) [25-28], B—L SSM extends the
gauge symmetry group to SU(3)- ® SU(2), ® U(1), ®
U(1)p_,, where B represents the baryon number and L
stands for the lepton number. The B — L SSM adds two

TABLE 1.
I =1y

The latest experiment limits for the CLFV processes

CLFV process Present limit Confidence level (C.L.)
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singlet Higgs superfields # and # and three generations
of right-handed neutrinos superfields 2§ to the MSSM.
The invariance under U(1),_, gauge group imposes the
R-parity conservation, which is assumed in the MSSM, to
avoid proton decay [29]. Besides, through the additional
singlet Higgs states and right-handed (s)neutrinos, addi-
tional parameter space in the B — L SSM is released from
the LEP, Tevatron, and LHC constraints to alleviate the
hierarchy problem of the MSSM [30,31]. Furthermore, the
B — L SSM can provide much more dark matter (DM)
candidates than that in the MSSM [32-35].

Our research of CLFV processes [; — [y inthe B—L
SSM possesses much differences comparing that of U(1)y
SSM. Firstly, because the two models contain different
fields, and the corresponding quantum numbers are differ-
ent, the two works are discussed under different models. In
the U(1)y SSM, three Higgs singlets and right-handed
neutrinos are added to MSSM. This model relieves the so-
called little hierarchy problem that appears in the MSSM. S
is the singlet Higgs superfield with a nonzero vacuum
expectation value (VEV) v,/v/2. The terms uH, H, and
/1,_13’]51“[:1(1 can produce an effective p.p = p + Anvs/ V2,
which relieves the u problem. Comparing this with the
condition in MSSM, the lightest C P-even Higgs mass at tree
level is improved. The second light neutral CP-even Higgs
can be at TeV order. Then it easily satisfies the constraints
for heavy Higgs from experiments. Secondly, the two
models contain different parameters, so there are big
differences in the analytical calculations, analyses at the
analytical level, and numerical discussions. In our work, we
further discuss the numerical results changing with sensitive
parameters within 46, 30, and 20 specifically. We study the
two-dimensional distribution of sensitive parameters under
experimental constraints, and then the influences of some
sensitive parameters on Br(/; — /7y are discussed by one-
dimensional graphs. There are some differences in numeri-
cal discussion methods and ideas comparing /; — /;y in the
U(1)y SSM with LFV decays.

Depending on the mass eigenstates of the particle and
rotation matrices, the mass eigenstate method is often not
intuitive and clear enough to find the sensitive parameters,
which leads us to pay too much attention to many
unimportant parameters. However, the MIA method pro-
vides very simple analytic formulas for the form factors
involved, which can be written explicitly in terms of the
sensitive parameters after a proper expansion. We can
easily find the direct impacts of sensitive parameters on
CLFV at the analytic level. Therefore, using the MIA
method to study CLFV processes provides a new way to
study other CLFV processes in the future.

The paper is organized as follows. In Sec. II we
introduce the B — L SSM briefly including the super-
potential and the general soft breaking terms. In Sec. III
we give analytic expressions for muon MDM and the
CLFV ratios Br(/; — [;y) in the B—L SSM. The
numerical analyses are given in Sec. IV, and the con-
clusion is discussed in Sec. V. The tedious formulas are
collected in Appendix A. In Appendix B we discuss
chirality flips with two examples, and demonstrate that the
chirality flips occurring in the internal gaugino lines may
yield dominant contributions compared to the external
lepton lines. In Appendix C we emphasize that the
contributions from the incident lepton is dominant by
comparing the amplitudes of Figs. 2(al) and 2(a2).

II. THE B-L SSM

A. The B-L SSM

The B — L SSM extends the superfields of the MSSM
by introducing U(1),_, gauge superfield. Therefore, the
local gauge group of the B—L SSM is defined as
SU33)®SU12), ®U(1)y, ® U(1)g_,. Compared with
the MSSM, the B—-L SSM adds two singlet Higgs
superfields, 77 and #, and three generations of right-handed
neutrino superfields 2¢. In the Table II, we discuss the
quantum numbers of gauge symmetry group for the chiral

TABLE II. The chiral superfields and quantum numbers in the B — L SSM.

Superfield Spin 0 Spin } Generations U(1)y ® SU(2), @ SUB) ® U(1)5_,
H, H, H, 1 (-1.2.1,0)
H, H, H, 1 1.2.1,0)
0; 0; 0; 3 3.2.3.1)
L L L; 3 (-1.2.1,-9)
2 D; 3 (.13}
U U vt 3 (-3.1.3.-9)
¢ E¢ ¢ 3 (1.1,1,)
i vi vi 3 (0,1,1,3)

; . i I (0.1,1,-1)
U 7 7 ! (0.1,1.1)
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fields in the B— L SSM. Then the B — L SSM super-
potential is deduced as
Wp_r =Y, ijQ'I:I Us-v, i/‘Q‘I:]dDC' +7Y, ij[:'[:]dEJC'

+MHHdH +sz/ALAi)C+Y1/l/LH I/ /’lnﬁ?]’ (1)

where i, j represent the generation indices so Y, ;i, ¥y
Y.ij» Yyij» and Y, ;; correspond to the Yukawa coupling
coefficients. uy and p, are both the parameters with mass
dimension. uy indicates the supersymmetric mass between
SU(2), Higgs doublets H, and H,, and My represents the
supersymmetric mass between U(1)g_, Higgs singlets,
7 and 7.

— 2 *
Esoftf—mq.ijQin—m U U —m

it,ij

2 12%3)
2 (D) DS

In the B — L SSM, the Higgs doublets and Higgs singlets
obtain the nonzero VEVs, then the SU(2), ® U(1), ®
U(1)g_; gauge group breaks to U(1)

em?

HY=—(ps+v4+i0,), H)=—(p,+v,+i0,).

\/_
1‘1—7( it v tiog). (2)

\®)

’1:%((]5,7—1-1)”-%1'0',]),
Here, we define u? = vj + vj, v = vj + vy and tan §' =
Z—’: in analogy to the definition tanf = Z—ll in the MSSM.

Correspondingly, the soft breaking terms in the B — L
SSM are generally written as

v,ij

=y [P i H 2 = mdlnf? = 3l = 2, (06) 5 + [~B,HH,

— Bynit + Ti Q;USH, + T 0,DSH, + TYL,ESH,, + TVH 55 L; + T niso

1

where Az, Ay, 4; and Ap are the gauginos of U(1)y,
SU(2)., SUQ3)¢, and U(1),_, respectively. Besides, the
soft breaking terms of the B — L SSM include the mass
squared terms of squarks, sleptons, sneutrinos, and Higgs
bosons, the trilinear scalar coupling terms, and the
Majorana mass terms.

Compared with the MSSM or other SUSY models,
the two Abelian groups in the B— L SSM produce a
new effect called as the gauge kinetic mixing. Although
both approaches are equivalent, it is easier to work with
noncanonical covariant derivatives instead of off-diagonal
field-strength tensors in practice. Hence, the covariant
derivatives of the B — L SSM can be considered as

/ A/Y
Dﬂ—aﬂ—i(y,B—L)<‘(fY’ gYB> b @
9pys 9p-L/ \ Ay

where Y and B — L correspond to the hypercharge and
B — L charge, and A}Y and A?" denote the gauge fields of
U(1)y and U(1),_,, respectively. With the condition of the
two Abelian gauge groups unbroken, choosing matrix R in a
proper form, one can write the coupling matrix as

<gY7 g,YB )RT: (gh gYB>’ (5)
y. 9B-L 0, g

where g, corresponds to the measured hypercharge coupling
which is modified in B — L SSM as given along with g and
gyp in Ref. [36]. Then, we can redefine the U(1) gauge

fields as
A/Y ) (AY )
Rl ", (6)
(A;IBL AEL

The one-loop corrections for the CLFV processes are
related with the mass matrices, which can be obtained by
SARAH [37,38]. Besides, the CLFV processes in MIA
need to consider the trilinear couplings under the inter-
action eigenstate, so we show some couplings needed in
this work as follows. The lepton-charginos CP-even(odd)
sneutrinos are deduced as

L;M_ak_ 7 RlYIPLH + g,PrW7),

a\~

Liyp =

P 7 L=Y{PLH™ + gy PrW. (7)

S\
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The lepton-neutralinos-sleptons are deduced as
[ T1 i o
‘CZ/')(OI: = llj{— [ﬁ (291PL/IB + (gB + 29YB>PLJB’)LR + Y{PLHgLL:|

1 - - S
— (92PrW° + g1 PrAg + (95 + gvp)PrAp ) L* — Y§PRH2LR} } (8)

%ﬁ

B. Higgs mass in the B-L SSM

Due that the strict constraint from SM-like Higgs boson on the numerical results, we discuss the Higgs boson mass
matrix. ¢y, ¢y, ¢y, and ¢; mix together at the tree level. In the basis (¢4, ¢, @), P5), the tree-level mass squared matrix for
neutral CP-even Higgs boson is deduced as

1 1.2 x*tanp 2 1 X 1 xxtan '

i Hmﬁz +n*tanf —1g a1 59B9YB T —5989YB 7

_1.2 x* tan _ n2 lgzxz tan 5> n? XX tanﬁ 1 xxtan fxtan ff'

5 5 29 Tranp I 1@ T tang 2939 2989vB T
Mh - 1 x xxtdnﬂ !]B +t /Nz _ tanp’ N2 ’ (9)
29BYIYBT 2 S 9p9ve 7t Trang? T 10 P 93 T-tan §7
1 xxtan/}’ 1 xxtanfxtanf’ tanf’  Ap2 tan /> N2

ng 29B9vB T gB 1+tan B N gB I+tanp? " tanf’

Here, # = ¢} + G + gy T = /1 +tanp2\/1 +tan 2, x =2, n* =% ,iB”) and N? = ( RelB) The mass of the SM-like
Higgs boson can be obtained after considering the leading-log radiative corrections from stop and top particles [39-41],

my, = 1/(m21)2—|—Am%, (10)

where m21 represents the lightest tree-level Higgs boson mass, and the leading-log radiative corrections Am3 can be
written as

3m? . 1. 1 3m? - o -
Am} = m {(H_EXt) +W <2—1)2t - 327ra3> (7 —l—X,t)},

M . 2A? A?
i=log—, X, ="F(1-—15). 11
&2 T ( 1202 (1
Here, a3 is the strong coupling constant, Mg = ,/m; m;, with m; , are the stop masses, A, = A, — py cot B, where

A, =T, 33 denotes the trilinear Higgs-stops coupling.

III. THE (g-2), AND /7 — I7y IN THE B-L SSM Laom = ——a,1,6% 1,Fop (12)
utu ap
In this section we study the muon MDM and the CLFV s

processes [; — [7y in the B—L SSM with the MIA
method, which shows the factor of the one-loop contribu-

tions more clearly. The concrete contents will be discussed (1.0 Gup = ilYar75)/2, 1, denotes the wave function of

as follows. muon, m, represents the muon mass, F4 is the electro-
magnetic field strength, and a,, is the muon MDM.
A. The one-loop corrections to (g - 2), in the B - L SSM To obtain the muon MDM, we adopt the effective
The effective Lagrangian used here for the muon MDM  Lagrangian method [28,42,43], which relates with the
is given out as follows: following dimension-6 operators:
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1 of 1 1 73 1 1 Ap(Ag) 1
(a) (b) (c)
AR — _ bR L - b L e _ /r
7 N 7 N 7 N
/ \ / \ / \
L o \ L o \ L . \
i g As(Ag) ow o A, WO o p i A Ao

)
(d) (e) ()

FIG. 1. The Feynman diagrams of muon MDM by MIA in the B — L SSM.

1 -
OT == ( )2 \PL,RL O; ( )2 (lD l)}/ F- UPL Rl
eQy eQy y
o = 4)’ IF - oy"Pg(iD,1), of = ) S1(0"F )y Prgl,
m; - . eQrm
OF = —SUiPy2Pogl,  OF = LI IF - oP 4l (13)

(4r) (4r)?

with D, = 9, + ieA,. The operators 023 ¢ have relation with muon MDM when adopting the on shell condition for
external leptons. Therefore, we only study the Wilson coefficients Ci 3.6 Of the operators O; 36 In the effective Lagrangian.
Actually, the Wilson coefficients satisfy the relations C; = C5 * and C{ = Cg*. Then the muon MDM can be deduced as

4Qfmﬂ
KNCEE

R(CT+ C* + Cf). (14)

The Feynman diagrams of muon MDM by MIA in the B — L SSM are shown in Fig. 1. Then, we obtain the concrete
forms of the one-loop muon MDM in the B — L SSM adopting the MIA method:

(1) The one-loop contributions from H~ — W~ — iR (),
g B
aﬂ(ﬂf,H', W) = ?xﬂ X2 X, tanﬁ[ZI(xMH,xif,xz) = J(x2.x,,. X ) + ZI(xz,x,JR,xﬂH) j(xﬂH,xz,xl;lLe)],
2
1 - - g
(L H- W) = izxw /X%, tan B2 (x,,, Xt X2) = T (X2, %, Xpt ) + 2L (x2, Xp1 , Xy, ) = T (%, X2, x50)], (15)
with x, = 35, x,, = — " and A is the NP energy scale. The one-loop functions Z (x, y, z), J (x, y, z) and the following

flx,y,z.1), (x y,2,1), k(x,y,z,t) are collected in the Appendix;
(2) The one-loop contributions from Az () — fi; — fig,

a,(figs fi Ap) = G1X,\/X1%,, tan 1T (x1, Xz, xz,) + T (X1, X5, X, )]

U +2 +
i) = PRI DL o o T (e 3 53) + T ) (16
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(3) The one-loop contributions from Az(Az) — H® — jig,

a,(fig, Az H°) = —=gix, /%1%, tan BT (x1. x,,,, xz,) + T (x,, . X1, %z,)].

a, (g, Ay, H®) = — (98 + 29v)9ys
" s LB -

> Xy\/Xp Xy, tan BT (xp, X, . Xz,) + T (X, Xps Xz, )]s (17)

(4) The one-loop contributions from Az(W°, Az) — H® — ji,

o |
aﬂ(ﬂL’HO’AB) = Eg%xll\/xl'xﬂﬂ tanﬂ[j(xl’xﬂﬁ’xﬁL) + j(xﬂﬁ’xl’xﬁL)]’

. 1
aﬂ(:uLa HO? WO) = _Eg%xﬂ\/XZXIIH tanﬂ[j(x%xﬂy’xﬂL) + j(xﬂﬂ’xz’xﬁL)]’

aﬂ(ﬂL: Iqo,ﬂ,g/) = M

(5) The one-loop contributions from Az — Ap — jig — jiz,

7 Xu/XB X, tan 7 (xp', Xy Xz, ) + T (X, Xp xﬁL)]; (18)

a,(fig, fips Ag> Ap) = 91(49ys + 398)Xu\/Xp5 Xy, tan fly/x 1 xp f (Xpr, X1, X5, Xz, ) — 9(Xpr, X1, X5, Xz,)]. (19)

In Egs. (15)—(19), one can easily find the factors x,, and
tan B, which possess the same characteristic as these in
MSSM [19]. In the B —L SSM, the new gaugino Ay
generates the new contributions to muon MDM, which are
deduced in Eqgs. (16)—(19).

To obtain clearer images of the results, we suppose that
all the superparticle masses are almost degenerate. The
author [19] gives the one-loop results of the MSSM in the
extreme case where the masses for superparticles M, M,
Hus My, , my, are equal to A,

2

1 m

Here, we also use the similar case

2
B-L

bl oy
" T 96072 A2

= Mg

= |MB’| = |MBB'\ =A. (21)

MlezzﬂH:mzfzmq:m"

Then, the functions Z(x,y, z), J(x,y,2), f(x,y,z,1), and
g(x,v,7,t) can be simplified as

1
) 171’1 — T A~ 0
I ) 19272

1 1
- 111 )=
TR )= 36022

T(1L11) =5

f(LL1,1) = (22)

In this condition, we obtain the simplified one-loop con-
tributions of muon MDM in the B — L SSM.

an f[5(593 + g1) + 5(95 + 39vp9s + gys)sign[Mp]

+91(395 + 4gyp)sign[Mgp] (1 — 4sign[M])]. (23)

In addition to the one-loop MSSM contributions, the Eq. (23) adds considerable corrections to a, from the new gaugino
Ap. In the condition —0.7 < gyp < —0.05, 0.1 < gz <0.85 and |gys| < gp <3|gys| and with the supposition

sign[Mp| = sign[Mpp] = —1, the corrections beyond MSSM can reach large values,
B-L 1omy 2, 2 2 2
a,; " - Wptanﬂ[@gz +91) — (91395 + 49vs) + (95 + 39v898 + 9yz))]- (24)

Here, the order analysis shows,
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W i E W i ﬁ Ly Lf A\rr
Ve N
4—/’\ /‘\ ) .
- — e - — - — e - — L \
lj 7 oo L 7, UL lj Ap(Ag) l;
(a1) (b1) (c1)
LY _ e _ Lf Ly _ e _ Lf Ly _e _ Lf
7 N 7 N 7 N
/ \ / \ / \
i ° \ i ° \ i o \
lj HO As(Ag) li As(g, ) HO li lj A Ap li
(d1) (e1) (f1)
i W i W Lj o _ L
7 N
/ \
- — e — — - — e - — L A
I 71 A l 7, /A l Ap(Ap) l;
(a2) (b2) (c2)
LY e I Ly e It Lf e L
7 N 7 N 7 N
/ \ / \ / \
i ° \ i ° \ i o \
oo As0) o i l i Ap(g, WO l Ap gk
(d2) (e2) (f2)

FIG. 2. The Feynman diagrams of /; — [;7y by MIA in the B — L SSM.

—91(395 + 49vs) — (95 + 39v89s + 975) <.
592 + 91

0< (25)

Therefore, the B — L SSM contributions beyond MSSM are
considerable.

B. The one-loop corrections to lj‘ =17y
in the B-L SSM

Generally, the effective amplitude of the CLFV proc-
esses [; — [y can be written as

M = ee'u;(p + q)[q°7,(CTPL + CYPp)
+ myio,,q" (C5 Py + C5Pg)u;(p), (26)
|

!
L

(1) The one-loop contributions from A~ — W~ — iR (p

R ~R

1L
G (’/L UL

),

where p (g) represents the incident lepton (photon) momen-
tum, m,, is the jth generation lepton mass, € is the photon
polarization vector, and u;(p) (it;(p + ¢)) is the incident
(outgoing) lepton wave function. In Fig. 2, we show the
relevant B — L SSM Feynman diagrams of /; — [y by
MIA. Here, we omit the chirality flips of external lepton in
our calculation. In Appendix B we discuss chirality flips
with two examples, and demonstrate that the chirality flips
occurring in the internal gaugino lines may yield dominant
contributions comparing in the external lepton lines. In
Appendix C we emphasize the contributions from the
incident lepton is dominant by comparing the amplitudes
of Figs. 2(al) and 2(a2). The Wilson coefficients Cit, CIR
(a=1,2,i=1,...,5) adopting the MIA method are
obtained from the sum of these diagrams’ amplitudes:

- m,
H W) = 2A4 ./xzx”HA tanﬁ[k(xMH,xz,xﬂzLej,x,;fi)

+ k(x27xﬂH’xl;fj’xﬂlzi) - f(x27xﬂH7xl7§j’xﬂlzi):| :

my,
C (UL 7VL 7H W ) 2A4 \/XZX;JHAL}L tanﬂ[k(xﬂH’xZaxf/ijxﬂi)

+ k(xzvxyﬁ,xaij’xagi) - f(x27xﬂH7xf/ij’xl~/£i):|’

(27)
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C%R(DL ,yL JH W) = 22 /xzxﬂHA tanﬁ[k(xﬂﬂ,xz,xﬂf/_,xﬂfi) + k(xz,xﬂﬂ,xﬂfj,xglzi) - f(xz,xﬂﬂ,x,;fj,xgzzi)},

~ Fr— Ti— %
C%R(yi oL HT W) = 2—1341 /3%, AL tanﬂ[k(xﬂH,xz,xpij,xﬂii) + k(xz,xﬂH,x,;zLj,xDL) —f(xz,xMH,xﬂzLj,xﬂii)};
(28)

(2) The one-loop contributions from A3(4z) — Lt — LE,

C3H(Ly. LE . ap) = - 2A3 \/aA [(xlaxz;,xuf)+~7(x1,xif,leé)},

Pl 7 (9 +29 )(95 + gva)
COL(LE LE ) = =2 4YAB3 I8 I Ve AR | T (xi ) + T o). (29)

2
p g
CF(LY LT Ap) = —m\/ﬂAij [j(xl’xif’xif) + j(xlvxifaxif)},
J

PR 7 98 +29vs)(98 + 9
CR(LR L Ap) = _ 9 4?3’5113 s) Vg AR [j(xB’,XZ;?ny:iL) + j(xB/,le_L,xz}e)}; (30)

(3) The one-loop contributions from A3 (4z) — H® — LK — L}:

2
op 7 . g
C%L(Lf,Lf,ﬂB,HO) — —A_LAIS,R [, /X1X,, tanﬁf(xl,xﬂﬁ,leg,leg) —g(x,,xﬂH,xif,lek)},

(98 + 29v8)gys

AT AR [\/XB/xﬂH tan ff (Xg, X, Xp5s X r) = 9(Xps Xy X1 xif)} . (31

G (LY LF Ap %) = -

2
C%R(Lf,Lf,ﬂ.B,HO) — A_mzARR[ /xlxyHtanﬁf(xl’x/lH’xZ’f’fo)_g(xl’xﬂy’lef’xif)}’

(QB +209y5)9ys my, ARR

Al - [,/xB«x tan ff (xp, x Xy XL xLR) g(xB/,xﬂH,xng,xZ‘@)}; (32)

C3R (LR LR 25 . H) =
(4) The one-loop contributions from Az(W°, Ag) — H° — LY — L}

gi m
I ALL { /XX, tanﬂf(xl,xﬂH,xzf,xZ';) - g(xl,xﬂH,ijL_,xiiL)},

AL(7L 7L 170 9.
CiL(LELE A, 25) = AT

~ ~ ~ ~ g l
CﬁzlL(LJL.,L{“,HO’ Wo) = 2; ALL[ /XX, tan Bf (xy, x Xy XLE> xLL) — g(xz,xﬂH,ij;,xil;)},

FL FL 9ye(9r + gyg) M,
C‘zlL(Lst{J’HOalE) W ALL [\/ .XB/.X tanﬂf(XBl xﬂH’xLL 'xLL) _g(xB/’x}lH’ijL.’xzf‘)}’ (33)
!

91

AR(TL 7L 0 7.\
C3*(L}. LE.HO Ap) = 5 ¢

I ALL|: /X1X,,, tanﬁf(xl,xﬂH,xij;,xziL) - g(xl,xﬂﬂ,x,:];,lep)},
92

2A4 ALL |:\/ XXy, tanﬁf(x% Xy xl:;“ ’ xL[L) - g(x2’ Xy o xZ;ﬁ ’ x]:{r)} ’

CiR(LE LE, O, W0) =

21 FL 7 9ve(98 + 9ys)
C‘Z‘R(LJL,L{‘, H J3) = %A# [, /X5 X, tanﬁf(xB/,xﬂH,xzf,xZiL) - g(xB/,xMH,xij;,xZiL)} . (34
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(5) The one-loop contributions from Az — Az — LY — LE:

L 91(49v + 395)
C§L<L_/L’Lfv’1§7/11§') = _l;l\i—n”BvaB’AiLjR [\/xle'f(xButhz]hxif) - Q(XB’,M,XZ!@,XIZ{?)} . (35)
j

ah - 91(4gyp + 39
C;R(L]R,LZL,AB,AB/) = _WQ/XBB’AZL}R [\/xle/f(xB/,xl,leg,xliL) - g(XBr,_X'l,XZI_Q,)CZ_L)] . (36)
lj J J i

Then the decay width of /7 — [;y can be written as
&€ s R|2
F(ljT — li_}/) = EmlfﬂCZ' + |C2| ), (37)
with the final Wilson coefficient CS = ot CéL’iR, i=1,....5. And the branching ratio for [; — I7y is

Br(l; = I7y) =T(l; - [7y)/T,. (38)

From Egs. (27)-(36), we find that C5® are almost affected by tan and Ag.B (A,B = L,R). Here, AI.L].L = m%&fj’“,
ARR = mp5fR, and ALR = A 0,8, which are related with soft breaking slepton mass-squared matrices m7 ;. and the

trilinear coupling matrix 7,, whose off-diagonal terms introduce the slepton flavor mixing,

Ll SLL RR SRR LR SLR
L dp, o3 Lo, o L dp, dp
2 _ | sLL LL |2 2 _ | SRR RR | 2 — | sLr LR
m; = | oy, 1, &y |mi, mz = | o, 1, &3 |mg, T,=| &%, 1, &5 |A.. (39)
Ll SLL RR SRR LR SLR
oy, oy, | oi3> O3, 1 o3, Oy,

In the subsequent numerical analyses, we discuss the branching ratios for CLFV processes /; — [y in the B — L SSM
depending on the slepton mixing parameters.

In order to more intuitively analyze the factors that affect CLFV processes [; — [y, we also suppose that the
superparticles masses are almost degenerate. In other words, we give the one-loop results in the extreme case where the
super particle masses are equal to A,

|M1|:|M2‘:|/"H|:mL:mE:|MB’|:|MBB’|:A- (40)

Here, the function k(x, y, z, ) is much simplified as k(1,1,1,1) = then the Wilson coefficients from the MSSM can

be deduced as

1
1927%°

1 ) .
CHMIM ~ 193022 K%, [—IOﬁg%AAevdmgn[Ml]éleR + 2g} (4 tan fsign[M ] — 1)m,jmg5§§.’?} : (41)
1 . .
CyMOM o M [—10\/59%/\&”[151%11[1"1 1658 — (93(8 tan fsign[Mopy] + 1)
+ g7 (4 tan Bsign [Ml,uH] - 1))m,/_m%5ff} ) (42)

With the supposition sign[M,] = sign[uy] = sign[M,] = 1 and 4tanf > 1, the one-loop corrections to the Wilson
coefficient of MSSM can reach

1 A,v
L.MSSM 2%e¥d oLR 2 RR
cs T Ty ) [—mﬁgl 25 + 87 tan pmy S5 | (43)
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1 Av
R.MSSM YAV g ) , L
C2 i W {—10\/591 A 5[]' - (892 + 491) tanﬁm,jéij . (44)

In the same way, the Wilson coefficient from the B-LSSM can be written as

CLBL o _ 1
2 384072 A*m,

— 91(39p + 4gyp)sign[Mpp ] (4sign[M | Mp] — 1)) AA,v,60F = 2(g7(8 tan fsign[uy M, ] - 2)

+ 9vs(9p + 2gyp) (4 tan fsign[uy M p| — 1))”’11]”125551?}» (45)

[\/5(209%5@11[1‘41] + 10(gp + gys)(9s + 2gys)sign[M /]

CRB-L o _ 1
2 384072 A*m,

— 91(39s + 4gyp)sign[Mpp](4sign[M M p] — 1))AAe7fd5iLjR
+ 2(g3(8 tan Bsign[uyM,) + 1) + g2 (4 tan Bsignfuy M| — 1)

+ gvs(95 + gyp) (4 tan psign(uyMp| — 1))m1,m1%5{’jL} . (46)

[\/5(2Og%sign[M1} + 10(gp + gys)(gp + 2gyp)sign[Mp/|

With the supposition sign[M;]| = sign[M,] = sign|uy] = 1, sign[Mp| = sign[Mpp| = —1 and 4tanf > 1, the Wilson
coefficient for the B — L SSM can be

_ 1 A,
;P - 38402 A 2m, {—20\/59% A d(szLjR + 1647 tanﬂmzj5§R +V2(10(g + gv5) (98 + 29v5)
l
A.v
+ 591395 + 49vs)) A 4 5% —8gys(9s + 29vp) tanﬂmljél’.;R] , (47)
_ 1 Aevd
CRBL 384G AT, [—20x/§g% X SiF = 2(8¢5 + 4g7) tan pmy S + V2(10(g5 + 9y5) (95 + 29y5)
A,v
+ 591395 +49ys)) A < 818 + 8gyp(9p + 9vs) tanﬁmzﬁff} . (48)

In the condition —0.7 < gyp < —0.05,0.1 < gg < 0.85, and |gy5| < g5 < 4/3|gys|. then v2(10(gs + gy5) (95 + 29y5) +
591(3g3 + 49)/3)) < 0, —8gy3(g3 —+ 2gYB) < 0, SgYB(gB —+ gYB) < 0. The order analysis shows

_ A
Dyt = [\/5(10(93 + 9v)(98 + 29v8) + 591(398 + 49v5)) Td5iLjR —8gys(9s + 29vn) tanﬂmlj(SﬁR] <0, (49)

_ A,
DYPE = [\/5(10(93 + 9v8) (98 + 29v8) + 591 (398 + 49ys)) TdéiLjR + 89ys(98 + gys) tanﬂmljéiLjL] <0.  (50)
As parameters g; ~ 0.3, g, = 0.6, g5 = 0.3, gyp =~ —0.25, tan fim, = 2<% 1, §tF ~ 58K ~ 518 ~ 1075, DI, and DS
are at the order around —107>, which approximately take the same values as the MSSM contributions from
[—10\/59%%514]3 + 8j tan fim; 55F] and [—10\/59%%5%/a — (845 +4gi) tan pm, 51"]. Therefore, the B—L SSM
contributions beyond MSSM are considerable.

IV. THE NUMERICAL RESULTS

In this section, we research the numerical results of the branching ratios for CLFV processes [; — [;y. We consider some
experimental constraints: (1) The updated experimental data indicates that the Z' boson mass satisfies M?, > 5.15 TeV with
95% C.L. [44]. Refs. [45,46] give us an upper bound on the ratio between the mass of Z’ boson and its gauge coupling at

99% C.L.: Agd—;z > 6 TeV, so gp is restricted in the region of 0 < gz < 0.85; (2) The large tan f has been excluded by the
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B — X,y experiment [47,48]. Besides, the Yukawa cou-
pling Y, is defined as Y, = +/2(tanp? + 1)m;/v. In
general, the value of Y, is smaller than 1, mb
4.18 GeV and v ~ 246 GeV, so the parameter tan  should
be approximatively smaller than 40; (3) The coupling
parameter gyp is taken around —0.45— — 0.05, which has
been discussed in the works [49,50].

The SM-like Higgs boson mass is m;, = 125.25 +
0.17 GeV [51-54], which constrains the parameter space
strictly. Therefore, we take the suitable parameter space to
limit the SM-like Higgs boson mass of the B — L SSM
within experimental 40, 30, and 20 regions. We also
consider the constraints on the NP contribution to the
muon MDM in the B — L SSM. The difference between the
experimental measurement and SM theoretical prediction
of a, is Aa, = a;" — a;™ = (251 £59) x 107" [51,55],
which possesses 4.20 deviation. Therefore, we constrain
the NP contribution Aa)" with 46, 36, and 26 experimental
errors. Then the numerical results of the CLFV process
I7 — [y are discussed in detail in the following.

A. The CLFYV process u — ey

We all know that the CLFV process y — ey possesses the
strict experimental constraint, so we first discuss this
process with &\ = &2 =0(A,B = L,R), 5tF =58k =
SER = 1075 Parameters tanf, M|, My, uy, Mpp, Mp,
;\e, m; = mg, gyp, and gp are assumed as random variables
in the suitable regions. As the SM-like Higgs boson mass
and muon MDM are both in 46, 30, and 20 regions, and the
branching ratio of 4 — ey satisfies the current experiment
constraint, the reasonable parameter space is selected to

ds

. o o 3N
-0.25 -0.15

(@) gvs

-0.30 -0.20 -0.10

FIG. 3.

scatter points which are shown in Fig. 3. Firstly, we discuss
the distribution of gz versus gyp in Fig. 3(a). Under the
experimental constraint of 4¢ region, the numerical results
are mainly concentrated in the upper-right half interval of
function gz = —2gyp. In the 30 interval constraint, the
numerical results are mostly located in the region above
the function gz = —2gyp and below the function gz =
—2gyp + 0.35. In the 20 constraint, the numerical results
are evenly distributed in the lower-left half interval of the
function g = —2gyp + 0.3, and we find that the region of
gp increases with the decreased gyp, even gp can be
anywhere from 0.2 to 0.85 as gyp < —0.25 with 20 limit.
So gyp takes —0.25 in the following discussion. Besides, in
Fig. 3(b), the parameters M; and mg are approximately

equal to each other as IZ—’;’ €(0.9,1.1), and the parameters

Mp and mp are approximately equal to each other when
% €(0.9,1.1). As the experimental constraint changes

from 40 to 20, the values of %’ and fn/l—b‘ are both closer

to 1. Therefore, in the numerical analyses below, we take
M, ~0.947 TeV, mg ~0.948 TeV, and My ~0.93 TeV,
which are approximately equal to each other. Besides, we
appropriately fix M, = 0.6 TeV, uy = 0.5 TeV,and A, =
0.4 TeV to simplify discussion.

The CLFV process u — ey is flavor dependent, which
can be influenced by the slepton mixing parameters
5B(A,B=L,R). In order to study the characters of
58(A,B=L,R) to Br(u— ey), we assume gygz=
—0.25, g5 = 0.8, Mpp = 0.8 TeV, and tan = 25; then
the corresponding analyses are shown in Fig. 4. It is
obvious that the CLFV rates increase with the enlarged
58 (A, B = L, R) and possess the same changes within 4o,

1.05¢ .

1.00 jamasy

MB'/mE

095+, .+ 7

Mo S B

0. °2 o . ® .o Ry B |
0.90 1.00

(b) Mi/mg

Under the premise of the limit on the CLFV process 4 — ey, reasonable parameter space is selected to scatter points. Here, the

black, blue, and green scatter points correspond to the SM-like Higgs boson mass and muon MDM within 40, 30, and 26 regions,

respectively.
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10-12 / 1012

10712 k!

10°18 9 101

10714 1 1014

Br(u—ey)
Br(u—ey)

10715 4 10

10718 4 10

Br(u—ey)

10-17

10-17 n N
5.x10°° 1.x10°* 1.x1078

(a) 615

5.x10¢ 1.x10°°

5.x10° 1.x10™*

(b) &%

7
5.x107  0.001 1.x107 5.x107 1.x10 5.x100 1.x10°5

(©) 6%

FIG. 4. The CLFV rates for u — ey versus §/2(A, B = L, R), where the dot dashed line denotes the present experimental limit. Here,
the black, blue, and green lines correspond to 40, 30, and 20 regions, respectively.

30, and 20 constraints. Besides, the present experimental
upper bound of Br(u — ey) constrains 554 < 1.4 x 1074,
SRR <51 x 107, and &6 < 1.1 x 1075,

Then, we study the CLFV rates for 4 — ey versus g,
gys> Mpp, and tan f§ respectively in Fig. 5. In general, the
numerical results of Br(u — ey) enlarge with the increase
of gg, gyp, Mpp, and decrease with the increase of tan /.
The red line has been excluded due to exceeding 4o
experimental constraint of SM-like Higgs mass or muon
MDM. And the parameter spaces of gg, gyz, Mpp, and
tan f all narrow with the increase of muon MDM and
SM-like Higgs mass constraints. Obviously, Figs. 5(a)
and 5(b) indicate that the larger gz or gyp is, the more
appropriate CLFV rates for y — ey we can obtain. Under
the constraint of 20, gp takes a value in the space of
0.78-0.85 when gy = —0.25 and gy takes a value in the
space of —0.29— — 0.25 when gz = 0.8. In Fig. 5(c), when

-------- gys=-0.3

1.x1073 ¢

Br(u—ey)

5.x1074

1.x 1071

(c) Mgg/TeV

FIG. 5.

the value of tan f is small, the parameter M zp can obtain a
large region, and the upper and lower limits of Mpp also
increase. Furthermore, in the 3¢ or 4¢ limit, tanf can
obtain a larger region—Mpp = 1.3 TeV—than that of
Mpp = 0.8 TeV or Mgy = 1.8 TeV. However, in the
20 region, the space of tanf decreases with the reduced
M gy, and even tan f is confined to a much small interval of
22-28 when Mgy = 0.8 TeV.

In Refs. [56,57], the authors show that the MIA results
can be obtained if one expands the starting expressions
in the mass basis properly. The concrete contents
include: 1. The loop particles are much heavier than the
external states; 2. The convergent of any one-loop ampli-
tude requires that the moduli of every eigenvalue of the
dimensionless mass insertion matrix has to be smaller than
one, and our discussion satisfies the basic approximation
assumption studied in Refs. [56,57]. Besides, we further

10-15 k

10-16 L L L L L L
-0.40 -0.35 -0.30 -0.25 -0.20 -0.15 -0.10 -0.05

(b) gvs
. Mgg=0.8TeV

5.x10712 T T

1.x10712 .

5.x107"®

Br(u-ey)

1.x10"% ¢

5.x107™ |

1.x10-14 L1 L L L L L L

(d) tanB

The Br(u — ey) versus gg, gyp, Mg, and tan ff respectively, where the dot dashed line denotes the present experimental limit.

Here, the black, blue, and green lines correspond to 40, 30, and 20 regions, respectively.
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1.x10712 T T T T T T

5.x1073

Br(u—ey)

11072

14 0 0 0 0 . .
5.x10 06 0.8 1.0 1.2 1.4 16

(@) Hu

5.x10°1
\

=

O 2x10f

3

=

—

0 yenl
ox1 -14 L I I n n
2ol 05 1.0 15 2.0 25 3.0

(b) M

FIG. 6. The CLFV rates for u — ey versus uy(M;), where the black and red lines correspond to the interaction eigenstate and mass

eigenstate, respectively.

study the numerical results of Br(u — ey) versus py(M,)
in the interaction eigenstate and mass eigenstate, respec-
tively, in Fig. 6. When parameters are valued in a
reasonable space, such as & =5x107, &R =
5x 1074, 8H8 =95 x107°, gyp = —0.25, gz = 0.8, and
tan# = 15, we find that the Br(u — ey) with the running
of uy(M,) in the interaction eigenstate have the slight
deviation comparing with that in mass eigenstate. Even
when py or M, takes a certain value, the branch ratios in
interaction eigenstate and mass eigenstate are exactly the
same. In this work, the numerical discussion of the MIA
scheme in the interaction eigenstates is based on satisfying
the numerical results of mass eigenstates. Therefore, the
compatibility between SARAH and the MIA scheme is
guaranteed in this work.

B. The CLFYV processes 7 — ey and 7 — uy

Because the experimental upper bounds for Br(z — ey)
and Br(z — py) do not possess obvious differences, we
research both these processes in this section. In Fig. 7, we

picture Br(z — ey) [Br(z — uy)] versus the slepton flavor
mixing parameters &2 (A, B = L,R) [552(A,B = L,R)].
Obviously, the CLFV rates of 7 — ey possess the same
trends for 46, 3¢, and 206 limits, as well as Br(z — uy). We
can clearly see that all slepton flavor mixing parameters
make positive influences on the CLFV rates, even the
Br(z — ey) and Br(z — uy) are respectively proportional
to 5% and 5%2(A,B=L,R). Besides, we find that
SHE < 0.09, SfR < 0.35, and 648 < 0.13 with the exper-
imental constraint of Br(z — ey). Through the present limit
of Br(t — py), 65, S8R, and LR are restricted below 0.11,
0.39, and 0.14, respectively.

In order to discuss the effects from other basic param-
eters on the numerical results, we set 6% = 5RR = §LR =
0.03 and 542 (A, B = L, R) = 0 for process 7 — ey, as well
as 5% = o8 = 68 = 0.03 and 6 (A,B = L,R) = 0 for
process T — py. Then, we study the influences on Br(z —
ey) and Br(z — uy) from parameters g, gyp, Mpp, and
tan #. Overall, the variations of Br(z — ey) with parameters
9s»> 9yp>» Mg, and tan f§ are all slightly steeper than that of

107

1077 = 107 A
10
= T = =
(] [ o 1
1 107 I‘ 10 'I
= = = o
m 1o m o
10710
1071 10-1
105001 0005 0.010 0,050 0.100 0500 001 002 0.05 0.10 0.20 0.50 LT 5.2 10-40.001 0,005 0.010 0,050 0.100
LL RR LR
(a1) o33 (b1) 633 (c1) 613
10©
107 107 / 1
g 107 1
o = =
S, 10 ?_ 107 4 % 104 ]
'T' = = o0
= 10° = 10 = 1
) m m . ]
1010 10-10 ]
107" 1
10" 101 10712
0.01 0.02 0.05 0.10 020 001 0.05 0.10 050 1 0.001 0005 0010 0050 0.100 0500 1
LL RR LR
(a2) 633 (b2) 653 (c2) 63

FIG. 7. The CLFV rates for 7 — ey(t — puy) versus &2(522(A, B = L,R)), where

the dot dashed lines denote the present

experimental limits. Here, the black, blue, and green lines correspond to 40, 30, and 20 regions, respectively.
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regions, and the dot dashed line denotes the experimental limit.

Br(z - uy), and

the value spaces of gp, gy, Mpp, and

tan / become small as the constraints of SM-like Higgs
mass and muon MDM change from 46 to 26. Figures 8(al)
and 8(a2) both indicate that the ranges of gp increase as gyp
expands, and when gyp = —0.25, g can fetch all values
from 0.78 to 0.85 under the 2¢ constraint. gyp in Figs. 8(b1)
and 8(b2) can both obtain smallest regions when gz = 0.7
with the limits of 46. However, within 3¢ limit, the larger
gp 1s, the larger space for reasonable values gyp is. Under
the 20 constraint, gyp runs in a —0.29— — 0.25 cell only

when gz = 0.8.

Br(t>uy)

-10
5.x10 0.4

Br(t-uy)

Br(t->uy)

ing 40 or 30 constraint on the Figs.
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1108
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gys=-0.3

L
0.5

0.8
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5.x109 fbuem
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-10
5.x‘10_0
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.40
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15 20 25 30 35 40

The CLFV rates change with gg, gyz, My, and tan 3, where the black, blue, and green lines correspond to 46, 30, and 20

In Figs. 8(c1) and 8(c2), we can see that the large regions
of Mpp have been eliminated by the experimental upper
limits of Br(z — ey) and Br(z — uy) both within the 40
or 30 limit, but Mpp can still obtain large region as
tan # = 20. Besides, the experimental limit of Br(z — ey)
is stronger than that of Br(z — uy). Under the constraint of
20, the value range of M g changes from 0.7 TeV to 2 TeV
as tan § = 25, which is more narrow than that of tan f = 20
(here 0.9 TeV < Mpp < 2.5 TeV). In addition, consider-

8(d1) and

8(d2), we find that the larger Mpp is, the more obvious
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experimental constraints of Br(z — ey) and Br(z — uy) on
tan f# are, and the smaller value space of tan /3 is. That is to
say the suitable parameter space of tan  narrows obviously
as M pp enlarges. When Mg = 1.8 TeV, tan §f can be any
value between 14 and 28 within the 26 region, which
indicates parameter tanf is more constrained by the
experimental limit of Br(z — ey) than Br(z — uy).

V. DISCUSSION AND CONCLUSION

In this work, under the premise that the compatibility
between SARAH and the MIA scheme is guaranteed, we
focus on CLFV processes [ — [;7y in the B — L SSM using
the MIA method. Assuming that all superparticle masses are
almost degenerate, we find that the B — L SSM contribu-
tions for both muon MDM and CLFV processes beyond
MSSM are considerable at the analytical level. In the
numerical discussion, we constrain the SM-like Higgs mass
and muon MDM both within the 46, 30, and 26 regions,
which possess strict limits on the CLFV decays. Firstly, the
distribution of gp versus gyp presents different sensitive
parameter regions under the different bounds within 26, 30,
and 4o. Besides, the parameters M, and my are approx-

imately equal to each other as ﬁ—i’ €(0.9,1.1), as well as the
parameters Mp and mg being approximately equal to each
other when ’r‘ni; €(0.9,1.1). As the experimental constraint

changes from 40 to 20, the values of A:Ti” and f‘:—b‘ are both
closer to 1. The branching ratios of /; — [y depend on the
slepton flavor mixing parameters /2, 5%, and §22(A, B =
L,R) obviously, and Br(l; — [;y) increases with the

5AB

enlarged &2, 518, and &38. Considering the latest

experimental limits of Br(le — [7y), the slepton flavor
mixing parameters are restricted as 6& < 1.4 x 1074, fR <
51 %107, s <1.1x1075, §tF <0.09, s8R <0.35,
SHR <0.13, 85F < 0.11, and 65F < 0.39 and 658 <0.14.

The parameter ranges of gg, gyp, Mpp, and tan g all
narrow obviously as the constraints of SM-like Higgs mass
and muon MDM change from 46 to 26. Compared with the
MSSM, gg, gyp, and Mgy are the new parameters in the
B — L SSM, which have an uplift effects on the numerical
results. At 30 or 20 limit, gz has a large region with the
increased gyp, similarly, the reasonable parameter space
of gyp also widens as the value of gp enlarges. When
gys = —0.25(g5 = 0.8), gz(gyg) is constrained in the
range of 0.78-0.85(—0.29—- —0.25), which corresponds
to the maximum spaces of these parameters under the
20 constraint. Under the 26 constraint, the parameter Mg
can obtain a large reasonable space 0.9-2.5 TeV when
tan # = 20. The large parameter space of tan f is excluded
by the latest experiment limit of Br(z — ey), which
possesses the strongest constraint. Therefore, under the
206 and Br(z — ey) constraints, tan# can run in a much
large region of 14-28 when Mpzp = 1.8 TeV.
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APPENDIX A: ONE-LOOP FUNCTIONS

The one-loop functions Z(x,y,z), J(x,y,2), f(x,y,2,1), g(x,y,2,t), and k(x,y, z,1) can be written as

1 1 (22— xy)logz _ xlogx ylogy
AR A Tl [ s T oy ey o e s s A sy s ]
T(ry.o) = — x(x* +xz —2yz)logx  y*logy 2fx(z —2y) +2%|logz  x(y—22) +yz
B T B e ) M o ] () CI P s ]
B (17 = 3txy + xy(x +y)]logr  x[x* = 3txz + 1z(t + z)] log x
Ty 2l = tea ==y -2 (= ==
vl =3tyz + 1zt + )] logy  z[z* = 3xyz + xy(x + y)]log z 1

(1=yPx=y)(y—-2)7°

(t=2)(z=x)(z-y)’
x(2t = 3x+z2)

2(x—y)
r+y

" < t B 2y N
(t=x)?*(z-x) (=y)-2)7°

(t—x)*(x = 2)?

+<r—y>2<y—z>)]’
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1 P (x+y) = 3Pxy + a2y logt | z[x*y® +x2°(z = 3y) +y2]logz
e e ks (-G 9C -
[0 =3z + 1zt + g)]logx Y[y’ =3tyz+rz(t +2)]logy  x*(2t=3x+72)
(t=x)P(x=y)(x=-2)° 1=yl x=-y-2)° 2(r=x)(x = y)(x—2)
N x DV +2) +y(z=3y)] }
2(t=x)P(x=y)(x—2) 2(t=y)(y—x)(y—-2)
1 [z —1y) + 4% (= 2x + y)]logx tlogt
e e  (Brs
ylogy 1 zlogz
e e L e o R I e (Al

APPENDIX B: THE CHIRALITY FLIPS

The chirality flips occurring in the internal gaugino and the external lepton lines were described in detail in the
Refs. [58-60]. Since the gaugino mass is much bigger than the lepton mass, these diagrams whose chirality flips occur in
the internal gaugino lines may yield dominant contributions.

Then, we take two Feynman pictures shown in Fig. 9 as the examples, and discuss the chirality flips occurring in the
internal gaugino and the external lepton lines as follows. Firstly, we discuss the concrete amplitude of Fig. 9(a),

M — @ ap [ d°k eALPL({+M)BLP.(2p + q —2k)'C
M= / (2m)° Lkz =~ M3{(k = p)? = m, ][k = (p +9)) = mi,J[(k~ (p +)* = m}]

eA P (¥ +M)B.P.(2p + q — 2k)*C

T =M= p = k= ) = k= (o + ) = i

J uj(p)eu(q). (B1)

We assume that the internal masses of particles such as gaugino and left(right)-handed slepton are much bigger than

the external lepton mass, the function (k_p)lz_mz ~ k2_1m2 + (Zklﬁf ;15)22 + (,fif';ji;. Then the amplitude can be approximately
reduced as
APk 2p + q)* 1
iMy ~u;(p+ Q)€M1CALBLPLﬂ4_D/
(27)P [k* - Mﬂ (k> — mZZJL][k2 - mZZR] K- m%f
n 1 k2 K2 k2 (p)eu(q)
T e L e R e B IR ] R
] o
= —iti(p + q)eM CALB P io" q, 5 [T (v xpp xpp) + T (o v xe )y (p)ey()- (B2)

With A; = —2g,, B, = % and C = —AF® = —A, 0,67, the Wilson coefficient of Fig. 9(a) can be written as

(a) (b)

FIG. 9. The Feynman diagrams of /; — I;7y by MIA in the B-LSSM, the chirality flips occur in the internal gaugino and external
lepton lines, respectively.
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L 7R oy gl 3 } } 3
joLis = ) = ! ’ 20 RN
Co(L%, LT, 2p) ——MA vd6 Py [T (xy,xje,xjr) + T (X1, Xjr, Xj2 )] (B3)
21‘ "ll J t i J

Here, the chirality flip occurs in the internal gaugino line.
Secondly, we take Fig. 9(b) as an example, and discuss the chirality flip occurs in the external lepton line. The concrete
amplitude is written as

iMy = i;(p + q),u“—D/ d"k eA P, (W + M,)BrPr(2p + q — 2k)*C’
l ( [k

2m)P Mi][(k = p)* - m%}e][(k -(p+49)* - m%;_e][(k — (P +4))* —mp]
eALPL(y‘f' M\)BrPg(2p + q = 2k)*C’

e Mk )~ m ][k~ )2 — [k (p + 4))F — i

]] u;(p)eu(q)

- , p [ d°k  H(2p+q)2k-(2p +q) 1
= (p + q)eCABRPL / n)P [ = MR = ]I = [(k2 —m3,)?
1 1
+(k2_m%k)(k2_m >+<k2 %R)] i(P)eu(q)
J Pk 1 2 2 K
<+ eC Bt [ rf/][yi ) = )
K2 K
+ (k> — mlz:k)(k2 - mik) * (k* — mzlk)z] u3(P)én(q)

my. my. . i
—it;(p + q)eC'A Bg <_]PL + —Z'PR> i6"'q, =~ 2A4 [ZI(xLR xlvxLR)

2 2
+ 2T (xgp, 21, xpr) = T (e, X, 1) = T (e, xpes x1)|uj(p)en(q).- (B4)

With A; = Br = —2g,, C' = —AFR = —m3 68K, and my, > m,, the Wilson coefficient of Fig. 9(b) can be written as

ij »
g

FR TR ~
CIZ(Lj7Li JB) TOAY

mgd Py [21(?%;?, xy, xp8) + 2L (xps, X1, Xpr) = T (s, xge, x1) = j<xif’xif’xl)] . (BS)

If |M1‘ =m; = mg :A = A, then Cz(if,zlf,ﬂé) WM A Ud5 PL’ and C/z(z,f,ife,lg) g
]

mml mipoi Py If 5FF and 6 in the same order, M|A, v, > m; my, then the absolute value of C, (LY, LR, 2p)

is much bigger than C) (Lf, LR, 23). Therefore, we omit the chirality flip of incident lepton in our calculation.

APPENDIX C: THE COMPARISONS FROM FIGS. 2(al) AND (a2)

We now discuss the one-loop contributions from A~ — W~ — 7R in detail, which is derived from Fig. 2(al). The concrete
amplitude is

o d*k [eA P (¥ + P+ +pu)(BLPL + BrPr) (¥ + ¥+ + M)y (¥ + + M3)C L PLD
R e R )l + p+ a7 — MBIk + p)? = MBI = 2, [1E -2 |

eA P (K + ¥+ d+puu)r" ¥+ ¥+ pu)(BLPL + BrPr) (¥ + ¥+ M,)C, P D
[(k+p+q)* = upll(k + p)* = uyl[(k + p)* = M3][k* — m2, J[kz—m? ]

L

uj(p)en(q)- (C1)

We assume that the internal masses of particles are much bigger than the external lepton mass, the function

(k+p;2—m2 zkz_lmz fkﬁl’*ﬁ’)z + (kz(k Pg) With A; = f’ _%Ud tan B, Bp = —%vd (here B; > Byg), C; = % and

= —AIL]L, then the amplitude can be approximately reduced as
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epyMyA; B, C DP(2p + q)¥

iMal =~

k? k?
X

_ d*
“Hlp ) / (22)P K — &

- M3J[k* — m,g,f_”kz - m?,lz}

k2

[(kz R A e MZ)z

(p + q)eml laﬂyql/ 2A4

= 12) (K —M

- /XXy, A

) uj(p)euq)
2

tanﬂ[k('xﬂhv’ X2, xﬂfv s xf/f_)
J t

(2 Xy o ) f(X2,xﬂH,Xs§j,xD§i)]PL w(P)eula) ()

Using the same method with Fig. 2(al), the concrete amplitude of Fig. 2(a2) can be written as

i/\/laz =u

2P | [(k+p+q)?

i(p +q) / Tk {eA%PR(W P+ + M) (BLPL + BpPr) W+ P+ f + u)r" K+ P + ) CpPrD
( = M3)[(k+ p +q)* —upll(k + p)* = k> -

eARPr(F+§ + o + My)y" (F + P+ M3) (B P + BiPr)(¥ + § + pp) CxPrD

2 2 2
m;ﬁj][k - m,;f ]

i

[(k+ p+q)* = M3][(k + p)*

With Ay =%, B) = =% v, By = —%

approximately reduced as

— M3][(k + p)* — ug][k* —

2 p,tan f (here B} < Bj), Cp =

m2, |[k* — m2, | u;(P)eu(d)- (C3)

J

and D = —ALL

= \/_, ;i » then the amplitude can be

d4k e,uHMzA}QB%C%DPR(Zp ‘|‘ q)ﬂ

i/\/lazz—b_t,-(p—f—q)/(zﬂ)l) [kz

— pgy ][k

_M%Mkz - m%,z-][kz - mglz ]

J i

k2

k2 k2
x L -

R T3

LL
\ /xzx”HAij

= 0% 5p 3y ) Pty () (@) (c4)

2
. . 9
= i(p + qJemy o q,

+ k(x9, X, Xgr L X )
J 4

Therefore, in the one-loop contribution from A~ — W~

e e -

M) uj(p)e.(q)

tan Sk (x,,,, xa, Xpr , Xz )
j i

— PR, the term including the incident lepton is dominant.
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