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Abstract Three singlet new Higgs superfields and right-
handed neutrinos are added to MSSM to obtain U (1) xSSM
model. Its local gauge groupis SU (3)c x SU (2)L x U (1)y x
U(1)x. In the framework of U(1)xSSM, we study muon
anomalous magnetic moment and lepton flavor violating
decays l; — liy(j = 2,3;i = 1, 2) within the mass inser-
tion approximation (MIA). Through the MIA method, we can
find the parameters that directly affect the analytical result
of the lepton flavor violating decays /; — [;y, which make
our work more convenient. We want to provide a set of sim-
ple analytic formulas for the form factors and the associated
effective vertices, that may be very useful for future phe-
nomenological studies of the lepton flavor violating decays.
According to the accuracy of the numerical results which the
influence of different sensitive parameters, we come to the
conclusion that the non-diagonal elements which correspond
to the generations of the initial lepton and final lepton are
main sensitive parameters and lepton flavor violation (LFV)
sources. This work can provide a clear signal of new physics
(NP).

1 Introduction

Lepton has unitary matrix similar to Cabibbo—Kobayashi—
Maskawa (CKM) mixed matrix. The breaking theory of
electric weak symmetry and neutrino oscillation experiment
show that lepton flavor violation (LFV) exists both theoret-
ically and experimentally [1-3]. The standard model (SM)
is already a mature theory. However, the lepton number is
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conserved in the SM, so there is no LFV process in the SM
[4]. Through research, it is necessary to expand the SM. Any
sign of LFV can be regarded as evidence of the existence of
new physics (NP) [5].

Physicists have extended SM and obtained a large number
of extended models, among which the minimum supersym-
metric standard model (MSSM) is the most concerned model.
However, it is gradually found that MSSM also has problems:
1 problem [6] and zero mass neutrinos [7]. To solve these
problems, we pay attention to the U(1) expansions of MSSM.
We extend the MSSM with U (1) x gauge group, whose sym-
metry groupis SU3)c x SUR)r xU(1)y x U(1)x [8-10].
It adds three Higgs singlet superfields and right-handed neu-
trino superfields beyond MSSM [11]. There are five neutral
CP-even Higgs component fields in the model, which come
from two Higgs doublets and three Higgs singlets respec-
tively. Therefore, the mass mixing matrix is 5 x 5, and the
125.1 GeV Higgs particle [12, 13] corresponds to the lightest
mass eigenstate.

To improve the corrections to LFV processes of [; — [;y,
people discuss different SM extended models [14], for exam-
ple minimal R-symmetric supersymmetric standard model
[15], MSSM extension with gauged baryon and lepton num-
bers [16], SM extension with ahidden U (1) x gauged symme-
try [17] and lepton numbers and supersymmetric low-scale
seesaw models [18]. It is worth noting that in our previ-
ous work, we have studied lepton flavor violating decays
[j — l;y in the U(1)xSSM model [19]. The above works
and most of the research on LFV are studied with the mass
eigenstate method. Using this method to find sensitive param-
eters is often not intuitive and clear enough, which depends
on the mass eigenstates of the particles and rotation matrixes.
It will lead us to pay too much attention to many unimportant
parameters. Now we use a novel calculation method called
as mass insertion approximation (MIA) [20-23], which uses
the electroweak interaction eigenstate and treats perturba-
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tively the mass insertions changing slepton flavor. By means
of mass insertions inside the propagators of the electroweak
interaction sleptons eigenstates, at the analytical level, we
can find many parameters that have direct impact on LFV. It
is worth noting that these parameters are considered between
all possible flavor blends among SUSY partner of leptons,
in which their particular origin has no assumption and is
independent of the model [21]. In addition, the MIA method
has been applied to other works related to LFV, including
the h, H, A — tu decays induced from SUSY loops [21],
effective lepton flavor violating H¢;£; vertex from right-
handed neutrinos [22], one-loop effective LFV ZIl,, vertex
from heavy neutrinos [23] and so on. This method provides
very simple and intuitive analytical formula, and is also clear
about the changes of the main parameters affecting lepton
taste destruction, which provides a new idea for other work
of LFV in the future.

In the process of LFV, because the mass of t lepton is
much greater than p and e, there are more LFV decay chan-
nels [24]. The decay processes of [; — [;y are the most
interesting. This work is to study the LFV of the [; — [;y
processes under the U (1) xSSM model. The effects of dif-
ferent reasonable parameter spaces on the branching ratio
Br(l; — [;y) are compared. The latest upper limits on the
LFV branching ratio of 4 — ey, 7 — py and t — ey at
90% confidence level (CL) [25] are

Br(u — ey) <42 x 10713, Br(t » py) <44 x 1078,
Br(t — ey) < 3.3 x 1078, @))

The paper is organized as follows. In Sect. 2, we mainly
introduce the U (1)xSSM including its superpotential and
the general soft breaking terms. In Sect. 3, we give analytic
expressions for muon anomalous magnetic moment and the
branching ratios of /; — [; decays in the U (1) xSSM. In
Sect. 4, we give the numerical analysis, and the summary is
given in Sect. 5.

2 The U(1)xSSM

U(1)xSSM is the U(1) extension of MSSM, whose local
gauge group is SUB)c ® SU2)L ® U()y @ U(l)x
[7,20,26]. On the basis of MSSM, U(1)xSSM has new
superfields such as three Higgs singlets 7, ﬁ, S and right-
handed neutrinos v;. Through the seesaw mechanism, light
neutrinos obtain tiny masses at the tree level. The neutral
CP-even parts of H,, H;, n, 1 and S mix together and form
a 5 x 5 mass squared matrix, whose lightest mass eigen-
value corresponds to the lightest CP-even Higgs. The parti-
cle content and charge assignments for U (1) xSSM can be
found in our previous work [7]. To get 125.1 GeV Higgs mass
[27,28], the loop corrections should be taken into account.

@ Springer

The sneutrinos are disparted into CP-even sneutrinos and
CP-odd sneutrinos, and their mass squared matrixes are both
extended to 6 x 6.

In U (1) xSSM, the concrete form of the superpotential is:

= lwg + /LI:IMI‘AId + MSS’S’ — Ydé'QI:Id - Yeéi,I:Id
o SAHy + oS + gsss

+Y, iQH, + YxOnd + Y, DLH,. )

We collect the explicit forms of two Higgs doublets and three
Higgs singlets here

Hf
H == . ki
" %(Uu—‘er?—{-lPS)

(5 (va+HY+irY) |
Hy

S}

)

(v + @) +iPY),

§||”§||”/—\

vy +¢ +1P>

1
S:E(vs+¢g+iP§)>. 3)
The vacuum expectation values(VEVs) of the Higgs super-
fields Hy, Hy, n, n and S are denoted by vy, vg, vy, vj and
vg respectively. Two angles are defined as tan 8 = v, /vs and
tan B, = v;/v;.
The soft SUSY breaking terms of this model are shown as

Lyopr = LUTM — BsS? — LS
—?“33 — Ty Snii + €, o, SHi HY]
_TIJ—G;IU;J + GUTIJszl*LJ m%,l’)lz _ m%lﬁlz _ mgsz
2 ) ;(MXA)?JrzMBB/ABA;()Jrh.c. 4)

We have proven that U (1) xSSM is anomaly free in our
previous work [26]. Two Abelian groups U(1)y and U(1)x
produce a new effect called as the gauge kinetic mixing in
the U (1) x SSM, which is MSSM never before.

In general, the covariant derivatives of U (1) x SSM can be
written as [29-32]

. gr. &rvx )\ (AY
Du=au—z(Y,X)(g/XY g/X><Af§( : Q)
’ 2

with A;f and A;f( representing the gauge fields of U (1)y and
U (1) x respectively.

Under the condition that the two Abelian gauge groups
are unbroken, we use the rotation matrix R [29,31,32] to
perform a change of the basis
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. gy, gvx AY
Dy=3, —i(YY, vX) <g/XY o )RTR<A//3( ,
’ ®

(6)

with the redefinitions
/
< §Y, g/YX) RT — (gl, gYX) and
g'xy, 8x 0, gx

A/Y AY
R(h)= (%)

Then the covariant derivatives of U (1) x SSM are changed as

Y
. g1, 8rx \ (A
Dﬂzaﬂ—z(YY,YX)( )( &) ®)
0, 88X AM
At the tree level, three neutral gauge bosons A¥, A}: and

Vlf mix together, whose mass matrix is shown in the basis
(AY, V3, A%) [20]

1,22 1 2
381V — 58182V

1,22
g8V

g
— 4818207
$21(gyx + gx)v?

0|

— $82(8yx + gx)v?

We deduce the vertex couplings of neutralino-lepton-
slepton

I . L euis
Lo = (5 irp + W+ grxrp)LE — AJY/LR) PL

V2
1

_[7(281)‘3 + (2gyx +gx))u)~(>ZR + I:Igyljl:L:IPR}lj.

V2
(13)
3 Formulation
In this section, we study the LFV of the [; — Ly (j =
2,3; i = 1, 2) and muon anomalous magnetic moment under

the U (1) xSSM model [16] with the MIA. The simplified
form is discussed.

3.1 Using MIA to calculate /; — [; in U (1) xSSM model

If the external lepton is on shell, the amplitude of [; — [;y
is

£81(grx + gx)v?
— §828yxV? ; ©)
2(gvx +8x)*v” + §8%&>

with v? = v2 + vﬁ and £2 = v% + v%.

We use two mixing angles 6y and 6y, to get mass eigen-
values of the matrix in Eq. (9). Oy is the Weinberg angle
and the new mixing angle 6y, is defined from the following
formula

M = eghiii(p + )lg> v (CF PL + CR Pr)
+m1/.i0,wq”(C£‘PL + C§PR)]Mj(P)7 (14)

o, 1 [(gyx +gx)* — 8] — g31v* +4g3§°
sin” Oy, = 3~ . (10)
2\/[(ng +gx)% + 87 + g3 1Pv* + 82X [(grx + gx)? — ¢f — &31v2E2 + 163 £*
It appears in the couplings involving Z and Z’. The exact
eigenvalues of Eq. (9) are deduced [20]
m)z, =0,
1
m} = g([gf + 85+ (grx + gx)°10* +4gi 8’
183 + 83 + (e + 8307t + Bl(gyx + g0)? — 87 — 316 v2E? + 16g%E+). (1)

The used mass matrixes can be found in the work [7,19].
Here, we show some needed couplings in this model. We
deduce the vertexes of [; — Xj_ — f),f (f),{)

U (Rvin e Ry o

‘C_X—GRZEZI'{ULRYI[PLHI —gzl)LRPRW },
(i e

Ll-x,ﬁlzﬁli{vin’PLHl — g20] P} (12)

where p is the injecting lepton momentum, ¢ is the photon
momentum, and 1, is the mass of the jth generation charged
lepton. u; (p) and u j(p) are the wave functions for the exter-
nal leptons. The final Wilson coefficients C L ¢ lR, CZL, C2R
are obtained from the sum of these diagrams’ amplitudes.
The Feynman diagrams of /; — [;y under the U (1) x SSM
model are obtained by MIA [33] in Fig. 1. The sneutrinos are
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Fig. 1 Feynman diagrams for
l; — ljy in the MIA - =R - -
7 7 N
/ \ / \
/ \ / \
> _ | > PY 1
l; B(Ag) l; l; Jal B()\}?) l;
(a) (b)
~L ~L ~ “L
Lj —~ ® - Li{\‘\‘\‘\' LJL - ® - Li‘\‘\‘\‘\'
7 7 N
/ \ / \
/ \ / \
lj B();) "o li lj o e l
(c) (d)
-1 = p
Li e L {\‘\‘\W
7
/ \
/ \
ll )\)'( lz'
(e)
disparted into CP-even sneutrinos v X and CP-odd sneutrinos L(x.y)
!, After our analysis, in Fig. 1f since right-handed sneutrinos ’ | | )

. . . +2logx  2xlogx —2ylogy
are strongly depressed by Y, the situation of right-handed = 3 |2 = N oy =)
sneutrinos here is neglected. In other words, there are only a7
two cases of left-handed CP-even sneutrinos 175 and left-
handed CP-odd sneutrinos f)£ in Fig. 1f. In order to more h(x, )
directly express the influencing factors of LFV of [; — [;y, _ 961 . { 2 9+ 6log2x 6x + 12x l;)gx
we use C'2f=C2Lf=C§f(f= 1---6) to express the one- e L=y (=) (=)

: 6x2logx — 6y?logy
loop corrections by MIA. - (18)
(x = »*
1. The one-loop contributions from B (4 X)-liL.-ZiR. o - ~0 ¥R ¥R
/ 2. The one-loop contributions from B (A 3)-H"-L i -L;".
~r o~ ~ —1 e e o~ o~
1 2
CZ(LL.’ LZ-R, B) = pT 3 AiLjRgl,,/xl[ll(xI:/L_, X1) C%(Lf, L,-R, B, HO)
1
+h(xgr.x1) — 2Dz, x1) — Dge. x)]. (15) = gaadi tan B /X AR L pp v x,)
i J i
CHEL PR 3oy = ALR (g2 +313(xzj_e,x|,x,yﬁ)], (19)
2N T XD gy A3 T OYX CHLE,LE, xz, HY
1 1
+§nggx)v XL (xif’ Xig) + 11 (xil_;e,x;\;() = WE(ZgYX +8x)(8vx + gx) tan B /X, X, Af;R
_ZIZ(XiIL-’x)‘X) — Iz(xilge, xk).()], (16) X[214(xlghx%z*xu},) + 313(xL§z,xx)-(,x,4,)], 20)

here, m is the particle mass, with x = ’I’é The functions
Ii(x, y) and I>(x, y) are
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of I3(x, y, z) and I4(x, y, z) are
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here p, = + @ and Xyl = ’Z—’;’ The specific forms
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1 6x + 12x log x
By, 9 = 55| £

3272 L (x — y)(x — 2)3
6x 4+ 12x logx 6x 4+ 12x logx
(=2 —2?%  (x—y3x-2)
B 9+6logx B 9+6logx
=M -2? x=yix—-2)
2
+—
x(x —y)(x —2)
6x%logx 6x% log x
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B 6x2 log x
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B 6x% log x 6y*logy
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_ 62%logz }
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2D
1 _ 24 2logx
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B 24 2logx 1
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2x log x 2x log x
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2x logx
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2ylogy 2zlogz
— . 22
x =0 -2 (x—z)3(y—z)} 22

. . il el 0 g jog
3. The one-loop contributions from B(%3)-H°-L JL.-L L

CHEL, BF, A0 B)
Ty o LL B
= 4m1jA4gl tan /XX, Aj [214(fo’xl*xM’H)

+313(X514, x1, X 01, (23)

(LY LE H hyp)
—my; LL
= WgYX(gYX +ex)tan B /3 X, A
J

X[21a(xp, Xags Xy, ) +313(XLI4,XA)~(,X,L;,)]- (24)

4. The one-loop contributions from WO-H O-Zf -Z,iL.

Cy(LE, LE, 7O WO)
= M 2tanﬁ ox, AEL
B 4ml.A4g2 2wy i

J

X[2I4(.xzil,,x2, xM/H) +3I3(x£§45x27xu/1_1)]' (25)

5. The one-loop contributions from B — A3 — ZJL. — LR

S5c«71L TR p
C3(Lj, L', B, Ag)
—1
LR
= WAU gngX\/W[lzt(xif,xhxxi)

Hlalepp X, Xag) + I (e, X1, X)) + 205 (e, X1, X3 )]

+

1 LR
2m1j e A,‘j gngX@[lﬁ(XL},xl’xk}_()

Ho(rpr, X1, %) + B(xpe. X1, %) + 2 (g X1, X))

(26)

We show the one-loop functions I5(x, y, z) and Is(x, y, 2)
in the following form

-1 3+2logx
I = f 2Tr="e"
5 7:2) 3272 { x—y)(x—2)
2x + 4x logx 2x +4xlogx
x=»x-2% @—-y>x-2)
2x%logx 2x% log x 2x2 log x
x=yx-2% x-»*x-27 @G-y x-2
2y?1 2721
ey = | 7)
@x=yrO—2 G-2°0-2
1 6x2(3x%+y>+22+yz—3xy—3xz)(14+3 log x)
Ie(xyyyz)=72{ 3 3
967 (x—y)°(x—2)

(6x% —3xy —3x2)(5 + 6log x) 6y3 logy — 6x3 log x

(x — )2 (x —2)? (x—*y—2)
3 )
11 +6logx 6x log)c4 62 logz} (28)
x=y»x—-2) x=2)%(y—2)

6. The one-loop contributions from chargino and left-
handed CP-even(odd) sneutrino.

Cg(f’ijv bl HS, WF)
= S BAL n BI( + x5 )
= 2A482 ij tanpB m X M (X, %2, x50
+(m+xz)lg(x2,x%,x%)
+m19(x2’xll/ﬁ’xﬁ£,-) - I]o(xz,xM/H,xr)ij)},
(29)
Cg(f’fp f HE WF)
1 2ALL
= mngij tanﬂ{(m+xH'H)IS(XM'H’xZ*xaf)
+(m+x2)18(x2’x“/y’xﬁfj)
+W19(xz,xﬂ;,,xaﬁ_) — [10(xz,xu/H,xl-}£gj)},
(30)

The one-loop functions I7(x,y,z),l3(x,y,z) and

Io(x, y, z) read as

I ) —1 [ 8xlogx —4x

x’ 9 =

T = 2l — »)(x — 23
2x + 4x log x 3+2logx

(=2 =22 (= —2)?
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2z +4zlogz 4x?log x
x—230—-2 @—y>*x-—-2)>
2x% logx
(=3 —2)?
273 log z 2y%log y
@ -230-27 @—»iy-2)7?
6x%logx 67> log z
(x —y)(x —2)* (x—z)4(y—z)]’ Gl
—1 x + 2xlog x
Isx.y,2) = 1672 [(x —2(x —2)?
y+2ylogy z+2zlogz
x =20 -2 &-2*y—-2?
2x2 log x 2x2log x
=M@ -2’ (=3 —2)?
2y%logy
(x = y)2(y—2)3
2y%log y 2z%log z
=30 -2 (-2 -23
2z%logz
(x — z)3(yg— z)z]’ G2
1 x2 +3x%log x
Ix,y.2) = 9672 [(x — P (x —z)2
3z7%logz — 22 2x3 log x
x—22(y—2 G@—-yk-2)3
223 log z x3log x
=23y -2 @x—-y>x-27
yilogy 2 logz
-0 -2 (-2 -— z)z]' &9

From the above formulas, we can find that sz (f =
1---6) are mostly affected by tan A and Al‘.‘}B (A,B =
L, R) and there is a positive correlation. A;‘}B have the
lepton flavor violating sources. It provides a reference
for our subsequent work. Finally, we get the final Wilson
coefficient and decay width of [; — I;y,

(2gsignIMipy] + (2gyx +38yxgx + gx)signMy, py) tan B35

i=1-6
Co= ) CoTUj — liy)=c—

i

2
—mj, 2 1Ca 1% (34)

The branching ratio of [; — [;y is
Br(lj —)l,’)/)ZF(lj —)li)/)/F]j. (35)
3.2 Degenerate result

In order to more intuitively analyze the factors affecting
lepton flavor violating processes [; — Iy, we suppose
that all the masses of the superparticles are almost degener-
ate. In other words, we give the one-loop results (chargino-
sneutrino, neutralino-slepton) in the extreme case, where the
masses for superparticles (M1, M>, /L’H, my o mjp . M;Lf(,
Mpp) are equal to Mgy sy [20]:
/
My =Myl =py=mj, =mj =M,
= |Mpp'| = Msusy.

The functions ;i = 1---

much simplified as

9) and A;‘}B(A, B =1L,R)are

ND =g b= 19212,13( 1) = 48_0712?
Iﬂl,l,l)zﬁ, I5(1,1,1) = 19; ooz (1, 1) = 32012’
17(1,1,1)=®, L1, 1,1) =25

Io(L 1 1) = s, (36)
AiLjR:m mLLaLR7 ALL_m 5LL’

ARR — mZR‘SiI;R' (37)

Then, we obtain the much simplified one-loop results of
)

SRR

Cr = 3
96072 M3, ¢y

(8yx + &rxgx)sign[M; ] + grsign[Mapymy, tan B3]

8LL

N (—g%sign[Mluv;,] -
2
96072 My, gy,

( 4g231gn[M2] — 4g251gn[,u 1— 12gzslgn[,uHM2] + Sg%) tan ﬁSiLJ.L

384072 M2, gy

x {(5g7sign[M]+5(gky +

+—
192072 M3 gy 2

1
58vx&x)sign[M, ]

—4g1gyxsignMpp MiM; ]+ gi1gvxsignlMpp )5/}, (38)
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In the above formula, after simple approximation, we

can find that in the formula of the second line, due to
. mj. .

the existence of P the result is 2-3 orders of mag-

nitude smaller than 0ther terms Therefore, we will not
consider the term with —X- here. It can be found that

J
sign[Mi], sign[Mz], sign[M; ], sign[uy] and
sign[Mpp/] have a certain impact on the correction of
C>. According to 1 > gx > gyx > 0, we assume

sign[Mi] = sign[M, ] = sign[uy] = 1 and
sign[M;] = sign[Mpp'] = —1, and get the larger value
of Cp
L (587 +5(g7x + 38vx8x) +3g18vx)8}F
192072 M%) ¢y
3g% tan ,BSiLjL
2
128072 M3, gy
<2g1 + (25 +3grxgx + gx)) tan B8 1F 39)

2
96072 M2,y

Due to the different orders of magnitude of branching
ratios, we settan 8 = 9, Mgysy = 1000 GeV and discuss
in two cases:

l.u — ey

We take gyx, gx, 8lL]R, (SlLL and BZ.R.R as variables to study
the effect on Br(u — ey). In Fig. 2, it can be found that
both 85’? and 85R have great influence on Br(u — ey) and

they are all increasing trend. The larger the values of (SiL.R

and 8RR, the easier it is to approach the upper limit of the
experiment.

Similar to the above, in Fig. 3, with the increase of
SZI;L, the value of Br(u — ey) gradually increases, and
when gx increases, Br(u — ey) also increases. When
SiLjL =9 x 107* and gx = 0.65, Br(u — ey) reaches
the experimental upper limit. But in numerical terms, the
effect of (SiLjL is greater than gx.

2.7 — ule)y

Since the numerical results of Br(t — uy) and Br(t —
ey) are close and have similar characteristic, we take 7 —
wy as an example. In Fig. 4, when the values of 85R and gx
enlarger, the value of Br(t — uy) also increases, which
can well reach the experimental measured value.

In Fig. 5, we analyze 8iLjL and gyx on the Br(t — uy).
The value of Br(t — py) also increases with the increasing
SiLjL and gyy, but the effect from gy is greater than SiLjL. So
the correction of gyx to Br(t — py) is greater than that of
SEL.

All in all, we can find that gyx, gx, /%, 8}" and
BI.R.R all have direct impact on the correction to Br(u —

ey), Br(t — uy) and Br(t — ey).

3.3 Muon anomalous magnetic moment

The one-loop corrections to muon anomalous magnetic
moment are obtained with MIA. Here, we show the one-loop
contributions from chargino and CP-even(odd) sneutrino as
[20]
a,(OF, H*, W)
2
8
= 72le /xzxﬂr tan ﬂ[ZI(XMfH, — J (x2, x”/H s xﬁf)
F2L (2, x5r, Xy ) = T Qe o X2, X581, (40)

Xgh, X2)

au (g, H, Wi)
2
8
= 7 Xuy/¥2%, tan BI2Z(xy,, X515 x2) = T (2, %1, 5 X51)

+21(xz,xl-}£,x“/H) =Ty X2, x‘_’i)]' 41

The concrete forms of the one-loop functions Z(x, y, z)
and J(x, y, z) are

1 rx(@x%+xz-— 2yz)log x

16712[ x—y2x—2)3

B y?logy z[x(z — 2y) +z%]logz
(x = )2y — 2)? (z—=x)3(y —2)?

J(x,y,2) =

x(y —22)+yz
— . 42
<x—y)(x—z>2<y—z)] “2)
1 1 (z2 — xy)logz
Ty = 16n2[(x “0G—y) | (x—2Xy—2)?
x logx ylogy
— . 43
T—Na—22 G- z)z] 43

The other one-loop contributions are obtained from
B(A)})-EL-LR, é()u;()-I:IO-Z,R, E(WO, k)})-ﬁo-ZL and B—
Ay — f,R — f,L. To save space in the text, we do not show
their concrete forms here, which can be found in Ref. [20]. In
our previous work [20], the one-loop contributions of muon
anomalous magnetic moment in the degenerate form are get
with the supposition My = My = py =mj =m; =
M), | = [Mpp'| = Msusy

2

1
1L
a,” ~ tan,8(5g2 +g1)
1002 g2
"7 192n MSUSY
LM s ¢2)sign(M;_]
tan [ gyx—gyxgx— x)sign[M;,
0602 As2
96071 Mgy sy
+g1(4grx + go)sionlMpp (1~ 4sionlM )] (44)

4 Numerical results

In this section, we study the numerical results and consider
the constraints from lepton flavor violating processes [; —
l;y . In addition, we have considered the following conditions:
1. the lightest CP-even Higgs mass m;0 = 125.1 GeV [34,
35]. 2. The latest experimental results of the mass of the heavy

@ Springer
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Fig. 2 Under the condition that

grx =0.2, gx =0.3 and 0.0010
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Out[e]=
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9.50x 1074

0.0000

vector boson Z’ is Mz > 5.1 TeV [36]. 3. The limits for the
masses of other particles beyond SM. 4. The bound on the
ratio between Mz and its gauge coupling gx is Mz /gx > 6
TeV at 99% CL [37,38]. 5. The constraint from LHC data,
tan 8, < 1.5 [39]. 6. The scalar lepton masses larger than

700 GeV and chargino masses larger than 1100 GeV [40].

Considering the above constraints in the front paragraph,

we use the following parameters

Mg =27TeV, T, =1.6TeV, M; =1.2TeV,
Mz = MBL =1 TCV, gyx = 0.2,

@ Springer

‘0.0604‘ ‘ ‘0.01006‘ ‘ ‘0.01008‘ ‘ ‘0.01010
st
§=17TeV, Yx11 =Yxo =Yx33 =1, gx =0.3,
k=1, Ac = —0.08, vg =4.3TeV,

Mpp =04TeV, T;, =03TeV, M2 = M?

L11 L22

_ 2 2 _ 2 _ 2
=M% =M?=05TeV?, Iy =4TeV?,

Ag =0.1, T,y =Top =T33 =5TeV, tan,B,, =0.8,
By, = Bs = 1TeV?, 1 =0.5TeV,

_ 2 g2
T = —0.1TeV, MEll = ME22

a2 oag2 2
=M, =M. =36TeV" (45)
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Fig. 4 Under the condition that

88 =0.1, grx = 0.2 and
85F = 0.1, the effect of 8% and
gx on Br(t — py). The x-axis
representing the range of Sf;R is
from 107 to 1, and the y-axis 4.60x10-8
represents 0.2 < gx < 0.7. The
. . . 4.14x1078
rightmost icon is the color
corresponding to the value of 3.68x1078
Br(t — py) 3.22x1078
2.76x1078
5
Out[e]= 2.30x 1078
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Fig. 5 Under the condition that
RR _ —
8;;° =02, gx =0.3and
SiI}R =0.5, Sil}L Versus gy x
about Br(t — uy). The
abscissa is
-5 LL
1 x‘10 <§;; < 0.5 and the L 980x108
ordinate represents
0.1 < gyx < 0.5. The icon on 8.82x1078
the right shows the value of 7.84x10°8
Br(t — )
my 6.86x 1078
5.88x 1078
x
>
Outfe]= @ 4.90x 1078
3.92x 1078
2.94x 1078
1.96x 1078
9.80x10°°

To simplify the numerical research, we use the relations for
the parameters and they vary in the following numerical anal-
ysis

2 _ a2 2 _ a2 2 _ a2
Milz - Miz1’ M£13 - MZ31’ MZ32 - Mizz’
2 M2 ME = MR MR = M2
MElz - MEZI’ ME13 - ME31’ ME23 - ME32’
Te12 = Tea1, Te13 = Te31, Te3 = Te32, tan B. (46)

Without special statement, the non-diagonal elements of the
parameters are supposed as zero.

0.2 0.3 0.4 0.5

LL
&

4.1 Muon anomalous magnetic moment

In this subsection, we study the one-loop g —2in U (1) x SSM
model by MIA and expect to get some inspiration about using
MIA to find LFV. The new experiment data of muon g — 2
is reported by the workers at Fermilab National Accelerator
Laboratory (FNAL) [41-44]. Combined with the previous
Brookhaven National Laboratory (BNL) E821 result [45],
we get the new averaged experiment value of muon anomaly
isa, " = 116592061(41) x 10~'1(0.35 ppm). The departure

@ Springer
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Fig. 6 a, versus gx (a) and gyy (b). The dotted line, dashed line and solid line in a correspond to tan 8 equal to 50, 40 and 30 respectively. In b,
the solid (dashed, dotted) line corresponds to the results with gx = 0.3 (0.4, 0.5)

from the SM prediction is Aa,, = aj,* —a3™ = 251(59) x
10~'1, which is about 4.20". We set the particle masses as:
M; = 800 GeV, u = 350 GeV, m K= = 150 GeV, m o=
140 GeV, my = = 800 GeV, myp = 850 GeV and mk =
450 GeV to get Fig. 6. When gy x = 0.2in Fig. 6a, we can see
that from bottom to top are solid line (tan § = 30), dashed
line (tan B = 40) and dotted line (tan 8 = 50) and the overall
trend of the three lines is downward. That is to say, tan § is
a sensitive parameter and larger tan § leads to larger a,,.
We set tan § = 50 in Fig. 6b. It is obvious that three lines
with the same tendency to decrease and then increase. The
dotted line (gx = 0.5) is below the dashed line (gx = 0.4),
and the dashed line is below the solid line (gx = 0.3). When
gx increases, a, decreases. The influence of gyx on a,
mainly depends on its own value: when gy is less than 0.3,
gy x increases and a,, decreases, but when gy x > 0.3, the sit-
uation is just the opposite. The value of a;, can reach 2 x 1077
at most, it can reach about 80% of the departure(Aa,, ), which
better meets the experimental limitations. The above conclu-
sion is the same as Eq. (44), so we can find other sensitive
parameters more intuitively through formula Eq. (44).

4.2 The processes of © — ey

In order to study the parameters affecting LFV, we need
to study some sensitive parameters. To show the numeri-
cal results clearly, we draw the relation diagrams and scatter
diagrams of Br(u — ey) with different parameters.

The gray area is current limit on LFV decay © — ey in
Fig. 7. With the parameters Mglz =0,M% =0and Te12 =
0,weplot Br (. — ey) versusmy, inthe Fig. 7a. The dashed
curve corresponds to M% n = 500 GeV? and the solid line
corresponds to M 2 , = 200 GeV2. On the whole, both lines
show a downward trend. mg, and Br(u — ey) are inversely
proportional. The smaller my, is, the greater the value of
Br(u — ey) is. Separately, the dashed line is larger than
the solid line, and the ranges consistent with the experimental

@ Springer

value are 1400 GeV—4000 GeV and 900 GeV—1400 GeV
respectively. m%lz and Br(u — ey) are positively corre-

lated. If the value of Ml%lz
be less than 1000 GeV.

We show Br(u — ey) varying with M% by the solid
curve (1,12 = 100 GeV) and dashed curve (7,12 = 50 GeV)
in the Fig. 7b. We can see that the overall values meet the
limit, and the trend is a subtractive function, and the solid
line is greater than the dotted line. So we can conclude that
as T,12 increases, Br(u — ey) also increases. When M%
increases, Br(i — ey) decreases. The numerical results
are tiny and at the order of 10~!°

Finally, we analyze the effects of the parameter 7,12 on
branching ratio of @ — ey. The numerical results are shown
in the Fig. 7c by the dashed curve (tan 8 = 9) and solid curve
(tan 8 = 20). The value of the solid line is greater than that
of the dashed line, and both show an upward trend. There-
fore, The relationship between tan 8 and Br(u — ey), Te12
and Br(p — ey) is the similar, and they are all positively
correlated.

For more multidimensional analysis of sensitive parame-
ters, we scatter points according to Table 1 (part of u — ey)
to get Fig. 8. We set the range of ¢ (0 < Br(u — ey) <
1.5x10713), A (1.5x 10713 < Br(u — ey) < 3.5x10713)
and e (3.5 x 107183 < Br(u — ey) <4.2x 10_13) to repre-
sent the results in different parameter spaces for the process
of u — ey.

The relationship between MEIZ and mj is shown in
Fig. 8a. ¢ are mainly concentrated in the upper left corner,
then the outer layer are A and finally e. When M%IZ isnear 0
and mj is near 2500 GeV, Br(u — ey) gets the minimum
value. Figure 8b is plotted in the plane of mj versus my, .
We can clearly find that the points are mainly concentrated
in the right, and the color gradually deepens from lower left
to upper right. The effects of M%lz andmy, on Br(u — ey)
are shown in the Fig. 8c. All points are mainly concentrated

in the upper left corner and on both sides of axis Milz 0

gets smaller, the value of mj, can
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Fig. 7 Br(u — ey) schematic diagrams affected by different param-
eters. The gray area is reasonable value range, where Br(u — ey) is
lower than the upper limit. As 7,12 = 0, the dashed and solid lines in a
correspond to M%lz = 500 GeV? and MI%IZ = 200 GeV?. The dashed

and axis mj, = 3000 GeV. From the inside to the outside,
they arc ¢, A and e. When MEQ becomes larger and my,
becomes smaller, the value of Br(u — ey) increases to
reach the experimental measurement. Figure 8d shows the
effect of tan 8 and MI%]Z on Br(u — ey). All points are
mainly concentrated near the x-axis, and the value increases

from bottom to top.

4.3 The processes of T — uy

and M2__ on
E23
Br(r — ny) in Fig. 9, we suppose the parameters M%u =

0, M%lz = 0 and 7,12 = 0 and plot the solid line (tan 8 = 9)

and dashed line (tan 8 = 20). In Fig. 9a, we can see that M1%23

corresponds to Br(t — uy). We plot M122“23 varying with
Br(t — py) in the Fig. 9b. Both figures show an upward
trend within the experimental limit, and the dashed line is
larger than the solid line, so we can draw a conclusion: when
M%23 or M%B increases, Br(t — uy) also increases. In the
whole, the numerical results in Fig. 9 are very tiny.

We scatter points according to the parameters given in
Table 1 (part of T — puy) to obtain Fig. 10. Where ¢, A

and e represent (0 < Br(t — py) < 1.0 x 10710), (1.0 x

To study the influence of parameters M% -

(C) Terz/GeV

line and solid line respectively represent 7,12 = 50 GeV and 100 GeV
in b. We set M% =5 x 10° TeV?2, the dashed line (tan B =9) and solid
line (tan B = 20) in ¢ are generated

10710 < Br(t — uy) < 9.0 x 1071% and (9.0 x 10710 <
Br(t — uy) < 4.4 x 107%) respectively.
M?_ corresponds to m ; in Fig. 10a. Horizontally, 4 are

123
mainly concentrated in 0 < M%B < 1500 GeV?, A are in

1500 GeV? < M%B < 3200 GeV?, and e are distributed

in 3200 GeV? < M% < 5000 GeV?2. Vertically, A and e
are concentrated near m = 500 GeV, and there are obvious
stratification, from bottom to top are e, A, 4. So we can know
that as M%B increases, Br(t — py) increases, and when
mj increases, Br(t — uy) decreases. We plot m varying
with T3 in the Fig. 10b. The three types of points are almost
symmetrical about T3 = 0. The smaller the m; is, the
greater the value of Br(t — wy). The farther away the value
of T3 from the 0 axis, the greater the value of Br(t — uy).
Figure 10c is shown in the plane of T3 versus mj, , where
the centralized distributions of the three types of points are
distributed in a “U” shape on both sides of the T3 = 0
axis. ¢ distribute on the innermost side, followed by A and
e on the outermost side. So as my, increases, Br(t — uy)
decreases. Finally, we analyze the effects from parameters
tan 8 and m; in Fig. 10d. All points are 4, A and e from top
to bottom. The smaller the value of m Iz the larger the value
of Br(t — uy).
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Table 1 Scanning parameters for Figs. 8, 10 and 11. Without special statement, the non-zero values of non-diagonal elements m%”,, m%

corresponding to /; — [;y are shown in the column

T,::
Eij> el

Parameters/range/processes n—ey(j=2,i=1)

tan 8 0.5 ~ 50 0.5~ 50 0.5~ 50
M% /GeV? 0 ~ 5000 0 ~ 5000 0 ~ 5000
ij
M%ij /GeV? 0~ 10* 0~ 10* 0~ 10*
Teij/GeV —1~1 —50 ~ 50 —50 ~ 50
my, /GeV 100 ~ 3000 100 ~ 3000 100 ~ 3000
mj /GeV 400 ~ 2500 400 ~ 2500 400 ~ 2500
2500 Fr
t 2500
, s :
2000 o ’ 2000
o ALA [
L 1500 b N ] > 1500
8 A9 g‘: Y a, 4 38 '
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Fig. 8 Under the premise of lower current limit on lepton flavor vio-
lating decay i — ey, reasonable parameter space is selected to scatter
points, where ¢ mean the value of Br(u — ey) less than 1.5 x 10713,
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Fig. 9 Below the experimental limit, the line diagram of parameters and Br(t — wy). In a, b solid lines and dotted lines represent tan 8 = 9 and

tan 8 = 20
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Fig. 10 Scatter points under the restriction of the upper limit of Br(t — py). 4 represent 0< Br(t — py) < 1 x 10710, A represent
1x1071% < Br(t = puy) <9x1071%and 9 x 10710 < Br(r — ny) < 4.4 x 1078 are represented by e

4.4 The processes of T — ey

Based on the Table 1 (part of T — ey), we analyze T — ey
to study the possibility of LFV in Fig. 11. The branching ratio
of T — ey process is denoted by: ¢ (0 < Br(t — ey) <
1.0x 10719, A (1 x 10719 < Br(t — ey) < 8.0x 10719)
and e (Br(t — ey) from 8.0 x 10719 t0 3.3 x 107%).

The Fig. 11a shows the effects from m;, and M 2 13 Most
points are concentrated in lower right quarter. e are on the
innermost side of the whole region. A are in the middle and 4
are on the outermost side. The numerical performance is that
the larger the M%B and the smaller the mj, , the larger the
Br(t — ey).InFig. 11b, we analyze the effects of m;, and
mj on Br(t — ey). In the whole figure, e are mainly close
to both sides of the x-axis and y-axis, and then A with the
same trend, and the rest is . Br(t — ey) decreases with
the increase of my, and mj. Figure 11c has two axes m2
versus T,13. All three points show “D” shaped distribution,
from left to right are ¢, A, e. So Br(t — ey) increases with
the increase of T,3.

5 Discussion and conclusion

The U (1) xSSM has new superfields mcludmg right-handed
neutrinos and three Higgs superfields 7, 17, S, and its local

gauge groupis SUB)c x SU ), xU(1)y xU(1)x. We use
MIA to study muon anomalous magnetic moment. Combined
with the latest experimental data, our numerical results can
reach about 2 x 10~2, which can better fit the measurement
result, and play a certain role in promoting the study of LFV.
We use the method of MIA to study lepton flavor violating
decays/; — I;y inthe U (1) x SSM model. From the order of
magnitude of branching ratio and data analysis, we can find
that the restriction on lepton flavor violation in the process
of u — ey is stronger. This provides a reference for other
lepton flavor violation work in the future.

We take into account the constraints from the upper lim-
its on LFV branching ratios of /; — /;¥. In the numerical
calculation, we take many parameters as variables including
tan B, gx, gvrx, M%’ Ml%ij’ M2 Mél] (SSB, mjy, mg,
and T,;;. Through the analysis of the numerical results, we
find that M2 Mz. , 8YX, 8{3-3, mj, my, and Tp;; are sen-
sitive parameters Br(l — [;y) is an increasing function of
MZU M%l_j , Teij, gvx, SSB ,and decreasing function of m
and my, . gx can also give influence on the numerical results
but not very large. That is to say they give mild influences on
the numerical results. Finally, we come to the conclusion that
the non-diagonal elements which correspond to the genera-
tions of the initial lepton and final lepton are main sensitive
parameters and LFV sources.
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Fig. 11 For the scatter diagrams of the parameters below the experimental limit Br(t — ey ), different points represent the different ranges of
Br(t — ey). # represent less than 1.0 x 10719, A represent the range of 1.0 x 1071 t0 8.0 x 10710, and e represent the range of 8.0 x 1071 to

3.3 x 1078
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