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The U(1) extension of the supersymmetric standard model is the extension of the minimal super-
symmetric standard model, and its local gauge group is SU(3). x SU(2), x U(1)y x U(1)y. We study
lepton flavor violating (LFV) decays Z — 1,1, (Z — ey, Z — er,and Z — pr) and h — [;*1;¥ (h — ey,
h — e, and h — p7) in this model. In the numerical results, the branching ratios of Z — [;*1;¥ are from
107 to 107", and the branching ratios of & — [;*I;% are from 10~ to 107, which can approach the
present experimental upper bounds. Based on the latest experimental data, we analyze the influence of
different sensitive parameters on the branching ratio and make reasonable predictions for future
experiments. The main sensitive parameters and LFV sources are the nondiagonal elements corresponding

to the initial and final generations of leptons, which can be seen from the numerical analysis.

DOI: 10.1103/PhysRevD.106.055044

I. INTRODUCTION

Neutrinos have tiny masses and mix with each other, as
proved by the neutrino oscillation experiment [1,2]. This
indicates that the lepton flavor symmetry is not
conservative in the neutrino region. The Large Hadron
Collider (LHC) can detect about 125 GeV new particles
[3,4], whose properties are close to those of the Higgs
boson, which is very successful for the standard model
(SM). The LFV decays are forbidden in the SM. If LFV
decays of charged leptons are detected, we have direct
evidence of new physics (NP). The LFV decays of Higgs
bosons and Z bosons are of interest, opening a window for
detecting NP beyond the SM.

In Table I, we summarize the current limitations and
future prospects of the three modes of the Z boson
(Z — ep, Z — er, and Z — ur) [5-10]. For the Large
Electron-Positron Collider (LEP), the most stringent upper
limit is to use a data sample of 5 x 10 Z bosons produced
in ete™ collisions [5]. The LHC has already produced
many more Z bosons in pp collisions. The upper limit on
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the branching ratio by the ATLAS experiment corresponds
to 7.8 x 108 Z bosons being produced [5], significantly
more restrictive than that from the LEP experiments. For
the future sensitivity of CEPC and FCC-ee circular e™ e~
colliders assuming 3 x 10'2 Z decays [6], they are about
6 orders of magnitude more than LEP experiments.
Moreover, at least for the Z — er and Z — ur, CEPC/
FCC-ee could improve the present LHC (future HL-LHC)
bounds by up to 4 (3) orders of magnitude.

For h — I;=1;¥ (h — ep, h — et, and h — pt), due to
low energy constraints, 7 — ey is more suppressed than
h — et and h — ur. Moreover, since the LHC searches for
h — et and h — ur, the discovery of LFV at the LHC or
future leptonic colliders is still an open possibility. After the
discovery of the Higgs boson, some future experiments
have been proposed to study the properties of the Higgs
boson, including two circular lepton colliders (CEPC and
FCC-ee) and a linear lepton collider (ILC). In Table II, we
summarize the current limitations and future sensitivity on
LFV Higgs decays [11-14].

Combining the experimental data provided by ATLAS
and CMS, the upper limits on the LFV branching ratios of
Z—-eu,Z—er,Z —>urand h — ey, h - er, h - ur at
95% confidence level (C.L.) are shown in Table III [15-19].
The LFV decays can easily occur in NP models beyond the
SM, for instance, in supersymmetric models and others
[20,21]. Due to the running of the LHC, the LFV decays
have recently been discussed within various theoretical
frameworks [22-27].
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TABLE 1. Current upper limits on LFV Z decays from LEP and LHC experiments and future sensitivity from
CEPC/FCC-ee.

Decay modes LEP (95% C.L.) LHC (95% C.L.) CEPC/FCC-ee
Z—ep 1.7 x 107 [5] 7.5 x 1077 [5] 1078 — 10719 [10]
Z et 9.8 x 1076 [6,7] 5.0 x 107 [9] 1070 [10]

Z - urt 1.2 x 1073 [6,8] 6.5 x 107° [9] 1079 [10]

The U(1)y of the supersymmetric standard model (SSM)
is the extension of the minimal supersymmetric standard
model (MSSM), and its local gauge group is SU(3) x
SU(2), xU(1)y x U(1)y [28-30]. To obtain this model,
three new singlet Higgs superfields and right-handed
neutrinos are added to the MSSM. In this work, we analyze
the LFV decays Z — ;% (Z—eu, Z — er, and
Z — ur) and h — l,»ilj”F (h — eu, h - er, and h — ur)
within the U(1),SSM model. Compared with the MSSM,
the neutrino masses in the U(1),SSM are not zero. These
new sources enlarge the LFV processes via loop contri-
butions. Therefore, the expected experimental results for
the LFV processes may be obtained in the near future.

In our previous work, we studied the LFV decays [; —
liy in the U(1)xSSM [31]. The numerical results showed
that the present experimental limits for the branching ratio
of [; — l;y constrain the parameter space of the U(1),SSM
most strictly. In this work, considering the constraint of the
present experimental limits on the branching ratio of
lj = l;y, we show the influence of slepton flavor mixing
parameters on the branching ratios of Z — [,*] T,
h — 1;%1;%, and [; - L;y in the U(1)xSSM.

Our paper is organized as follows. In Sec. II, we briefly
introduce the main content of the U(1),SSM, including its
superpotential, the general soft SUSY-breaking terms, mass
matrices, and couplings. Sections III and IV are devoted to
the decays Z — [;*1;¥ and h — [;=;¥ with lepton flavor
violation in the U(1)ySSM. In Sec. V, we give the
corresponding parameters and numerical analysis. A dis-
cussion and conclusions are given in Sec. VI. The
Appendix introduces some specific forms of coupling
coefficients that we need for this work.

II. MAIN CONTENT OF U(1),SSM

The U(1),SSMis the U(1) extension of the MSSM, and
the local gauge group is SU(3), ® SU2), ® U(1), ®

TABLE II.  Current upper limits and future sensitivity on LFV
Higgs decays.

Decay LHC CEPC/

modes 95% C.L.) FCC-ee ILC

h—ep 62x107 [11-13] 1.2x 107 [14] 2.1 x 107 [14]
h—et 47x107 [11-13] 1.6x107* [14] 2.4 x 107 [14]
h—pr 2.5x 1073 [11-13] 1.4x107* [14] 2.3 x 107 [14]

U(1)y [31-34]. In order to obtain the U(1)ySSM, the
MSSM has added new superfields, including right-handed
neutrinos #; and three Higgs singlets, 7, 7, S. Through the
seesaw mechanism, light neutrinos obtain tiny masses at
the tree level. The neutral CP-even parts of H,, H,, 1,1,
and S mix together, forming a 5 X 5 mass squared matrix.
The loop corrections to the lightest CP-even Higgs are
needed in order to get the Higgs mass of 125.1 GeV
[35,36]. The sneutrinos are disparted into CP-even sneu-
trinos and CP-odd sneutrinos, and their mass squared
matrices are both extended to 6 x 6.
The superpotential in the U(1),SSM is expressed as

W=1yS+ul,H;+MSS-Y,dgH,-Y,e1H,
AA A A A KA A A A
+ 2y SH Hy + 28 +3 888 +Y, g H,
+Yyono+Y,01H,. (1)

The specific explicit expressions of two Higgs doublets
are as follows:

H,;
H B . b
o\ (o HY 40Py

=5 (vg + HY + iP§
Hy = <ﬁ< ¢ H_d 2} (2)
d

The three Higgs singlets are represented by

1 . _ 1 .
n:ﬁ(vn+¢2+zP2), ’7:%(7)5+¢2+1P2)’

1 .
S:ﬁ(vs+¢g+1Pg). (3)

Here, v,, v, v,, vz and vg are the corresponding
vacuum expectation values (VEVs) of the Higgs superfields

TABLE III. Upper limits on the LFV branching ratios of
Z - l,‘ilj:F and h — liiqu:.

Decay modes Z boson Higgs boson
eu 7.5% 1077 6.2 x 1073
et 9.8 x 107° 4.7 x 1073
ur 1.2x 107 2.5x%x 1073
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TABLE IV. Superfields in the U(1),SSM.

Superfields i i ds 1; és D, H, H, 7 i S
SU®3)c 3 3 3 1 1 1 1 1 1 1 1
SU(2), 2 1 1 2 1 1 2 2 1 1 1
U(l)y 1/6 -2/3 1/3 -1/2 1 0 1/2 -1/2 0 0 0
U(l)y 0 -1/2 1/2 0 /2 -1/2 1/2 -1/2 -1 1 0

H,, H;, n, i, and S. Two angles are defined as tanf =
v,/v4 and tan 3, = v;/v,. The definitions of 7; and o are

_L¢ _}_L v —Lqﬁ _|_L (
_\/§ l \/ial’ R_\/§ R \/EGR'

The soft SUSY-breaking terms of the U(1)ySSM are

128 4)

T _
‘Csoft = Elg\nglSM - BS.SQ - Lss - ?KS:; - Tﬁcsl’]ﬂ
+ e, T, SHyH) — TY a0 vy + e, T Hiok T

IJIx~]
VRUR

= my|n|* = mi|q? — m3S* — (m3,)
1

Table IV shows the particle content and charge distribu-
tion of the U(1)ySSM. We have shown that the U(1),SSM
is anomaly free in previous work [34]. The two Abelian
groups U(1)y and U(1)y in the U(1)ySSM cause a new
effect: the gauge kinetic mixing. This effect can be induced
by renormalization group equations (RGEs).

The general form of the covariant derivative of the
U(1)ySSM can be found in Refs. [37-40]. In the
U(1)xSSM, the gauge bosons A, AY, and V3 mix together
at the tree level. The mass matrix in the basis (A}, V3, AY)
can be found in Ref. [34]. We use two mixing angles 6y, and
0} to obtain mass eigenvalues of the matrix. Here, 6y, is the
Weinberg angle, and 6, is the new mixing angle. The new
mixing angle is defined as

sin? @), = 1 [(gvx +9x)° = g1 = B|v* + 453 & ' (6)
2 2\/[(gvx +9x) + 6 + GP0" + 8% [(grx + 9x)7 = g7 — Blv°E + 1695
Here, v* = v}, 4+ v} and & = v; + v;.
The new mixing angle appears in the couplings involving Z and Z'. The exact eigenvalues are calculated as
m; =0,
1
my , = 3 (lg1 + g5 + (gyx + 9x)*]0* + 4% &
T /1 + B+ (grx + 920" + 8l(grx + 9x)? — & — BIGIE + 16g4"). (7)
| 1
The mass squared matrix for CP-even Higgs — my , =m} + |ul>+-([¢3 + (9x + gvx)*
) d d¥d d 8
(¢d’ ¢u’ d)n’ ¢117 ¢\) reads 2 5 2 5 5 )
+ 93)(3vg — vi) + 2(gyxgx + gx)(vy — v37))
1
+ V20spdy + 5 (0] + 03) |4, )

Myupy Mupa Mbypa Mgy Motpa
Myup, Moy My My Mg,
Mj = | Mg, Mpg, Mgg, Mgg, Mpg | (8)
Moy Mougy My Mgy Mty
Myyp, Mo, My Mg, Mo,

2

1
Mpupe = =4 (53 + (gvx + 9x)* + 91)vavy + [Au*vav,

1
— /1HlW — EAH(’U”U'_?AC + ’U%K)

1
—Bﬂ—\/il}5<—T/1H +MS)“H>7 (10)

2
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1
My, = mi, + [uf? "‘g (lg} + (9x + gvx)?
+ 3] (3vi; — v3) + 2(gyxgx + gx)( - ;)

1
+\/§7js/,t/11.1 +§(U§+U§)|/1H 2, (11)

1
My, = EgX(gYX + 9x)vavy — 5 v vzAgdc,  (12)
1 1
My ¢, = —ng(gyx + gx) v,y — Evdvryﬂﬂ/lc, (13)
) | 22
Mg, ¢, = My + Z((QYXQX + 9%()(”:1 - ;)
2
+ 263 (302 — v ))+‘ g' (02 +03). (14)
1
My, = —ng(gyx + gx)vav; — 5 v Vydgdc,  (15)
1 1
My, b = gx(gyx + 9x) vy 5 Valy Ahes  (16)
my 5 = —gxUnVi + = 2ly = Agvgv,)Ac + |Ac)*v,v;
Dy XYnYy ) w HYd%u)’C C nYin
1 1
+ﬁv5(2MSﬂ'C+TlC) ‘|‘§11§<ch, (17)
5 1
My gy = My + 1 ((gvx9x + 9%) (vi — v3)
+2 2 3 2 2 MC|2 2 2 18
9x (305 = vy)) +—— (v +v5), (18)
My g, = (Agvavs + V20 — v, (kvs + V2My)) Ay
1
- T, 19
\/z Ay ( )
Mg, = Guavus + V20, = vy(kvs + V2Ms)) Ay
1
—%vdTﬁ.H’ (20)
f 1
m¢”¢‘ (ﬂcanS-FUn(KUS"F MS))A'C—'—\/EU'?T}»C’ (21)
My g, = (Acvyvs + v, (kvg + V2My))ic
1
+EU’1T}LC’ (22)

m¢s¢: = mS (ZZW + 37.)_9(/('7]_; + 2\/'Ms)

+/1CU vy — ﬂHvdvu)
T3 |/1c|2§2 T3 MH\ZUZ + 2Bs
+4Ms? + V2usT,. (23)
This matrix is diagonalized by Z7:
29z = g, (24)

with
-7, m:Z%m
/. Zzﬁhj’ Z jshi-
J

Other mass matrices can be found in Refs. [31,32].
Here, we show some of the couplings that we need in the
U(1)xSSM. We deduce the vertices of Z — &; — &,

by = Zzﬁh/"
j

(25)

Lyze =€ [(gz cos Oy, cos 0y, — gy cos 6y, sin Oy,

N =

=+ Jyx sin 9/ Z ZE *ZE

a=1

+ ((2gyx + gx) sin 0y, — 2g; cos 6, sin Oy )

x sz;asz} - P)eiZ,. (26)
We also deduce the vertices of [; — y7 — IR (}),
- . )
Liy-x = 7§li{UjQZfi*Y;PL - gzvjlzf,-*PR})(fl/f,
i - , -
L5 = Tili{UfzzﬁYﬁPL — BV Zi PrYX; O (27)
The vertices of 7? — I; — &, are
_ 1 % * * E
L= X ﬁ(glNil+gzNi2+gYXNi5)Zk]
1
x YJZE3+]>PL_ |:7§<291N
+(29vx +gX)Ni5)ZE3+a+Y{Z£jNi3:| PR}ljék- (28)

To save space in the text, the remaining vertices can be
found in Refs. [33,34,41,42].
III. Z BOSON DECAYS Z — liilj*

In this section, we analyze the LFV processes
Z - l,ilﬁ. The corresponding Feynman diagrams can

055044-4



Z BOSON DECAYS Z — [;*1 ;T AND HIGGS BOSON DECAYS ... PHYS. REV. D 106, 055044 (2022)

Sy =,
z
AVAVAVS F=x
SO
Sy = Uiy

F =X;n

(d)

1
Sy = H* '

FIG. 1. Feynman diagrams for the Z — [;*I;¥ processes in the U(1)ySSM. Note that F represents the Dirac (Majorana) fermion, S

represents the scalar boson, and W represents the W boson.

be depicted by Figs. 1 and 2, and the corresponding
effective amplitudes can be written as [43-45]

M, = ZiYu(FLPL + FrPg)l;,

with

Ffp=Fr(A)+ Fr(W)+ F(B).

The coefficients F; z can be obtained from the ampli-
tudes of the Feynman diagrams. Note that F; z(A) corre-
sponds to Figs. 1(a)-1(f), and it stands for the contributions
from the chargino-sneutrino, the neutralino-slepton, and the
neutrino-charged Higgs. Here, F; z(W) corresponds to
Figs. 1(g), 1(h) and stands for contributions from the W-
neutrino due to three light neutrinos and three heavy
neutrinos mixing together.

The contributions obtained from Figs. 1(a)-1(f) are
expressed by F g(A) = F{ z(A)(a = 1...6). The specific
forms are as follows:

FIG. 2. Feynman diagrams for the processes Z — l,-il_,-qE in the U(1)ySSM, which denote self-energy diagrams contributing to

Z — I;*1;¥ from loops.
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F(L1,2,3)(A) ;HSZFI,HZS 85 sllj Gz(szxspxsz)y
F(456 (A) = i FmFlszz HSF2 f HZF1F2 HS I FIG
20 my
x (x5, ) = Hy U HE
X G,(xs. XF» sz)] )
F%(A) = FY(A)| R a=1...6. (31)

Here, x; = m?/m3,, with m; representing the mass of the
corresponding particle and myy representing the energy scale
of the NP. Their specific expressions are given in the
Appendix. In Fig. 1(a), S; and S, represent a CP-even
scalar neutrino and a CP-odd scalar neutrino, and F
represents a chargino. Note that HSZFI’ is the right-handed
coupling of the vertex 7/(R) — y* —1,, H*515: is the coupling

of PRI — 7 — !(R) and H, SIF i the left-handed coupling of

H?9% and H if Y are shown in Eq. (A1) in the Appendix. In
Fig. 1(b), S; and S, represent the scalar leptoniﬂ, and F
denotes the neutralino y°. The couplings Hﬁ"”olf, HZLuli,

and Hé’x”ljio are given in Eq. (A2) of the Appendix. In
Fig. 1(c), S; and S, represent the charged Higgs H*, and F

H*ul; HZHiHi

denotes the neutrino v. The couplings H and

Y I it are given in Eq. (A3) of the Appendix.

In Fig. 1(d), F, and F, represent y*, S denotes the CP-
even (CP-0dd) scalar neutrino %), and my, and my, are
the chargino masses. The concrete forms of the couplings
of the chargino-scalar neutrino-lepton and the chargino-Z-
chargino are collected in Eq. (A4) of the Appendix. In
Fig. 1(e), F; and F, represent neutralinos, S denotes the
scalar lepton, and mp, and mp, are the neutralino masses.
The corresponding couplings are given in Eq. (A5) of the
Appendix. In Fig. 1(f), F| and F, represent neutrinos, S
denotes the charged Higgs, and myp and mp, denote the
neutrino masses. We show the couphngs in Eq. (A6).

The specific forms of the one-loop functions

the vertex 7R(!) — 7* — ;. The concrete forms of HSZFI Gi(x1,%2,x3)(i = 1...3) are
|
Gy( ) 1 { x; Inx, X, Inx, X3 In x5 ]
X1, X0, X3) = ,
pa T 1672 (xp =x)(x; —x3) (= x) (2 —x3)  (x3 —x1)(x3 —x2)
1 x? Inx X2 Inx X2 Inx
Gy(x1,X0,x3) = 1 ! 2 2 3 3 ] 32
251, 32.33) 167 |:(xl —x)(x; —x3) (= x1) (2 —x3) (x5 —x1)(x3 —x2) (32)

The contributions obtained from Figs. 1(g) and 1(h) are expressed by F; z(W)

are as follows:

1,2
FM 2 (w)
0.

1,2
FRP(w)

_ g WoFL grzwywy g WilE WFyl; 7 ZF\Fy  Fi ;W
= i[3H; > "HVRH Y Gy(xp, xw, xw,) — Hp THT P H )

= F{ x(W) (a = 1, 2). The specific forms

G (xw, XF» sz)]’

(33)

Here, F(F,, F,) represents the neutrino. The required couplings of the W-Z-W, the lepton-neutrino-W, and the neutrino-
Z-neutrino are collected in Eqs. (A7) and (AS8) of the Appendix.

The contributions obtained from Fig. 2 are expressed by F; z(B)

= F{ z(B)(a = 1...4). The specific forms are as

follows:
(L.2) HZ” m2 SF1; 178 F SF1, 1,S°I;F
Fp (B)Im{fl(xr,xs)‘F—z[lz(xr,xs) I3(xp, xs)|(mympHy "H ™ +mympH; " Hy ")
I i My,
1 SFI; y,S*I;F SFI; 5" I;F
_§G3(XF’XS)(mlHR ‘Hp 7 4 mymy Hy "Hp ) o,
H mj I,F S'LF
34 7. SFl, gy SFI;
F(L )(B) =L 1 (xp. x5) +—5 [ (xp. x5) = Iy(xp, x5)| (mmpHy " " mympHy PiE, T
my, —my, My
1 SFI, ;S LF SFT. 1, S°L;F
—§G3(XF’XS>( PH)H U+ mymy Hy "HY ) b
F%(B) =F¢(B)| g, a=1...4. (34)
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i zZLl; .
Note that H/"' = H;"" = 5 (=g cos 0y, sin By, +

go cos By cos 0y, + gyy sin 0),) represents left-handed cou-
pling of the lepton-Z-lepton. In Fig. 2(a), F and S denote
the chargino and CP-even (CP-odd) scalar neutrino,
and my represents the mass of the chargino. In Fig. 2(b),
F and § denote the neutralino and scalar lepton, and my is
the mass of the neutralino. The required couplings in
Figs. 2(a) and 2(b) can be found from the couplings in
Figs. 1(a) and 1(b). The conditions of Figs. 2(c) and 2(d)
are similar to those of Figs. 2(a) and 2(b).

Here,
I ) 1 [1+1logx, x;logx; —x,logx,
X1, Xp) = ,
P22 1671'2 Xy — X ()Cz—xl)z
I ) 1 1+logx, xjlogx; —x,logx,
X1, Xp) = - - ,
22 1671'2 Xy — X (x2 —X1)2
1 [x}logx, — xlogx,
Gs(x1, %) = 1672 [ (Xz—X1)2
X3+ 2xylogx, 1] . (35)
(x1 = x2) 2

Then, the branching ratios of Z — [;*1;¥ are defined as

1 m
Br(Z = 171;%) = 15 FE (FEP + FRP)

1271'FZ
= L2 (15, (4) + FL (W) + Fu(B)P
T 12z, 0 E L L
+ |Fr(A) + Fr(B)[?). (36)
lj
Sl:’)n > (R
h s
- — o - < - F:Xr
'
~ l;
S :\711 )
BT
l]
S R —
h s
- =< F=v
N - .
Sy =gt Y————
(c)
lj
=y, g—<——
h /
T * S=1L
\\J .
(e)

where I'; represents the total decay width of the Z boson,
', ~2.4952 GeV [16].

IV. HIGGS BOSON DECAYS k — I“I;*

In this section, we analyze the LFV processes
h — I;*1;%. The corresponding Feynman diagrams are
depicted in Figs. 3 and 4.

The corresponding effective amplitude can be written as

M =1,(FL Py + FgPg)l;h, (37)
with
FZR = F; r(C) + FLr(D). (38)

The contribution given in Fig. 3 is expressed by
F r(C) = F{ z(C)(a = 1...6). The specific forms are as
follows:

(123) oy ME s s Sy, SiLF
Fy (€) =5 H™:H > "H," Gl(xFaxsl’xS)»
my,
(4,5.6) _ Mp Mg, SELT L hEFEy ST F
Fy (C) = 5 Hy *"Hp "?H " Gl(xs’prsz)
My
P
SFyl; pyhF 1 Fy 178" LF
+ S ) T G (g, x, ),
F%(C) = F¢(C)|pors a=1...6. (39)
lj
Sl Ln - T
h &
7
_— > - —< - F:XO
'Y
~ I
- o,
SZ=Lm
(b)
lj
In=x; <
' /
- fs—s
[
l;
=g, —_—————
(d)
L
Fl = Vn <
h !
- - S =H*
[ L

FIG. 3. Feynman diagrams for the processes h — ;%1 ;T in the U(1)xSSM, which denote the contributions of vertex diagrams for

h — I;1;% from loops.
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l

J

FIG. 4. Feynman diagrams for the processes h — [,*/ ;¥ in the U(1)xSSM, which denote self-energy diagrams contributing to
h — I;1;% from loops.

Figures 3(a)-3(f) are similar to Figs. 1(a)-1(f), with Z  Ref. [33]. Note that H"*'?" is very similar to H"”"" | with
replaced by h. So we just show the couplings relating to #.  the replacement Z% — Z.
In Fig. 3(a), H"1S: — HM*" (""" The concrete form In Fig. 3(b), S; and S, denote scalar leptons. Then
of H"7™ can be found in the Appendix [Eq. (A10)] of  H"$15 — HMLL  which reads as
|

03
P .
Al = 1 {Z ZaZha((95 = 9vx9x = 91 = Gyx) (VaZih = vuZ}h) + grxax (0325,

a=1

-V 2213 )+ szz §+a n3+a 291 + 29%/)( +3gyx9x + gx)(UdZm Ungz)

3
+ 2(gvx9x + 93) (=320, + v, Z}5)) + <Z ZnlaZE s 0+ Z Zy §+azf.a>

a=1

[ 2\/—Te aZ + Ye a( <US/1H + fﬂ)z + 2v AHZbS)]} (40)

In Fig. 3(c), the scalar particle is a charged Higgs, and

HIS1S5 5 hHR " — 4 {(_Zfzz:a - ZII;IIZ;ZI)([(QYX + QX)2 + 9% + 9%](”142:[2 + UerT]) + (9% - 2/1%1)

X (VaZy = vuZyp)) + (Zzlzz+1 +Z0Z) ((gyx + 9x)° =205 + g7 + 225 (0.2,

+viZ,)) = 2254( o) ((gyxgx + 9%()”’(2;2 +Z,)+ /Icvn/?'H(ZnJrl —Z;))
+ZH(Z,, + )((QYXQX + g%)( CAR ”anE) + Acvpdy (Zy + Z5))

+ ZE(Z5 + Zo ) (Zh + Z5) (V2T g + 24 (kv + V2Mg + V2 + Agvs)) ). (41)

In Fig. 3(d), F(F,) denotes the chargino, while mp (mp,) represents the chargino mass. The corresponding
couplings are

hF,F gk i .
HL v _)HLX g :——(gzU nZZ + UmZ(gzvanZIl +/1an221b-15))’
V2
hFF hyiyt i
Hy "2 — HZ™* :_%(QZUnlvasz'f'UnZ(gZ Vit Zh + 25V Zi5) ). (42)
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In Fig. 3(e), F,(F,) and mp (mp,) represent the neu-
tralino and neutralino mass, respectlvely The Higgs
coupling with neutralino H"'%" is shown in Eq. (AS) of
the Appendix in our previous work [42]. In Fig. 3(f),
F and F, are neutrinos. The terms proportional to a tiny
neutrino mass (g ,my,) are not of interest. We do not
|

—= | (xp, xg) — I3(xFp, Xg m, mFHSFl’HS LF + ,mFHSFl'H
2

show the Higgs-neutrino-neutrino couplings because the
corrections from Fig. 3(f) are very small.

The contributions obtained from Fig. 4 are expressed by
Fpr(D) = F{ x(D)(a = 1...4). The specific forms are as
follows:

St F
)

SIF SFI, SlF
+m,mFHL H, ")

il 2
12 H;" my.
F(L )(D>_m2 imz {11<XF7XS)+ 3
lj l; w
1
_§G3(XF’XS)( HSFI‘HSIF"_m[m[ HSFZ'HS1F>}
il )
- 7H - i SFI;
F(L >(D): 2L 2{11(XF»XS)+—2[12(XF’XS) I3(xp. xg)](m;mpHy "Hy "’
my, —my, myy
1 SFI, SZF SFI SlF
_§G3(XF’XS)(mZHL ‘Hy,” +m lm,HR H, )¢,
F&(D) = F{(D)| g a=1..4.

The lepton -h-lepton coupling is denoted by Hh”

- \/‘— Y., Z% . In Fig. 4, the other couplings and m are the
same as the corresponding terms in Fig. 2.
Then, the branching ratio of & — [;*[;¥ is defined as

1mh
16F

where [, 2TSM ~4.1 x 1073 GeV [46]. Note that T,
represents the total decay width of the Higgs boson in
the U(1)ySSM, and I'}M represents the predicted value of
the 125 GeV Higgs boson total decay width in the SM. In
the following section, we choose the supersymmetric
particles in the U(1)ySSM that are heavy and whose
contributions to the decay width of the 125 GeV Higgs
boson are weak. Hence, we choose I';,, which is approx-
imately equal to T$M.

V. NUMERICAL ANALYSIS

In this section, we study the numerical results and
consider the experimental constraints from the lightest
CP-even Higgs mass mp = 125.1 GeV [3,4,47-50]. In
order to obtain reasonable numerical results, we need to
study some sensitive parameters and consider the effect of
|

gX:().3, gyxz().l, A.HZO.I,
ﬂ:MBL:T/l,, :T}LC:TKZITCV,

lW = B/t = BS =0.1 TeVz,

TXii = —1 TCV,

(43)

|
l; — l;y on LFV. The limitation of y — ey is the strongest,
and other restrictions can be achieved if the limit of y — ey
is satisfied [31]. Then, to show the numerical results clearly,
we discuss the processes of Z — ey, Z — er, Z — ut and
h — eu, h — er, h — prt in six subsections. We draw the
relation diagrams and scatter diagrams with different
parameters. After analyzing these graphs and the exper-
imental limits of the branching ratios, reasonable parameter
spaces are found to explain LFV.

According to the latest LHC data [51-56], we take, for
the scalar, a lepton mass greater than 700 GeV, a chargino
mass greater than 1100 GeV, and a scalar quark mass
greater than 1500 GeV. Here, M, > 5.1 TeV is the latest
experimental constraint on the mass of the added heavy
vector boson Z’ [47]. The upper bound of the ratio of the Z’
mass to its gauge coupling, M, /gy > 6 TeV under
99% C.L., is given in Refs. [48,49]. Taking into account
the constraint from LHC data, tan f, < 1.5 [50]. Combined
with the above experimental requirements, we obtain
abundant data, and we process the data to get interesting
one-dimensional graphs and multidimensional scatter plots.
Considering the above constraints in the first paragraph, we
use the following parameters:

Ac = —0.2, 1/1}% + v,% =17 TeV,
MBB/ - 04 ’I‘e\/7 K = 01,
YXii - 1, (l - 1,2, 3) (45)
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To simplify the numerical research, we use the relations
for the parameters, and they vary in the following numerical
analysis:

2 _ a2 2 a2
Miij - Miji’ MEij —Ej
Mzg/ij :M%ji’ Teij :Teji’ Tuij :Tuji(i7éj)' (46)

Generally, the nondiagonal elements of the parameters
are defined as zero unless noted otherwise.

A.Z—ep

With the parameters vg =4.3 TeV, M; = 1.2 TeV,
M3 =3TeV?, T,;=05TeV, T,;=1TeV, M}, =
0.3 TeV2, and MZEii =0.8 TeV? (i=1,2,3), we give
Br(Z — eu) schematic diagrams affected by different
parameters in Fig. 5. The gray area is the experimental
limit that this process satisfies.

In Fig. 5(a), we plot Br(Z — eu) versus M3 ., in which
the dashed curve corresponds to Mg = 1.5 TeV and the
solid line corresponds to Mg = 1.2 TeV. We can clearly
see that the two lines increase with the increasing MZE12 in
the range 10° GeV?-5 x 10* GeV?. The dashed curve is
larger than the solid curve. The solid line and the dashed
line are located in the gray area. In Fig. 5(b), we plot

corresponds to Mg = 1.5 TeV and the solid line corre-
sponds
to Mg=12TeV. We can clearly see that the two

lines increase with increasing M%IZ in the range

10° GeV2-6 x 10* GeV?2. The dashed curve is also larger
than the solid curve. Both the solid line and the dashed line
are located in the gray area. In Fig. 5(c), we plot Br(Z —
eu) versus My, in which the dashed curve corresponds to

M3, =6x10° GeV?* and the solid line corresponds to
M3, =5x10° GeV>. We can clearly see that the two

lines increase with increasing M in the range 1350 GeV—
1450 GeV. The dashed curve is larger than the solid curve.
The solid line and the dashed line are located in the gray
area. The other fixed parameters are based on our previous
work, especially for the LFV processes /; — [;7 [31,57] in
the U(1)ySSM. The constraint from y — ey is strict. The
other restrictions are relatively loose and easy to satisfy.

2 2 . .
In summary, M 12 and M 7, are the flavor mixing

parameters appearing in the mass matrices of the slepton,
the CP-even sneutrino, and the CP-odd sneutrino. The
mass for the super partner of the Higgs singlet S is denoted
by Mg, included in the mass matrices of the Higgs and
neutralino. Thus, the contributions can be influenced, to

some extent, by the parameters M3 ,, M7 . and M. Note
. 2 2
that Br(Z — eu) increases as the parameters Mz ,, M3 ,,

and My increase. In Fig. 5, the dashed line has a higher

3.x10"

25x107" |

2.x107" |

1.5x10"" |

Br(z->ep)

1.x 1071 |

5.x10712

0

30000 40000 50000

2 2
(b) M2 ,/GeV

10000 20000 60000

Br(Z — eu) versus M%lz, where the dashed curve
5.x10’12_
4x10712F
& 3.x1072f
A L
I .
N [
& 2x1072
1.x10’125
0 10600 20600 30600 40600 50000
2 2
(@) M2 ,/GeV
5.x107"3
4.x107"3
=
R
I 3.x107"®
&
@
2.x107"3
1107 e 1380
FIG. 5.

| | |
1400 1420 1440

(c) Ms/GeV

The Br(Z — eu) schematic diagrams affected by different parameters. The gray area is a reasonable value range where

Br(Z — eu) satisfies the upper limit. The dashed and solid lines in (a) and (b) correspond to Mg = 1.5 TeV and Mg = 1.2 TeV. The

dashed and solid lines in (c) correspond to M% .

=6 x 10 GeV? and M?

— 3 2
2, =5x10° GeV>.
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FIG. 6. Current limit on the lepton flavor violating decay Z — ep. A reasonable parameter space is selected to scatter points, with blue
[0 < Br(Z — eu) <5 x 1071, yellow [5 x 107" < Br(Z — eu) <5 x 10713], green [5 x 10713 <Br(Z — ep) < 5x 107'?], and

red [5 x 10712 < Br(Z — ep) < 7.5 x 107].

slope than the solid line, and they vary in the region
10~13-10~'! much smaller than the current limit. All in all,
M3 ., M3, and Mg are sensitive parameters that have
obvious effects on Br(Z — eu).

Next, supposing My = 1.2 TeV, we randomly scan the
parameters. All the parameters involved are expressed in
tabular form. Figure 6 is obtained from the parameters
shown in Table V. We use blue [0 < Br(Z — eu)
<5x1071%],  yellow  [5x 107 <Br(Z — eu) <
5 x 1071%], green [5 x 107° < Br(Z — eu) <5 x 10712],
and red [Sx 1072 <Br(Z — eu) <7.5x1077] to re-
present the results in different parameter spaces for the
process Z — ey.

The relationship between M2 _ and T,;, is shown in
Fig. 6(a). We can see that the overall change trend of
scattered points is obvious in Fig. 6(a), where four types of
points are concentrated in =500 GeV < T, < 500 GeV.
The blue parts are mainly in the range —300 GeV <
T,1» < 50 GeV, yellow parts are mainly in —400 GeV <
T,1» <200 GeV, green parts are mainly in —500 GeV
<T,» <-200GeV and 0 GeV < T, <500 GeV, and
red parts are mainly in 450 GeV < T,;, < 500 GeV.

The relationship between M%l and T,;, is shown in
Fig. 6(b). The relationship between M2, and T, is shown
in Fig. 6(c). In Figs. 6(b) and 6(c), we find that the variation

trend of scattered points is weak, where blue parts are
mainly in the range —200 GeV < T, < 0 GeV, yellow
parts are mainly in —380 GeV < T, < 100 GeV, green
parts are mainly in —500 GeV < T,;, < =300 GeV and
0 GeV <T,, <500 GeV, and red parts are mainly
in 400 GeV < T, < 500 GeV.

TABLE V. Scanning parameters for Figs. 6 and 11, with
i=1,2,3.

Parameters Min Max
M%12 /GeV? 0 100
M12”512 /GeV? 0 10°
M%lz /GeV? 0 10°
T,1,/GeV -300 300
T,1,/GeV =500 500
M3 /GeV? 2x10° 10°
M%H/G&:V2 2% 10° 10°
M2, /GeV? 1 x10° 10°
T,:/GeV -3000 3000
T,::/GeV —3000 3000
tan 1 50

M, /GeV 200 3000
M,/GeV 600 3000
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FIG. 7. The Br(Z — er) schematic diagrams affected by different parameters. The gray area is a reasonable value range, where
Br(Z — er) satisfies the upper limit. The dashed and solid lines in (a) and (b) correspond to M%ii =2.5x10° GeV? and

M. =3x10° GeV? with i = 1,2,3.

B.Z - ez

With the parameters vg =4.3 TeV, My =12 TeV,
tanff =20, T,;; =2 TeV, and T,;; =3 TeV (i =1,2,3),
we show Br(Z — er) schematic diagrams affected by
different parameters in Fig. 7. Identically, the gray area
is the experimental limit that this process satisfies.

We study the branching ratio of Z — et versus M 2E1 , with

M3 =2.5x10°GeV?(3 x 10° GeV?) (i=1,2,3). In
Fig. 7(a), the results are plotted with the dotted line and
solid line, respectively, which almost overlap. Both lines

increase  with M3 . increasing from 10° GeV? to

2 x 10* GeV?, which indicates that M%B is a sensitive
parameter for the numerical results. The solid and dashed
lines are located in the gray area. In Fig. 7(b), weplot Z — et

versus M2Z13’ in which the dashed curve corresponds to

M3, =25 x10° GeV? and the solid line corresponds to
M%H =3 x10° GeV? (i = 1,2,3). The dashed curve is
larger than the solid curve. We can clearly see that the

two lines increase with increasing Mlz:13 in the range of

300000 T T T T

5\
>
[0
Qe
©
oy
=
0 100000 200000 300000 400000 500000
2 2
M2 /GeV
FIG. 8. Current limit on lepton flavor violating decay Z — er.

Reasonable parameter space is selected to scatter points, with
blue [0 <Br(Z — er) <7x1075], yellow [7x1075 <
Br(Z — er) < 1x1071], green [1x 107" <Br(Z — er) <
2 x 107'%], and red [2 x 107'* < Br(Z — e7) < 9.8 x 1079].

2 x 10° GeV? to 1.2 x 10* GeV2. The solid and dashed
lines are located in the gray area. Thus, the contributions can

; 2 2
be influenced by the parameters M3, , and M7 ..

Next, supposing Mg = 1.2 TeV, we randomly scan the
parameters. We scatter points on Z — et in Fig. 8. Some
parameter ranges of tan 3, M,, M,, M%ii, M%l_i, M2, T
and T,; (i = 1,2,3) are given in Table V. In addition, other
parameter spaces are also represented in Table VI. We use
blue [0 < Br(Z — er) <7 x 1071], yellow [7 x 1071% <
Br(Z — er) < 1 x 107'%], green [1 x 107'* < Br(Z — e7)
<2x107%], and red [2x107" <Br(Z - er) <
9.8 x 107°] to represent the results in different parameter
spaces for the process of Z — er.

The analysis of the relationship between M3, and M3,
is shown in Fig. 8. All the points are arranged in an arc in
Fig. 8. We can see that the overall change trend of scattered
points is obvious, where four types of points are concen-

trated in 0 GeV? < M2 . < 3 x 10° GeV?2. The blue parts

eii»

are mainly in theElg:ranges 0 GeV? < M3, <2.2x
10° GeV? and 0 GeV? < M%B < 1.25 x 10° GeV?, yel-
low parts are mainly in 2.2 x 10° GeV* < M3 . < 2.6 x
10° GeV? and 1.25x10° GeV? < M2 ., <15x10°

E13
GeV?, green parts are mainly in 2.6 x 10° GeV? <

2 5 2 5 2 2
MZ13<3.6x10 GeV~- and 1.5 x 10° GeV <ME13<

2.1 x 10° GeV?, and red parts are mainly in 3.6 x

10° GeV? < M2Z13 <4.6x10° GeVZ  and 2.1 x10°

GeV? < M3, <3 x10° GeV>.

TABLE VI. Scanning parameters for Figs. 8 and 13.
Parameters Min Max
M%B /GeV? 0 10°
M%B /GeV? 0 10°
Mz,5/GeV? 0 10°
T,.13/GeV -300 300
T,13/GeV -500 500
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FIG. 9. Current limit on lepton flavor violating decay Z — ur. Reasonable parameter space is selected to scatter points, with
blue [0 < Br(Z — pzr) < 6 x 10713], yellow [6 x 10713 < Br(Z — ur) < 107'2], green [107'2 < Br(Z — pr) <3 x 107'?], and

red [3 x 10712 < Br(Z — pr) < 1.2 x 107°].

C.Z-ur

The experimental upper bound for the LFV process
Z — ptis 1.2 x 1073, which is about 1 order of magnitude
larger than the process Z — eu. The contributions from the
neutralino-slepton and chargino—sneutrino can be influ-
enced by the parameters M2 £ M%23’ and T,,3. Through
experimental analysis, we find that the law of the Z — ur
process is similar to those of the Z — ey and Z — et
processes. The branching ratios increase with the increase

2 2
of variables M2 7030 M7,,, and T,p3. When M3, . is the

variable, the branching ratio of Z — uz can reach 10713

When M?2 7,3 1s the variable, the branching ratio of Z — uz

can reach 107''. When T, is the variable, the branching
ratio of Z — ut can reach 107°. It can be deduced that the
parameter 7,3 is more sensitive than the parameters M7,

2
and M3 03

Next, we scatter points on Z — ur in Fig. 9 with the
parameters in Table VII. These points are divided into
blue [0 < Br(Z — ur) <6 x 10713], yellow [6x10713<
Br(Z—put)<107'2], green [10712<Br(Z—ur) <3x10712],
and red [3x107'2<Br(Z— pur)<1.2x107] to represent
the results in different parameter spaces for the process
of Z — pr.

The analysis of the relationship between M2 7,3 and T3,

M2, and T3, and M2 7,3 and T3 isshowninFig. 9, where we

can see four of these points concentrated in
—500 GeV < T3 < 500 GeV. In Fig. 9(a), the blue parts
are mainly in —300 GeV < T,»; < 180 GeV, yellow parts
are mainly in —400 GeV < T,»; < 200 GeV, green parts
are mainly in —500 GeV < T3 < —200 GeV and
200 GeV < T, »3 < 400 GeV, and red parts are mainly in
400 GeV < T3 < 500 GeV.InFig. 9(b), the blue parts are
mainly in =200 GeV < T,,;3 < 180 GeV, yellow parts are
mainly in —400 GeV < T 53 < 200 GeV, green parts
are mainly in —500 GeV < T3 < —200 GeV and
200 GeV < T, »3 < 400 GeV, and red parts are mainly in

TABLE VII. Scanning parameters for Fig. 9 with i = 1,2, 3.
Parameters Min Max
M? 3/ GeV? 0 10°
E23 /GeV? 0 10°
M,%23 /GeV? 0 10°
T,3/GeV -300 300
T,»3/GeV -500 500
2 /GeV2 2x10° 108
E 2 /GeV? 2% 10° 108
ii
M2, /GeV? 1 x10° 108
T,i/GeV -3000 3000
T,:i/GeV -3000 3000
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400 GeV < T3 < 500 GeV. We find that the change trends
in Figs. 9(a) and 9(b) are relatively weak, but Fig. 9(a) is
relatively obvious compared to Fig. 9(b).

Finally, we analyze the effect from parameters M %23 and

T3 in Fig. 9(c). The blue parts are almost symmetrically
distributed about T,,3 =0 and are concentrated in the
range —200 GeV < T,p3 <200 GeV and 0 GeV? <
M3, <5.5x10* GeV2. The yellow parts are mainly
distributed outside the green parts. The green parts are
mainly in =500 GeV < T »3 < —300 GeV and 200 GeV
< T,z <400 GeV, and the red parts are mainly in
400 GeV < T3 < 500 GeV.

D.h—eu

In this subsection, we mainly analyze 125 GeV Higgs
boson decays with LFV & — ey in the U(1),SSM. With
the same parameters as the Z — eu process, we show
Br(h — eu) schematic diagrams affected by different
parameters in Fig. 10.

In Fig. 10(a), we plot Br(h — eu) versus MZED,
the numerical results are shown by the dashed and solid
curves corresponding to Mg=1.5TeV and Mg = 1.2 TeV,

respectively. Note that Br(h — ey) varies with M in the

range from 0 GeV? to 5 x 10* GeV?. It can be clearly seen
that both the solid line and the dashed line have an upward
trend. The rising trend of the dashed line is greater than that

in which

0.00008
0.00006 -

0.00004 -

Br(h->ep)

0.00002 -

0.00000

L L L
20000 30000 40000

2 2
(a) ME 4 2/GeV

L
10000 50000

of the solid line. The gray region represents the exper-
imental limit. The dashed line in the range of 0 GeV? to
2 x 10* GeV? and the solid line in the range of 0 GeV? to
4 x 10* GeV? are in the gray area.

In Fig. 10(b), we plot Br(h — epu) versus lelz’
the dashed line corresponds to Mg = 1.5 TeV and the solid
line corresponds to M¢ = 1.2 TeV. We can clearly see that

the dashed line increases with the increasing M%lz in the

range of 0 GeV? to 2 x 10* GeV?. The solid line increases

with the increasing M3 , in the range of 0 GeV? to

5 x 10* GeV2. The dashed line is also larger than the
solid line. The solid and dashed lines are located in the gray
area. Thus, the contributions can obviously be influenced
by the parameters M3 and M7 ..

Note that Br(h — eu) versus My is plotted in Fig. 10(c),
where the dashed line corresponds to M7 ,=6x10° GeV?
and the solid line corresponds to M3 , =5 x 10° GeV?. It
is clear that both the dashed and the solid line are increasing
functions of My in the range of 1350 GeV to 1450 GeV.
The dashed line is also larger than the solid line. Both lines
reach 3.0 x 107 and are located in the gray area. If M3,
and M%u are very small, Br(h — eu) quickly becomes
small, and the reasonable range of Mg becomes large.

Supposing Mg = 1.2 TeV and M| = 1.2 TeV, we ran-
domly scan the parameters. These parameter ranges are

in which
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FIG. 10. The Br(h — eu) schematic diagrams affected by different parameters. The gray area is a reasonable value range, where
Br(h — eu) satisfies the upper limit. The dashed and solid lines in (a) and (b) correspond to Mg = 1.5 TeV and Mg = 1.2 TeV. The

2

dashed and solid lines in (c) correspond to M i

=6 x 10 GeV? and M?

— 3 2
2, =5x10° GeV>.
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given in Table V, thus obtaining Fig. 11. We use blue
[0 <Br(h —eu) <2x107], yellow [2x107°<
Br(h — eu) <3 x 1073], green [3 x 1075 < Br(h — ep)
<5x107], and red [5x107°<Br(h—eu)<
6.28 x 107°] to represent the results in different parameter
spaces for the process Z — ep.

The relationship between M212 and My12 is shown in
Fig. 11(a), and the relationship between M2 7, and Ty is
shown in Fig. 11(b). All points are clearly distributed in
their respective regions. The four types of points are
concentrated in 0 GeV? < Mi , <23 x10° GeV?. The
blue parts are mainly in 0 GeV? < M2 < 1.3x%
10° GeV?, yellow parts are mainly in 1.3 x 10°°GeV? <
M3, <1.6x10° GeV?, green parts are mainly in
1.6 X 10° GeV? < M%) < 2.1 x 10° GeV?* GeV, and red
parts are mainly i’ 2.1%10° GeV? < M3, <23x
10° GeV>.

E.h - et

In this section, we analyze the 125 GeV Higgs boson
decay h — ez in the U(1)ySSM model. With the same

,»» %»’?‘

50 000 100 000 150000 200 OOO

2 2
() M2 ,/GeV:

250000

FIG. 11.

red [5 x 1075 < Br(h — ep) < 6.28 x 1073].

0.006

0.005

0.004 |

0.003

Br(h->eT1)

0.002 |

0.001

0.000

L L
10000 15000

2 2
(a) M2 /GeV

L
5000 20000

300000 0

parameters as the Z — et process, we show Br(h — er)
schematic diagrams affected by different parameters

in Fig. 12.
Setting vg = 4.3 TeV, we plot Br(h — et) versus M12513
in Fig. 12(a). The dashed line corresponds to

M3 =2.5x10° GeV?, and the solid line corresponds
to M2 2. =3x 10° GeV? (i = 1,2,3). We can clearly see
that the two lines increase with increasing M in the range
of 0 GeV2 — 2 x 10* GeV2. The dashed line is larger than
the solid line. The solid line part in 0 GeV? < M3, <
1.96 x 10* GeV? is in the gray area, and the dashed line
part in 0 GeV?> < M7, < 1.9 x 10* GeV? is in the gray
area. That is to say, the dashed and solid lines exceed the
gray area.

In Fig. 12(b), we show h — et versus M2 137 where the
dashed line corresponds to M7 = 2.5x10° GeV? and
the solid line corresponds to M7 =3 x10° GeV?

(i=1,2,3). During 2x103 GeV2 < M%B < 1.2x
10° GeV?, both the dashed line and the solid line are
increasing functions, and the slope of the dashed line is

greater than that of the solid line. The solid line part as a

TV12/GGV

100000 150000 200000

2 2
(b) M2, ,/GeV/

0 000 250000 300000

Current limit on lepton flavor violating decay & — eu. A reasonable parameter space is selected to scatter points, with blue
[0 < Br(h — eu) <2x1073], yellow [2x 1075 <Br(h — ep) <3 x 1073],

green [3x 107> < Br(h — eu) <5x107], and

0.004 -

0.003 |-

0.002 |-

Br(h->eT1)

0.001 |-

0.000
20000

L L L
60000 80000 100000

2 2
(b) M2, ,/GeV

L
40000 120000

FIG. 12. The Br(h — er) schematic diagrams affected by different parameters. The gray area is a reasonable value range, where
Br(Z — er) satisfies the upper limit. The dashed and solid lines in (a) and (b) correspond to M7 = 2.5 x 10° GeV? and M7

3 x 10% GeV? with i = 1,2,3.
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FIG. 13. Current limit on lepton flavor violating decay & — ez.
A reasonable parameter space is selected to scatter points, with
blue [0 < Br(h — e7) < 1073], yellow [1073 < Br(h — e7) <
1.5 x 1073], green [1.5 x 1073 < Br(h — e7) < 3.5 x 107%], and
red [3.5 x 1073 < Br(h — e7) < 4.7 x 1073].

whole and the dashed line part of 2 x 10* GeV? < M3, <
1.05 x 10° GeV? are in the gray area, and the dashed line
of the rest exceeds the gray area. The contributions can

obviously be influenced by the parameters M3, , and M7 ..

Next, supposing the parameters with Mg = 1.2 TeV, we
randomly scan the parameters. We scatter points for 4 — et
in Fig. 13. Some parameter ranges of tan 5, M|, M, M%ii,
M3, M3, Teyj, and T, (i = 1,2, 3) are given in Table V.
In addition, other parameter spaces are also represented in
Table VI. We use blue [0 < Br(h — e7) < 1073], yellow
[1073 <Br(h — e7) < 1.5x 107%], green [1.5x 1073 <
Br(h — er) <35%x107], and red [3.5x107%<
Br(h — er) < 4.7 x 107] to represent the results in differ-
ent parameter spaces for the process 7 — ez.

Finally, we analyze the relationship between M%B
and MZE13 in Fig. 13. All scatters are fan-shaped and
evenly distributed, where four types of points are concen-
trated in 0 GeV? < M? . < 4.6 x 10° GeV?. The blue

L3
parts are mainly in 0 GeV? < M7 , <2 x 10° GeV? and

Tez3/ GeV

80000

2 2
(a) M2,,/GeV;

0 GeV2 < M3, < 1.3x 10° GeV?,

yellow parts are
mainly in 2x 10° GeV? < M7 , < 2.6 x 10° GeV? and
1.3 x 10° GeV? < M2

23 < 1.6x10° GeV?, green parts
are mainly in 2.6 x 10° GeV? < M2, < 4 x 10° GeV?

in
and 1.6 x 10° GeV? < M%ms < 2.5%x10° GeV?, and red

parts are mainly in 4x 10° GeV? <M?2 . <4.6x10° GeV?

in
and 2.5 x 10° GeV? < M%B <29 x10° GeV2.

F.h - put

Finally, we analyze the process 4 — pzinthe U(1),SSM.
After experimental exploration, the experimental law of the
h — utprocess is similar to those of the 1 — epand h — et
processes. When M3,., M3,., T,; are variables, the
corresponding branching ratios can reach 1074, 1074,
10, respectively. It can be deduced that the parameters
M3, and M7, are more sensitive than the parameter T ,3.

Next, we scatter points on & — ur in Fig. 14 with the
parameters in Table VII. These points are divided into blue
[0 <Br(h — ur) <5x107%], yellow [5x 10~ <Br
(h = pt) < 1x1073], green [1 x 1073 <Br(h — ur) <
2 x 1073], and red [2x 1073 <Br(h—ur) <2.5x1073] to
represent the results in different parameter spaces for the
process h — et.

We plot MZE23 varying with T3 in Fig. 14(a), where
we can see four of these points concentrated in
0 GeV? < M2, <7 x 10* GeV?. In Fig. 14(a), the blue

23
parts are mainly in 0 GeV? < M3 . <3 x10* GeV?,

yellow parts are mainly in 3 x 10* GeV? < M3, <
4.5 x 10* GeV?, green parts are mainly in 4.5x

10* GeV? < M%zs < 6x10* GeV?, and red parts are

mainly in 6 x 10* GeV? < M3, <7 x 10* GeV?. In
Fig. 14(b), we find that T,,3 is not sensitive. The blue
parts are mainly in 0 GeV> < M7, < 2.7 x 10* GeV?,
are  mainly in 2.7 x 10* GeV? <

< 4 x 10* GeV?, green parts are mainly in 4 x 10*

yellow  parts

2
M E23

7}23/(38\/

80000

2
Mz ,,/GeV

(b)

FIG. 14. Current limit on lepton flavor violating decay & — ur. A reasonable parameter space is selected to scatter points, with blue
[0 < Br(h — puz) <5 x 1074, yellow [5x 107 < Br(h — ur) < 1 x 1073], green [1 x 1073 < Br(h — ur) <2 x 1073], and red

[2x 1073 < Br(h — pt) < 2.5 x 1073].
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GeV? < M3,, < 6 x 10* GeV?, and red parts are mainly

in 6 x 10* GeV? < M%,, <7 x 10* GeV2. We can clearly

see that the change trend of Fig. 14(a) is more obvious than
that of Fig. 14(b).

VI. DISCUSSION AND CONCLUSION

In this paper, we study the LFV processes Z — [,*1 it
and h — [;*1;¥ in the U(1)ySSM. We take into account the
one loop diagrams which include the self-energy diagram
and the triangle diagram. In the numerical calculation, we
scan large parameter spaces and find rich numerical results.
In the parameter space we use, the numerical results show
that the rates for Br(Z — [;*;7) and Br(h — [;*;¥) can
almost reach their present experimental upper bounds. The
numerical analyses indicate that M, M,, gyy, tanf are
important parameters. The sensitive parameters are M%I.i,
M%l J’ Mlz”] ’
affect the results. On the whole, the nondiagonal elements
which correspond to the generations of the initial lepton
and final lepton are the main sensitive parameters and LFV
sources. Most parameters can break the upper limit of the
experiment and provide new ideas for finding NP.

From the numerical results, the branching ratios of
Z—eu, Z—er, Z—ur and h - ey, h - er, h - ur
depend on the slepton flavor mixing parameters. Through
data analysis, we find that the branching ratio of Z — eu
can reach 107!, The branching ratios of Z — er and Z —
ut can reach 107, The branching ratio of & — ey can reach
1073. The branching ratios of & — et and h — uz can reach
1073, It is not difficult to find that the numerical results of
the processes h — et and h — pur are very close, and the

numerical results of the processes Z — ez and Z — ur are
|

T,;, and T,;(i # j) because they strongly

Figure 1(a): S|, =0, S =0, F = <,

very close. The branching ratios of 7 — ey, h — er, h —
ut in the U(1),SSM are close to the corresponding
experimental upper limits of Br(h — eu), Br(h — e7),
and Br(h — ut), which may be detected in the future.

The numerical study is performed in terms of the most
relevant model parameters. It shows that the flavor mixing
parameters (such as M2 %, and Mlz: |,) are very important and
will be most efficiently tested at the LHC and future
colliders (such as CEPC/FCC-ee). At future colliders,
the higher statistics of Higgs boson and Z boson events
will be achieved, and the sensitivities of future colliders can
obviously be improved. Note that M3 and M3 , are the
core parameters for Z — ey and h — ep. Larger M %, and
Mi , can obviously improve the branching ratios
[BrEZ — eu) and Br(h — ep)], and they are in the reach-
able region of the LHC. As the typical parameter of the
U(1)xSSM, My is the mass for the super partner of the
Higgs singlet S, which appears in the mass squared matrix
of the Higgs and the mass matrix of the neutralino. Thus,
the search for Mg should relate to the Higgs decays, and the
processes should relate to the neutralino. We hope that the
LFV decays Z — l,il]-jF and h — l,-jtljjF can be detected at
the LHC and future colliders.
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APPENDIX: THE COUPLINGS

The concrete forms of the coupling coefficients corre-
sponding to Fig. 1 are shown as follows:

HiZFll(l): \/E Zzzl* eis <\/§ Z2ZR*Y >’

7 1
I o *
erzF (1) = ﬁgzzfm'val
SiI,F ' . SR 1
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Hy" (1) = ﬁUazzfj Y,

< \/ZQZZml Va1>’
* I *
ValZ >’

1
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Figure 1(b): S, =L,, S, =L,,, F =4°,
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; 3
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Figure 1d): Fy = 5, F> =25, S = 1,
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Figure 1(e): F, =% F, =40, S=1L,
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