Chinese Physics C  Vol. 46, No. 9 (2022) 093103

Study of lepton EDMs in the U(1)y SSM*

Lu-Hao Su(Fr5%)"*
Tai-Fu Feng (75 A f#)

1,2,34

Dan He({i7})"*

12§

Xing-Xing Dong(FE 3 3¢)
Shu-Min Zhao(EA B )"

1Department of Physics, Hebei University, Baoding 071002, China
2Key Laboratory of High-precision Computation and Application of Quantum Field Theory of Hebei Province, Baoding 071002, China
3Depamnent of Physics, Chongqing University, Chongqing 401331, China

Abstract: The minimal supersymmetric extension of the standard model (MSSM) is extended to the U(1)xSSM,
whose local gauge group is SU3)c X SUQ)L x U(1)y X U(1)x. To obtain the U(1)x SSM, we add new superfields to
the MSSM, namely, three Higgs singlets #, 7, $ and right-handed neutrinos #;. The charge conjugate and parity
(CP) violating effects are considered to study the lepton electric dipole moment (EDM) in the U(1)x SSM. There are
more CP violating phases in the U(1)x SSM than in the standard model (SM). In this model, several new parameters
(6s,0pp,0p1) are considered as CP violating phases; hence, there are new contributions to lepton EDMs. This is
conducive to exploring the source of CP violation and probing new physics beyond the SM.
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I. INTRODUCTION

In 1964, Cronin and Fitch discovered charge conjug-
ate and parity (CP) violation from the decays of the K
meson [1], and lepton electric dipole moments (EDMs)
have become a physical quantity used to probe sources of
CP violation [2]. Therefore, it is important to research the
EDMs of leptons. At present, the upper bound of the elec-
tron EDM is |do®| < 1.1x107% e.cm at the 90% confid-
ence level [3— 5], whereas that of the muon EDM is
ld; ] < 1.8x 107" e.cm at the 95% confidence level and
that of the tau EDM is |d;?| < 1.1 x 1077 e.cm at the 95%
confidence level [6]. The sources and mechanism of CP
violation have not been well explained, and scientists
have been attempting to find CP violation terms in new
physics beyond the SM to better explain the CP violation
mechanism [7— 10]. There are several CP violating
phases, which can provide large contributions to the
EDMs of leptons in the minimal supersymmetric exten-
sion of the standard model (MSSM) [11-14].

Owing to the deficiency of the MSSM, which cannot
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explain neutrino mass or solve the u problem, a U(1) ex-
tension of the MSSM is performed. There are two U(1)
groups in the U(1)xSSM: U(l)y and U(l)x, and the
U(1)xSSM is explored using SARAH software packages
[15-17]. By adding new superfields to the MSSM, the
U(1)xSSM not only obtains additional Higgs, neutrinos,
and gauge fields, but corresponding superpartners that ex-
tend the neutralino and sfermion sectors. The mass my, of
the lightest CP-even Higgs [18, 19] in the U(1)xSSM is
larger than its corresponding mass in the MSSM at tree
order. Therefore, in the U(1)x SSM, the loop diagram cor-
rection of my, does not need to be large.

An effective way to explore new physics beyond the
standard model (SM) is through researching the MDMs
[20, 21] and EDMs [22-28] of leptons. The one-loop and
two-loop corrections to lepton EDMs have been well re-
searched in the MSSM. d, in the SM was studied inde-
pendently of the model [29, 30], and the authors con-
sidered right-handed neutrinos, the neutrino see-saw
mechanism, and the structure of minimal flavor violation.
The results showed that when neutrinos are Majorana
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particles, the value of d, will reach the upper limit of the
experiment.

This paper is organized as follows: We introduce the
specific form of the U(1)x SSM and its superfields in Sec-
tion II. In Section III, we show the one-loop and two-loop
corrections to lepton EDMs. The main content of Section
IV is a numerical analysis on the dependence of lepton
EDMs on U(1)xSSM parameters. We provide a sum-
mary and discussion in Section V. The appendix contains
mass matrics.

II. U(1)xSSM

The U(1)xSSM is expanded on the basis of the
MSSM. U(1)xSSM superfields include three Higgs sing-
lets 7, 7, S and right-handed neutrinos 9;. Via the see-
saw mechanism, light neutrinos can obtain tiny masses at
the tree level. For details on the mass matrices of
particles, see Ref. [31].

The superpotential of the U(1)xSSM is

P

MgSS —YudgH, - Y8l + xS H,H,
+Y,

w le +u [:I
g AQH, + Yy9R9+ Y, 9lH, .

(M

The two Higgs doublets and three Higgs singlets are
shown below in concrete form.

Hy
Hu= %(VM+H2+1P2>
Hd=[ %(vd+H2+iP2) ]
H;
nz%(vn+¢2+iP2),
ﬁ=%(v,7+¢g+iPO)
S =i(vs +3 +iP§). )

V2

Vu, Vd, Vy, Vi, and vg are the VEVs of the Higgs super-
fields H,, Hy, 1, 71, and S, respectively.
Here, we set tanf = v, /vy and tanp, = v;/v,. The spe-
cific forms of ¥, and ¥ are
1 i B 1
f/L = —¢1 + —0 VR = —O’R (3)

aET TR

The specific form of soft SUSY breaking terms are
shown below.

T _
Loty =LYSM _ B 5% — LsS = =83 =Ty Sm

soft

+ €Ty, S HyHY - T vy v + e, TV HLvg T

_m72]|n|2_m,gllﬁlz_mssz_(mf/k)lj £*~§
1
- E(MSA§+2MBB,AEAX)+11.C.. (4)

The particle content and charge assignments of the
U(1)xSSM are shown in Table 1. Compared to the SM,
the anomalies of the U(1)xSSM are more complex [32].
This model was eventually proven to be anomaly free
[31]. The two Abelian groups U(l)y and U(l)x in the
U(1)xSSM can create a new effect known as gauge kinet-
ic mixing. This effect can also be induced by RGEs, even
with a zero value at Mgyr.

The general form of the covariant derivative of this
model is [33-35]

, gr. &vx \( A
D, =0d,-i( Y, X)( / / )( A'X]' (5)
u

gxy, 88X

A7Y and A7Y represent the gauge fields of U(1)y and
U(1)x. Because these two Abelian gauge groups are un-
broken, we perform a basis exchange. Using the ortho-
gonal matrix R [33, 35], the resulting formula is

gv. &'rx T 81, 8rx
’ R" = . 6
( g'xy, 8&'x ) ( 0, gx ) ©

We deduce sin® 0y =

L_ ((grxtgx)’~gi—g)V'+46, & %
2 2\t gD B (g + P —gl—gVE+T6GLE
with &= v+ v, The new mixing angle 6}, can be
Table 1. Superfields in the U(1)x SSM.
Superfields SUQB)c SUQ)L U(l)y U()x
) 3 2 1/6 0
it 3 1 -2/3 -1/2
e 3 1 1/3 1/2
L; 1 2 -12 0
e 1 1 1/2
Vi 1 1 0 -1/2
A, 1 2 12 12
i 1 2 -1/2 -1/2
f 1 1 0 -1
# 1 1 0 1
3 1 1 0 0
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found in the couplings of Z and Z'.
Next, we describe several of the required couplings.

The couplings of 7K —é&; - x; and V- - X; are

= ERVl 1 * -~
kaéxze,{\/_ UnhZi YiPL - \/Eggvjlz,’;. PR}va,’f, (8)

* 1 * —~
Ligy = { V_szzgl YiPL+ Wi ViZi PR} X% 9

1+ .
Y5 7R and Z! are rotation

With P, = 7% and pg=
matrices, which can diagonalize the mass squared
matrices of CP-even and CP-odd sneutrinos. The mass
matrix of a chargino is diagonalized by the rotation
matrices U and V.

We also deduce the vertex couplings of a neutrino-

slepton-chargino and neutralino-lepton-slepton as

3 3
L1 =17,~((—g2 v, Y utzt v U,

a=1 a=1

. .
+ Z YU z(3+a)Zthj2PR)Xj L,
a,b=1

Ui Y Zis0)PL

(10)

1
-0 5
Lo =k, {(@(811\’“ +82N) +gny5)ij

1
-Nj Y/Z/iaﬂ))PL - [@(2& Nii+(2gyx + gx)st)

- ,
X Zty oo + Y] 2 N,»3}PR}Z Lk
(11)

Here, ZF and N are rotation matrices, which can diag-
onalize the mass squared matrix of the slepton and the
mass matrix of the neutralino. The mass matrix of a neut-
rino is diagonalized using U".

Other required couplings can be found in our previ-
ous papers [31, 36].

III. FORMULATION

The Feynman amplitude can be expressed by dimen-
sion 6 operators [37] using the effective Lagrangian

method. Dimension 8 operators can be suppressed by the
2

factor ~ (1077, 107%) and then ignored.

"
2

HING
These dimension 6 operators are

O =Gir )2 1Dy w-1

03 =(4Q;; (D Fowsl

O; = (4Q;2 IF-oy'wz(iD,D) ,

0; = (ZQ)Q [ F)y wsl,

O = G )2 ()

nge(ff)zlm cwsl. (12)
1#ys

Here, D, =09,+ieA,, and wz= . F, denotes
the electromagnetic field strength, and m, represents the
lepton mass.

The effective Lagrangian of a lepton EDM is
-1 -
LEDM = ?dllO'”V’ySlFﬂv . (13)

For Fermions, the EDM cannot be obtained at tree
level in the fundamental interaction because it is a CP vi-
olation amplitude. Therefore, the one-loop diagrams
should have a non-zero contribution to the Fermion EDM
in the CP violating electroweak theory. With the relation-

ship between the Wilson coefficients C3 ;¢ of the operat-

ors OF ; ¢ [26-28, 37], the lepton EDM is obtained as
—2€Qfm1 .
d = WS(C;—-’-CZ +Cg) (14)

A. One-loop corrections

The one-loop new physics contributions to lepton
EDMs are taken from the diagrams in Fig. 1. The one-
loop contributions to lepton EDMs are obtained via cal-
culation with the on-shell condition of the external lepton.
Then, we simplify the analytical results.

The analytical results of the one-loop diagrams are
shown below.

1. The corrections to lepton EDMs from neutralinos
and scalar leptons are

4" =)

2
Here, x; = =

Zgli{(A*A ) 6ZB(XX?’XZ,)}]
LAR) \JXpxp ————¢| -
— ze

l J
(15)

where m; represents the particle mass, and

A denotes the new physics energy scale. The couplings
Ag,AL can be expressed as
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Fig. 1.

1 1

Ap =—gIN;Z5h + —
V2o

1 s 7 E
+—=8rxNisZjp =

V2

&Ny Z5

E
NAY,ZE

Ap=- Ni +(2gyx

1
N 5281
+8x)Nis) = Y, Z5Nis . (16)

The mass matrices of scalar leptons and neutrinos can
be diagonalized using the matrices Z* and N.

The specific forms of the functions B(x,y) (using Eq.
(11)) and B (x,y) (using Egs. (14) and (16)) are

. _ 1 (xlnx ylny
B(x’y)_167r2(y—x+x—y)’

0 9?
Bi(xy) = (—+§ﬁ)8(x,y). (17)

2. The corrections from the chargino and CP-odd
scalar neutrino are

i =(57)?

The couplings B, and Bg can be expressed as

2 6
Z Z {—2(B; Br) vy B1 (x5, xX,)}} - (18)

i=1 j=1

1 1
Bu=--pUpZptu. Br=-peZpVa.  (19)

3. The corrections from the chargino and CP-even
scalar neutrino are

IR (ZA)

The couplings C;, and Cg can be expressed as

2 6
ZZ { —-2(C;Cgr) \/)?,Bl(x?’fsx)(,)}\ - (20)

i=1 j=1

L g
$g22f2 Vit . (21)

1 * *
CL=—UpZ8Y,, Cr=-

V2

The U, V, ZR, and Z' matrices diagonalize the corres-

One-loop self energy diagrams in the U(1)y SSM.

ponding particle mass matrices, which are detailed in the
appendix.

Therefore, the contributions of the one-loop diagrams
to lepton EDMs are

—1 i 0 ~ ~
4" =d" +d) +d)Y (22)

B. Two-loop corrections

In this paper, the two-loop diagrams that we research
include the Barr-Zee two-loop diagrams (Fig. 2 (a), (b),
(¢)) and rainbow two-loop diagrams (Fig. 2 (d), (e)), as
shown below.

The analytical results of the contributions from the
two-loop diagrams to lepton EDMs are shown below.

The contributions are taken from Fig. 2 (a). Under the
assumption that mp = mp, = mg, > my, the result of sim-
plification [38] is

2 L
—GFmW Sw H[-

21
WH _ Hv - _ -

or,
(3+ = | o, o sy iy ) (B B

19-200F, . 2-40F,

3

+HI§FFH§VFF) [ (1nm2F,

) L R R L
_Ql,l(mW’mH*))}(HHF,FzHWFlF: + HHFIFZHWF,FZ)

[ 16 2+60

9 3
L L R
X(Hyp,p,Hyr,r, ~Hyp,r,H

R
WE.F,)
e 20r,  6-20r,
9 3

——(Inmj, —91,1(mﬁv,m§p))}

(Inmg, —Ql,l(m%y,m%;‘))]

L R R L
X(Hyp, p,Hwr,F, ~ HHF,FZHWF.FZ)]

(23)

Inx—yl
Here, 01,1(x,y) = il e i HILfﬁF and HWFF denote

the corresponding coup{mgs coefficients. See Ref. [36]
for their concrete forms.

Under the assumption that mg = mg, = mg, > my, , the
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(d) (e)

Fig. 2. Two-loop Barr-Zee and rainbow-type diagrams in the U(1)x SSM.

reduced form of the contribution to the lepton EDM from
Fig. 2(b) is

g oGO 0F, iy Sty 3
! 3074 )
F\=F,=x*

mi.
X{S 1+In —2H} .9
m,

Moreover, the simplified form from Fig. 2(c) is

L
thFle)

1
—(
mr,

_\/ie Hholi
™ = 2 { [91,1(m§,mﬁ0>‘1“m’2"_1]

1= 4
1024t A \mr,

x 5[(Hlizz - ngz)(H/ﬁ)F.1«“2H§F1 rt 1"111501:,1«"211(1;1?1 Fz)]} .
(25)

Here, Qy represents the electric charge of the extern-
al lepton m,. Qr, and Qr, denote the electric charges of
the internal charginos.

With the assumption that mp = mp, = mg, > my ~ mz,
the reduced form of the contribution to the lepton EDM
from Fig. 2(d) is

ww _ —eGrmy

vy S ASUNEH . )] - (26)
F

=x* Fr=x"

We simplify the tedious two-loop results to the order

2 2

m m

of —’; ~107% or — a
z Mgusy . .

mp =mp) =mpy >my ~mz and obtain the following

simplified form of Fig. 2(e):

under the assumption that

7z €Qrm

I T 048N 2. {5[(H§F.F2H§m)
F,

=F,=x*
—6logxz +6logxp +4

L2, gk 12
X(|szz| +|Hzl )[

9)61.‘

L 2 R 2\ggL R
+(|HZF1F2| +Hzp | )szszu

y [16 (logxp —log xz)(log xp +2) +2
Xz

} . Q)

The contributions to lepton EDMs from the re-
searched two-loop diagrams are

AT = gVH @ @ dVY v d . (28)

At the two-loop level, the contributions to lepton
EDMs can be summarized as

d;otal _ d;)ne—loop + d;wo—loop. (29)

IV. NUMERICAL RESULTS

For the numerical discussion, we consider the follow-
ing experimental limitations. The lightest CP-even higgs
mass is considered as an input parameter, which is mye ~
125.1 GeV [39, 40], and the h° decays are 7’ — y+y,
W —2z+Z, and h°—y+y [41]. Experimental con-
straints on the masses of the new particles are also con-
sidered. LHC experiments have more stringent mass con-
straints on the Z’ boson. To satisfy this experimental con-
straint, we take the parameter Mz to be greater than 5.1
TeV [42], which is heavier than the previous mass limit.
The ratio of Mz to its gauge coupling gx (%) should not
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be less than 6 TeV at the 99% C.L. [43, 44]. Considering
the constraints from the LHC, we set tang, < 1.5 [45].
Because Mz has a large mass, the contribution of Z’ at
the amplitude level is small; therefore, the contribution of
7' is ignored. We adjust the parameters based on the ex-
perimental limitation of lepton EDMs. In this section, we
research and discuss lepton (e,u,7) EDMs.
The parameters used in the U(1)xSSM are

gx = 033, 8yx = 02, /lc = —0.1, K= O.l,

T,, =10TeV, T,=1.0TeV, tans, = 1.05,

vy = 15xcosf, TeV, v; = 15xsing, TeV, B, = 8 TeV?,

m: =8TeV?, T, =150 GeV, Tgyy = Tgxn = Tr3s = 0.1 TeV,
M1 = My = My33 = 6 TeV?, Yyi1 = Yy = Y33 = 0.04,
Bs =8TeV?, Ay =0.1, Iy = 8 TeV?,

TX” = TX22 = Tx33 =10 GeV.
(30)

61, 6>, and 6, are the CP violating phases of the paramet-
ers my, my, and u. We consider three new CP violating
parameters with the phases 6., 0pp , and 6.

0,

0, 0,
9

my = My «xe", mp = Mp*e™™, u=muxe”

10, 10,
s

mpy, = Mppxe™", mpgy = Mpp *¢€

ms = Mg el (1)

To facilitate the discussion, we make the following
simplifications:

My =Mp =Mp»n=M33,
Mg = Mg11 = Mg = MEss,
Te=Ten =Texn = Tess. (32)

A. eEDM

Previously, we discussed the EDM of electrons be-
cause of its strict experimental upper limit. The CP viol-
ating phases 6, 6, 6,, 01, O, and 65 as well as other
parameters have a certain impact on the electron EDM.
Now, supposing 6, = 6, = 8, = 6gp = 0s = 0, and setting
tanf =5, My = 500 GeV, mu= 500 GeV, Mp, = 1800
GeV, Mpg = 700 GeV, Mg = 2400 GeV, M, = 1.1 TeV,
Mg = 1.0 TeV. We study the influence of 05, on the elec-
tron EDM. Mp; is related to the neutralino mass matrix.
In Fig. 3, we plot a solid line and dashed line versus M,
(0.9 ~ 1.1 TeV?) corresponding to M; = 700 and 800
GeV. We can see that these two lines are subtractive
functions and 6p; has an influence on |d,|. The relation-
ship between d, and M| is not a simple linear relation; its
change curve follows M;?. The shaded part of the figure

1.x107%8

8.x1072°

6.x1072°

B

©

o

S 4.x102

2.x1029
0 ‘ ‘ ‘
0.90 0.95 1.00 1.05 1.10
M,/TeV?
Fig. 3. Setting 6; = 6, = 6, = 6pp = 65 =0 and 6p;, = 7, the

contributions to the electron EDM varying with M, are plot-
ted. The solid and dashed lines correspond to M; =
(700,800) GeV, respectively.

indicates that all these parameters are reasonable and con-
form to experimental limits.

Setting 0, =6, = 9/1 = 0pp = 0p. =0, tan =5, M| =
700 GeV, M, = 2000 GeV, mu = 500 GeV, Mg, = 1600
GeV, Mpgp = 800 GeV, Mg =-800 GeV, Mi»n=1.0
TeV?, and Mg = 1.0 TeV2, we consider the impact of 6y
on the electron EDM. My is related to the mass matrices
of the neutralino and scalar lepton. In Fig. 4, My, varies
from 0.5 to 5.0 TeV2, and when M;;; > 2.0 TeV2, the nu-
merical results of |d,| conform to the experimental limits.

Opp is the new CP violating phase of the lepton neut-
rino mass matrix. Therefore, it offers a new physical con-
tribution to the lepton EDM. Setting 6; = 6, = 6, = 65 =
0pr = 0, the contributions to the muon EDM varying with
T are plotted, with the solid and dashed lines corres-
ponding to Mgy; = 0.5 and 1.0 TeV?, respectively. Here,
we set tanB=5, M;=700GeV, M;=2000GeV,
mu = 500 GCV, MBL = 1800 GeV, MBB' =700 GeV, MS =
2400 GeV, M; = 1.0 TeV?, and Mg = 0.5 TeV?. In Fig. 5,
the two lines are shaped like parabolas, and most of the
numerical results are within the experimental limits.

We select the parameters M;11(0.5~ 5.0 TeV?),
Mi25(0.5 ~5.0TeV?), M;33(0.5~5.0 TeV?), Tg(-3000 ~

0

-5.x 1090 -

~1.x1020

-1.5x10729

de/(e.cm)

—2.x10°2 |

-2.5x1072°

10 ; ; ; :
My 11/TeV?

Fig. 4. Setting 6; = 6, = 6, = 6pp = 0, = 0 and 65 = 7, the

contributions to the electron EDM varying with My, are plot-

ted. The solid and dashed lines correspond to M3z =

(1,0.9) TeV?, respectively.
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2.x1072°

1.x1072 F

de/(e.cm)
o

~1.x 10729 |

2x10% 000 2000 0 2000 4000
Te/GeV
Fig. 5. Setting 6, = 6, =6, = 05 = 0, =0 and pp = z, the

contributions to the electron EDM varying with T are plot-
ted. The solid and dashed lines correspond to Mg, =
(0.5,1.0) TeV2, respectively.

3000 GeV), and Mg(0.5 ~ 5.0 TeV?) and randomly scatter
the points. With 91 = 92 = 6‘,1 = QBBf = QBL =0 and GS = %r’
we plot |d,| in the plane of My, versus My, in Fig. 6.
"m" represents |d,| < 1.1x107%° e.cm, and "o" represents
ld,| >1.1x107%° e.cm. In Fig. 6, we can see that there is
clear stratification. When My;; > 1.0 TeV2, My is in
the vicinity of 1.4 TeV?, |d,| is within the experimental
limit. This reveals that My, is a sensitive parameter and
M55 is a less sensitive parameter.

Mizo/TeV2

M11/TeV?
Fig. 6. With 0 =60, = 0# = Opp = Op; = 0 and Os = %, |d,| is
in the plane of My

versus M. "m" represents

lde| < 1.1x107% e.cm, "o" represents |d,| > 1.1x 1072° e.cm.

B. 1 EDM

In this section, the muon EDM is numerically studied.
In Fig. 7, setting 6; = 6, = 0gp = 6, = O, = 0 and
tanB =6, M; = 1450 GeV, M, = 2000 GeV, mu= 500
GGV, Mpp = 800 GGV, MS =-800 GCV, My = 1.0 TGVZ,
and Mg = 0.5 TeV?. We study the influence of 65 on the
muon EDM. The solid and dashed lines correspond to
Mg, (1200, 1500 GeV), respectively. From the numeric-
al results, we can see that the muon EDM increases as
Mg increases. 65 has a significant influence on the nu-
merical results because My is related to the mass matrices

0

-5.x10°5

~1.x 1024

-1.5x10724 |

dy/(e.cm)

-2.x10"%

-25x102 |

_ -24 . . .
3.x10 05 1.0 15 20

Me/TeV?
Fig. 7. Setting 0 =6, = 9” = Opp = Op = 0 and Os = %r, the
contributions to the muon EDM varying with Mg are plotted.
The solid and dashed lines
(1200, 1500) GeV.

correspond to Mg, =

of the neutralino and charged Higgs.

Opp 1s the new CP violating phase of the neutralino
mass matrix. Therefore, it offers a new physical contribu-
tion to the lepton EDMs. With 6, = 6, = 6, = 65 = 0p; =
0, the contributions to the muon EDM varying with Mg,
are plotted, where the solid and dashed lines correspond
to tanB = (5, 6), respectively. In this part, we set M| =
1450 GeV, M, = 800 GeV, mu = 500 GeV, Mg, = 1600
GeV, Mgy = 800 GeV, Mg = —-800 GeV, My = 1.0 TeV2,
and Mg =0.5TeV2. In Fig. 8, as Mgy, increases, the nu-
merical results gradually decrease, and the shapes of the
two lines are similar.

We choose the parameters M;11(0.5~5.0 TeV?),
Mi25(0.5 ~5.0TeV?), M;33(0.5~5.0 TeV?), Tg(-3000 ~
3000 GeV), andMg(0.5 ~ 5.0 TeV?) and randomly scatter
the points. With 6; = 6, = 6, = 0gp = 05, = 0, and 65 =
7, we study |d,| in the plane of M33 versus Mg. In Fig.
9, "m" represents |d,| < 1 x1072* e.cm, and "o" represents
|d,| >1x107>* e.cm. Delamination occurs when My =
1.1 TeV?, and stratification is clear. This reveals that Mg
is a sensitive parameter and Mj3; is an insensitive para-
meter. These parameters are in a reasonable parameter
space.

35x107%*

3.x102 |

2.5x107%

2.x102% |

dy/(e.cm)

151072

1.x10724

5.x102 |

0 . . . .
0.5 0.6 0.7 0.8 0.9 1.0

Mezo/TeV?
Fig. 8. Setting 6; = 6, = 6, = 65 = 6. = 0 and 6pp = %, the
contributions to the muon EDM varying with Mg,, are plot-
ted. The solid and dashed lines correspond to tang = (5,6).
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M 33/TeV?
Fig. 9. With 0 =6, = 9,1 = 0pp = OpL = 0 and Os = %, |dll| is
in the plane of Mj3; versus Mg, where "m" represents

d,l < 1x1072* e.cm, and "o" represents |d,| > 1x 1072* e.cm.

C. 7EDM

At present, the experimental upper bound of the tau
EDM is |d;®| < 1.1x107'7 e.cm, which is largest among
the bounds of lepton EDMs. Therefore, we now study the
tau EDM. With tang =6, M, = 750 GeV, mu = 650 GeV,
Mp; = 1800 GeV, Mgp = 700 GeV, Mg = 1400 GeV,
M;=1.0TeV?, and Mg = 1.0 TeV? and setting 6, = 6, =
6, = 0pp = 6p. = 0 and A5 = %, we study the influence of
M35 on |d-|. In Fig. 10, the solid and dashed lines corres-
pond to M, = (400, 500 GeV), respectively, and their nu-
merical results are all in the negative. The two lines are
increasing functions of M;33, and 65 has clearer influ-
ence on the numerical result of |d;|. The maximum value
of the two lines reaches 5.0 x 1072 e.cm, and this value is
six orders of magnitude smaller than the upper limit of
the experiment.

0pL is the new CP violating phase of Mg, in the neut-
ralino mass matrix. Setting tan8=6, M; = 750 GeV,
My = 400 GeV, Mp, = 1800 GeV, Mgz = 700 GeV,
Ms = 1400 GeV, Mg =1.0TeV?, 6; = 6, = 6, = Opp = 65
=0, and 6p;, = %, the contributions to the tau EDM vary-
ing with M, are plotted, where the solid and dashed lines

0

~1.x102

-2.x107%3 |

-3.x1073

d/(e.cm)

~4.x107%3 |
7

-5.x10723

. -23 . . . . . .
6.x10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

Mys3/TeV?
Fig. 10.  Setting 6; = 6, = 6, = 6pp = 6p, =0 and 65 = %,
the contributions to the tau EDM varying with M;33 are plot-
ted. The solid and dashed lines correspond to M, =

(400,500) GeV, respectively.

correspond to mu = (650,750 GeV), respectively. In Fig.
11, we can see that |d;| decreases with increasing M.
The maximum value of these two lines reaches |d;| =
45%x1072 e.cm.

We select the parameters M;;(0.5~ 5.0 TeV?),
M;2(0.5 ~5.0TeV?), M;33(0.5~5.0TeV?), Tg(-3000 ~
3000 GeV), and tanB(2 ~20) and randomly scatter the
points. In Fig. 12, we study |d;| in the plane of M;3; and
tanf to observe their influence. The varying regions of
Mp3; and tang are in the range (0.5~5TeV?) and
(2 ~ 20), respectively."m" represents |d;| < 1x 1072 e.cm,
and "o" represents |d;| >1x 10723 e.cm. When tang = 6,
stratification occurs, and the stratification is more clear.
This indicates that tang is a sensitive parameter.

V. DISCUSSION AND CONCLUSION

In the U(1)xSSM, we calculate and analyze one-loop
and two-loop contributions to lepton (e,u,7) EDMs. The
effects of the CP violating phases 6, 6,, ,, 0pp, 05, and
0p, on the lepton EDMs are researched. Among them,
Opp, s, and Op; are all newly introduced. The experi-
mental upper limit of the electron EDM is

6.x1072°

5.x1072 |

4.x1023

3.x1072% |

d./(e.cm)

2.x1072% |

1.x1073

M/ TeV?
Fig. 11.  Setting 6; = 6, = 6, = 65 = 6pp = 0 and Op; = %,
the contributions to the tau EDM varying with M, are plotted.
The solid and dashed lines correspond to mu = (650,750) GeV.

20

o

Msa/TeV?

Fig. 12. With 0 =6, = 9” = fOpy = Os = 0 and Op = %, |d-,—|
is in the plane of M;3; versus tang. "m"

ld;| < 1x 10723 e.cm, and "o" represents |d;| > 1x 1072 e.cm.

represents
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ldS*®| < 1.1x1072° e.cm, which places strict restrictions on
the U(1)xSSM parameter space. In the parameter space
used in this study, the numerical result for |d,| can be con-
trolled below the experimental limit. In our study, the
largest numerical results for the u EDM and 7 EDM are
approximately 2.8x1072* e.cm and 5.0x 1072 e.cm, re-
spectively. They are all in a reasonable parameter space
and do not exceed the upper limit of the experiment. For
the corrections of the lepton EDMs, the one-loop contri-
butions are dominant. As for the one-loop and two-loop
contributions to the EDMs, their relative size
(d;wo_b(’p/d?“e_k’()p) is approximately 5% ~ 15% after nu-
merical calculation.

Our numerical results mainly obey the rule
d./d,/d; ~m,[m,/m;. In Fig. 3, when 6p;, = 7, My has a
more obvious impact on the electron EDM, and the influ-
ence of 8p; on the electron EDM is also more obvious. In
addition, the influences of the CP-violating phases 65 and
Opp on lepton EDMs are clear. In Fig. 7, when 65 = %,
the value of the muon EDM increases as Mg increases

1 . .
5 V2vaT! = vi(Auvs + N2u)Y))

(the numerical results are all negative). 65 has a signific-
ant influence on the numerical results because My is re-
lated to the mass matrices of the neutralino and charged
Higgs. In Fig. 8, when 6pp = %, the two lines (solid and
dashed lines) are decreasing functions of Mpgs,. The
above parameters (M, Mg) are all elements on the diag-
onal of the mass matrix; therefore, their corresponding
results are all decoupled, such as in Fig. 3, Fig. 4, Fig. 7,
Fig. 8, Fig. 10, and Fig. 11. In Fig. 12, We can see that
|d;| increases with increasing tang. If we use the method
of mass insertion [46] to analyze the results, we can intu-
itively find that tang is proportional to lepton EDMs. We
also perform random spot operations on lepton EDMs.
The randomly scattered pictures exhibit clear stratifica-
tion, which also helps us find a reasonable parameter
space. As the accuracy of technology improves in the
near future, lepton EDMs may be detected.

APPENDIX A

The mass matrix for a slepton with the basis (¢, ég)

Mg, &,
m;=| , (A1)
S (V2aTe = viYe (N2 +vs5 23) ma,z,
1 1 .
ez, =my + (81 + 8 + rxgx = €)% — Vi) +28rxgx(vy —vp) + Svi¥{Ye,
1 1
ez, =g = < (12087 +8rx) + 3grxgx + 310 = vi) + (Agyxgx +280(7 =) + v XY . (A2)
This matrix is diagonalized by Z*
ZEmZzET =mi . (A3)
The mass matrix for a CP-even sneutrino (¢, ¢,) reads as
M¢ 1) mT
) a0
Mep,  Mg,g,
1 1
My, = g((g% +g§X +g% + gyxgx)(v[zi ) +gyxgx(2\/§ - ZV%)) + EviYVTYV + m% , (AS)
1 1
Mg, = $VuTv +vuvn¥x¥y = Sva(lavs + oy, (A6)
1 1
My g = g((nggx + gf()(vfZ — vi) + 2g§(v% — v,%)) +vyvs YxAc + m‘z, + §V5|YV|2 + \/,—,(2\/,—7|YX|2 + \/ETX) . (A7)

This matrix is diagonalized by Z¥
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R 2 Rt _  dia
Z7mn ™" =my e

The mass matrix for a CP-odd sneutrino (o, 0,) is deduced as

T

2 _ m(rl(rl mG' o

m; = ,
My, Mo o,

1 1
Mo, = (81 + 87 + 85 + 8vxgx) (G = Vi) +28rxgx(vy —vp)) + Svi¥) Yo+

1 1
Mg, = @VuTv_vuvﬁYXYV_ Evd(/lHVS + \/zﬂ)Yw

1 1
My, = g((gyxgx + gi)(vfl - vﬁ) + 2g§((v$ - v,%)) —vyvs Yxdc + m% + EviIYV|2 +vQ2vyYxYx — \/ETX) .

This matrix is diagonalized by Z’
ZIm%,,Z” = mg’;’, .

The mass matrix for charginos in the basis (W~,H;),(W*,H;)

1
M, —=82Vy
_ 2
My =1 1 1\/; ’
—=&2Vd —=AHVS T U
V2 V2

The matrix is diagonalized by U and V'
Uy V' = mde.

The mass matrix for charged Higgs in the basis (H}, ,H,),(H," ,H;)

u

.
2 _ MHHy Mpeeg )
b

My;H:  MH"H;

1
Mg =g (83 + 83V + (—gx + &)V, + (81 + 8y, (—vi+ V) = 2857 + 2(grxgx (- Vi + v+ V) + g

1
+5Q@1u P +2V2us R(udy) +v5 1 A P

1 1
mi ;= 5QAnly + By + A5 (2 V2vs My = vav Xy +vyvgdic + V2vs Ty,)) + Zggvdvu :

1
i =g (g + 2V + (85 + €V + (1 + 81) =V + i) = 285y + 2 xgx (=g = vy + Vi + V) + 857)

1 \
+5Qlp P 42 V2vs R(udy) +v2 | A ) .
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This matrix is diagonalized by Z*

Ztm3, 7+

=mye, . (A20)

The mass matrix for a neutralino in the basis (13, W°,HY,H),1%,7,7,5) is
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H v HyVd HHY A HY V2
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