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Abstract: This paper investigates the neutrino transition magnetic moment in the U(1)x SSM. U(1)xSSM is the
U(1) extension of Minimal Supersymmetric Standard Model (MSSM) and its local gauge group is extended to
SUQB)ecxSUR)LxU(l)yxU(l)x. To obtain this model, three singlet new Higgs superfields and right-handed
neutrinos are added to the MSSM, which can explain the results of neutrino oscillation experiments. The neutrino
transition magnetic moment is induced by electroweak radiative corrections. By applying effective Lagrangian meth-
od and on-shell scheme, we study the associated Feynman diagrams and the transition magnetic moment of neutri-
nos in the model. We fit experimental data for neutrino mass variances and mixing angles. Based on the range of
data selection, the influences of different sensitive parameters on the results are analysed. The numerical analysis
shows that many parameters have an effect on the neutrino transition magnetic moment, such as gx, My, u, Ay and
gyx - For our numerical results, the order of magnitude of uf‘}f /up is-around 10720 ~ 10719,
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I. INTRODUCTION

The Standard Model (SM) comes under the umbrella
of quantum field theory, which describes the three main
forces, the strong force, the weak force, and the electro-
magnetic force[1—4]. Besides it predicts the existence of
the Higgs. Although the SM has been-a great success, its
flaws are obvious. It doesn't explain the mass problem of
neutrinos, the related issue of dark matter, and can't de-
scribe gravity[5—7]. Therefore, it must be extended. Sci-
entists have made many extensions to the SM, among
which  the Minimal Supersymmetric  Standard
Model(MSSM) is a popular one. However, there are
problems in MSSM such as the u-problem[8] and mass-
less neutrinos[9]. To break through these problems, we
use the U(1)ySSM. Under this model, we study neutrino
transition magnetic moment. The study of it may indir-
ectly lead to a new understanding of the neutrino proper-
ties and the mechanism of neutrino mass generation. Be-
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sides it may verify the correctness of U(1)ySSM to some
extent. It is also important in the long distance propaga-
tion of neutrinos in the magnetic fields of matter and va-
cuum[10]. Previous research on neutrino transition mag-
netic moment includes analyses of Majorana neutrino ef-
fects on supernova neutrino oscillations[11] and explana-
tions of electron recoil anomalies[12]. However, our
work explores this phenomenon within a distinct model,
aiming to contribute novel findings.

U(1)xSSM is the extension of the MSSM with the
U(l)x gauge group, and the symmetry group is
SUB)exSUR).,xU)yxU(1)x[13]. This extension
adds three Higgs singlet superfields and right-handed
neutrino superfields to the MSSM. Consequently, there
are five neutral CP-even Higgs component fields (H?, HY,

9, @3, ¢3) in the model, and mix together, forming a
5x5 mass-squared matrix. Consequently, the mass of the
lightest CP-even Higgs particle can be improved at the
tree level. In the U(1)xSSM, the small hierarchy problem
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in the MSSM is alleviated through the added right-
handed neutrinos, sneutrinos, and extra Higgs singlets.
The u-problem existing in the MSSM is relieved after the
spontaneous symmetry breaking of the S field in vacuum
through A48 A,H,. Through the term Y,»H,, the right-
handed neutrinos and left-handed neutrinos mix together,
which makes light neutrinos to obtain tiny masses
through the seesaw mechanism. The existence of super-
symmetry provides a very natural candidate for dark mat-
ter: neutralino. While, SUB)¢xSUR), x U(1)y x U(1)x
can provide several dark matter candidates: neutralino,
sneutrino(CP-even, CP-odd) etc., and it protects the
Higgs mass from radiative correction by the massive
particles, which solves the gauge hierarchy. Under
U(1)xSSM, the transition magnetic moment of neutrino is
induced by electroweak radiative corrections.

The previous studies[10] have investigated the neut-
rino transition magnetic moment using the effective Lag-
rangian method and the mass-shell scheme, yielding reas-
onable numerical results. In this paper, a more compre-
hensive study of the neutrino transition magnetic mo-
ment at the U(1)ySSM is presented. Using the effective
Lagrangian method and the mass-shell scheme we obtain
the expression for the neutrino transition magnetic mo-
ment. We derive the relevant Feynman diagrams and cal-
culate the neutrino transition moment by combining the
operators. In numerical calculations, we perform neut-
rino mixing within experimentally constrained parameter
ranges to determine viable parameter values. Addition-
ally, we compare the effects of different reasonable para-
meters on transition magnetic moment and get the numer-
ical results.

The paper is organized according to the following
structure. In Sec.Il, we mainly introduce the content of
the U(1)xSSM including its superpotential, the general
soft breaking terms, the mass matrices and couplings. In
Sec.Ill, we give the analytical expressions of the trans-
ition magnetic moment about neutrino. In Sec.IV, we
give the relevant parameters and numerical analysis. In
Sec.V, we present a summary of this article. Some formu-
lae are collected in the Appendix.

II. THE ESSENTIAL CONTENT OF U(1)xSSM

U(1)xSSM is the extension of MSSM and the local
gauge group is  SUB)exSUQR)xU)yxU(l)x.
U(1)xySSM has new superfields, which include three
Higgs singlets #, 7, $, and right-handed neutrinos #,. The
corresponding superpotential of the U(1)xSSM is given
by:

A

W=IW§ +/.lﬁu +MssA§—Ydd,\gﬁd—yeéiﬁd+ﬁy§ﬁuﬂd

d
+AcShh+ gsss LY, 0qH, + Yx9ho+ Y, DlH,.

(M

The two Higgs doublets and three Higgs singlets can be
listed as follows:

H;
e %(va}jnpg)
H %(VLMHSH'PS)
a7 ’
H,;
B ) 1 o)
S=%<Vs+¢§+in>. o

And the vacuum expectation values of the states H,, Hy, 17,
n, S are respectively v,,vs, v,, v; and vg. H; is the
charged part of the doublet H,. While, H(P°) is the neut-
ral CP-even(CP-odd) part of H,. The similar condition is
for the doublet H,. ¢)(P;) is the CP-even(CP-odd) part of
singlet 7. ¢9(Py) is the CP-even(CP-odd) part of singlet 7.
@5 (PY) is the CP-even(CP-odd) part of singlet S .

There are two angles defined as tanB=v,/v, and

tanS, =v;/v,. The soft SUSY breaking terms of
U(1)xSSM are shown as:
MSSM 2 TK 3 —
Lsoft = soft _BSS _LSS _?S _T/ICSTITI
+ €T, S H)H] - T{ 7%/ v + &, T H7{ T}
—mnl® —ma|qf* —mgS?
1
~ R A (Ms 23 +2Mpp Apag) +hc. (3)
LY5SM represent the soft breaking terms of MSSM. And

Ag is the U(1)y gaugino, which is the supersymmetric
partener of the U(1)y gauge boson B*. The boson of the
added gauge group U(1)y is X*, whose supersymmetric
partener is Ay.

The particle content and charge assignments for
U(1)xSSM are mentioned in the Table 1. In our previous
work, we have proven that U(1)ySSM is anomaly free
[13].

The covariant derivatives of U(1)ySSM can be writ-

)(5). o

D,=d,~i( v, X) (

Compared with MSSM, U(1)xSSM has a new effect
called the gauge kinetic mixing, which is produced by
Abelian groups U(1)y and U(1)x. The basis conversion
occurs when we use the rotation matrix R (RTR=1),

Y
Au

X
A/t

81s
0’ gX

8rx
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Table 1. The superfields in U(1)x SSM
Superfields Gi i I i & i A, Hy 7 7 $
SUQB)c 3 3 3 1 1 1 1 1 1 1
SUQ2)L 2 1 1 2 1 1 2 2 1 1 1
U(l)y 1/6 —2/3 1/3 -1/2 1 0 172 -1/2 0 0 0
U()x 0 -12 172 0 12 -1/2 172 -1/2 -1 1 0

which is due to the fact that the two Abelian gauge
groups are uninterrupted. The basis conversion can be de-
scribed by [14—17]

, ’ ArY
Dy=a,-i( vr, v ) 57 S RrR(
o gxv, &x A;,X

)

with A’ and A7* respectively representing the gauge
fields of U(1)y and U(1)yx. Eq. (5) can be reduced to [14,

16, 17]
gy» &vx R = 81, 8rx
&'xv» 8&x 0, &
A/Y AY
Au A#
Here gy expresses the gauge coupling constant of the
U(l)x group and gyy expresses the mixing gauge coup-
ling constant of the U(1)y and U(1)y groups.

Some useful mass matrices and needed couplings in
this model can be found in appendix A.

III. FORMULATION

The magnetic dipole moment (MDM) and electric di-
pole moment (EDM) of the neutrino can actually be writ-
ten as the operators

1 -
Lypu = E#ijlﬁio'pvlﬁijw

[
Lepy = Efijlﬂio'wyslﬂij, @)

where F,, is the electromagnetic field strength,
o = é[y“,yv], ;; denote the four-component Dirac fer-
mions, u; and €; are respectively Dirac diagonal (i = j)
or transition (i # j) MDM and EDM between states ;
and y;.

Since p=m;<m, for on-shell fermions and
k — 0 < m, for photons, we can conveniently obtain the
contribution of the loop diagram to the fermionic diagon-
al MDM and EDM using the effective Lagrangian meth-
od. Then we can expand the amplitude of corresponding

triangle diagrams based on the external momenta of fer-
mion and photon. After matching the effective theory
with the holonomic theory, we obtain all high-dimension
operators along with their coefficients. We only need to
keep those dimension 6 operators for later calculations.

O" = ei(iDY’ Prriy )

05" = e(iD i)Y' F - o PLaiy,

0" = e F - oy PLr(iDy)),

0" = ei(0"F )y Prrijs

05" = emy, (DY Prrisj,

0™ = emy i, F - 0P i), ®)

1 1
where P = 5(1 —-vs), Pr= 5(1 +7s), D, =" +ieA,, and

my, is the mass of fermion ;. The effective vertices with
one external photon are written as

o =ie{[(p+k)* + p’ly, + (b + k)Y b} PLrs

05" = ie(p+ k)Lk Y, 1PLr,

05" = ielk, ¥, PP,

Oy" = ie(k*y, — kk,)Py g,

05™ = iemy,{(b+ k)Y, + ¥, b}PLr:

O™ = iemy, [ k,v,1PLr- ©)

By applying the equations of motion to the outer fer-
mions, we obtain the relations in the effective Lagrangi-
an[18]:

CXO% + CLO5 + Cy Of + C¥ 0% + CROE + C& O

nmy ny

= (CF+ —LCY +CHOF + (CY +

jCL+CR* OL
my, 2 6) 6

my,

i

m,/,/,

i

= emy, R(C5 + —LCY" + COia" W jF
Vi
+ iemy, (CE+ ’:j CE + COY 0 y s 1 F (10)
N

i

Comparing with Eq. (7) and Eq. (10), we can obtain
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my, . .
i = 4momy, R(CK + m‘”f CY + CPyug,
Vi

my,
R Vi ~L R
€, = 4m.m,;, 3(C; + - LCY" + Ce ),
Vi

(11)

where R(---) and J(---) are the real and imaginary parts
of the complex numbers respectively, ug =e/(2m,), and
m, 1sthe electron mass. The Wilson coeffi-
cients(C%,C%,CE,CE) related to our study in this paper
have been included in the Appendix B.

Then we investigate the v; — v;y processes about the
transition magnetic moment of neutrino under the
U(1)xSSM. The amplitude of v; — v;y can be obtained
from the following Feynman diagrams shown in Fig. 1.
After calculating the left one in Fig.(1) and connecting
with Eq.(9), we can get

dPk 1
M= 1 G =@ =i
1 k? k*
x _Z(kz 2 2 2 2)
-my (k> —my)
L AL 1 kK L
X(02+03)ARBL—§(1_m)OﬁALBL . (12)

where k is the photon momentum, my corresponds to the
chargino mass, mg corresponds to the scalar lepton mass.
A;, Ag, Br and B; are

=-&Uj ZUV*ZE + UJzZUXz*Y Z 3raps

* Vv E
AR - Z Y Uz (3+a)Zka J2s

BR ZAZ, BLZA;. (13)

Through the general description of the electromagnet-
ic form factors of Dirac and Majorana neutrinos, we can
get the MDM and EDM for Majorana neutrinos

M_,D_ D M_ _D__D
Hij = Hij =Hji- - & = €5~ €jie (14)
S
v —
e N
/ \
| F I
/ N\ v,
S S L
/ \ Vj
/ \ R
y
4] F Vi
Fig. 1. Feynman diagrams for the v; — v;y processes in the
U(1)x SSM

Finally, we simplify Eq.(12) and use numerical calcu-
lation software(Mathematica) to get the numerical results.

IV. NUMERICAL ANALYSIS

In this section of the numerical results, we consider
some constraints from experiments, including:

1. The lightest CP-even Higgs #° mass is around
125.1 GeV. The Higgs h° decays (W’ —y+y, Z+7Z,
W+W, b+b, T+7) can well meet the latest experimental
constraints[19—21].

The mass of the lightest CP-even Higgs boson should
consider the stop-quark contributions at loop level[22, 23]

0
my, = /(m}) )* + Am,

with m) representing the lightest tree-level Higgs boson
mass. The concrete form of Am; is

(15)

At 41’;’32[(;+%x,) 1612(32':5 3mas ) (P + %),
. M2 . 2A2 A?
tz]ogi,;’ Xi= M;t( _121(4;)

(16)

a3 is the strong coupling constant. My = /mzm;, and m;,,
are the stop masses. A, = A, —ucotf and A, is the trilinear
Higgs stop coupling. We use the parameter values to fix
mi) ~ 125.1GeV.

The mass matrix of chargino includes the parameters
Vus Va, A, Vs, and the mass squared matrix of scalar
lepton includes vy, v4, Au, vs, vy, V5, 8x, &vx. The CP-
even Higgs mass squared matrix at tree level also has
these parameters. As we fit CP-even Higgs i° mass, these
parameters will be restricted, which affects the values of
these parameters. In the whole, these parameters affect
the mass matrix of chargino and the mass squared matrix
of scalar lepton. Therefore, they have effects on the neut-
rino transition magnetic moment.

2. The constraints from neutrino experiment data in-
cluding mixing angles and mass variances are
considered[24—26].

3. The Z’ boson mass is larger than 5.1 TeV. The
gauge boson masses are[13]

2 _
M2 =0,

1
M, = o (&1 +8+ 8 +45i8

T /(@1 + B+ GV +8(8hx — ] — )Gk + 16g4E?).
(17)

For My, it can be much simplified with the supposi-
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tion &2 > 17, It is shown as

1
My =2 (g1 + 83+ g +4g3e”
/(@G +8h) +8(ghy — 8] — g8k +16g4E?)
1
~ g (4538 + /1661¢)

= gyé.

(18)

My [gx > 6 TeV is the results of the particle[27].

4. The neutralino mass is limited to more than 116
GeV, and the chargino mass is limited to more than 1000
GeV. The slepton mass is limited to more than 600 GeV
[19].

With the above experimental requirements, we gener-
ally take the values of new mass parameters
(Mg ,Mp;,Ms) around the energy scale of new physics
(10° GeV). M;,Mg are all of mass square dimension, and
can be up to the order of 10° GeV?. Non-diagonal ele-
ments of scalar lepton mass matrix affect T,, which can
reach 107! GeV. tanB and vy affect the mass matrix of
chargino. v; and v, affect slepton mass. The loop dia-
gram is produced by chargino and scalar lepton. We ad-
opt the following parameters that can affect the neutrino
transition magnetic moment in the numerical calculation:

tanf =23, vy =4.3TeV, tang, = Y =
vV,

n

vy = 17sin(B,) TeV, v, = 17cos(B,) TeV,

0.8,

To1 =T =T33 =0.5GeV,
Miy = Mpy, = Mpz; =3 TeV?,

Mgy = Mgy = Mgs; =8 TeV™. (19)
And the parameters we selected are of good univer-

sality. In the following numerical analysis, the paramet-
ers to be studied include:

8x /le M29 M, 8rx- (20)

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

A. Neutrino Mixing

In the neutrino mass matrix, elements such as Y, are
relevant to neutrino mixing. Transition magnetic moment
is closely related to the mass matrix including Y,. In this
subsection, using the top-down approach we can derive
the formulae for the neutrino mass and mixing angle from
the effective neutrino mass matrix. Here, we adopt the

normal ordering spectrum to calculate the neutrino ob-
servables (sin’(g;;) etc.). The detailed procedure is out-
lined in Appendix C.

The constraints from neutrino experiment data are[19]

sin®(,) = 0.307*9913,

sin®(653) = 0.546 + 0.021,
sin?(6)3) = 0.022 +0.0007,
Am? =(7.53+0.18)x 107> eV?,

|Am?| = (2.453£0.033) x 10~ eV?, @1)

To fit the data of neutrino physics, we take the para-
meters as

YX“ = szz = Yx33 = 01, Ysz = 14000)( 10_6,

Y, =1352420x10°%, Y, =7.604202x 107"

- (22)
By fixing some matrix elements in Eq.(22) and taking
others as variables, we can discuss data easier.

In Fig. 2, sin?(6;,), sin®(f»3) and 10 sin*(6;3) are plot-
ted in the plane of Y,,; versus Y,5. If the area satisfies the
10 sin*(A;3) in the 300, it of course satisfies sin*(f») in
the 30. With Y, =1.092847x10°°, the constraints of
three mixing angles are satisfied(They all in the range of
30). The yellow, blue and green area represent
0.483 <sin’*(6;) < 0.609, 0.271 <sin’*(6;,) <0.346  and
0.199 < 10sin*(;3) < 0.241 respectively. The yellow re-
gion resembles a rectangle, the blue region a fragmented
ribbon, and the green region a continuous ribbon. The

6.x1077H 1
5.x1077 - H

4.x1077 - g

Y23

3.x1077 i

[y

2.x1077 i

1.x107 -

0  2.x10® 4.x108 6.x10® 8.x10°8
Yv13

(color online) sin?(fy2), sin’(623) and 10 sin’(6;3) are

Fig. 2.
plotted in the plane of Y3 versus Y,»3. The yellow, blue and
green area represent 0.483 < sin?(623) < 0.609, 0.271 < sin*(6y2) <
0.346 and 0.199 < 10sin’(6;3) < 0.241 respectively.
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overlapping area represents values of Y,,; and Y,;; that
satisfy all three mixing angle constraints.

Similarly, in Fig. 3 the three constraints from the mix-
ing angles are satisfied(They are all in the range of 30°).
Am2 and |Am3| are plotted in the plane of Y,,; versus V3.
The yellow area represents 2.353x 1072 eV? < |Amd| <
2.553x1072' eV?, which looks like a rectangle. The blue
area represents 6.99x 1072 eV? < Am2 < 8.07x 1073 eV?,
which looks like a band. Overall the overlapping part is
needed.

In Fig. 4, we combine Fig. 2 and Fig. 3 to find reason-
able parameter space apparently. The overlapping area in
Fig. 2 satisfies 0.483 < sin*(#y3) < 0.609, 0.271 < sin*(6;,) <

5.x 10—7 T

4.x1077

2.x1077} i

1.x107 - ‘ ‘ ]

0 2.x10784.x10786.x10788.%x1081.x 107"
Y13

Fig. 3. (color online) Am? and |Am?| are plotted in the plane
of Y,3 versus Yy3. The yellow area represents

1.2x 10721 eV? < |Am}| <4.3x 10721 eV? and the blue area rep-
resents 7.3x 10722 eV2 < Am3 < 9.9x 1072 eV?2.

6.x107]
5.x1077 i

4.x1077 -

Y23

3.x107 -
2.x1077 -

1.x107 - .

0 2.x10® 4.x10® 6.x108 8.x10%
Y13

Fig. 4. (color online) Combining Fig. 2 and Fig. 3, the over-
lapping area satisfy all constraints.

0.346 and 0.199 < 10sin*(6;3) < 0.241. In Fig. 3, the over-
lapping area satisfies 1.2x1072' eV? < |Am2| < 4.3
102" eV? and 7.3x 102 eV: <Am? <9.9x 102 eV>. In
this figure, all shadow overlapping areas meet five con-
straints.

Now we discuss how the matrix element Y, such as
Y,,, affects the sin*(6),), sin*(63) and 10xsin*(6;3). In Fig.
5, the constraints from two mass variances are satisfied.
Then sin’*(6y,), sin’(fx;) and 10xsin’(6;3) are plotted as
Y,11 changes. According to the analysis of Fig. 4, we can
take Y,, =4.516926x10* and Y,, =2.803229x107".
With the above data, the blue, yellow and green regions
correspond to the wvalues of sin’(fj,), sin’(f) and
10xsin®(#;3) mixing angles in the 30 range, respectively.
The blue line represents sin’(6,). It grows consistently
from Y,,=1.0x10° to Y,, =13x10"°, with rapid
growth from Y, , =1.07x 107 to Y,,, = 1.136 x 107%, but it
remains , almost constant in the Y, region
[1:3x107%, 1.5x107°]. The yellow line represents
sin’(65;). We can find that it keeps stable going from
Y,, =1.0x107° to ¥,,, = 1.5x107°, which is always in the
range of 30-. The green line represents 10xsin’(6,3). With
the increase of V,,, the 10x sin?(#;3) grows faster and
faster. From that all, we can see that in order to satisfy the
mixing angle from the experiments Y,;; must be taken
between two pink lines. So Y,;; should be one of the val-
ues in the range from 1.08902 x 107° to 1.9701 x 1075,

Using the Gaussian likelihood function, we construct
a function combining three mixing angles and two mass
variances:

py) = H

exp( i S Db )’ (23)

27r0' 0

120 sinze,,

Sln‘|923

10Sin26;

1.0

0.8

0.6+

angles mixing

0.4
e

_l
0.0 /

1.><‘10‘6 1.1><‘10‘6 1.2x‘10'6 1.3><‘10‘6 1.4><‘10‘6 1.5><‘1O‘6
y\/11
Fig. 5. (color online) sin?(8;2), sin?(623) and 10xsin?(613) are
plotted as Y,;; changes. The blue line represents sin’(6;2). The

0.2

yellow line represents sin’(6y;). The green line represents
10xsin?(613). The blue, yellow and green regions correspond
to the values of the sin?(62), sin?(6»3) and 10xsin’(6;3) mixing
angles in the 30 range. The pink lines represent the overlap-
ping satisfaction interval.
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where y; and y; from 1 to 5 represent three mixing angles
and two mass variances respectively. We take

w1y = sin’(6;,) = 0.307,

1> = sin*(63) = 0.546,

3 = sin’(6;3) = 0.022,

Uy = Amé =7.53%x107 eV?,

Us = |Am;| = 2.453x 107 eV>. (24)

And o; correspond to their standard deviation. The ex-
treme value of the ordinate in Fig. 6 corresponds to the
value of our parameter. We can get the value of ¥, =
1.092847x107°.

In summary, combining the five experimental con-
straints on neutrinos, we can determine the range of val-
ues for our selected parameters. Through our analysis, we
can determine that the following parameters are reason-
able:

Y,, =1.092847x107°, Y,,, = 1.4000x 107°,

Y, = 1.352420x 10, ¥, = 7.604202x 10°°,
Y., =4.516926x 105, ¥,, =2.803229% 107", (25)

B. The processes of v; — vy

In this part, the objective of this study is to investig-
ate the influence of certain sensitive parameters on the
numerical results of neutrino transition magnetic moment
,uf‘f under experimental constraints. In the following dis-
cussion, we use the Eq. (25) to continue the numerical
calculation. Besides, u;/ isused to represent the trans-
ition magnetic moment of the Majorana neutrinos. We
choose a number of parameters and investigate them to
the extent allowed, such as gx, Ay, M,, u.

gx is the gauge coupling constant of the new gauge
group U(l)x. Besides, the mass matrixes of slepton and

8x1010:
6x10'0
* 4x10"

2x1010'

0;
9.x1077 1.x107%1.1x10%1.2x107%1.3x10°®
Y11

Fig. 6. (color online) The relationship between Y,;; and P.

coupling vertices v;x;&; all have the important parameter
gx, which can improve the new physics effect. We plot
gx and u}}/up in the Fig. 7 (a), in which the dashed line
corresponds to Ay = 0.3 and the solid line corresponds to
Ay = 0.1. Here, we take u = 1000 GeV and M, = 1200
GeV. We find that the both lines increase in the most re-
gion of gx during the range of 0.3-0.51. And the solid
line is larger than the dashed line. Generally speaking,
larger gy should lead to larger UMSSM contributions.

In Fig. 7 (b), with gy = 0.5(dashed line) and gy =
0.3(solid line), we take 1y = 0.1 and M, = 1200 GeV. As
solid and dashed lines go from bottom to top, w4 /uz in-
creases as gy increases. They are decreasing functions of
(. u appears in the term \%AH vstu in the mass matrix
for the chargino, which may has influence on the result.
As shown in Fig. 7 (b), with the increase of u, the char-
gino mass becomes heavier, which suppresses the numer-
ical results.

Ay comes from the term 1,8 A,H, in the superpoten-
tial. The mass matrices of several particles(chargino,
neutralino) all have the important parameter Ay, which
possibly produces complex effects on the numerical res-
ults. In Fig. 7 (c), we take u = 1000 GeV and gx = 0.3.
The solid and dashed lines respectively represent
M, =1200 GeV and M, =2400 GeV. Both the dashed
and solid lines are decreasing functions as Ay turns large.

In Fig. 7 (d), we take Ay = 0.1 and gx=0.3. The solid
and dashed lines represent p = 1000 GeV and p = 1200
GeV respectively. Similarly, M, as the mass matrix ele-
ment of chargino, has the similar effect to u on ul?/ug.
We also can see that u!? /up decreases as M, increases.

The above discussion is about u}/ug. For p}%/up and
¥ /up, the influence of certain sensitive parameters are
very similar as the condition of w!?/ug. Therefore, we
only list some of the parameters and plot their effects.

Fig. 8 (a) and Fig. 8 (b) describe the relationship
between gx and pit/up and pil/ug. Like the description
of u%/ug, the dashed line corresponds to 1, = 0.3 and the
solid line corresponds to Ay = 0.1. With ¢ = 1000 GeV
and M, = 1200 GeV, we can find that the effects of gx on
the different components of uf‘f /up have similar trends.
For Fig. 8 (a), within the value range, the maximum val-
ues for solid and dashed lines are respectively 3.27 x 107"
and 1.92x107". For Fig. 8 (b), the maximum values for
solid and dashed lines are 7.04 x 1072 and 4.12x 1072,

Fig. 8 (c) and Fig. 8 (d) describe the influences of M,
on u /up and 3 /ug. We can also find the similar trends,
and they are decreasing functions of M,. In Fig. 8 (c), the
maximum values for the solid and dashed lines are
1.69x 107" and 1.55x 107! respectively. The maximum
values for the dashed and solid lines in the Fig. 8 (d) are
3.10x 107" and 4.03x 1072,

From the above graphs we can conclude that u}/up
increase with gy and decrease with u, 1y and M,. Their
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influences on ,ufJV /up tend to be similar. Overall, gx, Ay, u
and M, are indeed sensitive parameters that have obvi-

ous impacts on ;]

//JB.

To explore the y?f parameter spaces well, we plot
scatter diagrams for several parameters shown in Fig. 10.

The scanned parameters are listed

use @ @Wh/up<1.6x107), ¢
1.9x10719),

2000

2200 2400

in Table 2. Then, we
(16X 107" < g Jup <

(19X 107" < M /g < 2.2 10719),

02.2x107" <y Jup <3.2x107") to represent the results

of the transition magnetic moment.
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Table 2. Scanning parameters for Fig. 10
Parameters 8x 8rx M;/GeV
Min 0.3 0.01 1000
Max 0.4 0.3 2000

In Fig. 10(a), scatter plots of M, versus ul?/ug are
shown. The overall figure resembles a parallelogram. We
can see that gis at the top, gand #are in the middle and
Als on top of 4. Finally gis at the bottom. It can be seen
that u!?/up decreases as M, increases. We can also see
from the graph that its maximum value is 3.0x 107", This
result is consistent with the result of line uf%/ug. In Fig.

0.36

(e)gx

(color online) The relationship between different parameters and w22 /up.

10(b), scatter plots of gyx versus ul?/up are shown. It has
the same graphic color layout as Fig. 10(a), just with a
different trend. It can be gotten that the value of u%/up
increases as gyy increases.

Fig. 10(c) shows the effects of gy and M, on u/us.
Viewed from the whole, different values of u!/ug in the
parameter space have obvious stratification. The upper
left corner is g, followed by #, immediately followed by
A, and to the bottom right by g. From the trend in the
graph, we get that ul?/up reaches its maximum value
when gx = 0.4 and M, = 1000 within the parameter space
of Fig. 10(c). In Fig. 10(d), its graphical distribution is
similar to that of Fig. 10(c). It proves that the effects of
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Fig. 10. (color online) The relationship between different parameters and u}? /up.
Table 3. The hmlt.s on neutrino transition magnetic moment is a mix of red, brown and purple colors. The red color is
at XENONNT experiment less distributed in the lower left corner. From the figure
XENONnT 90% C.L 99% C.L we can notice that the larger values of u}}/uy are concen-
12 /sl <6.77x10-12 <963%10-12 trated in the upper right corner, which means that an in-
s sl <698 10-12 <994%10-12 crease in gy and gyx will promote its increase.
k23 /sl <9.04x 10712 <12.9x10712

grx and gx on u /up are similar.

From Fig. 10(e), we can derive the effects of gx and
grx on ul? /ug. The color distribution is obvious from the
overall view, the upper right corner is a mix of blue, red
and purple colors with some brown. The lower left corner

V. CONCLUSION

In this article, we first introduce U(1)xSSM and then
analyze the neutrino transport magnetic moment on this
basis. We study the transition magnetic moment of the
Majorana neutrinos by applying the effective Lagrangian
method and the on-shell scheme. We derive the Feynman
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diagrams and calculate the neutrino transport moment by
combining the operators. We do a theoretical analysis of
neutrino mixing. Based on the five bounds of the neut-
rino experiment, we filter for the right effective light
neutrino mass matrix element. Besides we perform a
large number of numerical calculations and plot lines
with different parameters versus y;; according to the ex-
perimental limits, followed by a large scan that yields
rich numerical results. In the numerical calculation, at
first we fit the experimental data on neutrino mass vari-
ance and mixing angle for the normal order condition.
Then we select some sensitive parameters, including gx,
Ay, My, u and gyy. In the one dimensional plot, we ana-
lyze the parameters including gy, Ay, M, and u versus
i /us. In the scatter plot, we select three variants in Ta-
ble 2 and study them. By analysing the numerical results,
we understand the relationship between the selected para-
meters and y}f /up, and they are indeed sensitive paramet-
ers.

Besides, we conclude that the order of magnitude of
1! /up is between 107 and 107". From the diagrams,
one can find that the numerical result of u/ug is at the
order of 107, The better limits on neutrino transition
magnetic moment come from the recent XENONnT ex-
periment[28]. We show the bounds at 90% and 99% C.L
in the following Table 3. In the whole, the experimental
sensitivity for |u;;/ugl with i# j is a little smaller than
107", In a Type-II radiative seesaw scenario[29], the au-
thors investigate neutrino magnetic moment, and the ob-
tained numerical results(|u;;/us|) are large and can reach
107'2. Our corresponding results are at the order of 10712,
which are much smaller than their results[29].

Compared with other conclusions[10], our results are
two orders of magnitude larger than them. The reason is
that U(1)x SSM has new gauge couplings gy and gyx. The

mg, &
2Le;

1
5 V2 T, = v, Yo (N2p* +v,44")

1
Mz, = M+ (8 + 8 (—v2 + VD) + grxgx (~ 22+ 22 =2 +3); +g3(—vi +) ) +

— 2
Mapzy =M;— <

8

This matrix is diagonalized by ZE:

E, 27E% _  dia
Z-m" 2™ = myY,

(A7)
with

1 . ]
5 (V2T = vy + N240Y,)

1 1
(Z(gf + gzyx)(—vi + vﬁ) + gyxgx(3vf, — 3vi - 4v% + 4v,27) + gf((—2v% + 2vi - vi + vi)) + EvﬁYeYj.

vertices of v;-x;-& are in Eq.(37). On the face of it,
Yukawa couplings(Y,, and Y,,) and gauge coupling g,
are obviously shown in the above equation. Y,, are very
tiny, and Y,, are small. Such as Y,, for muon, with
tanB = 10 the value of Y,, is about 0.006, which is much
smaller than g,. gx and gyy appear in the mass squared
matrix of scalar lepton, and their effects embody in the
rotation matrix ZZ. So the new gauge couplings gy and
gyx can produce new effects. Furthermore, the right-
handed neutrinos and three Higgs singlets are added.
They can produce new effects and improve the numerical
results.

APPENDIX A

The mass matrix for chargino reads:

1

M, —=82Vu
Egﬂ}d $/1HVS +u
This matrix is diagonalized by U and V:
Umy- V' =ml, (A2)
with
W= U, Hp=) Undj,
%) n
We=> Vi Hy =) Vi) (A3)
15 o)
The mass matrix for slepton reads:
(A4)
Mege;,
L oos
Edee Ye, (AS)
(A6)
ELJ' = ZZ?;’*EJ', éR,i = ZZ%*EJ (A8)
J

J

The mass matrix for neutrino reads:
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0 Y Y?
M= o V2 (A9)

% Yv ‘/_Uﬁ YX

This matrix is diagonalized by Uy :
U"m,U"" =ml, (A10)
with
=Y Uy vii= Z Ul . (Al1)
J

Here, we show some needed couplings in this model.
We derive the vertices of v;-x -&;

3
v,x,ck ‘_’{Z( JzUV*Y Zk3+a gZU;IUi‘c/;*ZIi>PL’

a=1
3
+D
a,b=1

Yv ab U1V3+aZkh VjZPR }X;é;:

(A12)
APPENDIX B
The expressions of C¥,C%,CR,CE are
2 6 B
CE=> "> A PF(Xi, Xxo),
j=1 k=1
Ch = Z Z AR P F Xz, Xx)s
j=1 k=1
2 6 B B
CE=>> APBIG(X,, Xxo),
j=1 k=1
Ce=> ZA’L”‘B’L”‘G(XLK,XX?). (B1)
j=1 k=1

with the functions

Fley) = 1 ()c2—5xy—2y2 6xy2(logx—logy)>
Y= 384\ (o yy (x—y) .
1 -y +2xy(logy—10gx)
Gy = Cia (x—y)®

(B2)

The used couplings are

A= Z(U,QUV*Y Zisra =

a=1

©ULWULZE),

A = Z z3+aZkb J2>
a,b=1
BR = Az, BL = A; (B3)
APPENDIX C.

The effective light neutrino mass matrix can be writ-
ten as

M (M) (V)

VY N\T
% .

C1
7 (CD
Using the " top-down " method[30], we get the Her-
mitian matrix

H = (MY M (C2)

Besides we can diagonalize the 3x3 matrix H to gain
three eigenvalues

5]

p(coso + V3sin ),

_5

V3sing),

I\)Sl\)

p(cos¢ -

W N

M\Q w\a M\Q

3

pcosg. (C3)

w\mw\»—w\»—

These parameters can be given by

1 1 27
p=Va*-3b, ¢ = —arccos(—(a’— 2ab+ =20)),
3 p’ 2 2

a=Tr(H),
b =H\Hp+HiHsz + HuHss —7'{122 - 7'{123 - 7'{223’

¢ = Det(H). (C4)

We take the normal ordering (NO), so:

AmA—m —m

NG sing) > 0.

= p(cos¢ + (C5)

From the mass squared matrix #, one gets the nor-
malized eigenvectors
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(U")n | X
v 31 1
(U")lz 1 X,
Egvgzz ~ VIGP AP +IZP ;2 ’
v 3 2
(Uv>13 1 X;
(UV) 23 - X5 + Y3 +|Z5)? = (©6)
(U")33 Zs

The concrete forms of X,,Y;,Z;, for I=1,2,3 are

Yy = (Hy—m;,)(Hzs —m;,) - His,
2y = HyyHys — Hos (Hyy i),
X3 = HisHos = His (Hy —m2,).
Ys = HisHis = Hos (Hyy —m2,).

Zy = (Hy —m, ) (Hy —m,) — H,. (C7)

The mixing angles among three tiny neutrinos can be

defined as follows

Sin913 = ’(UV

sin 023 = >

shown here
X1 =(Hyn— mﬁ, Y(Hss — mil )— 7'{223’
Y1 = HizHos — Hio(Hss _m‘z/l 5
Z, = 7’(12(}{23 —7'(13(7’(22 - msl )
Xy = HizHoz —Hia (7{33 —mfz) , (C7)
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