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Abstract It is well known that the muon magnetic dipole
moment (MDM) has close relation with the new physics (NP)
in the development of the Standard Model (SM). Combined
with the Fermilab National Accelerator Laboratory (FNAL)
and the Brookhaven National Laboratory (BNL) E821 result,
the departure from the SM prediction is about 5.0 0. We
study the electroweak corrections from several type two-
loop SUSY diagrams and the virtual SUSY particles include
chargino, neutralino, scalar lepton and scalar neutrino. Based
on the latest experimental constraints, we study the muon
anomalous MDM under the next to the minimal supersym-
metric extension of the SM with local B-L gauge symme-
try (N-B-LSSM). The abundant numerical results verify that
tan 8, T.22, M%, Mg, M pp’ play an important role in muon
anomalous MDM. Mez, tan B8 and T,y, are sensitive param-
eters to muon anomalous MDM. From the data obtained in
all the figures of the numerical results, most of the values of
al/PL arein 20 interval, which can compensate the departure
between the experiment data and the SM prediction.

1 Introduction

In order to further study the properties and interactions of par-
ticles, the Standard Model (SM) theory of particle physics has
been gradually established and developed by Glashow, Wein-
berg, Salam and others [1-4]. It contains three basic inter-
actions of strong, weak, and electromagnetic. However, the
SM still cannot explain some physical phenomena, such as
the dark energy, the dark matter, the problem of gauge hierar-
chy and the absence of gravity, etc. Physicists have extended
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the SM based on the new symmetry of the supersymmetry
(SUSY), resulting in the Minimal Supersymmetric Standard
Model (MSSM) [5-7]. Although the MSSM can provide a
dark matter candidate and alleviate hierarchy problem, it has
not yet solved the p problem and neutrino mass problem.
Based on the MSSM, next to the minimal supersym-
metric extension of the SM with local B-L gauge sym-
metry (N-B-LSSM) extends the gauge symmetry group to
SUB)c x SUR2)L x U(l)y x U(1)p—L, where B repre-
sents the baryon number and L stands for the lepton number.
In N-B-LSSM, there are three Higgs singlets and three gen-
eration right-handed neutrinos beyond MSSM. It can pro-
duce tiny mass to light neutrinos through see-saw mech-
anism, and provide new dark matter candidate(light sneu-
trino). As the Higgs singlet S obtains a non-zero VEV (:’/—%),

the term AS I:Iu I:Id can produce A % I:Iu I:Id. This model does

not include the u term MI:IM I:Id, and A%ﬁu ﬁd can play this
role, which relieves the p problem. Because of the introduc-
tion of three Higgs singlets, the neutral CP-even Higgs mass
squared matrix is 5 x 5. This can not only explain the 125GeV
Higgs mass easily, but also enrich the Higgs physics. Further-
more, lepton number violation and baryon number violation
processes can take place in this model, which is beneficial
to explain the asymmetry of matter-antimatter in the uni-
verse. With the added superfields, N-B-LSSM relieves the
little hierarchy problem appearing in the MSSM. Assuming
a high scale for v,), v; and vs will suppress the corrections
from some new particles. However, their super partners are
components of neutralino, which can give considerable con-
tributions with not very heavy mass(That is to say Mpy and
k are not large parameters).

It is well known that the muon magnetic dipole moment
(MDM) has close relation with the new physics (NP) in
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the development of the SM. The SM contributions to muon
anomalous MDM have the following parts: 1. the QED
loop contributions [8-20]; 2. the electroweak contributions
[21,22]; 3. the hadronic vacuum polarization contributions
[8,11,23]; 4. the hadronic light-by-light contributions [17—
19]. The muon anomalous MDM is denoted by a, =
(g — 2)/2. A new result on the muon anomalous MDM
was reported by the E989 collaboration at Fermilab [24]:
akNAL = 116592055(24) x 107'1(0.20 ppm). The new
averaged experiment value of muon anomaly is affp =
116592059(22) x 10~'1(0.35 ppm). Combining all available
measurements, the SM prediction is more than 5o smaller
than the updated world average [25] : Aay, = a;;” —a3™ =
249(48) x 10711,

The lattice Quantum Chromodynamics (QCD) method
has been playing an increasingly important role in the precise
calculation of non-perturbative low-energy hadron contribu-
tions to muon g-2, which is an important quantity in precision
tests of the SM. In this context, the lattice QCD approach
provides a first-principles framework to compute these con-
tributions from the underlying theory of strong interactions.
The lattice QCD method has the potential to reduce this devi-
ation by providing more precise calculations of the hadronic
vacuum polarization (HVP) contribution, which is a major
source of uncertainty in the SM prediction for muon g-2.
The data Aa(HV P) = 105(59) x 10~!! indicates that the
deviation between theoretical predictions and experimental
measurements will be greatly reduced. Due to the numer-
ous experimental results, we refer to the central value of
Aa(HV P) results, which is approximately 85(56) x 10~!!
[8]. Considering the influence of QCD, it is possible to reduce
the deviation between SM predictions and experiment data
to 2.3 sigma. The one-loop correction of muon anomalous
MDM has been well studied [26], but the study of two-loop
correction is more complex and not deep enough. Using the
effective Lagrangian method, the authors [27] calculate and
derive the leading-logarithm two-loop contributions to the
muon anomalous MDM. The authors research corrections
to muon anomalous MDM from the two-loop rainbow dia-
grams and Barr-Zee diagrams with heavy fermion sub-loop
in Refs. [28,29]. The two-loop Barr-Zee type diagrams with
fermion-sub-loop and scalar-sub-loop between vector boson
and Higgs are studied in BLMSSM [30]. The muon anoma-
lous MDM of two loop is also studied in the B-LSSM [31]. In
this work, we study the electroweak corrections from several
type two-loop SUSY diagrams and the virtual SUSY par-
ticles include chargino, neutralino, scalar lepton and scalar
neutrino.

In Sect. 2, we mainly introduce the N-B-LSSM includ-
ing its superpotential, the general soft breaking terms, the
mass matrices and couplings. In Sect. 3, we give the analyt-
ical formulae of the one-loop and two-loop results of muon
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Table 1 The superfields in N-B-LSSM

Superfields Uy SUQR)L SUB)¢e U()p_r
g 1/6 2 3 1/6

7 —12 2 1 —12
)it —12 2 1 0

H, 12 2 1 0

d 13 1 3 —1/6
il —2/3 1 3 —1/6
é 1 1 1 12
) 0 1 1 12
el 0 1 1 -1
i 0 1 1 1

S 0 1 1 0

anomalous MDM in N-B-LSSM. The corresponding param-
eters and numerical analysis are shown in Sect. 4. The last
section presents our conclusions. Finally, the Appendix A
shows some coupling vertices, mass matrixes and formulae
that we need for this work. The Appendix B shows the one
loop results in mass insertion approximation(MIA).

2 The relevant content of N-B-LSSM

Using the local gauge group U(1)p_p, we extend the
MSSM to obtain the N-B-LSSM with the local gauge group
SUB)c x SU®2)L x U(l)y x U(1)p—r. N-B-LSSM has
new superfields beyond MSSM, including three Higgs sin-
glets X1, X2, S (Table 1).

In the chiral superfields, ﬁu = (I:I,f, I:IIE)) and ﬁd =

(I-AIS, H n ) represent the MSSM-like doublet Higgs super-

fields. § and [ are the doublets of quark and lepton. i, d, é and
D are the singlet up-type quark, down-type quark, charged
lepton and neutrino superfields, respectively. We show the
concrete forms of the two Higgs doublets and three Higgs
singlets

1 1
H)= —¢g+ —=vg+i—
VARV AV A
o | Lo
=— v, l
Attt AT A
1 Lo
1:— v 14
SV AV, ARV o
1 Lo
X2 =—=¢ vy + i
NEACRIN ARV, o
5= s +i—as (1)
= —0¢ —vg + i
AN N
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The vacuum expectation values(VEVs) of the Higgs super-
fields H,, Hy, x1, x2 and S are presented by v, vy, v, vj
and vg respectively. Two angles are defined as tan 8 = v, /vy
and tan 8, = vj/vy.

W= —ch?c}ﬁd—YélAﬁd—)»zﬁ)?liz—l- SI:I ﬁ
+35SS+Y WG Hy + Yy D510 + YDl Hy. )

In the superpotential for this model, Y, 4., are the
Yukawa couplings. A, A and « are dimensionless couplings.

unbroken, we can perform a change of basis

!/
f;’Y, é:YB RT — 81, 8YB . 5)
8'BY: &B-L 0, g»
As aresult, the U (1) gauge fields are redefined as
B/Y BY
R(B/II;L>:<B§LL>' ©)
I T

The mass matrix for neutralino in the basis (A B> WO, flg, f[,? s
B, X1, X2, S) is

M, 0  —381va 58vu Mgy 0 0 0
0 My jgva —38u 0 0 0 0
—1giva 1gova 0 —\/%Xvs —38vBud 0 0 —%Mu
. %glvu —%gzvu —%)\.vs 0 %gygvu 0 0 —%)\vd -
0o =
X Mpp 0 —38vBVa 58vBVW MpL  —ggv,  gBVj 0
1 1
0 0 0 0 —&BVy 0 —Tikzvs _\/_E)LZU'_’
0 0 0 0 gBVj —\/LE)\QUS 0 —\/Likzv,,
0 0 —\%Avu —%kvd 0 —%szﬁ —\%szn \/EKUS
This matrix is diagonalized by the rotation matrix N,
%1, X2, S are three Higgs singlets. Y/vlS does not exist, Nom oNT = mdias @)
because the sum of U (1)y charges of , l $ is not zero. x° T

The soft SUSY breaking terms are

T . .
Lsoft = ‘C%}S;S‘M — ?KS3 + EijT)LSH:lHu] + DSxix2
~Ty ik X1V, i Vg + € Toij HyVk 0L
—my|x1l = mi|xal* = mg|SPP = my i Vk VR,
1 ~ ~2
—E(ZMBB/XBB/—F(S,‘]'MBLB/ )+ h.c. 3)
E%?ts M represent the soft breaking terms in the MSSM. T,

T;, Ty, Ty and T, are all trilinear coupling coefficients.

U (1)y and U (1) p_ have the gauge kinetic mixing effect,
which can also be induced through RGEs even with zero
value at Mgy . The two Abelian gauge groups are unbroken,
then the basis conversion can occur with the rotation matrix
R (RTR = 1) [32-35]. gp is used to represent the gauge
coupling constant of the U(1)p_ group. gyp is used to
represent the mixing gauge coupling constant of U(1)p_p,
group and U(1)y group. The covariant derivatives of this

model can be written as
B/Y )
N
)
BL
) (B/&

where Y and B — L represent the hypercharge and B — L
charge, respectively. The two Abelian gauge groups are

gv. &'vm

/ !/
8 BY, § B-L

Dﬂzi)ﬂ—i(Y,B—L)<

One can find other mass matrixes in the Appendix A.

3 Analytical formula
3.1 One loop results

With the effective Lagrangian method, the muon anomalous
MDM can actually be expressed as

&)

e _
L = —a lo"*l Fy,,
MDM 4ml 1 Hv

here, "' = i[yu, yv1/2. m; is the lepton mass, e and /
denote the electric charge and the lepton fermion, and F,,, is
the electromagnetic field strength. g; is lepton MDM (Fig. 1).

For the process I/ — ! + y, in calculating the Feyn-
man amplitude, we use some operators defined in 6 dimen-
sional space to describe the properties of the results. Since
the higher-dimensional operators, such as the 8-dimensional
operators, are tiny, we ignore them. Their specific forms are

L,R

[ )21(11?) Pr gl

o5k = (4Q;2(1D Dy"F -0 Pygl,
Lr_ €Qf - m
3 = (4 ) PL R(ZD l)
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(a) )

Fig. 1 The one-loop self-energy diagrams

eQr -
Oi’R = (4 ;ZI(BMF;W)VUPL,R[,
o5 f = e )21(1’[?)2PL &L,
OLR = COIM I o py g, (10)

(4m)?

with D, = 3, +ieA, and P, g = jFVS . The one loop
contributions to the muon anomalous MDM are given by

1L 1L, Lx° 1L, pRx* 1L, o y*
a =a; X +a, X +a, X, (11)
. 1L, Lx® 1L, 9®x* 1L, vl x*
The analytic form of a,, x ay VX ay VX are
as follows
2 -
lL Px0 0°G(x O’XLk)

k=1 i=1

X.
ZZ [‘R(ALAR) X 0XX 7, 5
8xik

3G1(x,0, xik)]

0x7

1o 2,
+ 3(IALI + [ARID)xf, X
Ly

2 6
=>»> [ — 20(B} BR) [x,-x,G1 (x5 %)
i=1 k=1

3G (xf’;f’xxi_):|

0x, -

1 2 2
+ 3 UBLP +1BrP)xux, -
Xi

1L, PRy *

ay

||'Mm

—_

6
> [ — 2R(CLCR) fx,~xuG1 (xgp, 2, -)
i k=1

1
+ 3 (CLI + |CRP)xux, - (12)

Bxxi—

G (x5, xx,-‘):|

A—i, m is the particle mass. ) represents the real
part. To save space in the text, the concrete forms of Ag, Ay,
Bg, Br, Cg, Cr, can be found in the Appendix A. G(x, y)
and Gy (x, y) are defined as [36]

Here, x = 2

1 xlnx ylny
g(x’y)_16n2(y—x+x—y>’
9 92
Gi(x,y) = <a +;a )g(x,y>. (13)

The one loop contributions are dominant. So, using
mass insertion approximation method, we calculate the one

@ Springer

loop contribution to muon anomalous MDM in the N-B-
LSSM. The specific derivation process is presented in the
Appendix B. Supposing all the masses of the superparticles
are almost degenerate, we also use the following relation to
obtain simplified results

My=M,=my=my, =mpg, =m-r1 =m;’
L
= |Mpp'| = IMy|= Msusy.

The simplified one loop results in N-B-LSSM are shown as
1 om omy
tan B(5¢3 + 81) + ———

19,2 172
1927% Mg, ¢y

all ~
w7 19272 M§USY

1
x tan Bsign[Mp (g% +38vBgE + 875) + —— 9602

2

tan Bg(4gyp +3gp)sign[Mpp]
SUSY

x(1—4signM1).

The first line in Eq. (15) is the MSSM one loop results, which
increase with the enlarging tan $. It indicates that large tan
leads to large muon anomalous MDM in MSSM.

The results in the second and third lines of Eq. (15) cor-
respond to the N-B-LSSM contribution beyond MSSM, and
the values of the parameters M z,, Mpp', gy g can be positive
or negative. gp is always positive. Therefore, the sum of the
second and third lines of Eq. (15) can be negative. It implies
that large tan 8 can lead to small MDM results. When M,
is negative and Mpp is also negative, the results decreases
with increasing tan 8. This characteristic can be embodied
clearly by the following formula

(14)

2
L. |1 mu

a
®oT 19272 M§USY
1 m

10042 as2
1927 Mg, oy

1 m

10992 1g2
1927 Mgy gy

tan B(5¢3 + g%

tan B(g% +3gvpgn + g7 p)

tan Bg1(4gyp + 3gB)- (15)

We ignore the contributions of neutral Higgs-lepton and
charged Higgs-neutrino, which are suppressed by the square

of the Higgs- ~°. We neglect the
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W HH(GY) v ho(A°, G)

Fig. 2 The two-loop self-energy diagrams

one-loop contribution of Mz -muon. Since the mass of the
new vector boson My is greater than 5.1 TeV [37,38], the
one-loop contribution of M z-muon is suppressed by the fac-

2
m —
tor =& ~ 4 x 1074,
mZ/

3.2 Two loop results

The main contributions of two-loop graphs to muon anoma-
lous MDM come from the following

1. The two-loop Barr-Zee type diagrams (Fig. 2a, b and c)
with fermion sub-loop. In the work, the authors focus on
their contributions to muon anomalous MDM [29]. On
the supposition x* ~ x ~ M, we ca;n get approximate

results with the factor m—“v my represents

W = Mm

the mass of heavy vector bosons myz ~ mwy ~ my. This
analysis is in the mass eigenstate, and overall the rota-
tion matrices to diagonalize the particle mass matrices
should be taken into account. Then the order analysis in
the mass insertion approximation is more appreciated,

which shows the order as —‘2‘ tan S.

2. Figure 2d and e are the two- loop rainbow diagrams with
fermion sub-loop and the vector bosons (y, Z, W). They
have important contributions to muon anomalous MDM
[39,40].

3. The two-loop self-energy diagrams (Fig. 2f-j) belong
to the diamond type. The diamond type diagrams in
Refs. [41,42] possess large factors. This type two-loop
diagrams studied in this work contains five virtual par-
ticles including: one vector boson, two scalars and two
fermions.

With the assumption m g, = mp, > mw, the results [39]
for the Fig. 2a—c can be simplified as

L

2L WH _ ecqu Z Z

m L7
512[;—; SW Freyt Fymy® Xp,

199 L L R R
{ WChepCwin + HernCwinr)

13
+ 3 +2(Inxp, — Q1,1(XW,XHi))i|

x R(CL_ CR +C

R L )
HE F, " WEF

HFE F,  WFF

M4 16
+ —(lanl —o1,1(xw, Xg=+)) — —

L 9
X %(CHFlecfvﬁzFl - CfIFngCII;FzFl)
+ _g - §(lan1 - Ql,l(xW,xHi))]
x ‘)‘(CILJF. cmgfﬁzﬂ B CfIF. cméVﬁzFl)}’ (16)
L 1/2
a5 = Slzejﬁj:SW Z Z L2
Fi=x* F,=x° *Fy
{ 99y(cGFlechVF2F +c§m2 Qﬁm)

7
+ [5 +2(Inxp, — lnxw):|‘7i(CGF wCWir,

R 4 ! I 28
+CoirC WF2F1)+ _(anl - an)_E
L R R

X ;R(CGFI F2CWF2F1 o CGF1 cmwﬁzﬂ)
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26 8
+ = — 5(11’1)6151 —Inxw)

9
N L R R L
X t}l(CGﬁleCWFzFl - CGﬁ]FZCWFzFl)}' (17)
0 e X1/2
2L, yh" __ [ L
a = ————Cjo; —N(C sz )
2 64\/§7T4 hPpp Fl:;)(i x}:{Z hF Fp
x [1+1nﬁ}, (18)
Xp0

172
o 2 x
aiL, Zh' _ 100 Z Ch"ﬂ/tl;_/z[gl»l(xz’ Xp0)
Fi=F=x*,x0 X
—Inxp = 1] x (g, + B
xRk ck.  +ck__cR. . 19

hoﬁ']Fz ZﬁzFl hoﬁle ZﬁzFl

To save space in the text, the complete calculation process
and the results of other two-loop diagrams can be found in
our previous work [36]. The corrections to muon anomalous
MDM from the studied two-loop diagrams are

a2l — 42L.BZ | 2L RB | 2L, DIA

w w W w ’
Q2L BZ _ 2L.WH | 2L WG +aiL, vho +aiL, ¥Go

2 2 ©
2L, yAp 2L, Zhy 2L, ZGy 2L, ZAy
+a, +a, +a, +a, ,

an =ay m

2L, DIA __ 2L, Zvx* 2L, ZLx" 2L, yLx°
m =4, ta, +ay

2L, RB _ 2L WW | 2L, ZZ +aiL, Zy +aiL, vy,

a
+a,2f’ WLy +a,2LL, wiaxj (20)
The concrete expressions can be found in Appendix A.
At two-loop level, including the one-loop results and two-
loop results, the muon anomalous MDM is given by

NBL __ 1L 2L
a =a, —i—au .

h 21)

4 Numerical analysis

To take the numerical calculation, some restrictions should
be taken into account.

1. The experimental value of tan 8, should be less than 1.5
in order to meet the LHC experimental data [43—45].

2. We consider the experimental constraints from the lightest
CP-even Higgs h” mass is around 125.25 GeV [46,47].

3. The Z’ boson mass is larger than 5.1 TeV. The ratio
between Mz and its gauge Mz /gp > 6 TeV [37,38].

4. For particles that exceed the SM, the mass limits consid-
ered are: the slepton mass is greater than 700 GeV, and
the chargino mass is greater than 1100 GeV [46].

5. The limitation of Charge and Color Breaking(CCB) [48,
49] is considered.

@ Springer

Considering these limitations, we adopt the following
parameters:
k =0.1, tanB, =09, gp =0.3, vg_ =17 TeV,
vs =4 TeV,
T, = Ty, =1TeV, T;i = 1TeV,
Te11 = Te33 = 10 GeV,
A=04, M{ =0.1TeV, M =12TeV,
A =-0.25 T, = -25TeV,
Yy, =1.09285 x 107%, v,,, = 1.4 x 107°,
Yy = 1.35242 x 1079,
Yu, = 7.6042 x 1078, ¥,,, = 4.51693 x 1078,

Yy, = 2.80323 x 107, (22)

We generally take the values of new particle masses(Mpg g,
M 1) near the order of 103 GeV, which is around the energy
scale of new physics. T) and 73 etc. are trilinear coupling
coefficients, which are roughly in the order of magnitude
of the mass, and can be varied up or down to the order of
102 ~ 10* GeV. M,%, M 62 are all of mass square dimension,
and can be up to the order of 10° GeV?2. The dimensionless
parameters A and A, etc. are generally taken as numbers less
than 1.

In the following numerical analysis process, the parame-
ters that need to be studied are:

tan B, M7, = M7, M2, = M?,
Mpp, Teo, Mpr, grp (i =1,2,3).

In addition to the above parameters, non diagonal elements
are defined as zero.

(23)

4.1 The one-dimensional graphs

We use the simplified expression of X1%/ BL as

(Aalra{)’“ >2
X}%/BL =e e )
with Ag, = 249 x 107!, §,, = 48 x 107!, This for-

mula clearly indicates the deviation of a ﬁ/ BL and Aa - When
NBL
au

(24)

approaches Aay,, X]%/ g1, approaches 1.

The light gray and light orange regions in all figures rep-
resent the experimental limits of Aa,,, where the light gray
region represents the 1o range of Aa,,, and the light orange
region represents the 20 range of Aay,. In Figs. 3, 4, 5, the

orange line represents that a 2’ BL corresponds to the left ordi-

nate axis, and the blue line represents that X}%/ g1, corresponds
to the right ordinate axis.

With the parameterstan 8 = 10, T,o0 = 2.4TeV,Mpp =
0.1 TeV and gyp = 0.1 in Fig. 3a, we plot Me2 Versus
aﬁ’BL and x2 ;. The aIIXBL is decreasing function as M?

turns large in the range of 1 TeV? < Me2 < 2 TeV?. When
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(b)M,%(GeV?)

-
i}
z

a,NBLx10-2

u

241, 0.5

2
X NBL

1 L NNl gy
200 450 700 950 1200 1450 1700 1950 2200 2450

(b) Mgg (GeV)

0.9

a,_,NBL><1O'9
o
=
2
X NBL

-0.16 -0.13 -0.1 -0.07 -0.04 -0.01 0.02 0.05 0.08 0.11 0.14

(b)gvs

alBL and x5, show a downward trend with the increase

of M%. aﬁ BL g mostly in the range of 1o, and the trend of
X7 gy is consistent with aly B

Mz is the parameter appearing in the mass matrices of
the CP-odd sneutrino, the CP-even sneutrino, and the slep-
ton. M Z just appears in the mass matrix of the slepton. The
increase of Me2 and M% makes sneutrino and slepton heavy,
which suppresses the contributions from the CP-odd sneu-
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trino, the CP-even sneutrino, and the slepton. Thereby a} -

decreases with the increase of M2 and M.

We suppose tan8 = 10, Me2 = 1.5 TeV2, M% =
0.16 TeV?, gyp = O0.1. Similarly, we plot T, versus
alBL and x3 5, in the Fig. 4a. In this figure, a}f 8% sig-
nificantly increases with the growth of T,2. When T,2; is
greater than 1.7 TeV, it enters the 20 range. X}%/ gz, 18 also
showing a growth trend. In addition, we study the parame-
ter Mpp' influences on aﬁ’Bl‘ and XI%IBL in Fig. 4b. When
0.2 TeV < Mpp < 2.45 TeV, both lines decrease with
the increase of Mgp'. When 0.2 TeV < Mpp < 1.2 TeV,
alPL is in the 1o interval. When Mpp is in the range of
1.2 TeV? to 2.45 TeV?, aﬁBL is in the 20 interval. Mg
is the mass of the two U(1) gauginos mixing, and appears
as the non-diagonal element of the neutralino mass matrix.
The increase in M g - has affected the neutralino mass matrix,
leading to a downward trend in a 2’ BL  and the curve of X]%; BL
indicates that this effect is relatively strong.

We use the parameters as Mpp = 0.1 TeV, Me2 =
1.5 TeV2, M7 = 0.16 TeV?, T, = 2.4 TeV in Fig. 5.
Next, we plot tan 8 versus aﬁ’BL and X]%/BL in the Fig. 5a.
The ag BL is decreasing function as tan 8 turns large in the

range of 6 < tan 8 < 50. The downward trend of aﬁ’ BL isrel-

atively gentle, when tan § is greater than 20. The downward
trend of X;ZV g1, 1s relatively severe. tan 8 must be a sensitive
parameter because it appears almost in all mass matrices of
fermions, scalars, and Majoranas, and it can affect the ver-
tex couplings and masses of particles by directly affecting vy
and v, . By influencing these factors, tan 8 shows a downward
trend.

Finally, we plot gy p versus a and Xz%/ g1, inthe Fig. 5b.
gyp is the gauge kinetic mixing coupling constant which
arises from the existence of two Abelian gauge groups. In
the figure, aﬁ’ BL increases with the increase of gYB, X/%/ BL
increases first and then decreases with the increase of gyp.
When gy p is greater than 0.02, it enters the 20 range, and
when gyp is greater than 0.09, it enters the 1o range. The
gy p mightinfluence the contributions of the slepton and other
particles and the corresponding couplings, thereby causing
al/PL to increase with the increase of gy 5.

NBL
m

4.2 The multi-dimensional scatter plots

In this section of the work, we select six parameters tan 3,
Te22, M%, Mpr, Mpgp and Me2 discussed in the one-
dimensional graph to draw the scatter plots (Table 2).
Supposing Ty = 2.4 TeV, M? = 1.5 TeV?, Mpp =
0.1 TeV, Mpr = 1 TeV, we plot alljBL in the tan 8 ver-
sus MI% in the Fig. 6a. Within the range of 5 < tan 8 < 50
and 0.1 TeV? < M% < 1.4 TeV?, the  and M are slightly
tilted and distributed on the left side of the graph. When

5 < tanfB < 7, the proportion of e is higher. When

@ Springer

Table 2 The meaning of shape style in Figs. 6 and 7

Shape style Figs. 6 and 7

A 0< al’;’BL <201 x 107

u 201 x 1072 < alfBL <297 x 1077
. 297 x 1077 < afYBE

7 < tanf < 13, the proportion of M is higher. When
13 < tan 8 < 50, there are only A. We can conclude that

aBL decreases with the increase of tan 8, and the trend is

m
more intense. aﬁ’ BL also decreases with the increase of M7,

but the trend is relatively gentle. This is consistent with the
decreasing trend of a/y 8- as tan g and M7, which are shown
in Figs. 3b and 5a. And the reduction amplitude is also con-
sistent with the one-dimensional graph.

With M7 = 0.16 TeV2, M? = 1.5 TeV?, Mpp =
0.1 TeV, M, = 1 TeV, Fig. 6b displays a plot of a}y#*
in the tan 8 versus T,y plane. We can clearly see that the
space is roughly divided into three parts. The e present a
triangular shape distributed in the upper left, the B present
a strip close to the green points, and the rest are filled with
A. Both tan $ and T,2; are sensitive parameters, and a/) **
decreases with the increase of tan 8 and increases with the
increase of 1,77, which is consistent with the feature of one-
dimensional graph.

In Fig. 6, we all select tan 8 as the horizontal axis. It can
be seen intuitively that tan 8 has a strong influence on a{f BL,
The vertical axis of Fig. 6a is M 2 and the vertical axis of
Fig. 6b is T,22. One shows an increasing trend and the other
shows a decreasing trend. We can conclude that all three are
sensitive parameters. When 7 < tan 8 < 13, 0.1 TeV? <
M? < 0.7TeV?, 1.5 TeV < T, < 2.5 TeV, the value of
alfPL is closest to the range of lo.

We suppose the parameters with 7,00 = 2.4TeV, tan =
10, M7 = 0.16 TeV2, M, = 1 TeV in Fig. 7a, and display
aplotof ay 8L in the M7 versus Mg g plane. The A occupies
most of the space on the right side of the plane, ranging from
1.52 TeV? to nearly 2.0 TeV? on the horizontal axis. The W
are located on the left side of the chart, showing a arch, from
1.4 TeV? to close to 1.52 TeV? on the horizontal axis. M2
is an important parameter affecting aﬁ’ BL "and Me2 appears
in the mass matrix of the slepton. The increase of M e2 makes
slepton heavy, which suppresses the contributions from the
slepton. Thereby aﬁ’ BL decreases with the increase of M 3
The increase in M g - has affected the neutralino mass matrix,
but the effect of Mpp is weak in the figure.

With T, = 2.4 TeV, tan 8 = 10, Mg = 0.1 TeV,
M7} = 0.16 TeV?, weplotal 8% inthe M7 versus M, plane
in the Fig. 7b. The plane is clearly divided into two regions.
The left area is M, showing that afj BL hag a decreasing trend

from left to right, and changes significantly with Mez. Misin
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Fig. 8 aﬁ’BL in Me2 — Mz plane

the range of 1.4 TeV? < Me2 < 1.52 TeV?, A is in the range
of 1.52 TeV? < M? < 2 TeV2.

With Tpo = 2.4 TeV, tan = 10, Mgp = 0.1 TeV,
Mp; = 1TeV, we plot aﬁ'BL in the Me2 versus M% plane in
the Fig. 8. Most of the area of the image are A, and there are
M in the lower left corner, which is probably distributed in
the range of 1.4 TeV? < M? < 1.55 TeV? and 0.1 TeV? <

Te22(GeV)

(b)Mo2(GeV?)

M % < 0.5 TeV2. This is consistent with the trend that aﬁ’ BL

decrease with the increase of M? and M7 in the previous
images.

5 Conclusion

In this paper, we use the effective Lagrangian method to
research the one-loop diagrams and some important two-loop
diagrams. The studied contributions are composed of one-
loop diagrams, the two-loop Barr-Zee type diagrams with
fermion sub-loop, the two-loop rainbow type diagrams with
fermion sub-loop and the vector bosons(y, Z, W), the dia-
mond type diagrams in Refs. [41,42] possessing large factors

2L, BZ

2L, DIA
w a .

+ w

_ 1L 2L, RB
ap =a,” +a a, +

(25)
We consider the latest experimental constraints and adjust
the sensitive parameters. In the end, we obtain rich numer-
ical results and interesting one-dimensional and multi-
dimensional scatter plots.
In the one-dimensional graph, we select tan 8, T2z, MI%,
MZ, Mpgp', gyp to study muon anomalous MDM. Through
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the trend of the two lines, we can conclude that these param-

eters play an important role in aﬁ’ BL " \where MZ and Ty»

NBL
m

select six parameters tan 8, Te22, Mz, Mez, Mpr and Mgp.
The characteristics of scatter plot is consistent with the one-
dimensional diagram, indicating that Me2 and tan 8 have a
strong influence on aﬁ’ BL Other parameters also have a sig-

have a strong influence on a . In the scatter plot, we

nificant impact, but not as strong as the influence of Me2 and
tan 8 on aﬁ’ BL From the data obtained in the figure, most
numerical results of aﬁ’ BL are in 20, which can compen-
sate the departure between the experiment data and the SM
prediction. In the used parameter space, the Barr-Zee type
two loop contribution to muon anomalous MDM is at the
order of 10712 ~ 10~!!. The rainbow type two loop contri-
bution and the diamond type two loop contribution are both
at the order of 10711 ~ 10719, The ratio of the Barr-Zee
type two loop contribution to one loop contribution is around
0.1% ~ 0.4%. The ratio of the rainbow type two loop con-
tribution to one loop contribution is around 0.5% ~ 6%. The
condition of the diamond type two loop contribution is similar
as that of the rainbow type two loop contribution. Utilizing
the parameter space that we have derived to guide exper-
imental design can help optimize experimental conditions
and increase the likelihood of discovering SUSY particles.
After collecting experimental data, we search for data that
is consistent with theoretical predictions. By comparing the
experimental data with theoretical predictions, we can further
refine the parameter space, thereby enhancing the possibility
of detecting SUSY particles.

It is well known that there are many two-loop diagrams
that contribute to muon anomalous MDM. Some two-loop
diagrams that have not been studied can also give important
corrections to muon anomalous MDM, which can further
improve the theoretical value. Since the calculation of two-
loop diagrams are very complicated, we will study other two-
loop diagrams in future work.
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Appendix A: Mass matrix and coupling in N-B-LSSM

The mass matrix for chargino is:

M LgZU/x
my- = V2 (A1)
582V \—ﬁkvs
This matrix is diagonalized by U and V:
* T dia
U'my-V'=m ™. (A2)
The mass matrix for neutrino is:
0 LvuYT
my=| Ve (A3)
J_EU"Y” \/EUnYX
This matrix is diagonalized by UV :
UV m, UVt = mdie. (A4)
Moy04 Moyoy Moyog Moyoy Mosoy
2 m(fd"ru mduﬂu m”l”u m‘72(7u m”x”u
my o = | Moyoy Moyo1 Mojo; Moyoy Moo . (AS)

Moyoy Moyoy Maoyoy Maoyay Mooy

Mo, 0, Moyoy Mooy Moyo, Mooy
Equation (A5) is the CP-odd Higgs mass squared matrix,

whose elements are

1
Mogoy = miy, + g (1 + & + 2707 — o)

1
+28r58n(v) —v)) + 5 (0f + VIR,

1 I 5, 1
Mgy, = —=VsTh + | skvg — ZA20,v5 | A,

V2 2 2
Mo, =y, + 5 (& + &b + 802~ )
+2gvpgn (v} — v%)) + %(vd2 +v3) A%,
Mooy = m%, + %(gYBgB(v?i —vhH+ 28123(1),2; - v%))
+ %(v% + vl
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1
Mooy, = E( — VgUu Ao + US(\/ET2 + US)‘QK))v

1
Moy, = m3 + Z(gyggg(vﬁ —vp) — 283 (v, — v?,))

1
+ 5 (0 + VAP,

1 1
Moo, = —Vu (USK)‘ - ET)\)v Mo,u00 = Evuvﬁ)ﬂ)‘a

1 1

Me,5, = —Vd (vslck — ETA), Mo = zvdvﬁkzk,
1 1

Mg o, = —Vj| UVskAp — ETQ , Moy, = zvuvnkzk,

1 1
mOZGS = _v’I <USKA.2 - _T2)>9 mGuUZ = _Udvn)\.zk,

/2 2

Mg, = m% + (KU% + A2Up V5 + AV vy )k

1 1
- E|x|2(v§ +0v2) + §|A2|2(u,2] +v3) — V2usTs.
(A6)

In the basis (er,, €g), the mass matrix for slepton is shown

and diagonalized by Z” through the formula ZEm2ZzE-T =
diag
mys >

2 Mg, & 5uaTe = Svuhu ¥
my; = ,
© A\ VT - qudtuYe M3 e,
(A7)
1
mg gx = mzi + g((glz + g)z/B + gyBgB — g%)(vé - vi)

2
v
+2(g3 + gvpgn)(v; — v%)) + ?"Yf,
1
magei, = — < (12067 + 83 p) + evigal (0] — v7)

1
+ (grxgs +285) (0] —v])) +30Y2. (AB)
The used vertexes in Eq. (12) are:

1
Ag = —Z}fz(glN}H + 8N} +8ypNjs) — N73YMZI§S’

/2

1

Ap = —7\52155[2811\’./1 +(2gyB +8BINjs) — YEZEN 3,
_ * 1% _ 1 I*

BL—_iﬁ ,'2Zk2Y;u BR—ﬁgZZkzviL

1 1
CL=—=U5ZRY,, Cpr=—-——g2Z8"V;. A9
L \/Elzkzu R \/5821(2 il (A9)

0 ﬂ(YT)I]
v
M, = , withl,J=1,2,3.
' (%(h)” ﬁu,m)”)
(A10)

The effective light neutrino mass matrix is in general given
as Meff = —mM_lmT, with

1
w Yl M =V2vy,.

V2

m =

(A11)

Appendix B: The one loop results in MIA

Using mass insertion approximation method, we calculate
the one loop contribution to muon anomalous MDM in the
N-B-LSSM.

1. Chargino and sneutrino(CP-even and CP-odd) contri-
butions

2
~R 17— ti— 8
au(Vf, H™, W) = S/ tan BI2T1 (v, Xop, x2)

= Ta(x2, X3¢, X50)], (B1)

2

~I — G— 8
au(vi, H W)= sz,“/xsz tan B[27 (x4, xﬁf,xz)
— Io(x2, X3¢, X38)]- (B2)

2
m
AHYS and xpy = .

Here my; =
The one-loop functions Zj(x, y, z) and Zr(x, y, z) are
defined as
ylogx
(x —y*(x —2)

y—Xx
(x =2y —2)
yx —2y+2z)logy vlogz
x=y*0—-22 @—-20(-2%
2z[2% — 3xyz 4+ xy(x + y)]logz
(x —2)3(y —2)3
x(y+2)+z2(y—32)
(x —2)2(y —2)?

Ii(x,y,2) =

(B3)

Ir(x,y,2) =

2xzlogx
(x —yx —2z)°
B 2yzlogy
(x—y(y—2)3

(B4)

2. The one-loop contributions from é(é’ )—Ar—[LR.

ay(iiR, fiL, B) = g%xw/xlxﬁ tan B Z3(x1, Xz, , Xjg)s
(B5)

- - ~ 8B
au(fir, i, B) = (gyp + 7)(gyg +gB)xy
X Jxgxrtan B3 (X5, X, Xig)- (BO)
The one-loop function Z3(x, y, z) is

2x[x3 = 3xyz + yz(y + 2)] log x

By = (=P -2
B 2xylogy x(y+2z)—3x2+yz
(x—y)30» -2 (x —y)?(x —2)?
2xzlogz
_— . B7
(x =23y —2) ®B7)
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3. The one-loop contributions from B(B")—H—/i.

au(iir, B, H®) = —gix, /X1 tan B To(x1, X3¢, Xip)s

(BY)
~ n’ 170 8B
ay(pur, B, H') = —gyp <gYB + 7) Xp
X /X pxptan B Lo(x g, X3, Xjg)- (BY9)

4. The one-loop contributions from B(W°, B')—H—i; .

g -
au(iip, H°, B) = ngxuvxlxﬁ tan 8 Tp(x1, X3, X5, ),

(B10)
- ~0 1
au (g, H°, W0 = —zggxm/xym tan B Io(x2, X3¢, Xz, )
(B11)
- 0 o~ 1
au(iir, H, B') = EgYB(gYB +gB)xu
x Jxpxptan B Io(x g, X1, X, )- (B12)

5. The one-loop contributions from B—B —jigr— fiL.

au(fig, fir, B, B') = g1(4gyp + 38B)X,u/Xpp X7 tan B

X (\/-xlxé/f(-xé/s -xlvxﬂva[lR) - g(xé/vxli x;lLv-x[l,R))'

(B13)

The one loop functions f(x,y,z,t) and g(x,y,z,t) are
shown as

1 [t[? = 3txy +xy(x + y)]logt
f(X,)’,Zat): |: Y Y Y &

1672 (t—x)3@ — )30 —2)
x[x3 = 3txz +tz(t + 2)] log x
(t—xP@x -y —-2)3
yIy? —3tyz 4+ 12(t + )] log y
(t=y)Pax—-ny-23

2l2® = 3xyz +xy(x + y)]logz 1
(t—2)(z—x)3z—y)3 2(x —y)
" ( t B 2y x(2t —3x +2)
(t—x)%(z—x) (=y)(y—2)? (1—x)*(x—2)?
t+y
—_— ), B14
09 (B9

1 [ (x + y) — 32xy 4+ x%y*]logt
g(xv Y, Z,l) = -

1672 t—x)3¢—y)3¢t—2)
z[x2y? + xz2(z — 3y) + yZ°] log z
(t—2)(@—x)3z—y)?
x2[x3 = 3txz + tz(t + 2)] log x
(t—x)P3x —y)(x—2)3

+

+
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yz[y3 —3tyz+1tz(t +2)]logy
(t=y)Pax—=ny-23
x2(2t —3x +2)
20 -2 = N - 2)?
tx
T g e
Yt +2) + vz —3y)] }
2t — y)2(y —x)(y —2)? )’

(B15)

In Egs. (B1), (B2), (BS), (B6), (B8)—-(B13), one can easily
2

find the factor x,, tan 8 with x,, = %, which is similar as
the MSSM condition. Equations (B6), (B9), (B12), (B13),
include the new gauge coupling constants gp and gy g, which
are beyond MSSM.

Supposing all the masses of the superparticles are almost
degenerate. we also use the following relation to obtain sim-
plified results

R,I
M] = Mz =my :mﬁL :mﬂR :mﬁf,l =m-

VR
= [Mpp/| = IMp| = Msysy-
Then these one loop functions Z;(x, y, z), Z>(x,y, z),

I3(x,y,2), f(x,y,2,1), g(x,y,z t) are much simplified
as

1

1
T 1) = ——. (. 1,1) = —,

L D= 20 LD =505
L1 =—— fA 1 1,1) = ——

3( )= 5ga20 I ) = T30

1

L1, 1)=——. B16

g )= 553 (B16)

Using the relations, N-B-LSSM one-loop contributions to
muon g-2 are simplified to a large extent.

2

1L, |1 my

w = 2,2

1927 MSUSY

T M
2.2

1927 MSUSY

T M
22,2

9607 Mg, ¢y

X (l — 4sign[Mé,]>.

a tan B(5¢3 + &7)

tan Bsign[Mp1(g% +38vBSE + 8 )

tan Bg1(4gyp +3¢p)sign[Mpp/]

B17)
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