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Abstract

The new experiment data of muon g-2 is reported by the workers at Fermilab National Accel-

erator Laboratory(FNAL). Combined with the previous Brookhaven National Laboratory(BNL)

E821 result, the departure from the standard model prediction is about 4.2 σ. It strengthens our

faith in the new physics. U(1)XSSM is the U(1) extension of the minimal supersymmetric standard

model, where we study the electroweak corrections to the anomalous magnetic dipole moment of

muon from the one-loop diagrams and some two-loop diagrams possessing important contributions.

These two-loop diagrams include Barr-Zee type, rainbow type and diamond type. The virtual su-

persymmetric particles in these two-loop diagrams are chargino, scalar neutrino, neutralino, scalar

lepton, which are supposed not very heavy to make relatively large corrections. We obtain the

Wilson coefficients of the dimension 6 operators inducing the anomalous magnetic dipole moment

of muon. The numerical results can reach 25× 10−10 and even larger.
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I. INTRODUCTION

In the development of the standard model(SM) [1], the anomalous magnetic dipole mo-

ment (MDM) of muon has played a huge role. The SM contributions to muon MDM include

several parts: The QED loop contributions aQED
µ = 116584718.931(104) × 10−11 [2–17];

The electroweak contributions aEW
µ = 153.6(1.0) × 10−11 [16, 17]; The hadronic vacuum

polarization contributions aHV P = 6845(40) × 10−11 [2, 6, 18]; The hadronic light-by-light

contributions aHLBL = 92(18)× 10−11 [12–14]. Combining these results, one can obtain the

SM prediction of muon anomaly aSMµ = 116591810(43)× 10−11(0.37ppm) [2, 10, 19, 20].

The MDM of muon aµ ≡ (gµ − 2)/2 has been detected recently by the Fermilab Na-

tional Accelerator Laboratory(FNAL) muon g-2 experiment[21–28]. The result is aFNAL
µ =

116592040(54)× 10−11(0.46ppm) [29] and 3.3 standard deviations larger than the SM pre-

diction, which is in great agreement with BNL E821 result[4]. Then the new averaged

experiment value of muon anomaly is aexpµ = 116592061(41)× 10−11(0.35ppm). The devia-

tion between experiment and SM prediction is ∆aµ = aexpµ −aSMµ = 251(59)×10−11, which is

4.2σ. The present deviation(4.2σ) between the SM prediction and the experimental data for

aµ is more stable, and it indicates that there should be new physics beyond the SM. With

the improvement of both experimental precision and theoretical prediction, the deviation

will become more important in the future, and open a window to explore new physics.

The electroweak one-loop corrections from new physics sector are generally suppressed by

the factor Λ2
EW/Λ2 with ΛEW denoting the electroweak energy scale and Λ representing the

new physics energy scale. Supposing the masses of neutralinos, charginos and scalar leptons

of the second generation equal to MSUSY [30, 31], the authors obtain the approximated

supersymmetric (SUSY) one-loop contributions by simplification

|aSUSY
µ | = 13× 10−10

(100GeV

MSUSY

)2

tan βsign(µH). (1)

From this equation, one can estimate the one-loop SUSY contributions well. To ob-

tain one-loop SUSY corrections around 2 × 10−9, the parameters should be in the re-

gion MSUSY ∼ (200, 500) GeV, tanβ ∼ (5, 50). If MSUSY is larger than 500 GeV, the

one-loop SUSY corrections are suppressed strongly. The authors[24] study the muon g-

2 in several GUT-scale constrained SUSY models including CMSSM/mSUGRA, pMSSM,

CMSSM/mSUGRA extensions and GMSB/AMSB extensions. In the general next-to-

minimal supersymmetric standard model (GNMSSM) with a singlino-dominated neutralino
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as a dark matter candidate, the numerical result of muon g-2 is researched with the Multi-

Nest technique for the parameter space[32]. To probe new physics accounting for muon g-2

and gravitational waves with pulsar timing array measurements, the authors[33] study the

model possessing a light gauge boson or neutral scalar interacting with muons.

The current experimental precision is high and sensitive to the two-loop electroweak cor-

rections. The one-loop correction to muon g-2 is well researched, but the two-loop study is

more complicated and less advanced. In some parameter space, the two-loop SUSY contri-

butions become very important. In the minimal supersymmetric extension of the standard

model(MSSM), the contributions to muon MDM from two-loop Barr-Zee type diagrams

with sub-scalar-loop[34] and two-loop diagrams enhanced by two powers of tan β[35] are

researched. The photonic SUSY two-loop diagrams[36] where an additional photon loop

is attached to a SUSY one-loop diagram are studied in compact and analytic expressions.

There are non-decoupling two-loop corrections from fermion/sfermion loops[37, 38] in the

MSSM. These corrections can be generally large and even logarithmically enhanced for heavy

sfermions. The analytical results are presented and they obtain a very compact formula with

approximation[38]. GM2Calc (a public C++ program) is used to calculate precise MSSM

prediction for muon MDM[39]. In the CP-violating MSSM, there are some special two-

loop diagrams belonging to diamond type, which include virtual neutralino-slepton-Z[40],

chargino-sneutrino, neutralino-slepton, slepton-sneutrino[41], and their corrections to muon

MDM are studied.

Employing an effective Lagrangian approach, the authors[42] derive the leading-logarithm

two-loop and three-loop electroweak contributions to the muon MDM. In Refs.[43, 44], the

authors research corrections to muon MDM from the two-loop rainbow diagrams and Barr-

Zee diagrams with heavy fermion sub-loop. Furthermore, the analytic results are simplified

at the decoupling limit and the leading corrections are obtained obviously[44]. The two-loop

Barr-Zee type diagrams with sub-fermion-loop and sub-scalar-loop between vector boson

and Higgs are studied in BLMSSM[45].

The MSSM is one of the most popular models of new physics. The authors present

statistically convergent profile likelihood maps obtained via global fits of a phenomenological

MSSM with 15 free parameters, and analyze the phenomenology of this model[46]. Including

constraints from LHC data at 13 TeV and other experiments, a frequentist analysis of the

constraints on a phenomenological MSSM model with 11 parameters is performed with
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MasterCode[47]. With the new GAMBIT software framework, the authors study a global

fit of the MSSM[48]. Many people also study the phenomenology of MSSM including the

anomaly of muon g-2, dark matter relic density and direct detection, LHC constraints and

so on. So, the viable parameter space of MSSM is compressed[26–28, 49] by more and more

accurate experimental progresses.

Furthermore, the MSSM has µ problem, and can not produce tiny mass to light neutrinos.

With these issues in mind, physicists extend MSSM. In these MSSM extensions, the U(1)

extension is interesting. We call the U(1)X extension of MSSM as U(1)XSSM [50, 51],

where three Higgs singlets and right-handed neutrinos are added to MSSM. Two gauge

groups U(1)X and U(1)Y have gauge mixing. The right-handed neutrinos have two effects:

1. produce tiny mass to light neutrinos through see-saw mechanism, 2. provide a new dark

matter candidate-light sneutrino. This model relieves the so called little hierarchy problem

that appears in the MSSM. Ŝ is the singlet Higgs superfield with a non-zero VEV (vS/
√
2).

The terms µĤuĤd and λH ŜĤuĤd can produce an effective µeff = µ + λHvS/
√
2, which

relieves the µ problem. Comparing with the condition in MSSM, the lightest CP-even Higgs

mass at tree level is improved. The second light neutral CP-even Higgs can be at TeV order.

Then it easily satisfies the constraints for heavy Higgs from experiments.

In our previous work, we calculate the contributions to muon MDM from some two-

loop diagrams under the U(1)XSSM with the effective Lagrangian method. In this work,

we research one-loop diagrams and more two-loop diagrams than our previous work [52].

To make up the departure between experiment data and SM prediction for aµ, the scalar

neutrino and scalar lepton should not be heavy. In the Fig.2, we show the studied two-

loop self-energy diagrams. aµ is deduced from the triangle diagrams of the process µ →
µ + γ. Attaching a photon on the internal lines of the two-loop self-energy diagrams in all

possible way, one can get the two loop triangle diagrams. A two-loop self-energy diagram can

produce several two-loop triangle diagrams, and the sum of their amplitudes satisfies Ward-

identity. In this work, we study the electroweak corrections from several type two-loop SUSY

diagrams(Barr-Zee type, rainbow type and diamond type) and the virtual SUSY particles

include chargino, neutralino, scalar lepton and scalar neutrino. After tedious calculation

and using on-shell condition for the external leptons, we get all dimension 6 operators and

their coefficients. We neglect higher dimensional operators such as dimension 8 operators,

because they are tiny.
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After this introduction, we show the main content of U(1)XSSM and its superfields in

section 2. The one-loop and two-loop analytic results of aµ are shown in the section 3. The

numerical results are shown in the section 4. The last section is used for the discussion and

conclusion.

II. THE MAIN CONTENT OF U(1)XSSM

U(1)XSSM is the U(1) extension of MSSM, whose local gauge group is SU(3)C⊗SU(2)L⊗
U(1)Y ⊗ U(1)X . Comparing with MSSM, U(1)XSSM has more superfields including: right-

handed neutrinos and three Higgs singlets. Through the see-saw mechanism, three light

neutrinos obtain tiny masses at tree level. The neutral CP-even Higgs mass squared matrix

is 5 × 5, because of the introduction of η, η̄ and S. The lightest CP-even Higgs mass can

be improved at tree level. The particle contents can be found in our previous work[51, 52].

The superpotential of U(1)XSSM is

W = lW Ŝ + µĤuĤd +MS ŜŜ − Ydd̂q̂Ĥd − Yeêl̂Ĥd + λH ŜĤuĤd

+λCŜη̂ˆ̄η +
κ

3
ŜŜŜ + Yuûq̂Ĥu + YX ν̂ ˆ̄ην̂ + Yν ν̂ l̂Ĥu. (2)

We show the concrete forms of the two Higgs doublets and three Higgs singlets

Hu =





H+
u

1√
2

(

vu +H0
u + iP 0

u

)



 , Hd =





1√
2

(

vd +H0
d + iP 0

d

)

H−
d



 ,

η =
1√
2

(

vη + φ0
η + iP 0

η

)

, η̄ =
1√
2

(

vη̄ + φ0
η̄ + iP 0

η̄

)

,

S =
1√
2

(

vS + φ0
S + iP 0

S

)

. (3)

The VEVs of the Higgs superfields Hu, Hd, η, η̄ and S are presented by vu, vd, vη, vη̄ and

vS respectively. Two angles are defined as tanβ = vu/vd and tan βη = vη̄/vη.

The soft SUSY breaking terms are

Lsoft = LMSSM
soft − BSS

2 − LSS − Tκ

3
S3 − TλC

Sηη̄ + ǫijTλH
SH i

dH
j
u

−T IJ
X η̄ν̃∗I

R ν̃∗J
R + ǫijT

IJ
ν H i

uν̃
I∗
R l̃Jj −m2

η|η|2 −m2
η̄|η̄|2

−m2
SS

2 − (m2
ν̃R
)IJ ν̃I∗

R ν̃J
R − 1

2

(

MSλ
2
X̃
+ 2MBB′λB̃λX̃

)

+ h.c . (4)

Y Y denotes the U(1)Y charge and Y X represents the U(1)X charge. We have proven that

U(1)XSSM is anomaly free. Two Abelian groups U(1)Y and U(1)X in U(1)XSSM produce
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a new effect: the gauge kinetic mixing, which can also be induced through RGEs even with

zero value at MGUT .

In the general form, the covariant derivatives of U(1)XSSM reads as [53–55]

Dµ = ∂µ − i
(

Y Y , Y X

)





gY , g′Y X

g′XY , g′X









A′Y
µ

A′X
µ



 . (5)

The gauge fields of U(1)Y and U(1)X are denoted by A′Y
µ and A′X

µ . With the two Abelian

gauge groups unbroken condition, we use the matrix R [53, 55] to obtain




gY , g′Y X

g′XY , g′X



RT =





g1, gY X

0, gX



 . (6)

In this model, the gauge bosons AX
µ , A

Y
µ and V 3

µ mix together at the tree level. We show

the mass matrix in the basis (AY
µ , V

3
µ , A

X
µ ) as











1
8
g21v

2 − 1
8
g1g2v

2 1
8
g1(gY X + gX)v

2

−1
8
g1g2v

2 1
8
g22v

2 − 1
8
g2(gY X + gX)v

2

1
8
g1(gY X + gX)v

2 − 1
8
g2(gY X + gX)v

2 1
8
(gY X + gX)

2v2 + 1
8
g2Xξ

2











, (7)

with v2 = v2u + v2d and ξ2 = v2η + v2η̄. Two mixing angles θW and θ′W are used to diagonalize

the mass matrix in Eq. (7). sin2 θ′W is defined as

sin2 θ′W =
1

2
− ((gY X + gX)

2 − g21 − g22)v
2 + 4g2Xξ

2

2
√

((gY X + gX)2 + g21 + g22)
2v4 + 8g2X((gY X + gX)2 − g21 − g22)v

2ξ2 + 16g4Xξ
4
.(8)

We deduce the eigenvalues of Eq. (7)

m2
γ = 0,

m2
Z,Z′ =

1

8

(

(g21 + g22 + (gY X + gX)
2)v2 + 4g2Xξ

2

∓
√

(g21 + g22 + (gY X + gX)2)2v4 + 8((gY X + gX)2 − g21 − g22)g
2
Xv

2ξ2 + 16g4Xξ
4
)

. (9)

These results are similar as the condition of B-LSSM with the relation gY X+gX → gY X . The

reason comes from the differences of the Y X charges of the superfields in the both models.

The used mass matrixes can be found in the work [56]. Here, we show some used couplings.

We also deduce the vertexes of l̄i − χ−
j − ν̃R

k (ν̃
I
k)

Ll̄χ−ν̃R =
1√
2
l̄i

{

U∗
j2Z

R∗
ki Y

i
l PL − g2Vj1Z

R∗
ki PR

}

χ−
j ν̃

R
k ,

Ll̄χ−ν̃I =
i√
2
l̄i

{

U∗
j2Z

I∗
ki Y

i
l PL − g2Vj1Z

I∗
ki PR

}

χ−
j ν̃

I
k . (10)
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The vertexes of χ̄0
i − νi − ν̃R

k (ν̃
I
k) are

Lχ̄0νν̃R =
1

2
χ̄0
i

{

(−g2N
∗
i2 + gY XN

∗
i5 + g1N

∗
i1)

3
∑

a=1

ZR∗
ka U

V ∗
ja PL

+(−g2Ni2 + gY XNi5 + g1Ni1)
3

∑

a=1

ZR∗
ka U

V
jaPR

}

νiν̃
R
k ,

Lχ̄0νν̃I = − i

2
χ̄0
i

{

(−g2N
∗
i2 + gY XN

∗
i5 + g1N

∗
i1)

3
∑

a=1

ZI∗
kaU

V ∗
ja PL

+(g2Ni2 − gY XNi5 − g1Ni1)
3

∑

a=1

ZI∗
kaU

V
jaPR

}

νiν̃
I
k . (11)

The vertexes of W-slepton-sneutrino(CP-even and CP-odd) read as

LL̃ν̃R∗W = −1

2
g2L̃iν̃

R∗
j

3
∑

a=1

ZE∗
ia ZR∗

ja (−p
ν̃Rj
µ + pL̃i

µ )W µ + h.c,

LL̃ν̃I∗W =
i

2
g2L̃iν̃

I∗
j

3
∑

a=1

ZE∗
ia ZI∗

ja (−p
ν̃Ij
µ + pL̃i

µ )W µ + h.c. (12)

We also deduce the vertex couplings of neutrino-slepton-chargino and neutralino-lepton-

slepton

Lν̄χ−L̃ = ν̄i

(

(−g2U
∗
j1

3
∑

a=1

UV ∗
ia ZE

ka + U∗
j2

3
∑

a=1

UV ∗
ia Y a

l Z
E
k(3+a))PL

+
3

∑

a,b=1

Y ab
ν UV

i(3+a)Z
E
kbVj2PR

)

χ−
j L̃k, (13)

Lχ̄0lL̃ = χ̄0
i

{( 1√
2
(g1N

∗
i1 + g2N

∗
i2 + gY XN

∗
i5)Z

E
kj −N∗

i3Y
j
l Z

E
k(3+j)

)

PL

−
[ 1√

2

(

2g1Ni1 + (2gY X + gX)Ni5

)

ZE
k(3+a) + Y j

l Z
E
kjNi3

]

PR

}

ljL̃k. (14)

The other needed couplings can be found in our previous works[51, 52].

III. FORMULATION

For the process lI → lI +γ, the Feynman amplitude can be expressed by these dimension

6 operators [57] with the effective Lagrangian method. For muon MDM, the dimension 8

operators are suppressed by additional factor
m2

µ

M2
SUSY

∼ (10−7, 10−8) and are neglected safely.
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These dimension 6 operators are shown as

OL,R
1 =

1

(4π)2
l̄(iD/)3PL,Rl, OL,R

2 =
eQf

(4π)2
(iDµl)γ

µF · σPL,Rl,

OL,R
3 =

eQf

(4π)2
l̄F · σγµPL,R(iDµl), OL,R

4 =
eQf

(4π)2
l̄(∂µFµν)γ

νPL,Rl,

OL,R
5 =

ml

(4π)2
l̄(iD/)2PL,Rl, OL,R

6 =
eQfml

(4π)2
l̄F · σPL,Rl, (15)

with Dµ = ∂µ+ieAµ and PL,R = 1∓γ5
2

. Fµν is the electromagnetic field strength, andml is the

lepton mass. The operators OL,R
2,3,6 have relation with lepton MDM, which is the combination

of the Wilson coefficients CL,R
2,3,6. Using the on-shell condition for the external leptons, one

can obtain lepton MDM from the following effective Lagrangian.

LMDM =
e

4ml
al l̄σ

µνl Fµν . (16)

A. The one-loop corrections

In U(1)XSSM, the one-loop self-energy diagrams of lepton are shown in the Fig.1. At-

taching a photon on the internal lines of the one-loop self-energy diagram in all possible

way, one can obtain the triangle diagrams for l → l + γ.

l l

L̃k

(a)
l l l l

ν̃kI

(b)

ν̃kR

χ±
i

(c)
χ0
i χ±

i

FIG. 1: The one-loop self-energy diagrams

The analytic forms of the one-loop contributions are collected here.

1. The corrections from neutralinos and scalar leptons

a1L, L̃χ0

µ = −
6

∑

k=1

8
∑

j=1

[

ℜ(A∗
LAR)

√

xχ0
j
xµxL̃k

∂2B(xχ0
j
, xL̃k

)

∂x2
L̃k

+
1

3
(|AL|2 + |AR|2)xL̃k

xµ

∂B1(xχ0
j
, xL̃k

)

∂xL̃k

]

. (17)

with x = m2

Λ2 . Here, m is the particle mass. The concrete forms of AR and AL read as

AR =
1√
2
ZE

k2(g1N
∗
j1 + g2N

∗
j2 + gY XN

∗
j5)−N∗

j3YµZ
E
k5,

AL = − 1√
2
ZE

k5[2g1Nj1 + (2gY X + gX)Nj5]− Y ∗
µZ

E
k2Nj3. (18)
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We show the functions B(x, y) and B1(x, y) explicitly

B(x, y) = 1

16π2

(x ln x

y − x
+

y ln y

x− y

)

, B1(x, y) = (
∂

∂y
+

y

2

∂2

∂y2
)B(x, y). (19)

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

a1L, ν̃Iχ±

µ =

2
∑

i=1

6
∑

k=1

[

− 2ℜ(B∗
LBR)

√

xχ−

i
xµB1(xν̃Ik

, xχ−

i
)

+
1

3
(|BL|2 + |BR|2)xµxχ−

i

∂B1(xν̃Ik
, xχ−

i
)

∂xχ−

i

]

.

BL = − 1√
2
U∗
i2Z

I∗
k2Yµ, BR =

1√
2
g2Z

I∗
k2Vi1. (20)

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

a1L, ν̃Rχ±

µ =
2

∑

i=1

6
∑

k=1

[

− 2ℜ(C∗
LCR)

√

xχ−

i
xµB1(xν̃Rk

, xχ−

i
)

+
1

3
(|CL|2 + |CR|2)xµxχ−

i

∂B1(xν̃Rk
, xχ−

i
)

∂xχ−

i

]

.

CL =
1√
2
U∗
i2Z

R∗
k2 Yµ, CR = − 1√

2
g2Z

R∗
k2 Vi1. (21)

4. The corrections from the new vector boson Z ′ and lepton. The mass of Z ′ are very

heavy, and we takemZ′ larger than 5.1 TeV. Comparing with Z-lepton one-loop contribution,

the corresponding contributions from Z ′-lepton are suppressed by the factor
m2

Z

m2

Z′

∼ 4×10−4.

Therefore, we neglect Z ′-lepton one-loop contribution.

5. The neutral Higgs-lepton and charged Higgs-neutrino contributions are suppressed by

the square of the Higgs-lepton coupling
m2

µ

m2
W

∼ 10−6. As discussed in Ref.[58], these type

contributions are neglected.

The one-loop contributions to muon g-2 can be expressed as

a1Lµ = a1L, L̃χ0

µ + a1L, ν̃Rχ±

µ + a1L, ν̃Iχ±

µ . (22)

For the one-loop contributions, in fact the factor does not represent an enhancement propor-

tional to mχ/mµ, because it is suppressed by the combined rotation matrixes. In the end,

they produce an overall enhancement factor tan β[59, 60]. The similar condition is also for

the two-loop contributions. The apparent factor mχ/mµ in the two-loop corrections is also

suppressed by the combined rotation matrixes and can not yield enhancement proportional

9



to mχ/mµ in the total analysis. To show the factor more clearly, we give the one-loop cor-

rections with the mass insertion approximation (MIA)[22, 28, 59, 61]. These approximations

indeed clarify the major parameter dependence (the appearance of tanβ instead of mχ/mµ).

Here, using MIA we obtain the concrete forms of the one-loop g-2 results in U(1)XSSM.

1. The one-loop contributions from chargino and CP-even(odd) sneutrino.

aµ(ν̃
R
L , H̃

−, W̃−) =
g22
2
xµ

√

x2xµ′
H
tanβ[2I(xµ′

H
, xν̃RL

, x2)− J (x2, xµ′
H
, xν̃RL

)

+2I(x2, xν̃RL
, xµ′

H
)− J (xµ′

H
, x2, xν̃RL

)], (23)

aµ(ν̃
I
L, H̃

−, W̃−) =
g22
2
xµ

√

x2xµ′
H
tanβ[2I(xµ′

H
, xν̃IL

, x2)− J (x2, xµ′
H
, xν̃IL

)

+2I(x2, xν̃IL
, xµ′

H
)− J (xµ′

H
, x2, xν̃IL

)]. (24)

with µ′
H = λHvS√

2
+ µ and xµ′

H
=

µ′2
H

Λ2 .

The one-loop functions I(x, y, z) and J (x, y, z) read as

J (x, y, z) =
1

16π2

[x(x2 + xz − 2yz) log x

(x− y)2(x− z)3
− y2 log y

(x− y)2(y − z)2

+
z[x(z − 2y) + z2] log z

(z − x)3(y − z)2
− x(y − 2z) + yz

(x− y)(x− z)2(y − z)

]

. (25)

I(x, y, z) = 1

16π2

[ 1

(x− z)(z − y)
+

(z2 − xy) log z

(x− z)2(y − z)2

− x log x

(x− y)(x− z)2
+

y log y

(x− y)(y − z)2

]

. (26)

2. The one-loop contributions from B̃(λX̃)-µ̃L-µ̃R.

aµ(µ̃R, µ̃L, B̃) = g21xµ
√

x1xµ′
H
tanβ[J (x1, xµ̃L

, xµ̃R
) + J (x1, xµ̃R

, xµ̃L
)]. (27)

aµ(µ̃R, µ̃L, λX̃) = (g2Y X +
gXgY X

2
)xµ

√

xλX̃
xµ′

H
tan β

×[J (x2
λX̃

, xµ̃L
, xµ̃R

) + J (x2
λX̃

, xµ̃R
, xµ̃L

)]. (28)

3. The one-loop contributions from B̃(λX̃)-H̃
0-µ̃R.

aµ(µ̃R, B̃, H̃0) = −g21xµ
√

x1xµ′
H
tan β[J (x2

1, xµ′
H
, xµ̃R

) + J (xµ′
H
, x2

1, xµ̃R
)], (29)

aµ(µ̃R, λX̃ , H̃
0) = −(gY X +

gX
2
)(gY X + gX)xµ

√

xλX̃
xµ′

H
tanβ

×[J (xλX̃
, xµ′

H
, xµ̃R

) + J (xµ′
H
, xλX̃

, xµ̃R
)]. (30)

4. The one-loop contributions from B̃(W̃ 0, λX̃)-H̃
0-µ̃L.

aµ(µ̃L, H̃
0, B̃) =

1

2
g21xµ

√

x1xµ′
H
tan β[J (x1, xµ′

H
, xµ̃L

) + J (xµ′
H
, x1, xµ̃L

)], (31)

10



aµ(µ̃L, H̃
0, W̃ 0) = −1

2
g22xµ

√

x2xµ′
H
tanβ[J (x2, xµ′

H
, xµ̃L

) + J (xµ′
H
, x2, xµ̃L

)], (32)

aµ(µ̃L, H̃
0, λX̃) =

1

2
(gY X + gX)gY Xxµ

√

xλX̃
xµ′

H
tanβ

×[J (xλX̃
, xµ′

H
, xµ̃L

) + J (xµ′
H
, xλX̃

, xµ̃L
)]. (33)

5. The one-loop contributions from B̃ − λX̃ − µ̃R − µ̃L.

aµ(µ̃R, µ̃L, B̃, λX̃) = g1(4gY X + gX)xµ
√

xBB′xµ′
H
tanβ

×
(

√

x1xλX̃
f(xλX̃

, x1, xµ̃L
, xµ̃R

)− g(xλX̃
, x1, xµ̃L

, xµ̃R
)
)

. (34)

We show the one loop functions f(x, y, z, t) and g(x, y, z, t) in the following form

f(x, y, z, t) =
1

16π2

[t[t3 − 3txy + xy(x+ y)] log t

(t− x)3(t− y)3(t− z)
− x[x3 − 3txz + tz(t + z)] log x

(t− x)3(x− y)(x− z)3

+
y[y3 − 3tyz + tz(t + z)] log y

(t− y)3(x− y)(y − z)3
− z[z3 − 3xyz + xy(x+ y)] log z

(t− z)(z − x)3(z − y)3
+

1

2(x− y)

×
( t

(t− x)2(z − x)
− 2y

(t− y)(y − z)2
+

x(2t− 3x+ z)

(t− x)2(x− z)2
+

t+ y

(t− y)2(y − z)

)]

, (35)

g(x, y, z, t) =
1

16π2

{

− t[t3(x+ y)− 3t2xy + x2y2] log t

(t− x)3(t− y)3(t− z)

+
z[x2y2 + xz2(z − 3y) + yz3] log z

(t− z)(z − x)3(z − y)3
+

x2[x3 − 3txz + tz(t + z)] log x

(t− x)3(x− y)(x− z)3

−y2[y3 − 3tyz + tz(t + z)] log y

(t− y)3(x− y)(y − z)3
− x2(2t− 3x+ z)

2(t− x)2(x− y)(x− z)2

+
tx

2(t− x)2(x− y)(x− z)
− y[t(y + z) + y(z − 3y)]

2(t− y)2(y − x)(y − z)2

}

. (36)

In Eqs.(23), (24), (27) . . . (34), one can easily find the factors xµ =
m2

µ

Λ2 and tan β. This

characteristic is same as the condition in MSSM. The contributions relating with the new

gaugino λX̃ are shown in Eqs.(28), (30), (33), (34), which include the new gauge coupling

constants gX and gY X .

To obtain clearer images of the results, we suppose that all the masses of the

superparticles are almost degenerate. The author[59] gives the one-loop MSSM

results(chargino-sneutrino, neutralino-slepton) in the extreme case where the masses for

superparticles(M1,M2, µH , mµ̃L
, mµ̃R

) are equal to MSUSY

aMSSM
µ ≃ 1

192π2

m2
µ

M2
SUSY

tanβ(5g22 + g21). (37)

Here, we also use the similar case

M1 = M2 = µ′
H = mµ̃L

= mµ̃R
= |MλX̃

| = |MBB′ | = MSUSY ,
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and the four functions I(x, y, z), J (x, y, z), f(x, y, z, t), g(x, y, z, t) are much simplified as

J (1, 1, 1) =
1

192π2
, I(1, 1, 1) = 1

96π2
,

f(1, 1, 1, 1) = − 1

240π2
, g(1, 1, 1, 1) = − 1

960π2
. (38)

In this condition, we obtain the much simplified one-loop results of muon g-2 in U(1)XSSM.

a1Lµ ≃ 1

192π2

m2
µ

M2
SUSY

tan β(5g22 + g21)

+
1

960π2

m2
µ

M2
SUSY

tanβ
[

5(g2Y X − gY XgX − g2X)sign[MλX̃
]

+g1(4gY X + gX)sign[MBB′ ]
(

1− 4sign[MλX̃
]
)]

. (39)

The terms in the first line of Eq.(39) is equal to the MSSM results in Eq.(37). From this

equation, we can see the new gaugino λX̃ can give considerable corrections to aµ. In the

condition 1 > gX > gY X > 0 and with the supposition sign[MλX̃
] = −1 and sign[MBB′ ] = 1,

the corrections beyond MSSM can reach large value.

a1Lµ → 1

192π2

m2
µ

M2
SUSY

tanβ
[

(5g22 + g21) + (gY XgX + g2X − g2Y X + 4g1gY X + g1gX)
]

. (40)

Here, the order analysis shows

0 <
gY XgX + g2X − g2Y X + 4g1gY X + g1gX

5g22 + g21
. 1. (41)

Then the U(1)XSSM contributions beyond MSSM are considerable.

B. The two-loop corrections

In this work, we study major two-loop diagram contributions to muon MDM. The re-

searched two-loop self-energy diagrams include: 1. the two-loop Barr-Zee type diagrams

with fermion sub-loop, 2. the two-loop rainbow diagrams with fermion sub-loop and the

vector bosons(γ, Z, W). 3. the diamond type diagrams in Ref.[41, 58] possessing large fac-

tors. These diagrams are shown in the Fig.2. We give the explanation why the particular

subset of diagrams is chosen.

1. Fig.2(a), Fig.2(b) and Fig.2(c) are the two-loop Barr-Zee type diagrams, and their

contributions to muon MDM are studied particularly in the work[44]. On the supposition

12



χ± ∼ χ0 ∼ M , we can obtain very concise results with the factor xµ

x
1/2
M x

1/2
V

=
m2

µ

MmV
. mV

represents the mass of heavy vector bosons mZ ∼ mW ∼ mV . The factor mµ

mV
comes from

the Higgs lepton vertex µ̄−H − µ. This type contributions are considerable.

2. The rainbow diagrams (Fig.2(d) and Fig.2(e)) with heavy fermion sub-loop and two

vector bosons ZZ(WW, Zγ, γγ) can give important corrections to muon MDM[56, 57].

3. The two-loop self-energy diagrams (Fig.2(f), . . ., Fig.2(j)) belong to the diamond type,

where the vector boson couples with external lepton. This type two-loop diagram studied

in this work contains five virtual particles including: one vector boson, two scalars and two

fermions. The corresponding contributions to muon MDM possess two unique factors:
x
1/2
l

x
1/2
M

and xl

xV
. It should be noted that, the total effects from the factor

x
1/2
l

x
1/2
M

and the rotation

matrixes change into the factor xl

xM
tan β in the end. It is similar as the condition of the

one-loop results[60]. These diagrams can also give considerable corrections.

F1

F2

l lν

W± H±(G±)

(a)

F1

F2

l l

γ h0(A0, G0)

l
(b)

F1

F2

l l l

Z h0(A0, G0)

(c)

F1

F2

l ν l

W± W±

(d)

F1

F2

l ll

Z(γ) Z(γ)

(e)

Z ν̃j

ν̃i

l χ±
k

(f)

W± L̃i

ν̃j

νl χ0
k

(g)

Z L̃j

L̃i

l χ0
k

(h)

γ L̃j

L̃i

l χ0
k

(i)

W± ν̃i

L̃j

νl χ±
k

(j)

FIG. 2: The two-loop self-energy diagrams

In fact, there are so many two-loop diagrams that we can not calculate all of them in one

work. Furthermore, the calculation of the two-loop diagrams is very tedious. So, we study

the two-loop SUSY diagrams step by step, and calculate several types of two-loop diagrams

giving important contributions to muon MDM. Other two-loop diagrams will be researched

in our future work.

To obtain the corrections to muon MDM from these two-loop diagrams, we have to resolve

the complicated two-loop integrals. The required steps are the following:

• We use ”momentum expansion” method [62], and assume that all external leptons as

well as photon are off-shell, then expand the amplitude of corresponding triangle diagrams

according to the external momenta of leptons and photon[44, 63]. We expand them in powers
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of external momenta to the second order. The even rank tensors in the loop momenta k1,

k2 are kept.

• To simplify the calculation, we use the following formulas of the loop momenta k1 and

k2[44, 63].

∫

dDk1d
Dk2

(2π)2D
(k1µk1ν , k1µk2ν)

D0
→

∫

dDk1d
Dk2

(2π)2D
(k2, k1 · k2)gµν

DD0
,

∫

dDk1d
Dk2

(2π)2D
(k1µk1νk1ρk1σ, k1µk1νk1ρk2σ)

D0
→

∫

dDk1d
Dk2

(2π)2D
(k41 , k21k1 · k2)Tµνρσ

D(D + 2)D0
,

∫

dDk1d
Dk2

(2π)2D
k1µk1νk2ρk2σ

D0

→
∫

dDk1d
Dk2

(2π)2D
1

D0

(D(k1 · k2)2 − k21k
2
2

D(D − 1)(D + 2)
Tµνρσ − (k1 · k2)2 − k21k

2
2

D(D − 1)
gµνgρσ

)

,

∫

dDk1d
Dk2

(2π)2D
k1µk1νk1ρk1σk2αk2β

D0

→
∫

dDk1d
Dk2

(2π)2D
1

D0

( D(k1 · k2)2k21 − k41k
2
2

D(D + 2)(D + 4)(D − 1)
Tαβµνρσ − (k1 · k2)2k21 − k41k

2
2

D(D + 2)(D − 1)
gαβTµνρσ

)

,

∫

dDk1d
Dk2

(2π)2D
k1µk1νk1ρk2σk2αk2β

D0

→
∫

dDk1d
Dk2

(2π)2D
1

D0

( (D + 1)k21k
2
2(k1 · k2)− 2(k1 · k2)3

D(D + 2)(D + 4)(D − 1)
Tαβµνρσ − k21k

2
2(k1 · k2)− (k1 · k2)3
D(D + 2)(D − 1)

×[gµσ(gναgρβ + gνβgρα) + gµα(gνσgρβ + gνβgρσ) + gµβ(gνσgρα + gναgρσ)]
)

, (42)

where the time-space dimension D = 4− 2ǫ. The concrete forms of Tµνρσ, Tµνρσαβ and D0

are

Tµνρσ = gµνgρσ + gµρgνσ + gµσgνρ,

Tµνρσαβ = gµνTρσαβ + gµρTνσαβ + gµσTνραβ + gµαTνρσβ + gµβTνρσα,

D0 = (k2
1 −m2

1)(k
2
2 −m2

2)
(

(k1 − k2)
2 −m2

0

)

. (43)

• Because the integrations are symmetric under the transformation k1,2 → −k1,2, we

abandon the odd rank terms in the loop momenta. With the decomposition formula

1

(k2 −m2
1)

1

(k2 −m2
2)

=
1

m2
1 −m2

2

(

1

k2 −m2
1

− 1

k2 −m2
2

)

,

1

(k2 −m2)n
=

1

(n− 1)!

(

∂

∂m2

)n−1
1

k2 −m2
, (44)

the complicated two-loop integrals can be reduced to the simple form with one 1/D0. All the

two-loop integrations that we treat can be simplified to the two-loop vacuum integrals[64]

and one-loop integrals.
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• The two-loop vacuum integral is expressed as

Λ4ǫ
RE

∫ ∫

dDk1d
Dk2

(2π)2D
1

(k2
1 −m2

1)(k
2
2 −m2

2)((k1 − k2)2 −m2
0)

=
Λ2

2(4π)4
Γ2(1 + ǫ)

(1− ǫ)2

(

4πxR

)2ǫ{

− 1

ǫ2

(

x0 + x1 + x2

)

+
1

ǫ

(

− (x0 + x1 + x2)

+2(x0 ln x0 + x1 ln x1 + x2 ln x2)
)

+ 2(x0 ln x0 + x1 ln x1 + x2 ln x2)

−2(x0 + x1 + x2)− x0 ln
2 x0 − x1 ln

2 x1 − x2 ln
2 x2 − Φ(x0, x1, x2)

}

, (45)

with

Φ(x, y, z) = (x+ y − z) ln x ln y + (x− y + z) ln x ln z

+(y + z − x) ln y ln z + sign(λ2)
√

|λ2|Ψ(x, y, z) . (46)

The concrete form of Ψ(x, y, z) is:

1. λ2 > 0,
√
y +

√
z <

√
x:

Ψ(x, y, z) = 2 ln
(x+ y − z − λ

2x

)

ln
(x− y + z − λ

2x

)

− ln
y

x
ln

z

x

−2Li2

(x+ y − z − λ

2x

)

− 2Li2

(x− y + z − λ

2x

)

+
π2

3
, (47)

with Li2(x) representing the spence function;

2. λ2 > 0,
√
x+

√
z <

√
y:

Ψ(x, y, z) = Eq.(47)(x ↔ y) ; (48)

3. λ2 > 0,
√
x+

√
y <

√
z:

Ψ(x, y, z) = Eq.(47)(x ↔ z) ; (49)

4. λ2 < 0:

Ψ(x, y, z) = 2
{

Cl2

(

2 arccos(
−x+ y + z

2
√
yz

)
)

+ Cl2

(

2 arccos(
x− y + z

2
√
xz

)
)

+Cl2

(

2 arccos(
x+ y − z

2
√
xy

)
)}

, (50)

with Cl2(x) denoting the Clausen function.

With the supposition z ≪ x ∼ y, the function Φ(x, y, z) is much simplified as

Φ(x, y, z) ≃ 2x ln2 x+ z
(

2(ln z − 2) lnx− ln2 x+ 4 ln z
)

+
z2(3 lnx− 3 ln z + 2)

9x
+

z3(15 lnx− 15 ln z + 1)

450x2
+ . . . . (51)
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Here, we give an example for the calculation of the contributions to aµ from the two-loop

self-energy diagram. For Fig.2(d), a closed heavy fermion loop is inserted into the self-

energy of W gauge boson. The heavy fermions in the sub-loop are chargino and neutralino.

In the Fig.3, the diagrams Fig.3(a), Fig.3(b), Fig.3(c) are the two-loop triangle diagrams and

they have UV-divergent terms which are caused by the UV-divergent sub-diagrams. Their

counter terms are denoted by the diagrams Fig.3(d), Fig.3(e) and Fig.3(f) respectively. The

UV-divergent term of Fig.3(a) comes from the W one-loop self-energy diagram with heavy

virtual fermion. Fig.3(d) is the counter term of Fig.3(a), whose condition is same as that

of Fig.3(e) and Fig.3(b). In Fig.3(c), Fα denotes chargino and Fβ represents neutralino.

Its sub-loop is the one-loop diagram of the vertex γW+W− producing UV-divergent term.

Fig.3(f) represents the counter term of Fig.3(c).

 

FIG. 3: The two-loop triangle diagrams with a closed heavy fermion sub-loop correspond to the

two-loop self-energy diagram Fig.2(d). The diagrams (d, e, f) give counter terms to cancel the

UV-divergences produced from the UV-divergent sub-diagrams in (a, b, c) respectively.

The sum of the Feynman amplitudes for diagrams in Fig.3 satisfies the Ward-identity,

which is required by the QED gauge invariance

qµΓ
µ
WW (p, q) = e[ΣWW (p+ q)− ΣWW (p)] , (52)

with Γµ
WW denoting the sum of amplitudes for the diagrams Fig.3(a), Fig.3(b), Fig.3(c).

Correspondingly, ΣWW denotes the amplitude of W self-energy diagram. In general way,
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the unrenormalized W self-energy can be expressed as

ΣWW
µν (p,ΛRE) = Λ2AW

0 gµν +
(

AW
1 +

p2

Λ2
AW

2 + · · ·
)

(p2gµν − pµpν)

+
(

BW
1 +

p2

Λ2
BW
2 + · · ·

)

pµpν . (53)

The form factors AW
0,1,2 and BW

1,2 are obtained after performing loop integration, and they

are function of the virtual particle masses and renormalization scale.

The counter terms of W self-energy are shown in the following form

ΣW,C
µν (p,ΛRE) = −

[

δm2
W (ΛRE) +m2

W δZW (ΛRE)
]

gµν − δZW (ΛRE)
[

p2gµν − pµpν

]

.(54)

From ΣWW
µν (p,ΛRE) and ΣW,C

µν (p,ΛRE), one can obtain the renormalized self-energy

Σ̂W
µν(p,ΛRE) = ΣW

µν(p,ΛRE) + ΣW,C
µν (p,ΛRE). (55)

The condition for the on-shell external gauge boson W reads as

Σ̂W
µν(p,mW )ǫν(p)

∣

∣

∣

p2=m2
W

= 0 ,

lim
p2→m2

W

1

p2 −m2
W

Σ̂W
µν(p,mW )ǫν(p) = ǫµ(p) , (56)

with ǫ(p) denoting the polarization vector of W gauge boson. From Eq.(53), Eq.(54) and

Eq.(56), the counter terms for the W self-energy are deduced in on-shell scheme

δZW (mW ) = AW
1 + xWAW

2 , δm2
W (mW ) = AW

0 Λ2 −m2
W δZW . (57)

There is the γW+W− vertex at tree level, whose counter term is derived in the following

form

iδCγW+W− = ie · δZW (ΛRE)
[

gµν(k1 − k2)ρ + gνρ(k2 − k3)µ + gρµ(k3 − k1)ν

]

. (58)

Here, k1 and k2 denote the incoming momenta of W±. While k3 denotes the incoming

momentum of photon. µ, ν, ρ are the corresponding Lorentz indices.

After tedious calculation, we obtain the analytic results of the diagrams in the Fig.3,

whose sum is finite and very complex. Because the full analytic results take up a lot of

space, we do not show them here. In order to make the analytic results more concise and

practice, the full analytic results are expended in the condition mFα ∼ mFβ
≫ mW ≫ mµ.

In the end, the very complex results are much simplified and they are shown as a2L,WW
µ in
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the following parts noted by Eq.(69). In the similar way, the other two-loop diagrams are

also deduced and expanded. In the end, the simplified analytic results are obtained and

shown in this work.

With the assumptionmF1
= mF2

≫ mW , the results [56] for the Fig.2 (a) can be simplified

as

a2L, WH
µ =

eHL
µ̄Hν

512
√
2π4sW

∑

F1=χ±

∑

F2=χ0

x
1/2
µ

x
1/2
F1

{199

36
ℜ(HL

HF̄1F2
HL

WF̄2F1
+HR

HF̄1F2
HR

WF̄2F1
)

+
[13

3
+ 2(ln xF1

− ̺1,1(xW , xH±))
]

ℜ(HL
HF̄1F2

HR
WF̄2F1

+HR
HF̄1F2

HL
WF̄2F1

)

+
[4

3
(ln xF1

− ̺1,1(xW , xH±))− 16

9

]

ℜ(HL
HF̄1F2

HL
WF̄2F1

−HR
HF̄1F2

HR
WF̄2F1

)

+
[2

9
− 8

3
(ln xF1

− ̺1,1(xW , xH±))
]

ℜ(HL
HF̄1F2

HR
WF̄2F1

−HR
HF̄1F2

HL
WF̄2F1

)
}

, (59)

a2L, WG
µ =

eHL
µ̄Gν

512
√
2π4sW

∑

F1=χ±

∑

F2=χ0

x
1/2
µ

x
1/2
F1

{199

36
ℜ(HL

GF̄1F2
HL

WF̄2F1
+HR

GF̄1F2
HR

WF̄2F1
)

+
[7

3
+ 2(ln xF1

− ln xW )
]

ℜ(HL
GF̄1F2

HR
WF̄2F1

+HR
GF̄1F2

HL
WF̄2F1

)

+
[4

3
(ln xF1

− ln xW )− 28

9

]

ℜ(HL
GF̄1F2

HL
WF̄2F1

−HR
GF̄1F2

HR
WF̄2F1

)

+
[26

9
− 8

3
(lnxF1

− ln xW )
]

ℜ(HL
GF̄1F2

HR
WF̄2F1

−HR
GF̄1F2

HL
WF̄2F1

)
}

. (60)

with ̺1,1(x, y) =
x lnx−y ln y

x−y
. The Feynman rules of F-H-F and F-W-F vertexes are written

in the following form,

LH(G)F̄1F2
= iF̄1(H

L
HF̄1F2

PL +HR
HF̄1F2

PR)F2H
±

+iF̄1(H
L
GF̄1F2

PL +HR
GF̄1F2

PR)F2G
±,

LWF̄1F2
= iF̄1(H

L
WF̄1F2

γµPL +HR
WF̄1F2

γµPR)F2W
±µ. (61)

One can find the concrete forms of HL,R

H(G)F̄1F2
and HL,R

WF̄1F2
in the Ref.[52].

Using similar assumption mF1
= mF2

≫ mh0 , one can simplify the two-loop Barr-Zee

type diagrams contributing to the muon MDM for the Figs. 2 (b) and 2 (c)

a2L, γh0

µ =
e2

64
√
2π4

Hh0µ̄µ

∑

F1=F2=χ±

x
1/2
µ

x
1/2
F1

ℜ(HL
h0F̄1F2

)
[

1 + ln
xF1

xh0

]

, (62)

a2L, Zh0

µ =

√
2

512π4

∑

F1=F2=χ±,χ0

Hh0µ̄µ

x
1/2
µ

x
1/2
F1

[

̺1,1(xZ , xh0)− ln xF1
− 1

]

×(HL
Zµ̄µ +HR

Zµ̄µ)ℜ(HL
h0F̄1F2

HL
ZF̄2F1

+HR
h0F̄1F2

HR
ZF̄2F1

). (63)
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The couplings of the CP-odd neutral bosons(the neutral Goldstone boson) with fermions

are written as

LA0(G0)µµ = l̄Hγ5
A0µ̄µγ5lA

0 + l̄Hγ5
G0µ̄µγ5lG

0,

LA0(G0)F1F2
= F̄1(H

L
A0F̄1F2

PL +HR
A0F̄1F2

PR)F2A
0

+F̄1(H
L
G0F̄1F2

PL +HR
G0F̄1F2

PR)F2G
0 + h.c. (64)

In the same way, the contributions of Fig. 2b and Fig. 2c with A0 and G0 instead of h0

are obtained

a2L, γA0

µ = − e2Q2
F1

64
√
2π4

∑

F1=χ±

x
1/2
µ

x
1/2
F1

ℜ(Hγ5
A0µ̄µH

L
A0F̄1F1

)(1 + ln
xF1

xA0

), (65)

a2L, γG0

µ = − e2Q2
F1

64
√
2π4

∑

F1=χ±

x
1/2
µ

x
1/2
F1

ℜ(Hγ5
G0µ̄µH

L
G0F̄1F1

)(1 + ln
xF1

xZ
), (66)

a2L, ZA0

µ = −
√
2

256π4

∑

F1=F2=χ±,χ0

x
1/2
µ

x
1/2
F1

(HL
Zµ̄µ +HR

Zµ̄µ)ℜ
(

(HL
A0F̄1F2

HL
ZF̄2F1

+HR
A0F̄1F2

HR
ZF̄2F1

)Hγ5
A0µ̄µ

)

[̺1,1(xZ , xA0)− ln xF1
− 1], (67)

a2L, ZG0

µ = −
√
2

256π4

∑

F1=F2=χ±,χ0

x
1/2
µ

x
1/2
F1

(HL
Zµ̄µ +HR

Zµ̄µ)

×ℜ[Hγ5
G0µ̄µ(H

L
G0F̄1F2

HL
ZF̄2F1

+HR
G0F̄1F2

HR
ZF̄2F1

)] ln
xZ

xF1

. (68)

They have a suppression factor mµ

mW
∼ x

1/2
µ

x
1/2
V

from the vertex couplings HL
µ̄Gν , H

γ5
A0µ̄µ, H

γ5
G0µ̄µ

respectively.

For the two-loop rainbow diagrams with two vector bosons (γ, γ) and (γ, Z), their con-

tributions are simplified with the assumption mF1
= mF2

≫ mW ∼ mZ , and the simplified

results are suppressed by the small factor xµ

xF1

, as discussed in Ref. [58]. Therefore, we can

neglect their corrections safely. With the same assumption, the two-loop rainbow diagrams

with two vector bosons (W, W) are deduced here

a2L, WW
µ =

e2

1536π4s2W

xµ

xW

∑

F1=χ±

∑

F2=χ0

{

− 31(|HL
WF̄1F2

|2 + |HR
WF̄1F2

|2)

−12(|HL
WF̄1F2

|2 − |HR
WF̄1F2

|2) + 11ℜ(HR∗
WF̄1F2

HL
WF̄1F2

)
}

. (69)

In the similar way, the corrections from rainbow diagrams with two Z vector bosons are
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also simplified and only the terms with the largest factor xµ

xZ
are kept.

a2L, ZZ
µ =

1

1024π4

xµ

xZ

∑

F1=F2=χ±

{

− 6
(

|HL
ZF̄1F2

|2 + |HR
ZF̄1F2

|2
)(

|HL
Zµ̄µ|2 + |HR

Zµ̄µ|2
)

×(2 ln xF1
+ 5) + 16

(

|HL
ZF̄1F2

|2 + |HR
ZF̄1F2

|2
)

HL
Zµ̄µH

R
Zµ̄µ[(ln xF1

+ 2) ln
xF1

xZ
+ 2]

}

. (70)

The diagrams of the form Fig. 2e with Zγ (γγ) exchange instead of ZZ exchange are

calculated[52, 56] and the simplified results read as

a2L,γZµ =
QF1

m2
µe

2

256π4
(HR

Zµ̄µ −HL
Zµ̄µ)

∑

F1=F2=χ±

ℜ(HL
ZF̄1F2

−HR
ZF̄1F2

)

m2
F1

[

35 + ln
xF1

xZ

]

, (71)

a2L,γγµ =
e4Q2

F1

720π4 sin2 θW

∑

F1=F2=χ±

m2
µ

m2
F1

. (72)

The Figs.2(f, g, h, i, j) have their H.C. diagrams, which give same contributions to muon

MDM. So, we do not plot them here. After tedious calculation and simplification, we obtain

the analytic results in the following form. For the Fig. 2 (f), we keep the terms as

a2L, Zν̃χ±

µ =
1

768π4

2
∑

i=1

6
∑

j,k=1

GZν̃Ij ν̃
R
k

{xµ

xZ

[

− 4ℜ
(

HL
Zµ̄µH

L
µχ̄±

i ν̃Ij
HL∗

µχ̄±

i ν̃Rk
+HR

Zµ̄µH
R
µχ̄±

i ν̃Ij
HR∗

µχ̄±

i ν̃Rk

)

−ℜ
(

HL
Zµ̄µH

R
µχ̄±

i ν̃Ij
HR∗

µχ̄±

i ν̃Rk
+HR

Zµ̄µH
L
µχ̄±

i ν̃Ij
HL∗

µχ̄±

i ν̃Rk

)

(6 lnxµ − 10)
]

+(HL
Zµ̄µ +HR

Zµ̄µ)ℜ
(

HR
µχ̄±

i ν̃Ij
HL∗

µχ̄±

i ν̃Rk

)x
1/2
µ

x
1/2

χ±

i

(

ln xχ±

i
− 2 ln xZ − 35

12

)}

+ (ν̃I ↔ ν̃R). (73)

GV S∗
1
S2

is the coupling constant for one vector boson and two scalars with the general form

LV S∗
1
S2

= S∗
1GV S∗

1
S2
(−pS

∗
1

µ + pS2

µ )S2V
µ. (74)

For the Fig.2(h) with vector boson Z and the Fig.2(i) with gauge boson γ, the results are

deduced

a2L, ZL̃χ0

µ =
−1

1536π4

6
∑

s,t=1

8
∑

j=1

{

4ℜ
(

HR∗
µχ̄0

j L̃t
GZL̃tL̃s

HR
µχ̄0

j L̃s

)xµ

xZ

[

4HR
Zµ̄µ +HL

Zµ̄µ(3 lnxµ − 5)
]

+4ℜ
(

HL∗
µχ̄0

j L̃t
GZL̃tL̃s

HL
µχ̄0

j L̃s

)xµ

xZ

[

4HL
Zµ̄µ +HR

Zµ̄µ(3 lnxµ − 5)
]

−ℜ
(

HR∗
µχ̄0

j L̃t
GZL̃tL̃s

HL
µχ̄0

j L̃s
+HL∗

µχ̄0
j L̃t

GZL̃tL̃s
HR

µχ̄0
j L̃s

)

×(HL
Zµ̄µ +HR

Zµ̄µ)
x
1/2
µ

x
1/2

χ0
j

(

8 ln xχ0
j
− 10 lnxZ +

287

12

)}

, (75)

a2L, γL̃χ
0

µ =
e2

384π4

6
∑

s=1

8
∑

j=1

ℜ
(

HR∗
µχ̄0

j L̃s
HL

µχ̄0
j L̃s

)x
1/2
µ

x
1/2

χ0
j

[

10 log xµ − 8 log xχ0
j
− 289

12

]

. (76)

20



Both Fig.2(g) and Fig.2(j) have W boson, whose contributions to muon MDM are shown

here

a2L, WL̃ν̃χ0

µ =
1

768π4

8
∑

j=1

6
∑

i,k=1

HL
Wν̄µ

{

− 15
xµ

xW
ℜ
(

HL∗
µχ̄0

j L̃k
HL

νχ̄0
j ν̃

I
i
GWL̃kν̃

I
i

)

+ℜ
(

HR∗
µχ̄0

j L̃k
HL

νχ̄0
j ν̃

I
i
GWL̃kν̃

I
i

)x
1/2
µ

x
1/2

χ0
j

(29

12
− 2 lnxW + 4 ln xχ0

j

)}

+ (ν̃I ↔ ν̃R),

a2L, WL̃ν̃χ−

µ = − 1

1536π4

2
∑

j=1

6
∑

i,k=1

HL
Wν̄µ

{

− 18
xµ

xW
ℜ
(

HL∗
µχ̄±

j ν̃Ii
HL

νχ̄±

j L̃k
GWL̃kν̃

I
i

)

+ℜ
(

HR∗
µχ̄±

j ν̃Ii
HL

νχ̄±

j L̃k
GWL̃kν̃

I
i

)x
1/2
µ

x
1/2

χ±

j

(

2 lnxχ±

j
− 4 ln xW − 7

6

)}

+ (ν̃I ↔ ν̃R). (77)

The corrections to muon MDM from the researched two-loop diagrams are

a2Lµ = a2L, WH
µ + a2L, WG

µ + a2L, γh0

µ + a2L, γG0

µ + a2L, γA0

µ + a2L, Zh0

µ

+a2L, ZG0

µ + a2L, ZA0

µ + a2L, WW
µ + a2L, ZZ

µ + a2L, Zγ
µ + a2L, γγ

µ

+a2L,Zν̃χ±

µ + a2L,ZL̃χ0

µ + a2L,γL̃χ
0

µ + a2L,WL̃ν̃χ0

µ + a2L,WL̃ν̃χ−

µ . (78)

At two-loop level, the total results are the sum of one-loop results and two-loop results

aµ = a1Lµ + a2Lµ . (79)

IV. NUMERICAL RESULTS

In the U(1)XSSM, we have researched several processes[51, 52]. In this section of the

numerical results, we consider the experimental constraints from the lightest CP-even Higgs

h0 mass (≈125 GeV) and h0 decays including h0 → γ+γ, h0 → Z+Z and h0 → W +W [65].

The mass constraint for the Z ′ boson from LHC experiments is more severe than the limits

from the low energy data. To satisfy the MZ′ constraint, we take the parameters to obtain

MZ′ > 5.1 TeV[66]. At 99% CL[67], the ratio (MZ′/gX) between MZ′ and its gauge coupling

should be not smaller than 6 TeV. To satisfy the LHC experimental data, we take tan βη <

1.5 [68]. The papers[22–28] perform a detailed recasting of LHC limits. We take into account

the experimental constraints on masses of the new particles to make the scalar lepton masses

larger than 700 GeV. and chargino masses larger than 1100 GeV.
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Considering the above experimental constraints, we adopt the following parameters in

the numerical calculation.

λH = κ = 0.1, λC = −0.1, vS = 3.6 TeV, µ = 0.9 TeV, MS = 1 TeV,

ξ = 17 TeV, tan βη = 1.05, lW = Bµ = BS = 0.1 TeV2, TλC
= 150 GeV,

TX11 = TX22 = TX33 = 10 GeV, m2
S = 0.2 TeV2, TλH

= Tκ = 1 TeV,

YX11 = YX22 = YX33 = 0.04, TE11 = TE22 = TE33 = 0.1 TeV, M2 = 1.2 TeV. (80)

To simplify the numerical discussion, we use the following relations

MEii = ME , MLii = ML, Mνii = MNU , Tνii = Tnu, (i = 1, 2, 3). (81)

A. The numerical results with one or two variables

In this subsection, we use the parameters asM1 = 4 TeV,MBL = 1 TeV, gX = 0.3, gY X =

0.07, ME = 0.3 TeV2, Tnu = 3 TeV. MNU are the parameters in the diagonal elements of

scalar neutrino(CP-even and CP-odd) mass squared matrix. Therefore, MNU can affect the

masses of scalar neutrino strongly. With the parameters MBB′ = 3 TeV and ML = 0.6 TeV2,

we plot aµ versus MNU in the Fig.4, where the solid (dashed, dotted) line corresponds to

the results as tan β = 20 (30, 40). The three lines are all decreasing functions as MNU

turn large. That is to say heavy scalar neutrino suppresses the SUSY contributions to

muon g-2. This characteristic is similar as the MSSM condition, and it is generic for the

SUSY models, because the loop corrections from SUSY particles have the factor
m2

µ

M2
SUSY

.

The dotted line(tan β = 40) is upon the dashed line(tan β = 30), and the dashed line is

upon the solid line(tan β = 20). It implies that tanβ is a sensitive parameter and larger

tan β leads to larger aµ. It is consistent with the one-loop results obtained by MIA. The

simplified one-loop results shown as Eq.(39) are proportional to tan β, which is similar as

the MSSM condition. The biggest value of the dotted line can reach 2.4 × 10−9, that can

well compensate the departure between experiment value and the theoretical prediction of

SM.

To find the feature different from MSSM, we study the parameter MBB′ effects to muon

MDM. MBB′ is the mass of the two U(1) gauginos mixing, and appears as the non-diagonal

element of the neutralino mass matrix. In the Eq.(34) obtained by MIA, one can easily
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FIG. 4: aµ versus MNU . The solid (dashed, dotted) line corresponds to the results with tan β =

20 (30, 40).
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FIG. 5: aµ versus MBB′ . The solid (dashed, dotted) line corresponds to the results with tan β =

20 (30, 40).

find that this contribution is proportional to
√
xBB′ =

MBB′

Λ
. That is to say, MBB′ is an

important parameter beyond MSSM, and can give new contribution. We plot the results

versus MBB′ in the Fig.5 with MNU = 0.4 TeV2, ML = 0.6 TeV2. In this figure, the solid

(dashed, dotted) line corresponds to the results as tanβ = 20 (30, 40). The three lines are all

increasing functions, when MBB′ turns large from 0 to 4400 GeV. The growth trends become

weaker and weaker with the increasing MBB′ , and they are very gentle as MBB′ > 3000 GeV.

The reason of this feature comes from two conflict sides: 1 larger MBB′ can improve the new

contributions; 2 larger MBB′ leads to heavier neutralino, then suppresses the contributions.

In the region of MBB′ from 2000 GeV to 4400 GeV, the dotted line is around 2.2 × 10−9,

the dashed line is around 1.5× 10−9, the solid line is around 1× 10−9.

To scan the parameter space better, with tan β = 40 and MBB′ = 3 TeV, we show aµ

in the plane of ML versus MNU in the Fig.6. ML and MNU affect the masses of scalar

leptons and scalar neutrinos. So, they should influence aµ to some extent. The light-
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FIG. 6: aµ in the plane of ML versus MNU .

gray lozenge � represents the results as 0 < aµ < 10−9. The gray triangle N denotes the

results in the region 10−9 ≤ aµ < 1.5 × 10−9. The dark-gray square � denotes the results

in the region 1.5 × 10−9 ≤ aµ < 2 × 10−9. The filled circle • represents the results as

2 × 10−9 ≤ aµ < 3 × 10−9. What needs illustration is that the represented values of �,

N, � and • are also suitable for the following numerical results. In this figure, � takes

up a lot of space. Similar as the feature of MSSM, heavy scalar lepton and heavy scalar

neutrino suppress the SUSY contributions to muon MDM. It is easy to see that �, N,

� and • are obviously layered. • concentrates in the narrow area ML (0.75, 1)TeV2 and

MNU (0.2, 1.7)TeV2. The blank area as ML < 0.75 TeV2 can give large contributions to aµ,

but it is excluded by the scalar lepton mass constraint from LHC. One can also find that

ML are more sensitive than MNU , because ML affect the masses of both scalar lepton and

scalar neutrino, and MNU just influence scalar neutrino masses.

AsML = 0.6 TeV2, MNU = 0.4 TeV2, aµ in the plane of tan β versusMBB′ is shown by the

Fig.7. When tanβ < 20, the space is filled with �. In the range 20 ≤ tanβ ≤ 30, N occupies

much space. • denoting large contribution to aµ concentrates in the area 38 < tan β < 50

and 1400 GeV < MBB′ < 5000 GeV. The results imply that large tanβ and large MBB′

produce suitable SUSY corrections to compensate the departure. The bounds between �,

N and � are obvious.

B. The numerical results with many variables

In order to analyse the results more extensively, we calculate aµ numerically with the

scanned parameters: 1 ≤ tanβ ≤ 50, 0.2 TeV ≤ M1 ≤ 5 TeV, 0.2 TeV ≤ MBL ≤

24
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FIG. 7: aµ in the plane of tan β versus MBB′ .
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FIG. 8: The left diagram denotes aµ in the plane of ME versus gX . The right diagram denotes aµ

in the plane of Tnu versus MBL.

5 TeV, 0 ≤ MBB′ ≤ 5 TeV, 0.2 ≤ gX ≤ 0.6, 0.01 ≤ gY X ≤ 0.5, 0.1 TeV2 ≤ ML ≤
10 TeV2, 0.1 TeV2 ≤ ME ≤ 10 TeV2, 0.1 TeV2 ≤ MNU ≤ 10 TeV2, −5 TeV ≤ Tnu ≤ 5 TeV.

These parameters include sensitive parameters and insensitive parameters. So we show the

results in several groups of the parameters to find the laws.

In the Fig.8, the left diagram shows the results in the plane of ME versus gX , where

we can not find obvious rule for the results. �, N, � and • are distributed in a disorderly

way in the plane. The right diagram in the Fig.8 represents the results in the plane of Tnu

versus MBL, that possesses similar character as the left diagram. These results imply that

the effects to aµ from ME , gX , Tnu and MBL are gentle.

We plot aµ in the plane of MBB′ versus MBL by the left diagram in the Fig.9, while the

right diagram shows the relation between aµ, tan β and MNU . The both diagrams in the

Fig.9 reflect the common law, though it is not very clear. In the left diagram, there more

• in the top right corner. When MBB′ < 2000GeV, the color of the figure is light gray. We
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FIG. 9: The left diagram denotes aµ in the plane of MBB′ versus MBL. The right diagram denotes

aµ in the plane of tan β versus MNU .

can conclude that MBB′ is a sensitive parameter and MBL is a dull parameter. In the right

diagram, larger corrections (darker area) appear at the lower right corner. It shows that

large tanβ and small MNU can improve the theoretical corrections. This rule is consistent

with the case of MSSM. When MNU turn larger and tan β becomes smaller, the color of

the diagram turns lighter. Large MNU lead to heavy scalar neutrino and suppress the new

physics contribution.

In the Fig.10, the left diagram reflects the results in the plane of M1 versus gY X . gY X

is the coupling constant of gauge mixing, and it is the parameter beyond MSSM. From the

analysis by MIA, gY X is an important parameter. In the area 0.4 < gY X < 0.5, the color of

the diagram is dark. When M1 is bigger than 2500 GeV, there are also a certain amount of

large results with gY X < 0.3. � concentrates in the area gY X < 0.3 and M1 < 2500 GeV.

gY X and M1 are both sensitive parameters. Furthermore, gY X is more sensitive than M1.

The right diagram reflects the results in the plane of tan β versus gY X . The both diagrams

in the Fig.10 are more clear than the diagrams in the Fig.9 and Fig.8. These results plotted

in the right diagram manifest that tan β and gY X are both sensitive parameters. There are

many � and • in the up side of gY X and right side of tan β. The top right corner is the

most concentrated place for the large results. The bottom left corner is denominated by the

�. In the whole, large tanβ and large gY X can obviously improve the corrections to aµ.
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FIG. 10: The left diagram denotes aµ in the plane of gY X versus M1. The right diagram denotes

aµ in the plane of tan β versus gY X .

V. DISCUSSION AND CONCLUSION

Extending MSSM with the U(1)X local gauge group and introducing three Higgs singlets

and right-handed neutrinos, we obtain U(1)XSSM. In this model, the one-loop diagrams and

some important two-loop diagrams are researched with the effective Lagrangian method. To

apparently see the sensitive parameters, the MIA method is used to analyze the one-loop

SUSY contributions. Based on our previous works for the two-loop corrections to muon

MDM, the studied two-loop diagrams include: Barr-Zee type, rainbow type and diamond

type. It is well known that the one-loop corrections are more important than the two-loop

corrections. The works of muon g-2 in MSSM show that large tanβ can improve loop

corrections obviously under the constraint for scalar lepton and chargino from LHC. If all

the SUSY particles are very heavy, the loop corrections will be suppressed evidently. These

two characteristics relating with tanβ and SUSY particle masses are general in the SUSY

corrections to aµ.

Here, we discuss the speciality of the U(1)XSSM contributions to aµ. MBB′ is the mass

for the mixing of the U(1)Y gaugino and U(1)X gaugino, and it is the non diagonal element

of neutralino mass matrix. Large MBB′ can distinctly boost the one-loop contributions,

which is reflected in Eq.(34). The gauge mixing coupling constant gY X is also an important

parameter. From Eqs.(28), (30), (33), (34) and the Fig.10, one easily finds that large gY X can

improve aµ strongly. In the used parameter spaces, the one-loop corrections are dominated.

The ratio (a2Lµ /a1Lµ ) of just two-loop results to the one-loop results is around 10%. From

the numerical results, we find that the corrections from the studied three types of two-loop

27



diagrams(Barr-Zee type, rainbow type, diamond type) are in the region 10−10 ∼ 10−12.

In the numerical calculation, we take many parameters as variables including

tan β, gX , gY X , M1, MBL, MBB′ , ML, ME , MNU and Tnu. The best numerical result

of aµ is around 2.5 × 10−9, which can well compensate the departure between the experi-

ment data and SM prediction. Through the analysis of the numerical results, we find that

tan β, ML, MNU , M1, MBB′ and gY X are sensitive parameters. aµ is an increasing function

of tan β, MBB′ , gY X and decreasing function of ML and MNU . Large ML and MNU lead to

heavy scalar lepton and scalar neutrino, then SUSY contributions to aµ are suppressed by

heavy particles. gX , MBL, ME and Tnu are insensitive parameters, that give mild influences

on the numerical results. There are a great many two-loop diagrams contributing to aµ, and

some of them can also give considerable corrections. In the near future, we shall study other

important two-loop diagrams for muon MDM.
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