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Abstract The MSSM is extended to the U(1)xy SSM,
whose local gauge group is SU(3)¢c x SU(2)r x U(l)y x
U(1)x. To obtain the U(1)x SSM, we add the new super-
fields to the MSSM, namely: three Higgs singlets 7, f], S
and right-handed neutrinos ;. It can give light neutrino tiny
mass at the tree level through the seesaw mechanism. The
study of the contribution of the two-loop diagrams to the
MDM of muon under U (1)x SSM provides the possibility
for us to search for new physics. In the analytical calculation
of the loop diagrams (one-loop and two-loop diagrams), the
effective Lagrangian method is used to derive muon MDM.
Here, the considered two-loop diagrams include Barr-Zee
type diagrams and rainbow type two-loop diagrams, espe-
cially Z—Z rainbow two-loop diagram is taken into account.
The obtained numerical results can reach 7.4 x 10~19, which
can remedy the deviation between SM prediction and exper-
imental data to some extent.

1 Introduction

In the development of quantum field theory, the study of
lepton anomalous magnetic dipole moment (MDM) is very
important. The most accurate calculation of the lepton MDM
is helpful in finding new physics beyond the standard model
(SM) and Schwinger propose the electron magnetic dipole
moment (MDM) for the first time. It has been recognized
that the lepton MDMs can provide accurate testing of quan-
tum electrodynamics (QED) [1]. Therefore, it is of special
significance to study the MDM of lepton.

At present, the experimental accuracy of measuring the
MDM of the p, a, has reached 540ppb at the muon E821
anomalous magnetic moment measurement at Brookhaven
National Laboratory (BNL) [2]. And currently there are about
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3.7 o [3,4] between SM prediction and experimental mea-
surement. In this precision, such measurements do more than
testing the leading QED contributions [5], meanwhile, the
influence of the weak interaction and strong interaction of
the SM of particle physics can be tested [6-9]. The discovery
of the Higgs made the SM a huge success [3,10]. Although
the contribution from QED [5] plays an important role in
lepton MDM, it is not the only factor. The hadronic con-
tributions [11,12] are also particularly important, and it is
modified by hadron vacuum polarization and light-by-light
[13-16] scattering contributions. Moreover, weak interaction
[17-19] also has a certain effect on MDMs [3, 10]. As aresult,
the MDM of lepton can be expressed as [3,10,20]:

af™ = al"P + afV 4 afiAP. 1)

Due to the deficiency of MSSM which can not explain neu-
trino mass and solve p problem, U(1) extension of MSSM
is carried out. There are two U(1) groups in U (1)xy SSM:
U(1)y and U(1)y, and we use SARAH software packages
[21-23]to study U (1) x SSM. On the basis of the MSSM, the
superfields are added; then one obtains the additional Higgs,
neutrino and gauge fields, but also corresponding superpart-
ners that extend the neutralino and sfermion sectors. The
CP-even parts of the three Higgs singlet fields n, 77, S mix
with the neutral CP-even parts of the two doublets H; and H,
to form a tree order 5 x 5 CP-even Higgs mass matrix. mpg
is the tree level mass of the lightest CP-even Higgs in U (1) x
SSM, and it can be greater than the corresponding mass at
tree order in MSSM. Therefore, the loop graph correction to
mp, in U (1) x SSM needs not be very large. In U (1) x SSM,
there are an 8 x 8 mass matrix for neutralinos and a 6 x 6
mass matrix for scalar neutrinos [24]. Next, we calculate the
contribution of the two-loop diagrams to muon MDM under
the U (1)x SSM with the effective Lagrangian method. The
error between the experimental value and the predicted value
by SM is [4,10,25]

Aay, =a? —aiM = (274 £73) x 107" )
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In BLMSSM, the one-loop corrections are similar to the
MSSM results [26-29] in analytic form [30]. The two-loop
Barr-Zee type diagrams with a closed scalar (Fermi) loop
between vector Boson and Higgs are studied in the frame
work of BLMSSM [30-32]. There are other works [33-35]
for the two-loop supersymmetric corrections [36—45] to the
lepton MDM.

In this paper, the new physics contributions at one loop
level are similar to the MSSM results in analytic form. The
differences are that the mass matrices of scalar leptons, scalar
neutrinos, neutrino, chargino and neutralino possess new
parameters gx, vj, Uy and so on. The mass eigenstates of
neutralinos, scalar neutrinos, neutrinos are more than those
in the MSSM. Because the masses of those virtual fields
(W*, Z, Z’ gauge bosons, neutral and charged Higgs, as well
as neutralinos and charginos) are much heavier than the muon
mass m,,, we can expand the denominator corresponding to
the ratio (external momentum to internal momentum) to sim-
plify the loop calculation [46]. We use the formula:

1 1
(k—p)*—m?2 — k*—m?2

2k-p—p 4(k - p)?
1
X( + k% — m? +(k2—m%)2

3)

Here, p is the external momentum of m wa and k is the internal
momentum at the order of m sy sy. So < land £ «
1.

Our two-loop self energy diagrams contributing to the lep-
ton MDMs are shown in Fig. 2. The two-loop triangle dia-
grams for 4 — p + y can be obtained from the two-loop
self energy diagrams by attaching a photon on the internal
lines in all possible ways. The sum of all the two-loop trian-
gle diagrams generated from a two-loop self energy diagram
satisfies Ward-identity.

The researched two-loop self energy diagrams include
Barr-Zee type diagrams and rainbow type diagrams with
Fermion sub-loop. Here, we suppose the scalar leptons and
scalar quarks are very heavy, whose contributions from the
studied two-loop diagrams can be neglected. In the works
[2,30-35], the two-loop rainbow diagrams with two vector
bosons Z-Z are not considered. However, in our work [47]
the order analysis of two-loop SUSY corrections [44,45] to
lepton MDM shows that the contributions from two-loop
rainbow diagrams with Z—Z are at the same order of the
contributions from two-loop rainbow diagrams with W—-W.
Therefore, we take into account the Z—Z rainbow diagrams.

In the following, we introduce the specific form of U (1) x
SSM and its superfields. The analytic results of the one-loop
corrections and two-loop corrections in the U (1)x SSM are
deduced in the Sect. 3. Section 4 is used for the numerical cal-
culation and discussion. In the last section, we have a special
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summary and discussion. Some mass matrix and Feynman
rules are collected in the Appendix.

2 The U(1)x SSM

The gauge group of the U (1)y SSMis SUB)c ® SU(2)L ®
U(l)y ® U(1)x. To obtain the U(1)x SSM, the MSSM is
added with three Higgs singlets 7, ﬁ, S and right-handed
neutrinos v;. It can give light neutrino mass at the tree level
through the seesaw mechanism. The neutral CP-even parts
of H,, Hy, n, 1 and S mix together, forming 5 x 5 mass
squared matrix. Because of the right handed neutrinos, the
mass matrix of neutrino is expended to 6 x 6. At the same
time, the squared mass matrix of scalar neutrinos turns to
6 x 6 too. For details of the mass matrix of particles, please
see the Appendix.
The superpotential for this model reads as:

W = lws'-i-//J:I F}d + MSS’S - ch?él:]d -7 éi]:[d +)\H§I:Iul:[d
K Ann

+rc 8 + =888 + Y iigH, + Yx oD + Y, 0l H,. @)

W |

There are two Higgs doublets and three Higgs singlets.
Their specific forms are shown below,

H+
H, = %(vu+H0+zP0)
1 0 0
Hy = ﬁ(vd‘l‘H —i—lP) ’
Hy
1 :
n——z(vn+¢2+zP,§’),
o
n=—2(vﬁ+¢>2+zP,§’),
1
S = —2<v5+¢s+1PS) (5)

Vu, V4, Uy, v and vg are the corresponding VEVs of the
Higgs superfields H,, Hy, 1,1 and S. Here, we define tan 8 =
vy /vg and tan B, = vj/vy. The definition of v, and Vg is

L = %d’l + %ol,
VR = %@e + %O’R. )
The soft SUSY breaking terms are
Lyopr = LA™ — BsS® — LgS
_£S3 — T3 Snii + €; T, SHYH — TH 75! 5%

+EleIJHl\)I*lJ _m2|n|2

(m )1.] ~Ik~ J

21512
—m5|77|

2
—mSS
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With the singlet superfield S coupling to heavy fields in
the most general way, radiative corrections can induce very
large terms in the effective action. These terms are linear
in S in the superpotential or linear in S in Lsor, and they
are called tadpole terms [48]. If they are too large, a tadpole
problem appears in the model. In the case of gauge medi-
ated supersymmetry breaking (GMSB) [49], the messenger
fields ¢ with SM gauge quantum numbers and supersym-
metric mass terms (M,,¢s5) are the source of supersymmetry
breaking. The real and imaginary scalar components of the
messenger fields have different masses, and they are split
by a scale . This kind of supersymmetry breaking can be
denoted as F-type splitting and represented by a F component
of a spurion superfield coupling to the messenger fields ¢.
Then, we obtain [y ~ Csm? and Lg ~ Csin*/Mpess with
the simplest coupling CsS¢@. Here, Cs is the small Yukawa
coupling. There is not tadpole problem with M,,,.ss and the F-
type splitting 72 not much larger than the weak scale [50,51].
If these scales are larger than the weak scale, small Yukawa
couplings can suppress the tadpole diagrams.

There is conflict between domain wall and tadpole prob-
lems, whose solutions are studied by Refs. [52,53]. One
can impose constraints on Zz-symmetry breaking non-
renormalisable interactions or hidden sectors in the form of
various additional symmetries [54—56]. As the tadpole terms,
Z3-symmetry breaking renormalisable terms are generated
radiatively and have very small coefficients. Z3-symmetry
breaking terms can solve the domain wall problem.

We use Y7 for the U(1)y charge and Y¥ for the U(1)x
charge. According to the textbook [57], the SM is anomaly
free. The anomalies of U(1)x SSM are more complicated
than those of SM [10]. In the end, this model is anomaly free.
The presence of two Abelian groups U(1)y and U(1)x in
U (1)x SSM have a new effect absent in the MSSM with just
one Abelian gauge group U (1)y: the gauge kinetic mixing.
This effect can also be induced through RGEs, even if it is
set to zero at Mgy 7. The covariant derivatives of this model
have the general form [58-60]

. gv. gvx )\ [AY
Dﬂzaﬂ—l(y,x)(g/xy g/X>(A;§(>. (8)
’ Iz

Here, A;f and A/lf( signify the gauge fields of U(1)y
and U (1)x. We can do a basis conversion, because the two
Abelian gauge groups are unbroken. The following formula
can be obtained by using the appropriate matrix R [58,60]

gv, &'vx T 81, 8vx
R* = . 9
<8/XY, g'x ) (0, 8x ) ©)

We deduce sin? Oy as
sin? 9{” ==
2 _ 4 2
(gyx g] gz)v + 48y 5

2\/(g§x + 87 4 83)%v* + 8g% (g5 x — g7 — g3)v2E% + 16g% g4
(10)

with § = /v% + v%. The new mixing angle 6y, appears in
the couplings involving Z and Z’.

3 Formulation

We use the effective Lagrangian method, and the Feynman
amplitude can be expressed by these dimension 6 operators
[46]. The higher order operators such as the dimension 8

L~ (1077,

operators are suppressed by additional factor
S Usy

10~%) comparing with the dimension 6 operators, which are
neglected.

O = Gx )21(’%3“’*1

oF = (4Q;2(1D Dy F - owel,

oF = (4%’21? oy s (iDyl),

of = (4Q§21(3“Fw)y”w¢z,

OF = Gy P 0l

0F = e(%‘;’;’m cwql, (11)

with D, = 8, + ieA, and wg = 13;”. F,, is the electro-
magnetic field strength, and m;, is the lepton mass. Therefore,
the Wilson coefficients of the operators (’);F_ 3 ¢ in the effec-
tive Lagrangian are of interest and their dimensions are —2.
The lepton MDM is the combination of the Wilson coeffi-
cients C ; 3.6 and can be obtained from the following effective
Lagrangian

e _
Loy = oo aj lo"'l Fy,. (12)

3.1 The one-loop corrections

In U(1)x SSM, the masses of the neutralinos, neutrinos,
scalar neutrinos and scalar charged leptons are all adopted
comparing with those in MSSM. The one loop new physics
contributions to muon MDM comes from the diagrams in
Fig. 1.

In U(1)x SSM, we find that our own results of the one-
loop corrections are similar to the MSSM results in ana-

@ Springer
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Fig. 1 The one-loop self energy diagrams affect lepton MDMs in the U (1) x SSM. The triangle diagrams can be obtained by attaching a photon

on the internal lines of the self energy diagrams in all possible ways

lytic form. However, the mass matrices of scalar, Fermion
and Majorana particles have relation with new parameters
gL, vr, vz and so on. The corrections to muon MDM from
neutralinos and scalar leptons are expressed as

ZZ N(ALAR) [x0xux,

i=1 j=I

BB(xoxL)
32

1
+3UALP +1ARDxE X (13)

8xil_

381(XX?,XI:i):|

where xy; = A2 , M is the particle mass and A is the mass
scale. The couplings Ag, A are shown as

1 1
AR = —=8IN}\ Zi5 + —=g2NH Z)
ﬁ i1%k2 \/E i24k2

1 E E
+EgYXNi*SZk2_ i*3YNZk5’
1
AL = _Ezg(zglN“ +(28vx +8x)Nis) — Y, ZH Nis.
(14)

The matrices ZZ, N respectively diagonalize the mass
matrices of scalar lepton and neutralino. The concrete forms
of the functions B(x, y) and B;(x, y) are

1 xInx ylny
Blx, ») = 1672 (y—x +x—y>’
9y 92
Bi(x,y) = (8 +§8_2) B(x, y). (15)

In a similar way, the corrections from chargino and CP-odd
scalar neutrino are also obtained.

a’ Z Z [ — 20(B} BR) [x,-x,Bi(xf, . x,-)

j=1k=1

1 5 2 881(}6‘;1, ii) 16
+§(|BL| + |BRr| )X;LXXI,—T . (16)
Here, the BL and By is
B = \/— J*ZZIQFYIU
1 VES
BR = EgQZkZle. (17)

@ Springer
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Fig. 2 One-loop Higgs diagrams contributings to muon MDM in the
U(1)x SSM. It is suppressed by the square of the lepton Yukawa cou-
pling

The corrections from chargino and CP-even scalar neutrino
read as

2 6
S
af =y > [ —2R(CECR) xxl;xﬂBl(xf’fR,xX;)
j=1k=1
k
1 381()C~ , X ;)
+=(CL + |CR|2>xﬂxX_”—RX'}. (18)
3 i 9x, -
Here, the C; and Cg are
Cp = \/_ Jzzk Yy,
Cr = ——=0:28 V)1 (19)
\/E k2 v

Here, U, V are used to diagonalize the chargino mass
matrix, and the mass squared matrix of CP-even (CP-odd)
scalar neutrino is diagonalized by Z® (Z!). The one-loop
Higgs contribution to muon MDM 1s shown by the Fig. 2,

which is suppressed by the factor — —L ~ 107°. In numerical

W
estimation, the correction from Higgs one-loop diagram is
around 10~!3, and we can neglect it safely. So, the one-loop
corrections to lepton MDM can be expressed as

Aaonefloop Lx

~.+ -
I a’ +al +ay (20)

3.2 The two-loop corrections
As discussed in Ref. [47], the Barr-Zee two-loop diagrams

(Fig. 3a—c) and rainbow two-loop diagrams (Fig. 3d, g) have
not small factors to muon MDM. That is to say, they have
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considerable contributions to muon MDM. The triangle dia-
grams can be obtained by attaching a photon on the internal
lines of the self energy diagrams in all possible ways. The sum
of all the triangle diagrams corresponding to one self energy
diagram satisfy the Ward-identity and the CTP invariance.

At first, we consider the corrections from Fig. 3a. Under
the assumption mr = mp, = mp, > my, the results [61]
can be simplified as

WH GlemWsW

a =
128em4

OF

QF1 (3 + I

21
x{[4 3 )(lnm%;l

) oL L R R
_Q],l(mW’mHi))]m(HHFleHWFlFZ +HyrpHywr )

_’__19—§()QF1 n 2—§QF1

Z Z le

Fi=x* F,=x0

(Inm%, — gl,l(m%v,m%,i»]
oL R R L
xNHgp,p, Hwr p, + Har p, Hwr py)
16 2+60p

4+ - — —

5 3, — m,1(m%v,m%,i>)]

L L R R
NHgp p,Bwrr, — Har r Hwr Fy)
[ 2Q0r _6-20R

* 9 3

(Inm%, — a1,1(m%v,m%,i>>}

oL R R L
R(Hy g p By F, — HHFleHWFle)}’ @1

Inx—ylny ;LR L.,R
where 01,1 (x, y) = % Hyp g, and Hyp ) tepre-
sent the coupling coefficients of the corresponding vertices
with the presentation

Lupp =iF (H[I:1F1F2PL + H};FlePR)FzHi,

Lwrp, =i F\(Hip o, v P+ Hyy gy Yo PRIF2 W
(22)

Their concrete forms are collected in the Appendix.

Then under the assumption mp = mp, = mpg, > my,,
the two-loop Barr-Zee type diagrams contributing to the lep-
ton MDM s corresponding to Fig. 3b, ¢ can be simplified as

Jh GrQfQpmmiysy,
r= 164

| 2

L
x Z Em(HhoFl F2)|:l +In—= m2 i|
Fi=F=x* ! ho

aZh() _ ﬁml
! 51274

H oll

x> m”

F
Fi=Fy=x*,x°

L R vons sl L R R
x(Hzy — Hzy )X Hyo p p, H7 5 by + Hygro i HzE )
(23)

[Ql,l(mzz,mﬁo) — lnm%;l — 1]

QO r is the electric charge of the external lepton m,. Q F, and
QF, are the electric charges of the internal charginos.

Under the assumption mr = mp, = mp, > my ~
mz, the two-loop rainbow type diagrams contributing to the
lepton MDMs corresponding to Fig. 3d—f can be simplified
as

Grm?
ww _ 1 L 2 R 2
a = 192t E E [(ISQFl I3)(Hyp g "+ [ Hyp g7

Fi=x% F=x0

+30r = D Hiyp, P = 1HE 5y )+ IRCHE S, £ By ) |

2 2 2 2
aVV _ \/Qe GFQplm[ my,
! 18074 Z m>
Fi=F=x* i
2,2
ayZ _ QF]mle
! 25674

2
1 ms,
x Y —N(HEp g - H§F|Fz)|:35 +1n %] (24)
m7. m
Fi=F=x* "F z

R L
(Hzy — Hzy)

Here, we focus on Z—Z two-loop rainbow diagram in the
Fig. 3g. Inthereferences [31-35], the Z—Z two-loop diagram
has not been taken into account. But in this paper, we research
the Z—Z two-loop diagram and show the simplified result.
The triangle diagrams of the two-loop Z—Z rainbow self-
energy diagram can be divided into two parts: 1 the external
photon is attached on the virtual lepton between Z—Z, and
the corresponding counter term should be considered. After
the simplification, the contributions from this type two-loop
diagrams are tiny, and can be neglected safely. 2 the external
photon is attached on the charged fermion sub-loop. The
full two-loop results of this type triangle diagrams are very
tedious and can be found in Ref. [61]. With the assumption
mr =mp| = mpy > my ~ mz, we simplify the tedious

2
two-loop results to the order m’; ~ 107¢ or , and
. . Mz miysy”
obtain the concise form.
77 Qlel L 2 R 2
a4 = 0o > {<|HZF1F2| +1Hzp | )
Fil=FR=x*
—12logxr — 30
x(1HSy? + 1H, ) [—}
Xz
L 2 R 2 L2 R |2

+<|HZF1F2| —Hzp p, | )(|qu| — [Hzyl )

[—3logxz + 3logxp + 27
X

L 9xF i

oL R L 2 R 2
+5}‘(HZF1F2HZF.F2)(|HZH| + |Hzy| )

[—6logxz +6logxp + 47
X

L OxFp ]

L 2 R 2\ 7L 1R

+<|HZF1F2| +1Hzp Pl )quszz
8 6(10ng —logxz)(logxr +2) +2:| } 25)

L Xz
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Fig. 3 The two-loop Barr-Zee
and rainbow type diagrams
affect lepton MDMs in the

+ + } I
U(l)y SSM W H g 0 Z 10
[ [ vl 1 1 [ [ [
(a) (b) (©
w w* v 7 7 z 7z 7
[ v [ 1 1 1 1 1 1 1 1 1
(d) (e ® (2)
. . L L B A B L L E S B A B
At two-loop level, the contributions to lepton MDMs can be 54x10710F ]
summarized as 52x10-10F ]
two—l -1 h y
Aalwo oP — Aalo”e P 4 a[WH + aly 0 5.x10-10
Zh z
+a/" +a)"V +a” +a] " +aft. (26) 4 4sxi0®
46x10710F ]
. 44x10710 A
4 The numerical results ]
42x1070F 1
. . 3 . . x10-10 L L L L L L L
In this section, we will discuss the numerical results. The 410700 3200 3400 3600 3800 4000 4200 2400

lightest CP-even Higgs mass is considered as an input param-
eter, which is mjpo = 125.1 GeV [62,63]. The parameters
used in U(1)x SSM are given below:

gx =03, gyx =02, ¢ = —0.3, k =0.3, T, = 1.8 TeV,
T, =1.6TeV, B, =1 TeV?,

T, =Mp, =M =1TeV, v, =155 x cos B, TeV,

vi = 15.5 x sin B, TeV, tanp, =1,

msp =2TeV?, iy =500GeV, Mgy = 0.4TeV,

tanf =11, Tg1y = Tpap = Tg33 = 1 TeV,

Ty33 = 1600 GeV, My = M2 = 0.5 TeV?,

M35 = 250° GeV?, Yx1 = Yx2 = 0.5,

Mpit = Mgy = Myoy = Mgy, = My33 = Mgss = 2.4 TeV?,
Tx11 =Txn =—1TeV,

Tx33 = —2TeV, Yyx33 = 0.4, Bg = 1 TeV?,

g =0.1, Iy =5 TeV>. 7

To simplify the discussion, the parameters Yx, Tx, T\, Tk,
My, Mg and M, are supposed as diagonal matrices. In the
follow, the remaining tunable parameters are M», Mg, [, vs,
MEg11 = Mg = Mgsz = Mg. Next, we will analyze the
effects of these parameters on the contributions to the muon
MDM.

With the parameters Mg = 1200 GeV, u = 300 GeV,
Mg = 1TeV2, we plot a,, versus vy in the Fig. 4. vg is VEV
of the Higgs singlet S, which affects the particle masses.
So, it is expected that vg gives influence on a,,. The dashed
curve corresponds to M, = 1200 GeV, and the solid line
corresponds to M, = 1000 GeV. The both curves vary gently
with vg in the region (3000—4500) GeV. The dashed curve
is a little larger than the solid curve. In the whole, the both

@ Springer

vs/GeV

Fig. 4 a, versus vg. The solid (dashed) line corresponds to the result
with M, = 1000 (1200) GeV

6.x1071° T T T T T T T
55x1070F 1

& 5.x10710

4.5x10710 1

4.x107"0

U S SN SN NS S SN T S S T ST SN SN IS ST ST SN S SN S S SN S '
600 800 1000 1200 1400 1600 1800 2000
Ms/GeV

Fig. 5 a, versus M. The dashed (solid) line denotes the result with
M, = 1200 (800) GeV

curves are around the order 5.0 x 109, These corrections
are considerable.

Mg is the mass of the new gaugino, and it appears in
the mass matrix of neutralino. Therefore, the one loop and
two loop corrections relating with neutralino are affected by
M. Supposing = 300 GeV, vg = 4500 GeV, Mg =
1TeV?, we show a, varying with Mg by the solid curve
(M, = 800 GeV) and dashed curve (M, = 1200 GeV)
in the Fig. 5. During the region (1000 ~ 1500) GeV, the
solid curve is almost an increasing function. As My is near
750 GeV, the biggest value of the dashed line can reach 5.4 x
10710, As My is larger than 1200 GeV, the dashed line is
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54x10-10F ]
52x10-10F ]

5.x10 10 F PR L e -

. 48x1010f 3
o 4
46x10710F ]
44x10710F ]

4.2x1010F ]

4.x10-10 b———
2.0x10°

L L 1 L L L L 1 L L L 1 L L L L ]
2.5x 108 3.0x10° 3.5x10° 4.0x 108

Me11=Mgz;=Mez3/GeV?

Fig. 6 The relationship between a,, and Mg; = Mgy = Mg33 =
MEg. The dashed line expresses M> = 1000 GeV, and the solid line
expresses My = 800 GeV

almost horizontal and about 5.0 x 10710, The smallest value
of the dashed line is about 4.8 x 107!0. Generally speaking,
M3 is a sensitive parameter and influence a, obviously. The
biggest value of the dashed line is about 0.3 x 1079 larger
than the horizon. The change in Mg has an effect on the
two mass eigenvalues of neutralino x°. The mass matrix of
neutralino affects the contributions from the W—H two-loop
diagram, the Z—hg two-loop diagram, the W—-W two-loop
diagram, the Z—Z two-loop diagram, like Fig. 3a, c, d, g.
Among them, the influence on W-W two-loop Fig. 3d is
greater. The contributions of these two-loop diagrams add up
to the large bump. The condition of the solid line is similar
as that of the dashed line.

Then, we analyze the effects of the parameters Mg on the
results and try to find their reasonable ranges. The parameters
M are the diagonal elements of the mass squared matrix of
the charged slepton, and they are major factors for slepton
mass. Based on Mg = 1200 GeV, © = 300 GeV, vy =
3000 GeV, the numerical results are shown by the dashed
curve and solid curve corresponding to M> = 1000 GeV and
M, = 800 GeV respectively. In the Fig. 6, a, varies with
M, in the range from 2.0 TeV? to 4.0 TeV2. The both curves
possess similar behavior, and the dashed curve is above the
solid curve. In the Mg region (2.0 TeV2 to 2.5 TeV?), the
both curves are slowly increasing functions. As 2.5 TeV? <
Mg < 4.0 TeV?, they hardly changes at all.

The SU(2) gaugino mass M5 is the diagonal element of
chargino and neutralino, so M» gives influence to the masses
of chargino and neutralino. Certainly, the corrections to a,,
are affected by M. From the Figs. 4, 5, 6, one can find that
M, is a sensitive parameter. Adopting Mg = 1200 GeV, u =
300 GeV, Mg =1 TeVz, we plot the results by the dashed
curve (vs = 3800 GeV) and solid curve (vg = 4300 GeV)
in the Fig. 7. The both curves are similar and almost overlap,
which increase obviously with the enlarging M>. When M5 is
near 5000 GeV, the both curves can reach 7.4 x 10710 about
one o deviation between experiment data and SM prediction.

8.x107"0
75x10710F

7.x10710F
6.5x10-10F
- r
® [
6.x10710 -

55x10710

5.x10710

-10 L L L L
45x10 1000 2000 3000 4000 5000

M,/GeV

Fig. 7 The effect of M5 on the results. The dashed line expresses vg =
3800 GeV, and the solid line expresses vs = 4300 GeV

7_x1o*10' T T T T T T T T T T T T
6.5x1070f
6.x10-10 |
. [
©

55x1070f

5.%10-10 &

-10 L . . .
4510 200 400 600 800 1000

piGeV

Fig. 8 The influence of 1 on a,. The dashed line expresses M, =
800 GeV, and the solid line expresses M> = 1000 GeV

To see how p affects the muon MDM, we suppose Mg =
1200 GeV, vs = 3000 GeV, Mg =1 TeV? and plot the
results versus . The solid (dashed) curve corresponds to the
results obtained with M> = 1000(800) GeV, which is shown
in the Fig. 8. It is obvious that, u affects a, strongly. Their
smallest value is about 4.7 x 1010 and largest value is about
6.8 x 10719, When W ialarger than 800 GeV, the both curves
decrease. The dashed line expresses the result with M, =
800 GeV, and it comes up the large bump (a,, = 6.01 x 10710y
around u = 630 GeV. The change in u affects the mass
matrices of chargino and neutralino. Their mass eigenvalues
and turning matrices can influence the contributions of all the
studied two-loop diagrams in the Fig. 3. So the effect from
W is larger than that of Mg. p is a sensitive parameter and
affects the result obviously in the Fig. 8.

5 Discussion and conclusion

U(1)x SSMis the U (1) x extension of MSSM, and it has new
superfields. Using the effective Lagrangian method, we cal-
culate and analyze the contributions from the one-loop and
two-loop diagrams to muon MDM in U (1) x SSM. The con-
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straint from the lightest CP-even Higgs with the top-scalar-
top loop correction is taken into account. As introduced in
the Sect. 2, these new particles lead to new corrections to
a,,. The studied contributions are composed of one-loop dia-
grams, two-loop Barr-Zee type diagrams and two-loop rain-
bow diagrams

two—loo, one—loo,
Aa P = Aa P

H h
1 = Aq +“1W +aly0

+a,Zh° +a)"V + a’’ + a,yz +af?.  (28)

N

mg, g

F(W204T, — v, Yo (V21" + xSA%)

LY (W20aT = v G xS +V2)Y)

ms;. %
eRrep

vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP3.

Appendix

The mass matrix for slepton with the basis (e, eg)

: (29)

The two-loop rainbow diagrams with two Z bosons are
not considered in the works [2,31-35]. In our numerical cal-
culation, the contributions from two-loop rainbow diagrams
with two Z bosons are at the same order of the contributions
from the two-loop rainbow diagrams with two W bosons.
This result is consistent with the two-loop order analysis in
our previous work [47]. Therefore, the contributions from
the two-loop rainbow diagrams with two Z bosons are not
small, and they should be taken into account.

The numerical results show that the parameters w, M»,
Ms, vs, Mp11 = Mgy = MEgs3 are all influential to ay,.
M5 is a sensitive parameter, and the largest value of a, in
our used parameter space can reach 7.4 x 10719, In the large
part of the parameter space, the contributions from these loop
diagrams are about 5.0 x 10710, These corrections can make
up the deviation between experimental data and SM predic-
tion to about one quarter. As we all know, there are a lot of
two-loop diagrams contributing to muon MDM. Some non-
studied two-loop diagrams can also give important correc-
tions to muon MDM, which can improve theoretical value
more. Because the calculation of the two-loop diagrams are
very tedious, we will study other two-loop diagrams in the
future work.
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1
mayzy = m? + < (67 + g7 x +8vxex — )G —vd)
1
+2gy x8x (vy — v%)) + EvﬁY:Ye,
m

1
éréy = m% - g([2(812 +gyx) +3gyxgx + g%](vﬁ - v%)

1
+gyxsx +28) ) —v))) + svgrerS. (30)

The mass matrix for CP-even sneutrino (¢y, ¢,) reads

T
m%R — [ M My , (31)
v m¢7l¢r m¢r¢r
1
Mgy = g((glz + g%/x + g% + gyxgx)(vﬁ - v,%)
1
+gyxgx(2v,2) - 21)%)) + Ev,%YUTYV + m%, 32)

1 1

= —uT YxYy — ~vg(A g xS +V2u)Y,,

Mg, p, ﬁvu v +uuvpYxYy Zvd( HXS + wYy
(33)

1
mg,g, = 5 ((@rxax + g3 —vi) + 285 vy —v}))
1
oy x SYxhc +m2 + Evﬁmﬁ + v7;u|Yx |> + V2Tx).

(34)

The mass matrix for CP-odd sneutrino (oy, o) is also
deduced here

my, = (m""” Moy ) (39)

v Mo, Moo,
1
Mooy = g((gf +8hy + 83 +grxgx) (W] —vd)
+2grxgx (v — v%))

1 2 2
+§UMY\)TYv+mE, (36)
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1 1 1 2 Nk 2 2
Maye, = ﬁvuTv - vuvﬁYqu—Evd()»HxSJr V2, +5(2 | 12 4282 SR(urs) + xS L am ). (44)
37 . . . “0 50
The mass matrix for neutralino in the basis (A5, W°, H,
HY, hg, i, 0. 3) is
M] 0 —gTIUd 8711)“ MBB/ 0 0 0
0 M> 9,4 —%Uu 0 0 0 0
_8 & - . — AHvu
> V4 5 Vd MRy Mg il 0 0 7
%Uu _%Uu ml_}c(l)gg 0 m)\xl_}lg) 0 0 _}til/%d
50 = , 45
" Mpg O mpo, . mpo,. MpL —gxvy 8gxVj 0 (43)
1 1
0 0 0 0 —8xVy 0 \/_E)LCUS Ekcvﬁ
1 1
0 0 0 0 gxvj \/—i)»cvs 0 \—ﬁkcvn
1 1 1 1
0 0 —TEAHUM —TE)LHvd 0 J—ikcvn Ti)ncvn mss
1
Moo, = g((gyxgx +g%) (WG —v2)
202 2 _ 1
+2gX(vn vn)) vﬂXSYX)\‘C m ~(§) 70 = _EAHUS - M,
1 u
+m% + _U3|Yv|2 +v;QuzYxYx — ﬁTX), (38) 1
2 mﬁg/\x = —E(gyx + &x)va,
Mass matrix for charginos in the basis: (W’, I:Id_ ), (W*, 1
H) A0y = z(gYX +gx)Vu. M5z = 2Mj + v/ 2k vg.
u u
M, L gou, (46)
my-=\ 1 L V2 : (39) . o .
282Vd \—fz)»HXS +u This matrix is diagonalized by ZV,
The matrix is diagonalized by U and V ZN*mXOZNT = mdia, 47)
X
* T di . . .
Uimz-Vi=m )‘(l—a : “40) " Here are the coupling coefficients for these corresponding
The mass matrix for charged Higgs in the basis: (H, H,b™), vertices:
T
(Hd 5 Hu ) HVLVXiX” = —%gz(ZU;‘lNgz +\6U72Ni3),

%
M oyy— = M _
m :( b Hr*Hd'*),

My-uf Myf*u;
1
My uye =g (83 +80vg + (—8% + vy
+(gT + g x)(—vp + v7) — 283 V3
+2(gyxgx (—vi — v +vj + v]) + gxv})

1
+52 1w P 42V20 SR + xS% 1l 1P, (42)

1
FAQV2XSME — vau, iy
1
F0gVide + V2X ST ) + 7 83vavi,
1
My = 5((—8% + 830 + (83 + gvL

+(81 + gy x) (—vg + ) — 2gxvr
+2(gyxgx (—vj — vy + v +v7) + g% v7))

1
R = —=g2NLVi — V2NLV;
@1 Hiy g0 = =5 8NS5 V)1 V2N; V),

1
Hypy = 5(*3‘1 cos By sin Oy + go cos Oy cos By, + gy x sinbyy),

1
-3 (2g1 cos Oy sin Oy — (2gyx + gx) sin&(,l,),
L 1 X ,
HZXiXi = 5(282Ui1 cos By cos By, Uj
+U% (—g1 cos Oy, sin Oy + g2 cos Oy cos Oy

+(grx + gx) sin 6}y Uiz,
R 1 * ’
Hyyxpx = 5(2&‘/” cos By cos by, Vi
+V5(—g1 cos Oy sin Oy + g2 cos Oy cos by,
+(grx +gX)Sin9‘/v)Vi2),

1

L +

@) Mien =3 (S2eViN
—V5Q@ARNRZE +V2(iNG| + &N},
+erx +ONHZH)).

1
HII;X:EXO = 5(— 28U N3 ZE + Un (=205 Njs Z;5

+V2(&1Nji + &2Nj2
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HR

HL

HR

hox

+(grx +gX)Nj5)Z,:’])),

1
t,4 = _7(82[]71‘/;(225

V2
U@ VAZE + 3 VHZE),
1 H
Exx = ‘ﬁ(ﬂzUle.fzzkz

U2V ZH + X5 Vi Zih)) (48)

1
= —— (Nl-’g(g| cos By sin Oy + g2 cos By cos By,

L
Zx0x0 2

—(gyx + gx) sinBy)Ni3

— N}y (g1 cos Oy, sin Oy + g» cos Oy cos by,
—(grx + gx)sinoy)

+2(—gx sin 6y (Njs Nig = NjzNim) ).

1
= - (N,-"g(gl cos Oy sin Oy + g cos Oy cos Oy,

Zx%x° 2

—(gyx + gx) sinOyy)Ni3

— N}, (g1 cos Oy, sin Oy + g2 cos Oy cos Of
—(gyx + gx) sinfy)

+2(=gx sin By ) (NVisNig = NN )

1
= *(Z[I] [g1(Ni1Niz + Ni3Ni1) — g2(NiaNi3 + Ni3Ni2)

hox0x° )

+(gvx + 8x)(NisNiz + NizNis) + v2hp (NisNig + NigNia)I*
+Z8[—g1(Ni1 Nig + NiaNi1)g2(NiaNig + NigNi2)

—(gyx + gx)(NisNis + NigNis) +~2hp (NizNis + NigNiz)]*
+Z2gx (NisNis + NigNis) — V2ic(Ni7Nig + NigNi)1*
+Zﬁ[—28x(Ni5Nf7 + Ni7N;is5) — ¥2hc (NigNis + NigNig)T*
+Z;g[«/§)»H(Ni3Ni4 + NigNiz) — ¥2hc(Ni7Nig + NigNi7)
~2V2NigNisl*).

(iX(D

1
= E(Z;fil [g1(Ni1Niz + NizNi1) — g2(NiaNi3 + Ni3Ni2)

+(gvx + 8x)(NisNi3 + Ni3Nis) + v2hp (NigNig + NigNis)]
+Z8[—g1(Ni1 Nig + NiaNi1)g2(NiaNia + NigNi2)

—(gvx + &x)(NisNia + NiaNis) + v/2hy (Ni3Nis + NigNi3)]
+ZR[2¢x (NisNig + NigNis) — v/2).c (Ni7Nis + NigNi7)]
+ZH[—2gx (NisNi7 + Ni7Nis) — ¥2hc (NigNis + NigNig)T*
+Z{5[V2h i (NisNia + NiaNiz) = ¥2h¢ (N7 Ni + NigNi7)
~2V2cNigNig]). (49)

References

J.S. Schwinger, Phys. Rev. 73, 416 (1948)

2. G.W. Bennett et al., Phys. Rev. D 73, 072003 (2006)

M. Carena, G.F. Giudice, C.E.M. Wagner, Phys. Lett. B 390,
234242 (1997)

H. Davoudiasl, W.J. Marciano, Phys. Rev. D 98, 075011 (2018)
M.A. Samuel, G.W. Li, Phys. Rev. D 44, 3935 (1991) [Erratum:
Phys. Rev. D 48, 1879 (1993)]

F. Jegerlehner, A. Nyffeler, Phys. Rep. 477, 1 (2009)

T. Blum, A. Denig, I. Logashenko et al. (2013). arXiv:1311.2198
[hep-ph]

F. Jegerlehner, Springer Tracts Mod. Phys. 274, 1-693 (2017)

T. Aoyama et al., Phys. Rep. 887, 1-166 (2020)

K. Hagiwara, A. Keshavarzi, A.D. Martin et al., Nucl. Part. Phys.
Proc. 287-288, 33-38 (2017)

@ Springer

12.
13.

14.

15.

16.
17.
18.

19.
20.
21.
22.
23.
24.
25.

26.

217.
28.
29.
30.
31.
32.
33.
34.

36.
37.
38.
39.
40.
41.
4.
43.
44,
45.

46.
47.

48.

49.
50.

51.
52.

53.

54.
55.

56.
57.

58.

. S. Peris, M. Perrottet, E.D. Rafael, Phys. Lett. B 355, 523-530
(1995)

T. Kinoshita, B. Nizic, Y. Okamoto, Phys. Rev. D 31, 2108 (1985)
J.P. Miller, E.D. Rafael, B.L. Roberts, Rep. Prog. Phys. 70, 795
(2007)

J. Aldins, S. Brodsky, A. Dufner, T. Kinoshita, Phys. Rev. Lett. 23,
441 (1969)

J. Aldins, S. Brodsky, A. Dufner, T. Kinoshita, Phys. Rev. D 1,
2378 (1970)

S. Laporta, E. Remiddi, Phys. Lett. B 301, 440 (1993)

S.L. Glashow, Nucl. Phys. 22, 579-588 (1961)

A. Czarnecki, B. Krause, W.J. Marciano, Phys. Rev. Lett. 76, 3267—
3270 (1996)

I. Bars, M. Yoshimura, Phys. Rev. D 6, 374-376 (1972)

T. Aoyama, T. Kinoshita, M. Nio, Phys. Rev. D 97, 036001 (2018)
F. Staub, SARAH (2008). arXiv:0806.0538 [hep-ph]

F. Staub, Comput. Phys. Commun. 185, 1773 (2014)

F. Staub, Adv. High Energy Phys. 2015, 840780 (2015)

S.M. Zhao, T.F. Feng, M.J. Zhang et al., JHEP 02, 130 (2020)
RBC and UKQCD Collaborations, Phys. Rev. Lett. 121, 022003
(2018)

T. Moroi et al., Phys. Rev. D 53, 6565-6575 (1996) [Erratum: Phys.
Rev. D 56, 4424 (1997)]

S.P. Martin, J.D. Wells et al., Phys. Rev. D 64, 035003 (2001)

D. Stockinger et al., J. Phys. G 34, R45-R92 (2007)

G.C. Cho, K. Hagiwara, Y. Matsumoto et al., JHEP 11, 068 (2011)
S.M. Zhao, T.F. Feng, H.B. Zhang et al., JHEP 11, 119 (2014)
S.M. Zhao, F. Wang, B. Chen et al., MPLA 28, 1350173 (2013)
S.M. Zhao, T.F. Feng, T. Li et al., MPLA 27, 1250045 (2012)

G. Degrassi, G. Giudice, Phys. Rev. D 58, 053007 (1998)

T.F. Feng, X.Y. Yang, Nucl. Phys. B 814, 101 (2009)

. T.F Feng, L. Sun, X.Y. Yang, Phys. Rev. D 77, 116008 (2008)

A. Arhrib, S. Baek, Phys. Rev. D 65, 075002 (2002)

C.H. Chen, C.Q. Geng, Phys. Lett. B 511, 77-84 (2001)

S. Marchetti, S. Mertens et al., Phys. Rev. D 79, 013010 (2009)
P.V. Weitershausen, M. Schafer et al., Phys. Rev. D 81, 093004
(2010)

H.G. Fargnoli, C. Gnendiger et al., Phys. Lett. B 726, 717-724
(2013)

H. Fargnoli, C. Gnendiger et al., JHEP 02, 070 (2014)

P. Athron, H.G. Fargnoli et al., Eur. Phys. J. C 76(2), 62 (2016)
W. Kotlarski, D. Stockinger et al., JHEP 08, 082 (2019)

S. Heinemeyer, D. Stockinger, G. Weiglein, Nucl. Phys. B 690, 62
(2004)

S. Heinemeyer, D. Stockinger, G. Weiglein, Nucl. Phys. B 699, 103
(2004)

T.F. Feng, L. Sun, X.Y. Yang, Nucl. Phys. B 800, 221-252 (2008)
S.M. Zhao, X.X. Dong, L.H. Su, H.B. Zhang, Eur. Phys. J. C 80,
823 (2020)

S. Ferrara, D.V. Nanopoulos, C.A. Savoy, Phys. Lett. B 123, 214
(1983)

G.F. Giudice, R. Rattazzi, Phys. Rep. 322, 41 (1999)

N. Dragon, U. Ellwanger, M.G. Schmidt, Phys. Lett. B 154, 373
(1985)

U. Ellwanger, N. Dragon, M.G. Schmidt, Z. Phys. C 29, 209 (1985)
U. Ellwanger, C. Hugonie, M. Teixeira, Phys. Rep. 496, 1-77
(2010)

U. Ellwanger, C.C. Jean-Louis, A.M. Teixeira, JHEP 0805, 044
(2008)

S.A. Abel, Nucl. Phys. B 480, 55 (1996)

C.F. Kolda, S. Pokorski, N. Polonsky, Phys. Rev. Lett. 80, 5263
(1998)

C. Panagiotakopoulos, K. Tamvakis, Phys. Lett. B 446, 224 (1999)
M.E. Peskin, D.V. Schroeder, An Introduction to Quantum Field
Theory (Addison Wesley, Reading, 1995)

G. Belanger, J.D. Silva, H.M. Tran, Phys. Rev. D 95, 115017 (2017)


http://arxiv.org/abs/1311.2198
http://arxiv.org/abs/0806.0538

Eur. Phys. J. C (2021) 81:433 Page 11 of 11 433

59. V. Barger, P.F. Perez, S. Spinner, Phys. Rev. Lett. 102, 181802 61. X.Y. Yang, T.F. Feng, Phys. Lett. B 675, 43 (2009)
(2009) 62. CMS Collaboration, Phys. Lett. B 716, 30 (2012)

60. P.H. Chankowski, S. Pokorski, J. Wagner, Eur. Phys. J. C 47, 187 63. ATLAS Collaboration, Phys. Lett. B 716, 1 (2012)
(2006)

@ Springer



	The two-loop contributions to muon MDM in U(1)X SSM
	Abstract 
	1 Introduction
	2 The U(1)X SSM
	3 Formulation
	3.1 The one-loop corrections
	3.2 The two-loop corrections

	4 The numerical results
	5 Discussion and conclusion
	Acknowledgements
	Appendix
	References




