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IN THE SUPERSYMMETRIC ECONOMICAL 3-3-1 MODEL
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We investigate the muon anomalous magnetic moment in the context of a supersymmetric version of the
economical 3-3-1 model. We compute the 1-loop contribution of superpartner particles. We show that the
contribution of superparticle loops become significant when tan~ is large. We investigate the cases of both
small and large values of tan~y. We find the region of the parameter space where the slepton masses of a few
hundred GeV are favored by the muon g — 2 for small tan+y (tan~ =~ 5). Numerical estimation gives the mass
of supersymmetric particles, the mass of gauginos ma = 700 GeV, and the light slepton mass m; of the order
of O (100) GeV. When tan+ is large (tan~y =~ 60), the charged slepton mass m; and the gaugino mass ma
are O(1) TeV, while the sneutrino mass ~ 450 GeV is in the reach of the LHC.
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1. INTRODUCTION

The muon magnetic dipole moment (MDM), writ-
ten in terms of a, = (g, — 2)/2, is one of the most
highly measured quantity in particle physics. The cur-
rent discrepancy between the experimental value and
that predicted by the Standard Model (SM), Aa, =
= al™ — {7 is 3.60 [1]. This discrepancy demands
an explanation. Efforts along both the experimental
and theoretical directions are being taken to address
this issue. On the theoretical side, there are models
of new physics. One of these models is the class of
SU(3)c x SU(3)r, x U(1) (3-3-1) models [2-14]. In this
class of models, the SU(2);, gauge symmetry group is
extended to SU(3)r and has some intriguing features,
which can lead to the generation number problem, dark
matter, small neutrino masses and their mixing, and
some problems of the early Universe [15]. Among the
3-3-1 models, there is one version called the economical
3-3-1 model (E331). The economical 3-3-1 model [14]
is a model with just two Higgs triplets. The Higgs sec-
tor in the E331 model is very simple and consists of
two massive neutral Higgs scalars, one massive charged
Higgs boson and eight Goldstone bosons. Because of

“E-mail: dtbinh@iop.vast.ac.vn
**BE-mail: dthuong@iop.vast.ac.vn
“**E-mail: hnlong@iop.vast.ac.vn

the extension of the gauge group, the 3-3-1 models
contain new particles such as new Higgs and gauge
bosons as well as new fermions. Due to the interac-
tions of the muon with some new heavy particles, the
3-3-1 models can make a new contribution to the muon
MDM. The muon MDM problem is also investigated
in this class of models [16-19]. However, this class of
models cannot probably explain the (¢ — 2), anomaly
if the SU(3)z, symmetry breaking scale is larger than
O(1) TeV [20,21].

Supersymmetry (SUSY) is one of the most promis-
ing candidates for the new physics beyond the Standard
Model. In SUSY models, the Higgs sector is very con-
strained and the quadratic divergences cancel, which
offers a solution to the naturalness problem [22]. In
addition, precision measurements of the gauge coupling
constants strongly suggest a SUSY grand unified the-
ory [23].

There are works in which the muon MDM is cal-
culated in the framework of SUSY models [24]. In the
minimal supersymmetric standard model (MSSM) [25],
the SUSY contribution is proportional to tan 3, which
is the ratio of the vacuum expectation values of two
Higgs fields and the suppression factor

2
Msusy
SUSY

If tan 3 is large, then a;; can be as large as Aa,, [1]
or if low-energy SUSY exits, the SUSY contribution to
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the muon g—2 can be large enough to address the muon
MDM anomaly, providing the masses of supersymme-
try particles of the order @ (100) GeV or O (1) TeV,
which are within reach of the LHC. Thus, the muon
MDM can possibly originate from SUSY contributions.

It is natural to investigate the muon MDM in the
SUSY version of the 3-3-1 models. In this paper we
investigate the muon MDM in the framework of the
supersymmetric version of the economical 331 model
(SUSYE331). The SUSY version of the economical
3-3-1 model (SUSYE331) was proposed in [26]. In the
SUSYE331 model, the region of the parameter space
can be expanded compared to that of the MSSM. It
was shown in [27, 28] that the interesting region of the
parameter space to study the lepton flavor violating de-
cay process [29] can be expanded to the limit of small
values of tany, and the slepton mass of at least one ge-
neration can be taken in the O(100) GeV energy range.

We first derive analytic expressions for all one-loop
contributions coming from the SUSYE331 and show
that the contribution of the SUSYE331 model to the
muon MDM is proportional to the values of tan-~y
and inversely proportional to the values of the slepton
masses. We demonstrate the magnitude of the contri-
bution to the muon MDM for each choice of the value of
the tan~y. Because of the appearance of new particles
in the SUSYE331, we expect finding an interesting re-
gion of the SUSY parameter space in the limit of small
tany. We are particularly interested in exploring some
numerical results of the SUSYE331 contribution to the
muon MDM in the limits where the SUSYE331 slepton
and gaugino masses are of the order of TeV, at small
values of tan~.

This paper is organized as follows. In Sec. 2, we
briefly review the SUSYE331 model. In Sec. 3, we dis-
cuss the neutralino and chargino sectors of the model.
Sections 4 and 5 are devoted for diagonalizing the mass
matrix of the smuon and sneutrino and the muon—
chargino—sneutrino interaction. In Sec. 6, we calculate
the muon MDM in a weak eigenstate. Section 7 is de-
voted to numerical calculations and bounds on masses.
We summarize our results in Sec. 8.

2. REVIEW OF THE MODEL

In this section, we first recapitulate the basic ele-
ments of the supersymmetric economical 3-3-1 model
[26]. The superfield content in this paper is defined as
V=(\V), (1)

F=(F,F), S=(S,5),

where the components F', S, and V stand for the
fermion, scalar, and vector fields, while their respec-
tive superpartners are denoted by ﬁ, §, and .

The superfield content of the model with an anano-
maly-free fermionic content transforms under the 3-3-1
gauge group as

~

—~ T ~
Lop = (Psls95) | ~ (13,-1/3), Iy ~ (1, 11),
@Lz(a d; a’)T~(331/3)
1 1, a1, I g )

us,, e~ (35,1,-2/3), dS, ~(3*,1,1/3),

~ ~ ~ T
QozL = (dozv_ﬂondla)L ~ (373*70)7 a = 2737

W~ (3%,1,-2/3), doyp, dp ~(3%,1,1/3),

where the values in the parentheses denote quantum
numbers based on the (SU(3)¢, SU(3)z, U(1)x) sym-
metry, V¢ = (Vr)°, and a = 1,2, 3 is the generation in-
dex. The primes on usual quark types (v’ and d’ with
the electric charge ¢,» = 2/3 and d’' with ¢ = —1/3)
indicate that those quarks are exotic ones.

The two superfields Y and p are introduced to span
the scalar sector of the economical 3-3-1 model [14]:

~ ~o\T
2) ~ (1737_1/3)7

Y=Kxx.x
p=(pr 7" 5)" ~(1,3,2/3).

To cancel the chiral anomalies of the higgsino sector,
two extra superfields X’ and p’ must be added:

N —~10 ~ ~o\T *
V= (P NTRY) T ~(1,3%5,1/3),

_ \T .
ﬁ:(ﬁl 7/P\’07/P\’2) N(1737_2/3)
In this model, the SU(3)z ® U(1)x gauge group is
broken in two steps:

!
(TR

SUB)L®U(1)x — SU(2)L ®

’ 1
RN TRT)
—

@ Uy Uhe, (2)

where the VEVs are defined by

V200" = (u,0,w), V2()T = (u',0,w'),

V2(p)" = (0,v,0), V2()" = (0,4',0). )

The VEVs w and w' are responsible for the first step
of the symmetry breaking, while u, v’ and v, v' are for
the second step. Therefore, they have to satisfy the
constraints
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w, u', v, v << w, w. (4)

The vector superfields 17}, 17, and V' containing the
usual gauge bosons are respectively associated with the
SU(3)¢, SU(3)r, and U(1)x group factors. The color
and flavor vector superfields have expansions in the
Gell-Mann matrix basis T = X\*/2 (a = 1,2,...,8)
as

)

o

1.~ = [P
= iAach Ve= _5)\& Veas
~ 1.~ = 1 =
V - 5)\“1/,1, V - _iAa*Va7
where the overbar indicates complex conjugation. The

vector superfields associated with U(1)x are normal-
ized as

1
V6

The gluons are denoted by ¢* and their gluino partners
by A¢, with @ = 1,...,8. In the electroweak sector,
V@ and B stand for the respective SU(3);, and U(1)x
gauge bosons with their gaugino partners \{, and Ap.

With the above superfields, the full Lagrangian is
defined by Lsusy + Lsoft where the first term is the
supersymmetric part, whereas the last term breaks the
supersymmetry explicitly. The interested reader can
find more details about the Lagrangian in [26]. In what

XV'=(XT°B, T°=—=diag(1,1,1).

follows, we are only interested in terms relevant to our
calculations.

3. THE NEUTRALINOS AND CHARGINO
SECTORS

In the SUSYE331 model, the neutralinos are mixed
by an 11 x 11 matrix and the charginos are mixed by
a 5 x 5 matrix. It is difficult to find the exact mass
eigenstates of these mass matrices. Hence, we have to
find the approximation method.

3.1. The neutralino sector

The neutralino mass terms are given in [30] as fol-
lows:

£= () My (5)
with

1/10 - <X?7X?,7 Xga Xglaptl)vpgla ABa AS» )‘87

CMtids . A—idg
)\X_ 2 7AX*_ 2 >7

and the mass matrix M5 has the form

!

gu gu gu

quw
0o - 0 0 0 0o - gL 2y
i 376 23 V2
glul gul gul gwl
- 0 0 0 0 0 g 0
i 36 2 23 2
g'w guw gu
0 0 0 - 0o - o -2 o £
i 376 V3 V2
glwl gwl gul
0 R 0 0 0 I o L
a NG V3 V3
2g'v qgv gu
0 0 0 0 0o - L 0
Hp 3\/6 D) 2\/5
2q¢"v’ v v’
Mo = g g g (6)
I 0 0 0 o -p, o 2L I o |-
3v6 2 2V3
3 glu glul _glw glwl 29’1} _2glvl - 0 0 0 0
3v6 3v6 3v6 3v6 36 36 B
li !
% % 0 0 —% —% 0 my 0 0 0
g v _gv v g 0 0 m 0 0
23 23 V3 V3 2v3 23 )
li
% g;“ 0 0 0 0 0 0 0  ma, O
!
0 0 % % 0 0 0 0 0 0 Moy
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where my, = my, = my,,. and
In general, we can find a new basis in which the
mass matrix Mg has the diagonal form by finding a
unitary matrix NV such that v, 0 u,u' w,w' <y —mply [y — mag |,
N*My Nt —dlag(mxl,mf@,mfm,mi ,mis,mf&, <
mi77mig’mi9’mi1o’m%11)' |MX mx\s|v|fux m)‘45|. ( )
As in [30], we assume that o ) ) )
, , , In these limits, we obtain the neutralino mass eigen-
v, 0wt wyw' <y —mpls |y —ma, | states by using the perturbation theory. In the first
1o = mixgl sy — mags | (7) order of the perturbation, we obtain the mixing matrix
\
0 0 0 0 0 0 10 0 0 0
0 0 0 0 0 0 010 00
0 0 0 0 0 0 0 01 0O
0 0 0 0 0 0 000 10
0 0 0 0 0 0 0 00 01
1 1
0 0 0 0 E E 00 0 0O
0 0 0 0 LI 000 0O
N = V2 V2
LI 0 0 0 0 0 00 0O
V2 V2
LI 0 0 0 0 0 00 0O
V2 V2
0 0 LI 0 0 0 00 0O
V2 V2
0 0 11 0 0 000 0O
V2 V2
Its mass eigenvalues as studied in [30]. May 0 gv’ 0 v
V2 V2
gv' gw
3.2. Chargino sector 0 myy 0 ﬁ %
In the SUSYE331 model, there are four charged — 9v
gauginos and six charged Higgsinos. In the basis ° M V2 gOv e ’ ’
0 — 0 pup O
U = O Ages i 3T, V2
I N
Q,D_:(AW,7A 75177527755_)7 \/5 \/§

the Lagrangian describes the chargino mass terms as

Lechargino mass = (Ji)Jr Malzi +H.e.,

)

where

0 M
NJ:(MT 0

with the 5 x 5 matrix

To diagonalize the chargino mass matrix, we have to
find two unitary 5 x 5 matrices U and V such that

myy O 0 0 0

0 mo 0 0 0
UMyt = 0 0 pu 0 0 |=
0 0 0 mg3 O
0 0 0 0 g
= dlag(mxl,m;,mfym;,mf ),
where
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mo =

| =

208+ 13, + 20+ ) = 2+ )+ P 0 Rl — ) w4 ) |

msz =

=] =

To find the matrices U and V' we have to diagonal-
ize the matrix MTM by finding the matrix C such that
CtMTMC = M}, where Mp has a diagonal form. The
matrices U and V' are represented as

vt=c, U*=Mptotmt.

In the leading order in my,, ,mxy, tp, fy, w, 0" >

208+ m3,) + 220+ ) 2 ) g2 ) Rl —may P g0+ ) .

> u,u'v,v’, the matrix C' has the form

1 0 0 0 0
A 0 B 0
Vit A2 Vit B
C=1 o 0 1 0 NE
0 0 0 0
1 1
0

0
V1+ A2 V1+ B?

and the matrix U* is

!
1 0 _9v 0 _gw
\/im,\w \/im)\w
gu 24Amy, + V2qw 0 guA 24ty + V2Agw'
2(1 + A2)2my 2v1+ A%2mao 21+ A%2)my 214 A2my
gv'
U* = 0 1 0 0 ,
V2,
qu 2Bmy, +V2gw 0 Bgv 24, +V2gw'B
\/2(1+B2)m3 2\/1+B2 ms \/2(1+B2)m3 \/2(1+B2)m3
gv’
0 0 1 0
V24,
where
1 2 2 2/ 2 2
A= (2(ny —m3,) + g°(w? —w") +

+ \/—4(—2uxm>\,, + gPww')? 4+ (2(p2 +m3 ) + g2 (w? + w'?))? ) ,

1

2 2

B= (=2(uy —m3,) — ¢ (w® —w'") +

2V/2(myy w + pyw’)

+ \/—4(—2,uxm>\,, + gPww')? + (2(u3 +m3, ) + g>(w? + w’z))Z) .

4. SMUON AND SNEUTRINO MASSES

The superpotential of the model under considera-
tion relevant to the contribution to (¢ — 2), is given
by

W' = pioa Lar X' + i XX + 1ppp' +
+YabLar ' I, + Na€Lar Xp + NypeLar Ly p,
where o4, pp, and p, have the dimension mass,
the other coefficients in W' are dimensionless, and

[V
Aab - Aba'

1119

The relevant softly breaking terms are obtained as

— Lsmr = MLl Lor, +miy 531, +
+ {McI?XTEaL + nabzaLPITEb + vaeLarxp +
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+ WhopLarQard s, + H.c.} . (9)
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where €4, = —¢€p,. This Lagrangian is also responsible
for sfermion masses. The sfermion masses are obtained
by combining the soft terms, D-terms, and F-terms.
The interested reader can find the details in [31]. In
general, there is flavor mixing in the slepton mass ma-
trix. However, large flavor mixing in the slepton sector
can create a mismatch for the lepton flavor decay pro-
cesses of the muon and the tauon [27, 28]. In this work,
we assume that the flavor mixing matrix elements are
not too large. We can then ignore all the flavor mixing
terms. The mass matrix for the smuon can be written
as

where

UQ
mip = (m§2 + 1—8732 + 92t2Hl> :

(12)
2 _ 1 ! 1
MELR = ﬁ N220" + gHe 2V | s
with
1 cos2 cos 2
H3— Z(2 2ﬂ 2 2’}/), (13)
55 2
1 cos 2 cos 23
Hy = —= [* 5 — (0 —20°) 50| (14)
4/3 2 85
1 2
Hy = — —uw— b (15)
2 53
1 cos 2 cos 2
le_ (2+w2) 2/8 2 27‘|7 (16)
6 53 c
and
u w !
tanff = — = —, tany= —
in w
sg =sinff, cg=cosp.

Diagonalizing the mass matrix in Eq. (10), we can
obtain the mass eigenvalues

1

m%L =5 (m%L + m%R — A) , (17)
1
m%R =5 (m%L + m%R + A) , (18)

where

2
A= \/(mﬁL — m%R) + 4m%LR.

The mass eigenstates are
ﬁL — 80,; _60,; lﬁR _
IR Co, S0 g,
aM<%>,<m
I I~
1837

fr = cozl, —

R = S0,lug + coyla,

SeﬁlﬁL7

where sg. = sinflg, cp, = cosfy, and 05 is defined
through tan 26 as follows:

2m?2
LR
tan 205 = typ, = ——LEL
omZ, —m2
nL R

Next, we study the muon sneutrino mass. If we
ignore the mixing among sneutrinos of the first two

generations, the sneutrino mass my, takes the form

1 1 22
mg,, = M22+4Moz+ H3+\/§H8—?H1 +
1
+ g (A5 +ANG) + SA (20)
2 2 1 2 2 1 t2
Min =My + Jhi02 =9 %H8+§Hl +

1 5 1
— 4)\"? — A2 (21
18v (/\ +4N'%) + 18)\2u (21)

5. MUON-NEUTRALINO-SMUON AND
MUON-CHARGINO-SNEUTRINO
VERTICES

The interaction terms contain the lepton—neutrali-

no—slepton and lepton—chargino—sneutrino vertices:

L~

g (+ aTy\® TraTva . 1
=" (TAIX) - Iy ) —zg'\/; x

x[ %(LL)\B fLAB)jL(ZCFXB—flCAB)}, (22)

Aab Se T
Ligy = =222 (L'l + L'l ) -
A .
. ?;” (Lapr—l—Lapr) Y He (23)
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We recall that the lepton number is conserved in
the lepton sector at the tree level and A3, are anti-
symmetric with the vanishing couplings A1, and Asgp
if a equals b. We use the notations Y, = A22/3 as
given in [28]. Expanding Eqs. (22) and (23), we rewrite
only the muon—neutralino—smuon and muon—chargino—
sneutrino interaction terms. All the relevant terms are

_ 1w

given by
a7 (- ))ﬁf‘

(o By )

X (JCMCAB—MMCAB) —ig (ﬁLw+§uL_HLW+;;L) +

+ig (HL}A}JrgML - MLY’W,’ZL) . (24)
Lar=—Yu {urpgp'® + pepug, +
+ UuL PG, + U5y ug } +He.  (25)

Equations (24) and (25) can be written in the physical
states as follows:

Z K PRNX A

+ZN PrCE + PLCL, e XT
jiB

+ PLN

HNXz XiltA )/’I/AYZ +

FUa+He, (26)

where

> !

(2

_N*,+
3\/5 Ti

L

g ig
Xilia Ng -

2

L NE — —LNg ) x
V2T 9’)

X (Up)ra = YuNg;(Up)ra,

R

Xilba —

ig' .
_ﬁNn(Uﬁ)RA

= —ig (Vlj(U,,)LB + V2j(Uu)RB) )
Yu(Usj(Uv)ra + Usj(Uy)rA)-

= VuNgi(Ug)La,

CL

XJVB -

CR

XVB:_

6. SUSY CONTRIBUTION TO THE MUON
MDM

The amplitude for the photon—muon—muon cou-
pling in the limit of the zero photon momentum can
be written as

ioc®B
My; = ieu [70‘ +ay, 5 45

] uAq.

my,

The magnetic dipole moment a, can be calculated
in both mass eigenstates and weak eigenstates. But in

5 ZKOT®, Bem. 6 (12)

the next section, the magnetic dipole moment is evalu-
ated in the weak eigenstates, because in this basis the
dependence of a;, on SUSY parameters is more appar-
ent than in the mass eigenstate basis.

The SM prediction for the muon anomalous mag-
netic moment was given in [32]:

as™ =116591803(1)(42)(26) - 107",

From the recent E821 experiments [33], taking cor-
relations between systematic errors into account, we
find

a, ¥ =116592091(54)(33) - 107" =

= (116592091 + 63.3) - 10~ 1.
Hence
Aa, (E821 — SM) = 288(63)(49) - 107" =
= (288 +£80) - 10 1.

Then Ay, is 3.68-107% and 2.08-107? at the respective
levels of 3.60 and 2.00.

6.1. Mass eigenstate

The effect of supersymmetry on a, includes loops
with charginos and neutralinos. The one-loop contri-
butions to a, [24], including the effects of a possible
complex phase, are

0-
X0 —
Aaﬂ =

3 {0 P P 0

X J5(m

my, X

2
mﬁA) +
R-
XiltA

2 2
mpA» aAs MG A>

+ my, Re(NF*%

XilkA )X

X J4(m mi 7muA7 2A)}

167r2 “Z{ 6m 4 (

X (INYigs 7) x
><(1—6xXiA+3xX.A+2xX,A—6xi.A Inzy,a) —

My, Re(NL* NR )

Xifba™ Xifta

my
1—ay,4)

4><
2
| +| XzHA

m%A(l Ty;a)?

X (1 - xiiA + QxXiA In xXiA)}v
Ay =m, 3 [ma (108 + 1% [) x
i
X {m%J5(mi_¢,mi¢,mi¢,mi_i,mﬁ) +
+J4(mi'i,m2i,m2i,m2i),

X; X; X;
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(1) ) , 3)
p'’ Y ,yga ip’? plox~+§7
. ~] — [~ =R ~ = A
e S o
> N T N N S N
SN N T
~ VLo -
0 3) (5) (6)
o \ . .
i e Py o e
- ESha Py WVt ﬁ’; pr W
12 [ N b s N s KB
A a7 N 1o o
27 (8) (9)
/0 ,
Fig. 1. Contribution to afL“L) (1-3) and ai“,% (4) POy 07 v y~ 0 ﬁf)o ‘ )\f‘::fi\i
Py pSL,Y S LR AT
, , N pp B BN Dp. ol L 7
— Ja(m XiXa XinmXime/)}_ = 27
— 2mx Re(CL5CE ;) — (10) (11) (12)
/0 ¢ 0
2 2 2 2 1 ~IO~0 )\ )\ p~IO H )\B ~IOp~0é >\B
_J4(mfo’mfo’mxiiX’m’7)] = {62 CP A A P P B c
K \{LQ N L N N N
2 R |2 o o g v
<3 s kol + et
(27) Fig.2. Contribution to a(b> (1-10) and ") (11,12)
3 1
(1+21'X:I: —322 i+2x i+3x ilnx :I:) —
3777’)(i R (CL* CR ) %
m2(l —ax_+)3 AWartvin
14 X;
‘ (1) (2) ®3)
4 1 2 A A A\
(]. — —I'X:(: + 1‘ + + = 11’11’){;{:) y HC\IR lL S NC \iR ~L S NC \&2 lL u
3 33 ' Afﬁr ;r’*a:-’@ 3‘:"{
v Y p/O o Apo pIOY vy
wherexi—mi/m,xXA— m3,/mz,.
N P (4) (5) (6)
Based on the contributions of the SUSYE331 model
to the muon MDM given in Eqs. (27), it is difficult to < AB B AB
see the effects of the SUSYE331 parameter space on # \@g _iL v 1 H \lLi _ Eﬁa’ Hp \lLLa _lﬁﬁ’ H
the muon MDM, in particular, the role of tan~y. To 0 A }35 - Ap,o 7 Ypo
assess the effects of the SUSYE331 parameter space on ' ' '
the muon MDM, it is convenient to use the mass inser- (7) (8)
tion method to calculate the diagrams. In what follows, AB AB
we consider the muon MDM based on the weak eigen- po g _’l@{ PETANTE ) llig; e
states. p/” 5 poi 5

6.2. Weak eigenstates

In this section, we consider the SUSY contribution
to the muon MDM by using the mass insertion method
to calculate the diagrams in Figs. 1-3. The contribu-
tions to a, can be separated into six parts:

SUSYFE331 _ (a) (a)
a =a,r +

( ®) L (@, (o)
. L+ a,p +an) +ag,

Fig.3. Contribution to affL) (1-6) and aff})2 (7.8)

where the diagrams involving each part are shown in
Figs. 1-3. Their contributions are
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2 2 m2 ms
(a) melQL ML (e) M Mg
a'® = — X ayLr =
nl 82 3 . 8 9
x Js(m3,mZ  m? ,m? 2 ) = %{SLCLA +8RCRCLAL +
P e e’ e e
2.2
mac¢ 2 2 2 9 9 tan
— T”LJ5(m)\,m/\,m/\,m)‘,m,;L2) + + SRCRSLCL (AT_I_%)] +
2 2
g 2 m2m tan
8V71:2 = 2/\ J5(m>\,m>\,m§\,m§\,m§m) - + CRCL [A + /j’p 9 7:|) X
2.2, 2 2 2 2 9 2
cymy, 2 P
- 87LT2 5l4L2 Js(m, 12 L2’ mlng’mlgLymlng)—l— x IS(mB’mB’mB’mlLZ’mle) +
m
+ (Lz — L3, Ry = R3,c3 — S%,C,%R — 512/13) , (28) + (m_T - CRSLCLA + SRCRSLA
o
tan
o o o — SRCRSLCIL, (AT-FLP 5 7>:| +
(a) _ _g CrR™My minz %
- 2 tan
871'2 26 ) ) ) +CR3L [A +%:|> X
X J5(mB,m[R27m[R27m[R27m[R2) + , , , ) !
+ (R2 — R3,C%% - 8%%) ’ (29) x [S(mB7mB’mB7ml~L3’ml~R2) +
m
+ <—T S%SLCLAfT - sRcRC%AﬁT -
®) g2 m2 my
v 4 2 2 2 2 2
G = 872 mD“IE’(m}"M”’mﬂm’mﬂ“’m'}“)+ — SRCRSLCI, (A + - t;nv)] "
2.2 .2
9 My 4 2 2 2 2 2
81/7}:2 “mDR2I5(m)\’up’mﬂnz’mﬂRz’mﬂRz) - + 22 [A + Nptan7:|> %
RCL Y
2.2 2 2
g-c,,ymy, 2 2 2 92 9
~ g e tany [Ja0mi i hy, pp ) + X Ty (i, iy i, m2 2 ) +
+ J5(m§7m§7mivu;2ﬂ 127L2) +
+ JS(m/\nupa,upaupa l/Lz)] -
2.2 2
geco.m
— 5 my py tany [Js(m3,m3, pg, pp,ma ) +
5 2 2 2 2 3 + (ﬁ [— 32RSLCLA5‘,. — SRCRS%A£T+
+ J5(m)\am)\7m,\wup7mt732) + my
t
+ JS(m)\nupwupaupa VRQ):I + —+ SRCRSLCL (A —+ lj’p 2341’1’)/):| —+
2.2 2
grermy o5 2 2 2 2
=7 Mg |:J5(m}\7/'l/p7 mpmi ) — b2 |4, + Lo tan’y]) "
2
2 2 2 2 2
— MxHp tan 715(m}\7,up7m[L27m[L27m[L2)] - N ) N ) N
g”ci2mj, m2 = [ m? m2 m? ) ) [S(m&mB’mB’mi”’miRg)] e
- T o9 m 7/J’ ) 9 ioymy -
72 Mirs 27 [ s\ Hps g, o s Y,
— mpp, tan 15 (m2B7 /J/;2)7 mlgm’ mlgL27ml2L2)] + where s, ¢, and sgr, cgr are the mixing angles between
) ) flavor states fir, 7z, i, 7f and the mass states ng,
+ (Ly — Ls,Rz - R3acL = SLs IL3, IRz, [Rs:
s e s, ), (30)
fip =cplps —splps, 7o =splpe +eplys,
2.2 2
G0 9 R o 2 ; - . )
pR 872 Lr2 0 fif, = crlra — srlr3, 77 = Srlr2 + crlr3

lr2’ lr2’ lRr2

Ir2’ lr2’ IRz

X I:_JE)(sznuza
+ mp, tan yIs (mp, p2,
+ (R2 — R3,C%3 — 8%3) s (31)

with ¢;, = cosf, s, = sinfy, cg = cosfgr, sSgp =
= sinfr. Also, A, and AL are the respective cou-
plings of smuon-smuon—neutral Higgs and smuon—sta-
uon-neutral Higgs. More details can be found in [27].
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7. NUMERICAL CALCULATION

The full parameter space of the SUSYE331 model
contains dozens of parameters, but we can classify them
into categories: the B/u-term p,; the ratio of two vacua
tan+y; the gaugino masses mp, my; the right-handed
slepton masses m;_, Mip,, Mj,_,Migy; the left-handed
slepton masses my, ., My, ,, M, ., Miyg; and the mixing
terms A,, A, Afﬂ, Am To simplify the calculations,
we can ﬁrst make a rough estimation by taking the
limit where mj, mg, mx, i, are equal to msysy, and
since A, and Aﬁ,’.R are nondiagonal terms in the mixing
matrix, which means that they are very small, we can
approximate A, = A/, = 0.

In this limit, analytic expressions (28)—(32) can be
written simply as

g Lg my 11 g% m
uk 18 872 miygy 54 12 872 mZ gy
g 119" my,

KRG 12 872 m2pey

2 2 2 2
w_ 1 g my 1g my
= — — _— t —
WL = T3 0% mlyey |4 A7 mygy BN tan Y
12¢> m,
- - (1 + sign(u,) tany) +
12 3872 miygy ?
1 4 gl2 m2
(1 + sign(u,) tany),
12 27 872 m2y gy g
1 2 12 m2
a(b})% -9 (1 + sign(p,) tany),

12 9 872 mSUSY

2
Jo 1 1g% my
nwLR

12 9 872 m¥ gy

msusy sign(,up) tan -y

Re |A
X Re |A, + 5

If we assume that A, = 0, then summing all the above
terms gives

2
"
— +
108 872 m% ey
2
m
£+
Susy
1 g’2 mi
+ — sign(pu,) tan v . (33)
648 872 ’ Mgy

1 mi 1 ¢2 m
36

4 g
9 872

Aatotal — _

9_

2
872 Mgy
2

_|_

5 sign(u,) tany

We first estimate Aa, numerically by using
Eq. (33). From Eq. (33), we can conclude that Aa,
has the same sign as p,. In Fig. 4, we plot the
discrepancy of the muon MDM between experimental
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Fig.4. Aa, plotted versus msysy

data and the SM prediction. For convenience, we scale
the value of MDM by the factor 10% throughout in
this paper. The shaded region is the 1.60 difference
with the upper and the lower bounds are 2.00-3.60.
The muon MDM is investigated at different values
tany =1, 5, 10, 20, 40, 60. We can see that to explain
the > 3.60 difference, the mass of the supersymmetric
particle can be as small as ~ 75 GeV at tany = 1. This
is because the number of new particles is increased
in the SUSYE331 model compared to the MSSM.
Therefore, the contribution to the total value of the
MDM is large even for small tany. When tan+y
is large (tan~y—60), the mass of the SUSY particle
msysy is limited to 900 GeV in order to address the
2.00 discrepancy. As pointed out in [21], the simple
extension of the gauge symmetry model of the SM
cannot address the MDM problem because of the
damping term m, /M3, p, where Myp is the mass of
the new-physics particle. But in the supersymmetric
version of the 3-3-1 model, the contribution of the new
particle to the MDM is enhanced by a factor given by
the ratio of two vacuum tan+sy. Therefore, the issue
of the MDM can be addressed with a suitable value
of tan~.

Next, we obtain the SUSYE331 contribution to the
muon MDM by using analytic expressions (28)—(32)
and fixing the value of tan+y and slepton masses. We
assume that my, = m; = mj = My, = Mig, and
mp, = mj = mj = My = Mg, The mass hi-
erarchy between the second and the third generation
is taken into account. Since the MSSM is embedded
in the SUSYE331, we can take the constraint on the

smuon mass [1] where the smuon mass is greater than
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Fig.5. Aa, plotted versus y1, and ma: m;, =m; , =
R2 L3 R3
= Mpry, = Migy, tany =5, my, = 100 GeV, my, =
1 TeV, mp = mx = mg, 0 = 0r = 7/4, 0, =
=0,, =n/4

= Miry, = Miogy, My,

maea, GeV
1200 | 0 ]
/ ‘I
/
1000 | ) _
/
800 |- —0.05 7 i
600 """ B n ]
—0.10 - “
00 ___ I N -
— =015 N
200 | "7 ---TE - .
~-_ _ -7 .20 0.20
R 020 020 —
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Ko, GeV
Fig.6. Aa, plotted versus y1, and ma: m;, =m; , =
= My, = Mips = Mopy, Mi, = My . = My =

= Mioyg = Migg, tany =5, m;, = 200 GeV, m;,
=1TeV, mp = mx = mg, 01 = 0r = 7/4, 6,, =
=0,, =7/4

91 GeV (ABBIENDI 04). We approximate the mass of
the second generation as mj, = 100 GeV and in other
cases as mj, = 200 GeV, while the third generation
mass mj, about 1 TeV. The results obtained in Fig. 4
show that if the SUSY masses are fixed in the range
100-200 GeV, the value of tan+y is 5 in order to fit the
experimental results. Hence, we study the SUSY con-
tribution to the muon MDM for fixed values of slepton
masses and in the (me, pt,) plane. In Figs. 5 and 6, we

ma, GeV
2000 fr
1500 |
1000 L
500 +
—i500 —1000 —500 0 500 1000 1500
Ko, GeV

Fig.7. Aa, plotted versus y1, and ma: m;, =m; , =
= mi
R2
= Mipg = Migg, tany = 60, m;, = 500 GeV, mj,
=2 TeV, mp = mx = mg, 01 = 0r = 7/4, 0,,
=0,, =7/4

= Mipy = Mogy, My, = My, = My

plot the results for tany = 5; the bino and gauginos
masses are assumed to be equal to the gauginos mass,
mp = my = mg. The mixing is assumed maximal,
01, = 0r = 7/4,6,, =6,, = /4. The results given
in Fig. 5 are plotted for m;, = 100 GeV and m;, =
=1 TeV, while the results in the Fig. 6 are plotted for
m;, = 200 GeV and mj, = 1 TeV. We plot for both
negative and positive values of j,. There is a slight
asymmetry in the graph caused by terms that do not
depend on j,. We have imposed the condition of the
maximum value of |u,| < 1500 GeV to avoid fine-tuning
requirement for the Higgs potential. We can see from
Fig. 5 that in order to address the anomalous muon
MDM data, the mass of the gauginos must be in the
range 200 < m¢g < 700 GeV and because of the setup of
the masses, tany = 5 is the minimum value to satisfy
the experimental discrepancy 2.00—3.60. We can also
learn that the MDM value is inversely proportional to
tp- In the case where the mass of the second generation
is taken to be 200 GeV, Fig. 6, the MDM value merely
reaches the 2.00 anomaly of experimental data, which
sets the upper bound on the second generation mass at
200 GeV for the mass of the third generation 1 TeV and
tany = 5. The results in Figs. 5 and 6 show that if we
take a larger value of m; , then the SUSYE331 contri-
bution to the muon MDM is enhanced in the small mg
region.

We recall that the SUSYE331 contribution to the
muon MDM is proportional to tanvy. The results given
in Fig. 4 show that if tany = 60, then the interesting
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Fig.8. Aa, plotted versus y, and mg: mp, =mg, =
= mi
R2
= Mg = Migg, tany = 60, my, = 800 GeV, my,
=2 TeV, mp = myx = mqa, 0, = 6r = 71'/4; 01/L
=0,, =7/4

= Miry = Moy, My, = My . = My,

mgysy region is 600-800 GeV. We impose the upper
bound tany = 60 (ACHARD 04) [1]. Hence, we numer-
ically study the SUSYE331 contribution to the muon
MDM in the case tany = 60 and with the slepton mass
hierarchy between the second and third family retained.
In Figs. 7 and 8, we plot muon MDM on the (mg, 1))
plane with the same condition as above, but with the
mass of the generation taken to be 500 GeV in Fig. 7
and 800 GeV in Fig. 8 and the mass of the third gener-
ation taken to be 2 TeV. The result in Fig. 7 show that
the upper bounds mg = 1500 GeV and 1, = 1500 GeV.
However, the results in Fig. 8 set the upper bound
m¢g = 1100 GeV and p, = 1200 GeV.

We next take into account the current upper bound
on the Bino mass, 350 GeV, at the top quark mass
174 GeV based on the CP-violating phase [1]. We set
mp ., = My, = My o = Mpg = My, Mj, = Mpp, =
=mj,. = Mg, =Mp, and tany = 60, p, = 140 GeV.
The mass of other gauginos my is set to be 1 TeV
(Fig. 9) and 2 TeV (Fig. 10). These figures illustrate
the effects of varying m; and mp on the SUSYE331
contribution to the muon MDM. Combining the muon
MDM from experiment and the theoretical predictions
in (6) and (7), we obtain the relevant region of the pa-
rameter space. Especially, the region of the parameter
space of mp, is very large, mpz > 20 GeV, while that of
mj is slightly constrained and depends on the value of
the gaugino mass. If we fix my = 1 TeV, the results
given in Fig. 9 give the lower bound m; ~ 400 GeV
and there is no upper bound on mp. From Fig. 10,

mg, GeV
1400 | _
1200 i
1000 0.2 .
800 -
600 L 0.4 4
4001 0.6 1
200+ 1 0) Vos 0.2 /% o4 .
O f— — T —— T i
0 500 1000 1500 2000
mg, GeV
Fig.9. Aa, plotted versus m; and mpz: m;,, =
= Mipry = My . = Mogz = Mp, My, = Mipy =
= Mj . = Mgy = Mp, tan~y = 60, p, = 140 GeV,
my = 1 TeV
mg, GeV
1200 F T T T =
1000 | ]
0.1
800 | ]
600 L ]
0.2
400 - ]
0.1 02 )
200 |- 0 0.1 |
0 | | | |
0 500 1000 1500 2000
mig, GeV
Fig.10. Aa, plotted versus m; and mg: m; , =
= Mipy, = My = Mipy = My, Mi,, = Migy =
= Mj, = Mig, = My, tany = 60, pu, = 140 GeV,
my =2 TeV

we can find the upper bound on the left slepton mass
mj < 800 GeV.

Furthermore, by choosing the upper bound for the
left-handed slepton mass above the third-generation
masses my, . = mj . = My, = My, = 800 GeV and
fixing tany = 60, p, = 140 GeV, and mp = 350 GeV,
we plot the SUSYE331 contribution to the muon MDM
on the plane (mj = my,, = mp,, mj,, = Mg, =
= mp,) in Fig. 11 and Fig. 12. The results in the cases
my = 1 TeV and my = 2 TeV are shown in Fig. 11
and Fig. 12. Comparing with the experimental results,
we find the lower bound mp, > 500 GeV for a fixed
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800 |
600 |
400 |
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mL2 5 GeV
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Fig.11. Aa, plotted versus mz, and mp,: m; =

= Mg, = MLz, Mi,, = Mg, = MR2, Mj . =
= Mj,, = Mo, = Mig, = 800 GeV, tany = 60,

[, = 140 GeV, mp = 350 GeV

méz, GeV

2000 1y T T T T T T T =
1500 + 4
1000 + 4
500 | 03 \02 1

0.4 —0.1\ 0 0.1
0 3 1 i — 1 1 I\ 1 1 =
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myg,, GeV

Fig.12. Aa, plotted versus m;, and mp,: m; =

= Mg, = MLy, Mj,, = Mig, = MR2, Mj, . =
= Mj,, = Mo, = Mig, = 800 GeV, tany = 60,

[, = 140 GeV, mp = 350 GeV

my = 1 TeV and the upper bound on the mass of the
left-handed slepton of the second generation is 600 GeV
for a fixed my = 2 TeV. There is no bound on the right-
handed slepton mass of the second generation.

We have investigated the maximal mixing case,
where 0,, = 60,, = w/4 are related to the neu-
trino mixing and fr = 0, = w/4 are related to the
charged lepton mixing. Next, we investigate the case
of smaller 0p = 0, = 0and 0,, =0,, = n/4. In
Figs. 13 and 14, we plot the MDM dependence on
the mp,, and mpg,, where we use the above constraint
my, = 600 GeV and other parameters are fixed as
tany = 60, p, = 140 GeV, mpg, = 800 GeV, mp =

mR2,

GeV
2000 T T
\0.8 0.4
0.6

B 0 0.2

1500

500

1000 -

0

1000 1200 1400
m,,iz,GeV

0 200 400 600 800

Fig.13. Aa, plotted versus my;, and mp,: 0r =

=60, =0and b,, =6, =x/4, tany = 60, p,

= 140 GeV, MmRpr3 = 800 GeV, mI:Q =600 GeV, mp =
=350 GeV, my =1 TeV

mRQ, GeV
2000 uy T T T T T3
1500 t+ 4
1000 L 4
0.4 10.3 0.2
500 L 4
~ 1
_’_//_’{/_,————'—/—_'0_"-_—_—
0 1§ L 0 15

0 200 400 600 800 1000
My s GeV

Fig.14. Aa, plotted versus my;, and mp,: 0r =

=60, =0and b,, =6, =x/4, tany = 60, p,

= 140 GeV, mpr; =800 GeV, m;, = 600 GeV, mp =
=350 GeV, my =2 TeV

= 350 GeV, and my = 1 TeV for Fig. 13 and m) =
= 2 TeV for Fig. 14. The sneutrino mass has to be
smaller than 550 GeV to address the 2.00-3.60 dis-
crepancy if my = 2 TeV. The lower bound of the right-
handed slepton mass of the second generation is around
tens of GeV for a fixed my = 1 TeV and is a hun-
dred GeV for a fixed my = 2 TeV.

8. CONCLUSIONS

We have examined the muon ¢ — 2 in detail in the
framework of the SUSYE331 model. We calculated
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one-loop SUSYE331 contributions to the muon MDM
based on both the mass eigenstate and the weak eigen-
state methods. The mass eigenstates of the neutralino
and chargino are obtained using an approximate
method. To recognize the effects of the SUSYE331
parameters on the muon MDM, we work with analytic
expressions of the muon MDM based on the mass
insertion method. We have considered all parameters
of SUSYE331 as free parameters. In our calculation
we have made some assumptions: the maximal mixing
and small mixing terms A, A,, and Aﬁ;R, which
are neglected in our calculation. In particular, by
taking the limit where p,, my, mj;, mp are equal to
mgsusy, we obtain reduced analytic expressions for the
contribution of the SUSYE331 to the muon MDM.
The results show that the SUSYE331 contribution to
the muon MDM is enhanced in the small region of
mgysy and large values of tany. We have investigated
for both small and large values of the ratio of two
vacuum tan+y values. The numerical results show
that consistency with the experimental bound on
the muon MDM requires that msysy ~ 75 GeV for
tany = 1 and mgsysy = 900 for tany = 60. On
the other hand, we also investigated the SUSYE31
contribution to the muon MDM in the case of the
mass hierarchy between the second and third gener-
ations. In the case where tan+y is small (tany = 5)
and one generation of the slepton mass is fixed at
O(1) TeV, the light slepton particle mass is bounded
from 100 GeV to 200 GeV and Aa* can be comparable
to the current limit on the muon MDM. When tan vy
is large (tany = 60), the mass of the light left-handed
slepton particle is bounded by 800 GeV. Finally, we
note that in the case of the maximal flavor mixing
only in the sneutrino sector, we obtain that the upper
bound of the sneutrino mass is 550 GeV. These values
can be examined at the LHC or the future collider ILC.

D. T. Binh thanks Le Tho Hue for his sugges-
tion. This research is funded by the Vietnam National
Foundation for Science and Technology Development
(NAFOSTED) under the grant No.103.01-2014.51.

APPENDIX

In this section, we define some integrals used in our
calculation. The following integral is defined in [34]:

I(N)(,,..,,.) :/ Pk —
VT (k2 —md)r (k2 — m )N

B / dPk
Y, (k2 —m2)

In the special case where D = 4 and there are two
masses, we have

I(2)(1/1,l/2;m1,m2) — 7T27:73(—m2)27"1*1/2 y
Lln + v, —2)
C(vy + v)

m?

1

X Fi <l/1 +ve—2,v151y + 251 — —2> .
m3

The loop integrals are defined as

i d*k
In(m2,...,m%) = —/
NN =23 | ) R )
i k2d*k
In(m2,... . m%) = —/ .
R T N (T
REFERENCES
1. J. Beringer et al., (Particle Data Group), Phys. Rev.

D 86, 010001 (2012).
2. H. N. Long, Phys. Rev. D 54, 4691 (1996).
3. F. Pisano, V. Pleitez, Phys. Rev. D 46, 410 (1992).

4. R. Foot, H. N. Long, and T. A. Tran, Phys. Rev. D
50, R34 (1994).

5. C. A. de S. Pires and P. S. Rodrigues da Silva, JCAP
012, 0712 (2007).

6. J. K. Mizukoshi, C. A. de S. Pires, F. S. Queiroz, and
P. S. R. da Silva, Phys. Rev. D 83, 065024 (2011).

7. F. Queiroz, C. A. de S. Pires, and P. S. R. da Silva,
Phys. Rev. D 82, 065018 (2010).

8. D. Cogollo, A. V. de Andrade, F. S. Queiroz, and
P. R. Teles, Eur. Phys. J. C 72, 2029 (2012).

9. J. D. Ruiz-Alvarez, C. A. de S. Pires, F. S. Queiroz,
D. Restrepo, and P. S. Rodrigues da Silva, Phys. Rev.
D 86, 075011 (2012).

10. P. V. Dong, H. N. Long, and H. T. Hung, Phys. Rev.
D 86, 033002 (2012).

11. A. Alves, E. R. Barreto, A. G. Dias, C. A. de S. Pires,
F. S. Queiroz, and P. S. Rodrigues da Silva, Eur. Phys.
J. C 73, 2288 (2013).

12. P. V. Dong, H. T. Hung, and T. D. Tham, Phys. Rev.
D 87, 115003 (2013).

13. P. V. Dong, T. Phong Nguyen, and D. V. Soa, Phys.
Rev. D 88, 095014 (2013).

1128



MXKOT®, Tom 148, Bom. 6 (12), 2015

Muon anomalous magnetic moment . ..

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

P. V. Dong, H. N. Long, D. T. Nhung, and D. V. Soa,
Phys. Rev. D 73, 035004 (2006).

D. T. Huong, P. V. Dong, C. S. Kim, and N. T. Thuy,
Phys. Rev. D 91, 055023 (2015); P. V. Dong, D. T. Hu-
ong, F. S. Queiroz, and N. T. Thuy, Phys. Rev. D 90,
075021 (2014).

C. A. de S. Pires and P. S. Rodrigues da Silva, Phys.
Rev. D 64, 117701 (2001).

C. A. De Sousa Pires and P. S. Rodrigues da Silva,
Phys. Rev. D 65, 076011 (2002).

N. A. Ky, H. N. Long, and D. V. Soa, Phys. Lett.
B 486, 140 (2000).

C. Kelso, P. R. D. Pinheiro, F. S. Queiroz, and W. She-
pherd, Eur. Phys. J. C 74, 2808 (2014).

C. Kelso, H. N. Long, R. Martinez, and F. S. Queiroz,
Phys. Rev. D 90, 113011 (2014).

A. Czarnecki and W. J. Marciano, Phys. Rev. D 64,
013014 (2001).

M. J. G. Veltman, Acta Phys. Pol. B 12, 437 (1981).
P. Langacker and M. Luo, Phys. Rev. D 44, 817 (1991).

P. Fayet, in Unification of the Fundamental Par-
ticles Interactions, ed. by S. Ferrara, J. Ellis, and
P. van Nierwenhuizen, Plenum, New York (1980),
p- 587; J. A. Grifols and A. Mendez, Phys. Rev. D 26,
1809 (1982); J. Ellis, J. S. Hagelin, and D. V. Nanopou-
los, Phys. Lett. B 166, 283 (1982); R. Barbieri
and L. Maiani, Phys. Lett. B 117, 203 (1982);
D. A. Kosower, L. M. Krauss, and N. Sakai, Phys.
Lett. B 133, 305 (1983); T. C. Yuan, R. Arnowitt,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34

1129

A. H. Chamseddine, and P. Nath, Z. Phys. C 26, 407
(1984); J. C. Romao, A. Barroso, M. C. Bento, and
G. C. Branco, Nucl. Phys. B 250, 295 (1985); J. Lopez,
D. V. Nanopoulos, and X. Wang, Phys. Rev. D 49, 366
(1991); U. Chattopadhyay and P. Nath, Phys. Rev. D
53, 1648 (1996); T. Moroi, Phys. Rev. D 53, 6565
(1996).

J. Ellis and D. V. Nanopoulos, Phys. Lett. B 110, 44
(1982); I.-H. Lee, Phys. Lett. B 138, 121 (1984); Nucl.
Phys. B 246, 120 (1984).

P. V. Dong, D. T. Huong, M. C. Rodriguez, and
H. N. Long, Nucl. Phys. B 772, 150 (2007).

P. T. Giang, L. T. Hue, D. T. Huong, and H. N. Long,
Nucl. Phys. B 864, 85 (2012).

L. T. Hue, D. T. Huong, and H. N. Long, Nucl. Phys.
B 873, 207 (2013).

A. Brignole and A. Rossi, Nucl. Phys. B 701(3), 53
(2004); K. S. Babu and C. Kolda, Phys. Rev. Lett.
89, 241802 (2002); A. Abada, D. Das, and C. Weiland,
JHEP 1203, 100 (2012); A. Abada, D. Das, A. Vicent,
and C. Weiland, JHEP 1209, 015 (2012).

D. T. Huong and H. N. Long, JHEP 049, 0807 (2008).

P. V. Dong, Tr. T. Huong, N. T. Thuy, and H. N. Long,
JHEP 073, 0711 (2007).

M. Davier et al., Eur. Phys. J. C 66, 127 (2010);
A. Hoecker, B. Malaescu, C. Z. Yuan, and Z. Zhang,
Eur. Phys. C 66, 1 (2010).

Muon G-2 Collaboration, Phys. Rev. D 73 (2006).

. A. L. Davydychev, J. Math. Phys. 32, 4299 (1991).



