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We study the anomalous magnetic moment of the muon in supersymmetric E6 models and generic Uð1Þ0
models to probe the model reactions and to find constraints on the large parameter space of these models.

For future searches, by imposing the existing bounds coming from collider searches and theoretical

considerations upon the Uð1Þ0 model parameters, we examine the lightest Higgs boson mass mh and the

mass of the additional Z boson mZ2
in such singlet extensions of the MSSM. We observed that not only

supersymmetric E6 models but also generic Uð1Þ0 models are sensitive to the imposition of the considered

bounds. Indeed, without the muon anomaly constraints E6 models and generic Uð1Þ0 models can predict

mh as large as�150 GeV and�180 GeV, respectively. However, in addition to the mentioned constraints

when a 1� range for the anomalous magnetic moment of the muon is considered, we observe that generic

Uð1Þ0 models do not favor the mass of the lightest Higgs boson to be larger than 140 GeV; it should be

smaller than 135 GeV in E6 models.
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I. INTRODUCTION

Even if none of the particles predicted within the super-
symmetric theories are detected yet, such extensions of the
standard model (SM) are attractive new physics scenarios
because they offer a number of plausible explanations for a
number of issues ranging from dark matter candidates to
the stabilization of the Higgs mass. But the most popular
and economical model, the minimal supersymmetric stan-
dard model (MSSM) [1], suffers from the � problem [2],
solution of which demands certain extensions among
which singlet extended supersymmetric models, such as
Uð1Þ0 models, occupy a special place [3].

Another motivation for considering supersymmetric
models comes from the observed anomaly in the magnetic
moment measurements of the muon. Indeed, there is a
difference between experimental determination of the
muon magnetic moment and theoretical prediction calcu-
lated according to the SM. This difference may stem from
hadronic uncertainties in the SM calculations and/or it
stems from new physics. We will, based on the latter
possibility, use this difference to find constraints on the
Uð1Þ0 models.

On the experimental side, a series of precision measure-
ments of the muon anomalous magnetic moment, a� ¼
ðg� 2Þ=2, at Brookhaven National Laboratory E821 ex-
periment [4] improved the previous measurements at
CERN and enabled one to deduce

a
Exp
� ¼ ð11 659 208� 6Þ � 10�10: (1)

This value was, very recently, updated to be [5]

aExp� ¼ ð116 592 089� 63Þ � 10�11: (2)

On the theoretical side, and according to the SM, the
predicted value of a� is somewhat smaller than the experi-

mental result:

aSM� ¼ ð116 591 773� 48Þ � 10�11; (3)

which shows approximately 3–4� difference [5]. In the
SM a� prediction consists of three parts: QED, electro-

weak, and hadronic contribution among which the latter
dominates the theoretical uncertainty [6]. Indeed, hadronic
leading-order contributions based on eþe� and � data
differ. If �-based data are used instead eþe� ones then
the discrepancy drops to 1–2� [7,8]. In this work we prefer
to use eþe� data in order to find constraints on the Uð1Þ0
models. But if one uses the �-based data rather than the
eþe� data for the hadronic leading-order contributions to
the anomalous magnetic moment of the muon, then the
allowed region shifts substantially and our results would
change.
Briefly, standard deviation of the muon magnetic mo-

ment between SM prediction and experimental value is
non-negligible and the following value may be an indica-
tion of new physics [5]:

�a� ¼ aExp� � aSM� ¼ ð316� 79Þ � 10�11: (4)

As a matter of fact, the present anomaly has resulted in a
variety of supersymmetric explanations, including the
minimal model [9]. Additionally, the next-to-minimal
supersymmetric standard model (NMSSM) [10] and
Uð1Þ0 explanations dealing with the same issue exist in the
literature [11]. Beyond that, the anomalous magnetic
moment of the muon can be used to find constraints
on extended model parameters and hence this anomaly
can be used to make educated guesses for supersymmetric
models.
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Hence, in this work, we will study its impact on the
generic and E6-based supersymmetric Uð1Þ0 models. By
using the mentioned anomaly we will constrain the pa-
rameter space of generic and E6-based Uð1Þ0 models.
Additionally, by using the constrained parameter space,
we will make predictions for the lightest Higgs mass mh

and the additional Z mass mZ2
which can be illuminating

for future measurements.
The organization of the present study is as follows. In the

following section we introduce salient features of the Uð1Þ0
models stemming from E6 grand unified theory (GUT) and
generic models. In the same section we will overview
different contributions to the magnetic moment of the
muon within Uð1Þ0 models as subsections. In Sec. III we
present our numerical results. And we conclude in Sec. IV.

II. SALIENT FEATURES OF THE Uð1Þ0 MODEL

There are bottom-up and top-down reasons for consid-
ering Uð1Þ0 models. From bottom-up, to begin with, the
Uð1Þ0 model can generate the neutrino masses in the correct
experimental range via Dirac type coupling. In addition to
the ordinary Higgs fields of theMSSM, an additional scalar
field S exists in theUð1Þ0 model and this field is responsible
for generating the � parameter around the weak scale.
Furthermore, a viable cold dark matter candidate exists
within the Uð1Þ0 model for a reasonable set of parameters
[12]. Another attractive aspect is that in Uð1Þ0 models the
lightest Higgs boson weighs significantly more than MZ

even without loop corrections [13]. Besides this, the Uð1Þ0
models can explain a number of phenomena ranging from
LEP indications for two light Higgs bosons [14] to the
recent Tevatron Higgs mass measurements [15] (see refer-
ences therein).

From top-down, Uð1Þ0 models typically arise from
supersymmetric grand unified theories and superstrings
[16]. From E6 GUT, for instance, two extra U(1) symme-
tries appear in the breaking E6 ! SOð10Þ � Uð1Þc fol-

lowed by SOð10Þ ! SUð5Þ � Uð1Þ� where Uð1ÞY0 is a

linear combination of c and � symmetries. In this picture,
� and � are the basic models (charge assignments of the
models can be read from Table I) of the Uð1Þ0 model and
the resulting model consists of a linear combination of
these two different models which is designated by a mixing
angle �Eð6Þ varying from 0 to �:

Qð�E6
Þ ¼ cos�E6

Q� þ sin�E6
Qc þ �: (5)

In the above equation (5), � refers to kinetic mixing
since there are more than one U(1) factor, but we will omit
this term for simplicity. Meanwhile, by varying the value
of mixing angle �E6

in the (0,�) range there arises, in fact,

a continuum of E6-based Uð1Þ0 models [17] which can
absorb small � values.
Besides the authentic E6 models, different Uð1Þ0 models

exist in the literature in which charge assignments and
particle content differ from the original setups (for in-
stance, see [18,19]). We aim to study generic Uð1Þ0 models
in addition to the original ones. But in generic Uð1Þ0
models one faces certain problems such as triangular
anomalies and hence gauge coupling nonunification.
Whereas, in the E6 models, by construction, all anomalies
are canceled out when the complete E6 multiplets are
included [20]. For a generic Uð1Þ0, with minimal matter
spectrum, cancellation is nontrivial. One option is to in-
troduce Uð1Þ0 models with family-dependent charges [18].
Another option in this direction is that anomalies are
canceled by heavy states (beyond the reach of the LHC)
weighing near the TeV scale or more. We will follow this
possibility.
Effectively, our Uð1Þ0 models—generic or E6 based—

are characterized by the gauge structure

SUð3ÞC � SUð2ÞL � Uð1Þ � Uð1Þ0; (6)

for which g3, g2, g1, and g0Y are the corresponding gauge
couplings. The following superpotential

Ŵ ¼ huQ̂ � ĤuÛ
c þ hdQ̂ � ĤdD̂

c þ heL̂ � ĤdÊ
c

þ hsŜĤu � Ĥd (7)

parametrizes Uð1Þ0 models of interest where we discarded
additional fields. In generic models wewill useUð1Þ0 gauge
invariance to find constraints on the Uð1Þ0 charges.
The soft breaking terms, with the most general holomor-

phic structures, are

�Lsoft ¼
� X
i¼1;10;2;3

Mi	i	i � AshsSHdHu

� AuhuU
cQHu � AdhdD

cQHd � AeheE
cLHd

þ H:c:

�
þm2

Hu
jHuj2 þm2

Hd
jHdj2 þm2

s jSj2

þm2
Q
~Q ~Q� þm2

U
~Uc ~Uc� þm2

D
~Dc ~Dc�

þm2
L
~L ~L� þm2

E
~Ec ~Ec� þ H:c:; (8)

where the sfermion mass-squareds m2
Q;...;Ec and trilinear

couplings Au;...;e are 3� 3 matrices in flavor space. All

these soft masses will be taken here to be diagonal. In
general, all gaugino masses, trilinear couplings, and flavor-
violating entries of the sfermion mass-squared matrices are
sources of CP violation [21]. In this work, however, for

TABLE I. Uð1Þ0 charges in � and c models, taken from [16].

2
ffiffiffiffiffiffi
10

p
Q� 2

ffiffiffi
6

p
Qc

u, d, uc, eþ �1 1

dc, 
, e� 3 1


c �5 1

Hu 2 �2
Hd �2 �2
S 0 4
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simplicity and definiteness we will assume all of the pa-
rameters are real.

These soft supersymmetry-breaking parameters are sub-
ject to the renormalization group equations (RGEs) [22].
These equations should be used to evolve the soft parame-
ters from high energy to low energy scales, which gener-
ally results in nonuniversal solutions around the weak
scale. Instead, for simplicity, we will perform a general
weak scale scan of the parameter space.

One of the attractive aspects of theUð1Þ0 model is that its
Higgs sector is phenomenologically rich [23]. The Higgs
sector of the model involves the singlet Higgs S and
the electroweak doublets Hu and Hd all charged under
the Uð1Þ0 gauge group. The Higgs fields can be expanded
around the vacuum state as follows:

Hu ¼ 1ffiffiffi
2

p
ffiffiffi
2

p
Hþ

u

vu þ�u þ i’u

 !
;

Hd ¼ 1ffiffiffi
2

p vd þ�d þ i’dffiffiffi
2

p
H�

d

� �
;

S ¼ 1ffiffiffi
2

p ðvs þ�s þ i’sÞ;

(9)

whereHþ
u andH�

d span the charged sector and the remain-

ing ones span the neutral degrees of freedom, hence, �u;d;s

are scalars and’u;d;s are pseudoscalars. In the vacuum state

vuffiffiffi
2

p � hH0
ui; vdffiffiffi

2
p � hH0

di;
vsffiffiffi
2

p � hSi (10)

and theW�, Z, and Z0 bosons all acquire masses. However,
the neutral gauge bosons Z and Z0 exhibit nontrivial mixing
[3,16] as encoded in their mass-squared matrix:

ðMZ�Z0 Þ2 ¼ M2
Z �2

Z�Z0
�2
Z�Z0 M2

Z0

 !
: (11)

Here

M2
Z ¼ G2

4
½�2

u þ �2
d�;

M2
Z0 ¼ g02Y ½Q2

u�
2
u þQ2

d�
2
d þQ2

sv
2
s�;

�2 ¼ g0YG
2

½Qu�
2
u �Qd�

2
d�;

(12)

and G2 ¼ g22 þ g21. The two eigenvalues of the mass2

matrix

m2
Z1;Z2

¼ 1

2
½M2

Z þM2
Z0 	

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM2

Z �M2
Z0 Þ2 þ 4�4

Z�Z0

q
� (13)

give the masses of the physical massive vector bosons
where mZ1

must agree with the experimental bounds on

the ordinary Z boson mass and mZ2
weighs �1 TeV to be

in accord with the experiments. The mixing angle follow-
ing from diagonalization of ðMZ�Z0 Þ2

Z�Z0 ¼ 1

2
arctan

�
2�2

Z�Z0

M2
Z0 �M2

Z

�
(14)

must be a few 10�3 for precision measurements at the LEP
experiments to be respected. This puts another bound on
the Z2 boson mass. In particular, in generic E6 models mZ2

must weigh nearly a TeVor more according to the Tevatron
measurements [17]. Besides this, the LHC can discover the
additional Z boson if mZ2

� 4–5 TeV [24].

Related to the Higgs sector, the Higgs boson masses
shift in proportion to particle-sparticle mass splitting under
quantum corrections due to the soft breaking of supersym-
metry. As in the MSSM, though all particles which couple
to the Higgs fields S, Hu, and Hd contribute to the Higgs
boson masses, the largest correction comes from the top
and bottom quarks and their superpartners.
We will use the effective potential method [25] for

computing the radiative corrections to Higgs potential.
In the MSSM without corrections, the mass of the Higgs
cannot be larger thanMZ. In Uð1Þ0 models this is no longer
true, but for a precise prediction radiative corrections are
obligatory. The radiatively corrected potential reads as

VtotalðHÞ ¼ VtreeðHÞ þ�VðHÞ; (15)

where the tree level potential is composed of the F term,D
term, and soft-breaking pieces

Vtree ¼ VF þ VD þ Vsoft; (16)

with

VF ¼ jhsj2½jHu �Hdj2 þ jSj2ðjHuj2 þ jHdj2Þ�; (17)

VD ¼ G2

8
ðjHuj2 � jHdj2Þ þ g22

2
ðjHuj2jHdj2 � jHu �Hdj2Þ

þ g0Y 2

2
�2; (18)

Vsoft ¼ m2
Hu
jHuj2 þm2

Hd
jHdj2 þm2

s jSj2
þ ðhsAsSHu �Hd þ H:c:Þ: (19)

In (18) we defined � ¼ ðQujHuj2 þQdjHdj2 þQsjSj2Þ,
for later convenience. The contributions of the quantum
fluctuations in (15) read as

�V ¼ 1

64�2
Str

�
M4

�
ln
M2

�2
� 3

2

��
; (20)

where Str � P
Jð�1Þ2Jð2J þ 1ÞTr is the usual supertrace

which generates a factor of 6 for squarks and �12 for
quarks. � is the renormalization scale and M is the field-
dependent mass matrix of quarks and squarks (we assume
� ¼ 1 TeV). The dominant contribution comes from top
and bottom sectors and the requisite top and bottom quark
field-dependent masses read as
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m2
t ðHÞ ¼ h2t jH0

uj2; m2
bðHÞ ¼ h2bjH0

dj2: (21)

Superpartners of fermions follow from the following gen-
eral expression:

m2
~f
¼ M2

~fLL
M2

~fLR

M2
~fRL

M2
~fRR

 !
; (22)

where f ¼ t and b for top and bottom quarks. We also need
f ¼ � terms for the muon. The entries of this mass-
squared matrix read to be

M2
~fLL

¼ m2
L;~f

þm2
f þM2

Z cos2�ðIf3 �Qfs2WÞ þQf;L�;

(23)

M2
~fRR

¼ m2
R;~f

þm2
f þM2

Z cos2�ðQfs2WÞ þQf;R�; (24)

M2
~fLR

¼ M2
~fRL

¼ mf½Af � hsSfcot�; tan�g�: (25)

In the above equations sW stands for the sine of the
Weinberg angle, If and Qf stand for isospin and electric
charge of the fermions but the Qf;L and Qf;R terms show

the Uð1Þ0 charges not to be mixed with the electric charges.
Insertion of the top and bottom mass matrices into (20)

generates the full one-loop effective potential mass-
squared matrix of the Higgs bosons

M 2
ij ¼

�
@2

@�i@�j

Vtotal

�
0
; (26)

which follows from (15) with

�i 2 f�u;�d;�s; ’u; ’d; ’sg: (27)

The scalar components �u;d;s and pseudoscalar compo-

nents ’u;d;s combine to generate the physical Higgs bo-

sons. Two linearly independent combinations of ’u;d;s are

the Goldstone bosonsGZ andGZ0 , which are eaten by the Z
and Z0 gauge bosons:

GZ ¼ � sin�’u þ cos�’d;

GZ0 ¼ cos� cos’u þ sin� cos’d � sin’s:
(28)

The orthogonal combination

A ¼ cos� sin’u þ sin� sin’d þ cos’s (29)

is the physical pseudoscalar Higgs boson and the mixing
angle  is defined by

cot � vuvd

vsv
: (30)

In addition to the pseudoscalar A, the spectrum contains
scalar Higgs bosons h, H, and H0. Typically H0 weighs
close to mZ2

. This extra scalar is the main difference from

the MSSM spectrum in terms of the number of Higgs
fields. In the numerical analysis we proposed mZ2



3 TeV, but the LHC can diagnose properties of the addi-
tional Z boson up to mZ2

� 2–2:5 TeV. In the following

subsections we will present neutralino and chargino sectors
and their contribution to the anomalous magnetic moment
of the muon.

A. Uð1Þ0 contribution to muon anomaly

As in the MSSM, chargino and neutralino sectors con-
tribute to the anomalous magnetic moment of the muon.
However, in the Uð1Þ0 models � entries of these two
sectors are replaced by an effective term �eff . Besides
this, due to the extra Z boson and the singlet field S, the
number of neutralino states is increased. In the following
parts we present related formulas for the anomalous mag-
netic moment of the muon, taken from Ref. [11]

1. Neutralino contribution

In the basis ð ~B; ~W3; ~H
0
d;

~H0
u; ~S; ~Z

0Þ, the neutralino mass

matrix can be written (in the simplest form [26]) as fol-
lows:

M~�0 ¼

M1 0 �g1vd=2 g1vu=2 0 0
0 M2 g2vd=2 �g2vu=2 0 0

�g1vd=2 g2vd=2 0 �hsvs=
ffiffiffi
2

p �hsvu=
ffiffiffi
2

p
g0YQdvd

g1vu=2 �g2vu=2 �hsvs=
ffiffiffi
2

p
0 �hsvd=

ffiffiffi
2

p
g0YQuvu

0 0 �hsvu=
ffiffiffi
2

p �hsvd=
ffiffiffi
2

p
0 g0YQsvs

0 0 g0YQdvd g0YQuvu g0YQsvs M10

0
BBBBBBBB@

1
CCCCCCCCA
: (31)

The diagonalization of the mass matrix can be accom-
plished using a unitary matrix N,

NTM~�0N ¼ DiagðM~�0
1
; . . . ;M~�0

6
Þ: (32)

The smuon mass-squared matrix can be extracted from
(22), which can be diagonalized through the unitary matrix
D as

DyM2
~�D ¼ DiagðM2

~�1
;M2

~�2
Þ: (33)

As can be inferred from Eqs. (23) and (24) we have
additional D terms for scalar fermions including the
smuon. With these definitions, the neutralino contribution
to a� can be written as composed of two parts

a�ð~�0Þ ¼ a1�ð~�0Þ þ a2�ð~�0Þ: (34)
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The first part reads

a1�ð~�0Þ ¼ X6
j¼1

X2
k¼1

m�

8�2M~�0
j

Re½LjkR
�
jk�F1

�M2
~�k

M2
~�0
j

�
(35)

and second part is

a2�ð~�0Þ ¼ X6
j¼1

X2
k¼1

m2
�

16�2M2
~�0
j

ðjLjkj2 þ jRjkj2ÞF2

�M2
~�k

M2
~�0
j

�
:

(36)

During the calculation, we need the following �� ~��
~�0 chiral couplings:

Ljk ¼ 1ffiffiffi
2

p ðg1Y�L
N�

1j � g2N
�
2j þ g0YQ�;LN

�
6jÞD1k

þ
ffiffiffi
2

p
m�

vd

N�
3jD2k (37)

and

Rjk ¼ 1ffiffiffi
2

p ðg1Y�R
N1j þ g0YQ�;RN6jÞD2k þ

ffiffiffi
2

p
m�

vd

N3jD1k;

(38)

where Y�L
¼ �1, Y�R

¼ 2 are hypercharges and the loop

integral functions are

F1ðxÞ ¼ 1

2

1

ðx� 1Þ3 ð1� x2 þ 2x lnxÞ (39)

and

F2ðxÞ ¼ 1

6

1

ðx� 1Þ4 ð�x3 þ 6x2 � 3x� 2� 6x lnxÞ:
(40)

2. Chargino contribution

The chargino mass matrix is given by

M~�� ¼ M2

ffiffiffi
2

p
MW sin�ffiffiffi

2
p

MW cos� �eff

 !
; (41)

where �eff ¼ hsvs=
ffiffiffi
2

p
. This M~�� matrix can be diagonal-

ized by two unitary matrices U and V as follows:

U�M~��V�1 ¼ DiagðM~��
1
;M~��

2
Þ: (42)

Besides charginos, the sneutrino mass squared is
needed:

M~
�
¼ m2

~L
þ I
3M

2
Z cos2�þQ
;L�: (43)

As in the neutralino sector, the contribution of the char-
gino sector to the anomalous magnetic moment of the
muon can be decomposed into two parts,

a�ð~��Þ ¼ a1�ð~��Þ þ a2�ð~��Þ: (44)

The first part reads as

a1�ð~��Þ ¼ X2
j¼1

X1
k¼1

m�

8�2M~��
j

Re½LjkR
�
jk�F3

�M2
~
�

M2
~��
j

�
(45)

and the second contribution is

a2�ð~��Þ ¼ �X2
j¼1

X1
k¼1

m2
�

16�2M2
~��
j

ðjLjkj2 þ jRjkj2ÞF4

�M2
~
�

M2
~��
j

�
:

(46)

Here the chiral �� ~
� � ~�� couplings are

Lj1 ¼
ffiffiffi
2

p
m�

vd

U�
j2; Rj1 ¼ �g2Vj1: (47)

The loop integral functions are

F3ðxÞ ¼ � 1

2

1

ðx� 1Þ3 ð3x
2 � 4xþ 1� 2x2 lnxÞ (48)

and

F4ðxÞ ¼ � 1

6

1

ðx� 1Þ4 ð2x
3 þ 3x2 � 6xþ 1� 6x2 lnxÞ:

(49)

In the calculations we also implemented the leading-log
contributions from two loop evaluation [27]

aSUSY�;2 loop ¼ aSUSY�;1 loop

�
1� 4

�
ln
MSUSY

m�

�
; (50)

which yields a small suppression �7%. Based on this
leading-log estimate we imposed a uniform 7% reduction
in our numerical analysis.
It is appropriate to stress that we used the formulas given

in [11] for the calculation of the anomalous magnetic
moment of the muon, with a basic difference. In our
definitions of the scalar muon ~� and the scalar neutrino
~
�, we explicitly stressed the D-term contributions on

these particles. For theUð1Þ0 models considered here, these
additional terms represented by� are also prevailing in the
scalar fermions and hence introduce heavy model depen-
dence, for each of the mentioned particles. On the other
hand in more involved models, as in the secluded Uð1Þ0
models [11], these contributions are not very important due
to the presence of heavy Higgs singlets fields S1;2;3.

III. NUMERICAL ANALYSIS

In this section we will present our numerical results. To
begin with, during the analysis we respected the collider
bounds on the sparticle masses, using Ref. [28], and im-
posed the following:
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mh > 114:4; m~t1 > 180; m~b1
> 240;

m~�0
1
> 50; m~��

1
> 170;

(51)

all in GeV. For the mass of the gauginos we assumed
50 GeVas the lower limit of M1,M2, andM

0
1. We scanned

M1,M2 up to 500 GeV;M
0
1 is scanned up to 2 TeV without

imposing any unification relation. Additionally, for scalar
quark masses we have considered mainly two cases: either
squark mass eigenvalues can be as large as 2 TeV or, as a
less fine-tuned alternative, they are smaller than 1 TeV. In
our general scan, in addition to discarding a� < 0 regions

we also demanded the mass of the additional Z boson to be
larger than 700 GeV and forced the mixing angle to obey
j�Z�Z0 j< 10�3. The trilinear couplings are scanned in the
jAij 
 1 TeV domain, where i ¼ t, b,�, s and soft masses
are taken in the [0,1] TeV range. Notice that LL and RR
entries of the scalar fermion mass2 matrices are subject to
the additional D terms of the Uð1Þ0 models and hence not
only zero but also negative values of the soft mass2 terms
can be considered in these entries. Related to model pa-
rameters, we demanded the Yukawa coupling hs to be
�½0:1; 0:8� and confined vs 
 10 TeV to obtain large mZ2

values as big as 3 TeV. In our scans, we also imposed a
�a� > 0 bound in addition to all of the mentioned con-

straints and created 80 000 data points for generic and E6

models, separately.
In order to deal with the generic Uð1Þ0 models we

scanned the possible charges randomly. In doing this we
allowed each of the charges Qu, Qd, QQ, and QL to vary

randomly in the ½�1; 1� interval. ThenQs,QU,QD, andQE

values are obtained from the gauge anomaly conditions.
For E6 models the angle �E6

, which designates the charges,

is scanned from 0 to� and phenomenologically acceptable
charges coinciding with the mentioned boundaries are
presented visually.
In a majority of the following figures we depicted the

bounds coming from the muon anomaly constraint with
straight gray lines where they represent 1� and 2� values
belonging to �a� ¼ ð31:6� 7:9Þ � 10�10. In general, we

will focus on 1� ranges which results in tight constraints.
But, as will be visible, when 2� ranges are considered most
of the stringent predictions vanish. Additionally, in all of
the following figures our shading convention is such that
black and gray dots exhibit the mass of the scalar fermions
when they are lighter than 1 TeV and 2 TeV, respectively.
Our first figure is related to the allowed ranges of some

of the generic Uð1Þ0 charges against anomalous magnetic
moment of the muon. To begin with, Fig. 1 serves to show
that generic Uð1Þ0 models possess an approximate symme-
try for positive and negative Uð1Þ0 charges. Moreover,
some of the charges can be constrained to a certain extent.
This approximate symmetry is true for any of the charges
as can be seen from each panel of the figure. In generic
Uð1Þ0 models QQ and QD charges show certain tendencies

(for instance QQ � 0 is more favored) but they are not

constrained; in this respect Qd behaves similarly.
Nevertheless, larger jQdj values are more probable than
Qd � 0, as can be seen from the related panels of Fig. 1. On
the other hand, for the charges Qu, QU, and Qs there are
illuminating constraints. As a concrete example, the Uð1Þ0
charge of the Higgs singlet S should satisfy the interval

FIG. 1. The allowed ranges of the Uð1Þ0 charges vs the anomalous magnetic moment of the muon in generic Uð1Þ0 models. In this
figure and the following ones, black dots depict m~f2

< 1 TeV and gray dots depict m~f2
< 2 TeV for f ¼ t, b. The straight gray lines

stand for 1� and 2� ranges.
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0:2< jQsj< 1:8 to respect the muon anomaly. This pre-
diction does not change sensibly for 1 or 2� ranges. This
figure shows that certain portions of the generic Uð1Þ0
models can be constrained by the anomalous magnetic
moment of the muon. This is true at least for the charge
of the singlet. Besides this, absolute values of the charges
of the up Higgs field Qu and the charge of the scalar up
quarksQU should be around 1 even if we allowed the latter
to be as large as 2. In fact, we should also present the Uð1Þ0
charges of the leptons. But since the allowed parameter
space will be further detailed with the bounds on the
masses of the lightest Higgs and of the additional Z, toward
the end of the analysis, it suffices to present some existen-
tial examples where some charges of the generic models
can be constrained up to here.

For supersymmetric E6 models we provide Fig. 2. This
should be compared with Fig. 1, from which we observe
that E6 models are more sensitive to the imposition of the
muon anomaly constraints than the generic Uð1Þ0 models,
as should be expected. Here, in supersymmetric E6 models,

instead of an approximate symmetry we observe two
favorite regions satisfying the muon anomaly restrictions
for any of the charges. Of course, this is true for 1� bounds.
These values can be translated back to the E6 angle (�E6

)

and this will be performed toward the end of the analysis
with the additional constraints, as mentioned above.
Related to generic and E6 models, it is important to

compare their reactions when the restrictions from the
muon anomaly are relaxed. As can be inferred from the
Figs. 1 and 2, if the 2� bound were applied instead of 1�,
then most of the constraints on E6 model charges would
vanish. On the other hand, the Uð1Þ0 charges of the generic
models are less sensitive to such a relaxation, as can be
visualized from Fig. 1.
In Fig. 3 we present the mass of the lightest Higgs boson

(mh) against the vacuum ratio of up and down Higgs fields
( tan�) without additional constraints from the muon
anomaly bounds, except a� > 0. As can be seen from the

left panel of Fig. 3, generic Uð1Þ0 models can predictmh as
large as mh � 175. Similarly, as can be seen from the right

FIG. 2. As in Fig. 1 but for supersymmetric E6 models.

FIG. 3. The allowed ranges of tan� versus the mass of the lightest Higgs mass mh in generic (left panel) and E6 (right panel) models
without the constraints from the anomalous magnetic moment of the muon.
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panel of the same figure E6 models can yield mh �
144 GeV. As can be inferred from the comparison of
gray and black dots, large values of mh are easier to attain
when the squark masses are large. It is clear from both of
the panels in Fig. 3 that in Uð1Þ0 models maximal value of
the lightest Higgs mass mh is possible only if tan� is very
small, i.e., tan�� 1. Indeed, around tan�� 1 top Yukawa
couplings are enhanced and this results in very large mh

predictions in comparison with the MSSM predictions.
In regions where tan�> 5 maximum value of the mh

prediction is almost constant up to tan� ¼ 50. On the other
hand, it is known from the MSSM predictions that very
small tan� values are ruled out due to the muon anomaly
constraints. This point is important because these
constraints can render large mh predictions of the Uð1Þ0
models, too.

So, in order to probe the allowed ranges of tan�, in
Fig. 4 we present tan� vs the anomalous magnetic moment
of the muon. As can be seen from Fig. 4, tan� should be at
least �10 in generic Uð1Þ0 models and it should satisfy
tan�> 15 for E6 models to be in accord with the anoma-
lous magnetic moment of the muon boundaries. Of course,
when 2� ranges are considered, tan� can have smaller
values. Here, dominant contributions come from chargino
loops and since we considered m~��

1
> 170 GeV, our

boundaries demand tan� to be larger than the previous
studies in which the chargino masses were satisfying
m~��

1
> 104 GeV. It should be noticed that the constraints

on tan� values are more severe when the mass of the scalar
fermions are confined to values smaller than 1 TeV, as can
be seen from the black dots of the same figure. It is clear
from Figs. 3 and 4 that in Uð1Þ0 models very large values of
mh are not favored due to restrictions coming from the
anomalous magnetic moment of the muon.
Another important observable within theUð1Þ0 models is

the mass of the additional Z boson (mZ2
). In order to show

regions respecting the muon anomaly constraints we pro-
vide Fig. 5. As can be seen from the left panel of Fig. 5,
generic Uð1Þ0 models are not sensitive to the mass of the
additional Z boson. On the other hand, as can be seen from
the right panel of the same figure, E6 models allow either
mZ2

� 1 TeV or mZ2
� 2 TeV with a desert in between

these two domains. While this mZ2
excluding tendency is

more strict for less fine-tuned scalar fermion masses
(m~t;~b < 1 TeV) it is relaxed if m~t;~b < 2 TeV, as can be

seen from the E6 related panel of Fig. 5.
In Figs. 6 and 7 we present the allowed ranges of the

charges for generic and E6 models, respectively. In both of
the figures all the mentioned constraints are respected and
the resulting data show m~t;~b < 2 TeV and m~t;~b < 1 TeV

domains of the scalar fermions in gray and in black dots, as
in the previous figures. As can be seen from Fig. 6 when
scalar fermions are light, constraints on the Uð1Þ0 charges
are more strict (black dots). This is also true for E6 models,
as can be seen from Fig. 7. It is easy to deduce from the first
panel of Fig. 6 that, when the scalar fermions are light

FIG. 4. The evolution of tan� against the anomalous magnetic moment of the muon in generic (left panel) and E6 (right panel)
models.

FIG. 5. An illustration of the allowed ranges of the mass of the additional Z bosonmZ2
versus the anomalous magnetic moment of the

muon in generic (left panel) and E6 (right panel) models.
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(black dots representingm~t;~b < 1 TeV) the Uð1Þ0 charge of
the up Higgs field prefers Qu � 0 and it can be relaxed up
to jQuj< 0:5, but the Uð1Þ0 charge of the down Higgs field
should, at least, satisfy jQdj> 0:2 in order to be consistent
with the anomalous magnetic moment of the muon. Similar
conclusions can be extracted from the other panels of the
figures—instead, we present them in tabulated form in
Table II.

For supersymmetric E6 models the situation is simpler
because here any of the charges can be expressed by using

the angle of the E6 models. As can be seen from Fig. 7, two
values �E6

� 0:7 and �E6
� 2 are favored for E6 models,

which correspond to I and � models, respectively.
Actually, the � model is marginally consistent with the
muon anomaly conditions but the model I is current for
both of the cases: m~t;~b < 1 TeV and 2 TeV cases as can be

seen from the black and gray dots of the figure. For a
tabulated form of the allowed ranges of the fields we refer
to Table II.
Our last figure is devoted to the mass of the lightest

Higgs boson mh versus the mass of the additional Z boson
mZ2

. As can be seen from the left panel of Fig. 8, in generic

Uð1Þ0 models the upper limit of mh increases as mZ2
gets

heavier. The maximum value of mh consistent with all the
mentioned constraints turns out as mmax

h � 140 GeV. This
upper limit is sensitive to the mass of additional Z boson
for which we considered mz2 
 3 TeV and it is also de-

pendent on the mass of the scalar fermions as should be
deduced from the gray dots. However, if the masses of the
scalar quarks are less than 1 TeV then the mass of
the lightest Higgs should be smaller than �128 GeV and
the mass of the additional Z should be smaller than
�2:3 TeV, as can be seen from the black dots.
The situation is similar but more strict for E6 models, as

can be seen from the right panel of Fig. 8. Supersymmetric
E6 models predict that mmax

h � 135 GeV if squarks are

heavy (gray dots), it cannot be larger than �125 GeV if
squarks are within the TeV range (black dots).
Additionally, according to E6 models, at least within the

FIG. 6. The allowed ranges of the Uð1Þ0 charges against each other in generic Uð1Þ0 models respecting all the mentioned constraints.
In this figure and the following ones, the 1� range is considered for the anomalous magnetic moment of muon.
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FIG. 7 (color online). The allowed ranges of the Uð1Þ0 charges
versus the E6 angle.

TABLE II. The allowed ranges of the absolute maximum (minimum) values of the Uð1Þ0 charges for different scalar fermion masses
in generic and E6 models with 1� range for the anomalous magnetic moment of the muon. In E6 models two favored regions can be
expressed by using the angle �E6

, which are, approximately, �E6
¼ 0:75� 0:2 and �E6

¼ 2:05� 0:3, as can be seen from Fig. 7.

jQuj jQdj jQsj jQQj jQUj jQDj jQLj jQEj
Generic and m~f 
 1 TeV 0.45(0) 1(0.19) 1.37(0.23) 1(0) 0.99(0) 1.92(0) 0.99(0) 1.96(0)

Generic and m~f 
 2 TeV 0.88(0) 1(0) 1.81(0.21) 1(0) 1.07(0) 1.96(0) 1(0) 1.96(0)

E6 and m~f 
 1 TeV 0.50(0) 0.51(0.25) 0.77(0.46) 0.25(0) 0.25(0) 0.51(0) 0.51(0) 0.25(0)

E6 and m~f 
 2 TeV 0.52(0) 0.52(0.09) 0.79(0.46) 0.26(0) 0.26(0) 0.51(0) 0.51(0) 0.26(0)
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assumptions we made, E6 models predict mZ2
around

1 TeV or mass of the additional Z boson should be larger
than �2:2 TeV to satisfy the boundaries from the anoma-
lous magnetic moment of the muon.

IV. CONCLUSIONS

In this work we used a 1� range of the observed anom-
aly in the magnetic moment measurements of the muon
and applied this information to find constraints on the
generic and E6-based Uð1Þ0 models. We observed that
certain portions of the parameter space of the Uð1Þ0 models
can satisfy this anomaly. We extracted bounds on the
free charges of the generic Uð1Þ0 models and of the E6

models.
From the imposition of theoretical considerations and of

experimental bounds we have obtained predictions for the
mass of the lightest Higgs boson (mh) and of the additional
Z boson mZ2

in generic and E6 models. We observed that

Uð1Þ0 models allowmZ2
to be as large as 3 TeV if the scalar

fermions are bounded from above by m~f 
 2 TeV.

However smaller sfermion masses (m~f 
 1 TeV) also

squeeze mZ2
to smaller values and it can be around

�2 TeV, at most.
In generic Uð1Þ0 models, if scalar quarks are allowed to

be heavy (i.e. m~f < 2 TeV) then the mass of the lightest

Higgs could be as large as 145 GeV. However if the scalar
fermions are lying within the 1 TeV range then mh cannot
be larger than 128 GeV, according to generic Uð1Þ0 models.
For E6 models, heavy sfermions allow mh to be as large as
�135 GeV, but if the sfermions are light then mh cannot
exceed 125 GeV, respecting the anomalous magnetic mo-
ment of the muon. These observations are true for the 1�
range of the observed anomaly in the magnetic moment
measurements of the muon. It is visible from the figures
given in the previous section that when a 2� range or
more conservative intervals are considered, most of the
bounds obtained in this work would shift to some extent.
For instance, due to smaller tan� prediction mh can gain a
few additional GeVs. On the other hand, while generic
Uð1Þ0 charges are not very sensitive to 1 or 2� ranges,
stringent bounds on the E6 models relax significantly.
The bounded parameter space and predictions obtained

in accord with the anomalous magnetic moment of the
muon anomaly involve important projections for future
measurements [29], especially of Higgs mass which will
be observed at the LHC.
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