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We present a supersymmetric extension of the standard model (USSM-A) with an anomalous Uð1Þ and
Stückelberg axions for anomaly cancellation, generalizing similar nonsupersymmetric constructions. The

model, built by a bottom-up approach, is expected to capture the low-energy supersymmetric description

of axionic symmetries in theories with gauged anomalous Abelian interactions, previously explored in the

nonsupersymmetric case for scenarios with intersecting branes. The choice of a USSM-like super-

potential, with one extra singlet superfield and an extra Abelian symmetry, allows a physical axionlike

particle in the spectrum. We describe some general features of this construction and, in particular, the

modification of the dark-matter sector which involves both the axion and several neutralinos with an axino

component. The axion is expected to be very light in the absence of phases in the superpotential but could

acquire a mass which can also be in the few GeV range or larger. In particular, the gauging of the

anomalous symmetry allows independent mass/coupling interaction to the gauge fields of this particle, a

feature which is absent in traditional (invisible) axion models. We comment on the general implications of

our study for the signature of moduli from string theory due to the presence of these anomalous

symmetries.
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I. INTRODUCTION

Extensions of the standard model (SM) describing axi-
onlike particles—and with supersymmetry as a basic low-
energy scenario—are an interesting area of investigation
which has the potentiality to provide an answer to a series
of unsolved theoretical issues. Among them are those
concerning the possible presence of anomalous extra neu-
tral gauge interactions at current and future colliders in
some special channels, especially in the search for an
anomalous extra Z0. This investigation could also clarify
the role of weakly coupled pseudoscalars in the early
universe. For this reason several studies addressing the
experimental detection of pseudoscalars at future experi-
ments [1–6], has received an impressive impulse in the
recent literature.

One of the distinctive features of these extensions is the
presence of extra Abelian interactions which are anoma-
lous. We just recall that anomalous Uð1Þ’s are quite com-
mon in several string constructions and that the mechanism
of anomaly cancellation, if realized at low-energy by a
Wess-Zumino counterterm (WZ), may cause the presence
of a physical axion in the spectrum. This result points
directly towards the possibility of having a new dark-
matter candidate (see also [7]), which is certainly one of
the most appealing features of this class of theories [8].

One of the first successful realization of the nonsuper-
symmetric version of these models comes from special

vacua of string/brane theory (orientifold vacua), in the
form of stacks of intersecting branes, which induce a gauge
structure given by the product of UðNÞ � SUðNÞ �Uð1Þ
factors, where N is the number of branes of each stack (see
[9] for an overview). Among the Uð1Þ factors, one of them
is identified with the SM hypercharge (Uð1ÞY), while the
remaining ones are anomalous and involve Stückelberg
axions for anomaly cancellation. In effective string models
the Abelian structure is in general characterized by the
presence of several Uð1Þ factors, described in the hyper-
charge basis by direct products of the form G1 � Uð1ÞY �
Uð1Þ1 � . . .�Uð1Þp, with an anomaly-free hypercharge

generator and p anomalous Uð1Þ’s which are accompanied
by axions bi, with i ¼ 1; 2; . . .p. The anomalous Uð1Þ’s in
this construction are in a broken phase, called the
‘‘Stückelberg phase.’’ In particular, after electroweak sym-
metry breaking (EWSB), one of the axions becomes physi-
cal [8] and is characterized by independent mass/coupling
relations, where the coupling appears in an ordinary bF ~F
interaction with the gauge fields, providing a generaliza-
tion of the Peccei-Quinn (PQ) axion. One shortcoming of
this description, at this time, is the absence of a super-
symmetric extension of it with the appearance of a physical
axion. The generalization to the supersymmetric case of
these theories is interesting on several grounds. For in-
stance, it allows to study an entire new class of extensions
of the MSSM in the presence of a gauging of the axionic
symmetries [10] and, at the same time, represents an
intermediate step toward the unification with gravity of
the same models, within certain formulations of supergrav-
ity [11,12]. The formulation of [10], which is specific for a
MSSM superpotential parallels a previous general study of
the same topic contained in [11].
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Therefore, these types of constructions provide a con-
sistent framework for the study of the effects of moduli of
string/brane theory within scenarios with large extra di-
mensions or via supergravity, together with their low-
energy implications in cosmology and in collider physics
[13]. Recently, an extension of the MSSM containing an
anomalous Uð1Þ, made massive by a Stückelberg super-
multiplet [14] has been introduced in [10]. This has been
based on the superpotential of the MSSM with an extra
Abelian symmetry. One of the features of this construction
is the absence of a Higgs-axion mixing, since the bosonic
component of the Stückelberg multiplet remains an ordi-
nary Goldstone mode. Therefore, the final theory is char-
acterized by a physical axino but not by a physical axion.
The objective of our analysis is to show that a similar
construction can be performed in more general ways,
thereby generating a model with a physical axionlike par-
ticle. This provides a complete supersymmetric general-
ization of the (gauged) PQ axion. We will work out the
requirements that are needed in order to make this exten-
sion possible, detailing some of the arguments that have
been presented in short form in [15] and analyzing the
main features of the effective action of such a theory, that
we call the USSM-A due to the anomalousUð1Þ (A) and to
the specific choice of the USSM superpotential.

Our work is organized as follows. We briefly describe
the class of models that we are going to investigate, out-
lining their basic structure, together with their supersym-
metric generalizations. Along the way, we will underline
the differences between our construction and the previous
construction of [10]. We show how a physical axion is
bound to appear in the spectrum and describe all the sectors
of this theory. We derive the corresponding generalized
Ward identities and characterize the Chern-Simons inter-
actions of this class of models bringing up one typical
example of application. We study the neutralino sector of
the model and present a brief numerical analysis of its
spectrum. Most of our attention in this work focuses on
the basic characterization of this model, stressing on the
mechanism that allows a physical axion in the spectrum.
We conclude with some comments on possible extensions
of this analysis to more general potentials characterized by
moduli in different scenarios derived from string theory.

II. SUPERSYMMETRIC EXTENSIONS OF THE
STANDARD MODEL AND EXTRA Uð1Þ’S

Abelian (anomaly-free) supersymmetric extensions of
the SM have been discussed in several previous works
[16–21]. In [20] the authors explore an extension of the
minimal supersymmetric SM (MSSM) with an extra SM

singlet chiral superfield Ŝ, with chiral charges chosen so to

allow trilinear couplings of Ŝ to the two Higgs doublets Ĥ1,

Ĥ2 in the superpotential. The � term, in this case, is
generated by the vacuum expectation value (vev) of the

scalar component of Ŝ, precisely by the ŜĤ1 � Ĥ2 interac-
tion. The structure of this model, usually called USSM,
shares some similarity with the nearly-minimal supersym-
metric SM (nMSSM) [22] and the next-to-minimal super-
symmetric SM (NMSSM) [23]. In all of these three models

the extra scalar Ŝ is introduced for the same purpose but in
the nMSSM and NMSSM this field is a singlet under the
complete gauge group (which is the same as the SM) while
in the USSM the field is charged under the extra Uð1Þ. We
recall that the nMSSM and the NMSSM differ at the level

of the superpotential in the structure of the pure Ŝ contri-
bution, which is either linear (nMSSM) or cubic
(NMSSM).
In the approach of [20] this appears to be a necessary

requirement since a scalar superfield, singlet under the
complete SUð3Þ � SUð2Þ �Uð1ÞY �Uð1ÞB gauge group,
while solving the � problem, however, does not allow a
consistent pattern of EWSB, leaving the extra Z0 of the
neutral sector massless. This construction is realized with
an anomaly-free chiral spectrum.

A. MSSM and USSM with an anomalous Uð1Þ0
In [10] the authors investigate a supersymmetric exten-

sion of the SM with an extra Uð1Þ, based on the super-
potential of the MSSM. They make an important step
forward in the analysis of this class of theories, using a
bottom-up approach, that is by (1) fixing the effective
action of the anomalous Abelian symmetry using the
Stückelberg supermultiplet to give mass to the anomalous
gauge boson and (2) using Wess-Zumino counterterms to
balance the mixed and cubic Uð1ÞB anomalies of the
theory. A third element of the construction is the possible
presence of Chern-Simons interactions [8] which find their
way to low energy from string theory [24], and which
amount to a redistribution of the anomaly starting from a
symmetric distribution on each leg of the anomaly vertex.
This redistribution is allowed whenever the symmetry of
the vertex does not allow to uniquely define the breaking of
the Ward identities separately on each of its legs. The
meaning of this freedom, from the point of view of the
effective field theory, is that each model allows a set of
additional (defining) Ward identities for the distribution of
the anomaly which are a specific feature of anomalous
models in which the trilinear gauge interactions are not
identically zero (in the massless fermion phase, the chiral
phase).
In the first supersymmetric version of these models [10],

the ordinary MSSM Lagrangian is naturally extended by
the Stückelberg multiplet which provides a kinetic term for
the same multiplet while rendering the extra Z0 massive.
The defining phase of the model is, therefore, the
Stückelberg phase. In this construction the bosonic partner
of the axino, which is the fermionic component of the
multiplet, remains a Goldstone mode after EWSB and is
therefore unphysical.
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B. Inducing Higgs-axion mixing

At the origin of the physical axion is the mechanism of
Higgs-axion mixing. For this to take place one needs a
Higgs sector which is charged under the anomalous Uð1ÞB
so that the mass of the anomalous gauge boson comes from
a combination of the Higgs and Stückelberg mechanisms.
In the case of the MSSM this mixing does not occur even if
the two Higgses are charged under the anomalous Uð1Þ.
The presence of a � term in the superpotential forces the
two charges of the two Higgs doublets to take opposite
values, thereby guaranteeing also the cancellation of the
extra anomalies due to the circulating Higgsinos, but is not
enough to give mass to the anomalous gauge boson. In
other words, in the absence of a Stückelberg multiplet the
mass matrix of the gauge boson has still an additional null
eigenvalue. The true mechanism of mass generation of the
anomalous Z0, therefore, is just the Stückelberg, which in
this situation is a Goldstone mode. In fact, one reobtains a
massive Yang-Mills theory just by going to the unitary
gauge and eliminating the axion.

III. THE STRUCTURE OF THE MODEL

A simple way out in order to have Higgs-axion mixing
and a light axion in the physical spectrum consists to use a
modified superpotential as in [20], but now with an anoma-
lous gauge structure, and to combine it with the Lagrangian
of the Stückelberg supermultiplet. In other words, we move
from the superpotential of MSSM-type to the one typical of

the USSM, introducing an extra scalar superfield Ŝ which
is nonsinglet under an extraUð1ÞB, maintaining the anoma-
lous structure induced by the extra neutral current. This
specific assumption allows to remove the second massless
eigenvalue in the mass matrix of the gauge bosons and
allows to induce Higgs-axion mixing once that the
Stückelberg mechanism is invoked to contribute to the
mass of the extra Z0. The conditions that need to be verified
in order to have a physical axion in the spectrum are
obtained from an analysis of the CP-odd sector of the
theory and involve both the potential and the derivative
couplings (mixings) of the massive gauge bosons with their
Goldstones ðZI@GZI

Þ extracted from the broken phase. In

general, the presence of extra singlet superfields in the
superpotential allows such a mixing and we will illustrate
this requirement in one of the sections below. The analysis
that we will present in the next sections has the goal to
clarify this point, starting from the MSSM case, where
none of the CP-odd states acquires an axionlike coupling.

These new features do not affect the chargino sector with
respect to the MSSM.

IV. THE SUPERPOTENTIAL

The construction of models characterized by a physical
axion in their spectrum requires an appropriate superpo-
tential. In order to obtain this, we consider the introduction

of an extra SM singlet Ŝ. For this reason, the superpotential
of the model investigated is given by

W ¼ �ŜĤ1 � Ĥ2 þ yeĤ1 � L̂ R̂þydĤ1 � Q̂D̂R

þ yuĤ2 � Q̂ÛR; (1)

which coincides with the model of [20], called the USSM.
We refer to Table I for a list of the charge assignment of the
chiral superfields of our model and Table III (see appendix)
for the list of their bosonic and fermionic components; the
scalar superfields corresponding to SUð3Þ, SUð2Þ, Uð1ÞY
and Uð1ÞB are, respectively, Ĝaðx; �; ��Þ (with a ¼
1; 2 . . . ; 8), Ŵiðx; �; ��Þ (with i ¼ 1, 2, 3), Ŷðx; �; ��Þ and

B̂ðx; �; ��Þ and they fall in the usual adjoint representations
of the gauge group factors.
We have denoted the charges by Qf;X, where X denotes

the hypercharge (Y), the chargedW� bosons (W), the non-
Abelian gluons (G) and the anomalous gauge boson (B). At
the same time we denote with BX the charges of the X
superfield respect to the anomalous Uð1Þ. Unlike the
NMSSM and the nMSSM, W does not contain linear

and cubic terms in Ŝ in order to preserve the gauge invari-
ance in the presence of a nonvanishing BS charge. This

requirement is strictly necessary if the extra scalar Ŝ is only
a SM singlet. Gauge invariance gives the conditions

BH1
þ BH2

þ BS ¼ 0 BH1
þ BL þ BR ¼ 0

BH1
þ BQ þ BDR

¼ 0 BH2
þ BQ þ BUR

¼ 0;
(2)

which will be used below. It is not hard to show that the

possibility of declaring Ŝ to be a singlet under the entire
gauge group (BS ¼ 0) SUð3Þ � SUð2Þ �G1 leaves an ex-
tra gauge boson massless beside the photon, after EWSB
and as such it is not acceptable.

Anomaly cancellation: Defining the model

We start by identifying the anomalous contributions of
the model, whose gauge structure is of the form SUð3Þ �
SUð2Þ �Uð1ÞY �Uð1ÞB.
The anomalous trilinear gauge interactions are all the

ones involving the extra anomalousUð1ÞB, namely fUð1ÞB;
Uð1ÞB; Uð1ÞBg, fUð1ÞB; Uð1ÞY; Uð1ÞYg, fUð1ÞB;Uð1ÞB;
TABLE I. Charge assignment of the model; boldface numbers
indicate the dimensions of the corresponding representations.

Superfields SUð3Þ SUð2Þ Uð1ÞY Uð1ÞB
b̂ðx; �; ��Þ 1 1 0 � � �
Ŝðx; �; ��Þ 1 1 0 BS

L̂ðx; �; ��Þ 1 2 �1=2 BL

R̂ðx; �; ��Þ 1 1 1 BR

Q̂ðx; �; ��Þ 3 2 1=6 BQ

ÛRðx; �; ��Þ �3 1 �2=3 BUR

D̂Rðx; �; ��Þ �3 1 þ1=3 BDR

Ĥ1ðx; �; ��Þ 1 2 �1=2 BH1

Ĥ2ðx; �; ��Þ 1 2 1=2 BH2
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Uð1ÞYg, fUð1ÞB;SUð2Þ;SUð2Þg, fUð1ÞB;SUð3Þ;SUð3Þg. In
terms of the charges we can write each sector as follows

ABBB ¼ X
f

Q3
f;B ABYY ¼ X

f

Qf;BQ
2
f;Y

ABBY ¼ X
f

Q2
f;BQf;Y ABWW ¼ X

f

Qf;B Tr½�i�j�

ABGG ¼ X
f

Qf;B Tr½TaTb�; (3)

where Ta are the generators of SUð3Þ and �i the Pauli
matrices. Compared to the analysis of [10], here we have
anomalous trilinear interactions also in the sector involving
the SUð3Þ mixed anomaly due to the nonvanishing charge
BS. Using the constraints coming from the Yukawa cou-
plings and the conditions of gauge invariance, the expres-
sions of the anomalies take the form

ABBB ¼ 3ð6B3
Q þ 3B3

UR
þ 3B3

DR
Þ þ ð6B3

L þ 3B3
RÞ þ ð2B3

H1
þ 2B3

H2
þ B3

SÞ
¼ �3B3

H1
� 3ð3BL þ 18BQ � 7BSÞB2

H1
� 3ð3B2

L þ ð18BQ � 7BSÞBSÞBH1
þ 3B3

L þ BSð27B2
Q � 27BSBQ þ 8B2

SÞ
ABYY ¼ 3ð6BQY

2
Q þ 3BUR

Y2
UR

þ 3BDR
Y2
DR
Þ þ ð6BLY

2
L þ 3BRY

2
RÞ þ ð2BH1

þ 2BH2
ÞY2

H1

¼ 1

2
ð�3BL � 9BQ þ 7BSÞ

ABBY ¼ 3ð6B2
QYQ þ 3B2

UR
YUR

þ 3B2
DR
YDR

Þ þ ð6B2
LYL þ 3B2

RYRÞ þ ð2B2
H1

� 2B2
H2
ÞYH1

¼ 2BH1
ð3BL þ 9BQ � 5BSÞ þ ð12BQ � 5BSÞBS

ABWW ¼ 1

2
ð18BQ þ 6BL þ 2BH1

þ 2BH2
Þ ¼ 3BL þ 9BQ � BS

ABGG ¼ 1

2
ð6BQ þ 3BUR

þ 3BDR
Þ ¼ 3

2
BS; (4)

where YQ, YL are the hypercharges of the left-handed
doublets of the quarks and leptons, respectively, while
YUR

, YDR
, YR are the hypercharges of the ÛR, D̂R, R̂ super-

fields which correspond to the hypercharges of the right-
handed quarks and leptons, with the opposite sign.

In the absence of a specific charge assignment coming
from a string (or other) construction, these equations can
be interpreted as defining conditions of a specific model.
The role of string theory or of any other construction is to
fix the charges, but for the rest the basic structure remains
determined by the approach outlined below, and as such is
truly general.

V. THE STÜCKELBERG MULTIPLET

In supersymmetric models the cancellation of the anom-
aly using the Wess-Zumino (WZ) counterterm can be
obtained by the introduction of a Stückelberg supermulti-
plet, associated with the extra Uð1Þ. The multiplet contrib-
utes to the supersymmetric version of the Stückelberg
mechanism [14] and in the WZ interaction that describes
the coupling of the supermultiplet to the gauge supermul-
tiplet. We recall that in anomaly-free theories the
Stückelberg mechanism has the feature of contributing to
the mass of the anomalous gauge boson, eventually also in
combination with the Higgs sector [25,26]. This construc-
tion holds both in the nonsupersymmetric and in the super-
symmetric case.

Obviously, the presence of a mixing between the Higgs
and Stückelberg components in the potential of more ge-

neric models in an anomaly-free theory, produces a new
CP-odd component in the scalar sector, but deprived of
axionlike couplings. On the contrary, these couplings ap-
pear in the case in which the two mechanisms (the Higgs
and the Stückelberg) involve an anomalousUð1Þ, due to the
presence of Wess-Zumino terms, for specific superpoten-
tials. These interactions are induced in the effective action
by the mechanism of anomaly cancellation.
The Lagrangian describing the Stückelberg supermulti-

plet is given by [14]

L st ¼
Z

d4�½2MstB̂þ b̂þ b̂y�2 (5)

where B̂ is the Abelian scalar superfield associated to the

extra Uð1ÞB, b̂ is a left-chiral superfield and Mst is the
Stückelberg mass.
The former Lagrangian is invariant under the following

gauge transformations

B̂ ! B̂0 þ ið�̂� �̂yÞ b̂ ! b̂0 � i2Mst�̂ (6)

where �̂ is a generic left-chiral superfield. Introducing the
component fields expansion we obtain

B̂ ¼ ���� ��B� þ i�� �� ��B � i �� �� ��B þ 1
2��

�� ��DB

(7)
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b̂ ¼ bþ i
ffiffiffi
2

p
�c b � i��� ��@�bþ

ffiffiffi
2

p
2

�� �� ���@�c b

� 1

4
�� �� ��hbþ ��Fb; (8)

where B� is the Stückelberg field, �B, ��B are, respectively,

the left- and right-handed Stückelberg gauginos, DB is the
corresponding D-term for the gauge supermultiplet of B�,

b is a complex scalar field, c b is the supersymmetric axion

(axino) and Fb is the F-term of b̂.
After the integration over the Grassman variables the

Lagrangian density is given by

L st ¼ 2ð@� ImbþMstB�Þ2 þ ic b�
�@� �c b

þ i �c b ��
�@�c b þ 2FbF

y
b þ 4Mst RebDB

� 2
ffiffiffi
2

p
Mstðc b�B þ H:c:Þ; (9)

where the auxiliary fields Fb and DB will be defined in the
next sections.

A. The axion Lagrangian

The axion Lagrangian contains the Stückelberg gauge-
invariant terms introduced above and the Wess-Zumino
interactions for the anomaly cancellation and it is given by

Laxion¼1

4

Z
d4�ðb̂þb̂yþ2MstB̂Þ2�1

2

Z
d4�

��
1

2
bG

�TrðGGÞb̂þ1

2
bWTrðWWÞb̂þbYb̂W

Y
�W

Y;�

þbBb̂W
B
�W

B;�þbYBb̂W
Y
�W

B;�

�
�ð ��2ÞþH:c:

�
;

(10)

where we have denoted withG the field strength of SUð3Þc,
with W the supersymmetric field-strength of SUð2Þ, with
WY and with WB the supersymmetric field strength of
Uð1ÞY and Uð1ÞB, respectively. The factors in front of the
WZ counterterms (bX) are determined by the standard
conditions of anomaly cancellation. The Lagrangian, in
our case, contains extra WZ counterterms with respect to
[10], in particular, we need to impose the cancellation of
the mixed B� SUð3Þ � SUð3Þ anomaly, which is now
nonvanishing due to the charges of the two Higgsinos in
the model, which are not opposite. In the MSSM this
cancellation is identical, due to the specific color charges
of the fermions in each generation. This implies that in our
case the effective action contains both a bGG interaction of
the axion with the gluons and a vertex involving the
corresponding gauginos (gluinos).
Expanding the Laxion in the component fields we obtain

Laxion ¼ 1

2
ð@� ImbþMstB�Þ2 þ i

4
c b�

�@� �c b þ i

4
�c b ��

�@�c b þ 1

2
FbF

y
b �Mstffiffiffi

2
p ðc b�B þ H:c:Þ

� 1

16
bG�

�	
�Ga
�	G

a

� Imb� 1

16
bW�

�	
�Wi
�	W

i

� Imb� 1

4
bY�

�	
�FY
�	F

Y

� Imb� 1

4
bB�

�	
�FB
�	F

B

� Imb

� 1

4
bYB�

�	
�FY
�	F

B

� Imbþ 1

4
bW

�
1

4
Imb�Wi��D�

��Wi � i

4
ffiffiffi
2

p c b�Wi�� ��	Wi
�	 þ 1

4
Fb�Wi�Wi

þ 1

2
ffiffiffi
2

p c b�WiDi þ H:c:

�
þ 1

4
bG

�
1

4
Imb�ga�

�D�
��ga � i

4
ffiffiffi
2

p c b�ga�
� ��	Ga

�	 þ 1

4
Fb�ga�ga

þ 1

2
ffiffiffi
2

p c b�gaD
a þ H:c:

�
þ bY

�
Imb�Y�

�D�
��Y � i

2
ffiffiffi
2

p c b�Y�
� ��	FY

�	 þ 1

2
Fb�Y�Y þ 1ffiffiffi

2
p c b�YDY þ H:c:

�

þ bB

�
Imb�B�

�D�
��B � i

2
ffiffiffi
2

p c b�B�
� ��	FB

�	 þ 1

2
Fb�B�B þ 1ffiffiffi

2
p c b�BDB þ H:c:

�
þ bYB

��
Imb�Y�

�@� ��B

þ 1

2
Fb�Y�B þ 1ffiffiffi

2
p c b�YDB � i

2
ffiffiffi
2

p �Y�
� ��	FB

�	c b

�
þ ðY $ BÞ þ H:c:

�
; (11)

with the F and D terms given by

Fb¼�ðbG ��ga
��gaþbW ��Wi ��WiþbY ��Y

��YþbB ��B
��BþbYB ��Y

��BÞ;
DB¼�

�
gB

2
ffiffiffi
2

p ðBL
~Ly ~LþBR

~Ry ~RþBQ
~Qy ~QþBU

~Uy
R
~URþBD

~Dy
R
~DRþBH1

Hy
1H1þBH2

Hy
2H2þBSS

ySÞþ1

2
c bðbB�BþbYB�YÞ

�
;

DY¼�
�
gY

2
ffiffiffi
2

p
�
~Ly ~L�2 ~Ry ~R�1

3
~Qy ~Qþ4

3
~Uy
R
~UR�2

3
~Dy
R
~DRþHy

1H1�Hy
2H2

�
þ1

2
c bðbY�YþbYB�BÞ

�

Di¼�1

2

�
g2ð ~Ly�i ~Lþ ~Qy�i ~QþHy

1 �
iH1þHy

2 �
iH2ÞþbWffiffiffi

2
p c b�Wi

�

Da¼�1

2

�
gsð ~QyTa ~Qþ ~Uy

RT
a ~URþ ~Dy

RT
a ~DRÞþbGffiffiffi

2
p c b�ga

�
; (12)
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in which we have terms coming both fromLaxion and from
the USSM Lagrangian that can be found in the appendix.

B. The kinetic mixing

In these type of supersymmetric models the extra Uð1ÞB
sector can mix with Uð1ÞY in different ways. In particular,
in the context of USSM-A, the kinetic mixing is treated as
in the NMSSM with the inclusion of an anomalous Uð1ÞB
symmetry and the extra singlet Ŝ is charged under B.

The Lagrangian for the gauge fields is modified by
introducing a mixing term B� Y proportional to a small
parameter sina

L mixing ¼ � 1

4

Z
d4�2 sinaWY�WB

��
2ð ��Þ þ H:c: (13)

where sina represents the mixing between the two Abelian
structures Uð1ÞY and Uð1ÞB. In the same way, the gauge
mass terms Lagrangian in the presence of kinetic mixing is
modified by the inclusion of a term proportional to the
mass parameter MYB as follows

L GMTmix ¼ 1

2

Z
d4�½MYBW

Y�WB
� þ H:c:��4ð�; ��Þ:

(14)

Furthermore, the USSM-A is affected by another source of
kinetic mixing coming from the mixed counterterm pro-
portional to bYB in the expression ofLaxion. Expanding this
expression in component fields we observe that the multi-

plet b̂ contains the complex scalar field b whose real part
can be Reb � 0 and it generates a kinetic mixing propor-
tional to / bYB RebgYgB, where the coefficient bYB fixed
by the anomaly cancellation procedure, goes like the in-

verse of the Stückelberg mass and can be neglected in this
first analysis (see Ref. [10]). In our formulation we assume
sina ¼ 0 for simplicity and we will give a more detailed
analysis of the kinetic mixing in the context of the USSM-
A in a forthcoming paper [27].

C. The Fayet-Iliopoulos terms

To be as more general as possible, in theories withUð1Þs
gauge superfields we should add to the Lagrangian the
following Fayet-Iliopoulos (FI) term

L FI ¼ �YDY þ �BDB: (15)

which is allowed by symmetry reasons. Here �Y , �B are
two coefficients, while DY and DB are the D-terms corre-
sponding to the Uð1ÞY and Uð1ÞB symmetry, respectively.
In our analysis we omit these contributions even if a
quadratically divergent FI always appears in a field theory
at one loop [28]. The reason resides in the fact that, in the
low-energy Lagrangian there should be a counterterm,
which compensates precisely both the divergent and the
finite part of the one-loop contributions (see Ref. [10]). We
are also omitting the terms responsible for the cancellation
of gravitational anomalies. A more comprehensive de-
scription will be given in [27].
Some of the notations used in our analysis are recalled in

the appendix, here we just mention that the scalars of the
model are denoted, as usual, by a tilde (~). It is convenient to
combine the axion sector and the F and D terms extracted
from the other sectors of the total Lagrangian of the model.
This combination is in general defined to be the auxiliary
Lagrangian, or Laux, which is given by

Laux ¼ �y2eH
y
1H1

~R ~Ry � y2uH
y
2H2

~UR
~Uy
R � y2dH

y
1H1

~DR
~Dy
R � j�H1 �H2j2 � j�Sj2ðHy

2H2 þHy
1H1Þ � y2d

~Dy
R
~DR

~Qy ~Q

� y2e ~L
y ~L ~R ~Ry � y2u ~UR

~Uy
R
~Qy ~Q� �yuðS ~QyH1

~Uy
R þ H:c:Þ � �ydðS ~QyH2

~Dy
R þ H:c:Þ�yeðS ~LyH2

~Ry þ H:c:Þ
� ydyuð ~Uy

RH
y
2H1

~DR þ H:c:Þ � yeydð ~Dy
R
~Qy ~L ~RþH:c:Þ þ jðbG�ga�ga þ bW�Wi�Wi þ bY�Y�Y þ bB�B�B

þ bYB�Y�BÞj2 � 1

2

�
gsð ~QyTa ~Qþ ~Uy

RT
a ~UR þ ~Dy

RT
a ~DRÞ þ bGffiffiffi

2
p c b�ga

�
2 � 1

2

�
g2ð ~Ly�i ~Lþ ~Qy�i ~QþHy

1 �
iH1

þHy
2 �

iH2Þ þ bWffiffiffi
2

p c b�Wi

�
2 �

�
gY

2
ffiffiffi
2

p
�
~Ly ~L� 2 ~Ry ~R� 1

3
~Qy ~Qþ 4

3
~Uy
R
~UR � 2

3
~Dy
R
~DR þHy

1H1 �Hy
2H2

�

þ 1

2
c bðbY�Y þ bYB�BÞ

�
2 �

�
gB

2
ffiffiffi
2

p ðBL
~Ly ~Lþ BR

~Ry ~Rþ BQ
~Qy ~Qþ BU

~Uy
R
~UR þ BD

~Dy
R
~DR þ BH1

Hy
1H1

þ BH2
Hy

2H2 þ BSS
ySÞ þ 1

2
c bðbB�B þ bYB�YÞ

�
2 þ 1

2
½c bc bðb2G�ga�ga þ b2W�Wi�Wi þ ðb2Y þ b2YBÞ�Y�Y

þ b2B�B�B þ ðbY þ bBÞbYB�Y�B þ bBbYB�B�YÞ þ H:c:� (16)

where the expressions of the D terms are now determined by Eq. (12).

VI. GOLDSTONES OF THE POTENTIAL AND OF THE MASSIVE GAUGE BOSONS

The identification of the Goldstone modes of the model requires a combined analysis of the potential and of the bilinear
mixing terms Zi@GZi

for all the broken (massive) gauge bosons. Naturally, the expansion near the vacuum is consistent if
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the stability conditions of the potential near the expansion
point are satisfied. The neutral Goldstone modes corre-
sponding to the physical neutral gauge bosons after the
breaking are part of the CP-odd sector together with other
physical components, spanning together the entire CP-odd
space. In general, in this sector, the potential contains a set
of ‘‘flat directions,’’ which appear as Goldstone modes of
the matrix of its second derivatives. These Goldstone
modes do not necessarily coincide with the Goldstone
modes (GZ0) identified from the bilinear mixings. This
turns out to be the case if the Stückelberg decouples
from the scalar potential while it gives mass to one of the
anomalous gauge bosons. To clarify this point it is conve-
nient to move back to the nonsupersymmetric case.

The allowed structure of the potential involves
b-independent (V) and b- dependent (V 0) terms, just on
the basis of the symmetries of the Lagrangian, given by

V ¼ X
a¼1;2

ð�2
aH

y
aHa þ �aaðHy

aHaÞ2Þ

� 2�12ðHy
1H1ÞðHy

2H2Þ þ 2�0
12jHT

2 �2H1j2; (17)

and

V 0 ¼ �0H
y
2H1e

�i
P
I

ðqI2�qI1ÞðbI=MIÞ

þ �1ðHy
2H1e

�i
P
I

ðqI
2
�qI

1
ÞðbI=MIÞÞ2

þ �2ðHy
2H2ÞHy

2H1e
�i
P
I

ðqI
2
�qI

1
ÞðbI=MIÞ

þ �3ðHy
1H1ÞHy

2H1e
�i
P
I

ðqI2�qI1ÞðbI=MIÞ þ c:c: (18)

respectively, where the sum over I is a sum over the
Stückelberg axions of the (several) anomalous Uð1Þ’s. In
the supersymmetric case this second contribution is, in
general, not allowed, although it might appear after super-
symmetry breaking. This second term or ‘‘phase-
dependent term’’ is directly responsible for Higgs-axion
mixing and for producing a massive axion. The interesting
point is that in the supersymmetric case (with b a real
field), even if V 0 is not allowed, we may still, under some
particular conditions, end up with a physical axion in the
spectrum, as we are now going to elaborate.

As we have mentioned, the identification of the
Goldstones of the theory is necessarily done using the
kinetic term of the scalars, including the Stückelberg,
which in this case takes the form

jD�H1j2 þ jD�H2j2 þ 1
2ð@�bþMstB�Þ2: (19)

The expansion of this equation near the stable vacuum
gives the usual bilinear mixings characterizing the deriva-
tive couplings of the physical massive gauge bosons to the
corresponding Goldstones; rather straightforwardly one
obtains the combination

MZZ
�@�GZ þMZ0Z0�@�GZ0 þ . . . (20)

with GZ and GZ0 being the true Goldstone modes of the
theory. Notice, if not obvious, that while GZ is just ex-
pressed as a linear combination of the two CP-odd com-
ponents of the Higgs, GZ0 on the other hand takes a
contribution also from b, due to the Stückelberg mass
term. Therefore, one of the special features of the combi-
nation of the Higgs and Stückelberg mechanisms is that in
some cases the potential of the model—V is an example of
this situation, since it does not include a b field—is not
sufficient to identify all the Goldstone modes. Clearly, if
both V and V 0 are present, then GZ and GZ0 can be ex-
tracted from the total potential and coincide with the
Goldstone modes extracted from the bilinear mixings of
(19) and (20). In this case the physical axion turns out to be
massive. We recall that the quadratic part of the CP-odd
potential takes the general form

VCP-odd ¼ ðImH0
1 ; ImH0

2 ; bÞN
ImH0

1

ImH0
2

b

0
B@

1
CA (21)

for a suitable N matrix whose explicit expression is
important but not necessary for our discussion. In the
case of the MSSM the structure of the potential coincides
with that of V and one identifies only one physical CP-odd
Higgs (called A0 in the MSSM) which will not have an
axionlike coupling, as can be verified by also a simple
counting of the degrees of freedom before and after
EWSB. In this case the orthogonal transformation that
diagonalizes the CP-odd scalar sector takes the form

ImH0
2

ImH0
1

� �
¼ O

A0

G0

� �
(22)

and involves the physical (massive) CP-odd Higgs A0 and
a Goldstone mode G0. The above discussion goes through
in a similar way also for the anomalous Uð1Þ extension of
the MSSM discussed in [10]. For the case of a potential
such as VCP-odd ¼ V þ V 0 instead, there is indeed a mixing
between the components of the Higgs and b and the
diagonalization of the quadratic part of the potential gives

ImH0
2

ImH0
1

b

0
B@

1
CA ¼ O3

�
G0

1

G0
2

0
@

1
A (23)

with O3 being an orthogonal matrix. We have denoted the
physical field by � and the NG-bosons byG0

1;2. In this case

it is rather obvious that � acquires an axionlike coupling,
inherited from b. In other words b has an expansion in
terms of �, G0

1 and G0
2 or, equivalently, in terms of �, GZ,

and GZ0 , where GZ and GZ0 are identified by Eq. (20). The
decomposition is clearly gauge dependent. One important
comment concerns the nature of the bF ~F interactions in
this case.
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In the unitary gauge the only axionlike couplings left
involve the physical component of b, denoted by �, called
‘‘the axi-Higgs,’’ which gives typical �F ~F interactions. As
we have mentioned above, in the absence of V 0, b decou-
ples from the rest of the Higgs sector inN . In this case in
the unitary gauge all the anomalous couplings can be
removed, and the theory goes back again to its original
anomalous form, with the old Lagrangian now replaced by
an ordinary massive (and possibly anomalous) Yang-Mills
theory. It is rather obvious that the truly new element in
these types of actions shows up when a physical axionlike
particle is induced in the spectrum. In the absence of this,
the bF ~F has dubious meaning, since this term does not
cancel the anomaly, as emphasized by Preskill long ago
[29]. Rather, it allows a better power-counting of the
modified (anomalous) action. A justification of this point
of view comes from the fact that an anomalous (and
massive) Yang-Mills theory can be given a typical
Stückelberg form and a bF ~F interaction by a field-
enlarging transformation [30].

For this reason the only satisfactory potentials are those
that either allow b to be part of the scalar sector (such as for
V þ V0) or, alternatively, when they allow, under certain
conditions that we are going to discuss next, a mixing
between the CP-odd Higgs components and the
Stückelberg.

With these motivations in mind, we move to the case of
the new superpotential.

VII. SCALAR MASS TERMS, THE SCALAR
POTENTIAL AND THE MASS OF THE GAUGE

BOSONS

Let us now move to a discussion of the other sectors of
the theory, starting from the scalar one. The Lagrangian for

the scalar mass terms is given by

LSMT ¼ �M2
L
~Ly ~L�m2

R
~Ry ~R�M2

Q
~Qy ~Q�m2

UR

~Uy
R
~UR

�m2
DR

~Dy
R
~DR �m2

1H
y
1H1 �m2

2H
y
2H2 �m2

SS
yS

� ða�SH1 �H2 þ H:c:Þ � ðaeH1 � ~L ~RþH:c:Þ
� ðadH1 � ~Q ~DR þ H:c:Þ � ðauH2 � ~Q ~UR þ H:c:Þ;

(24)

where ML, MQ, mR, mUR
, mDR

, m1, m2, mS are the mass

parameters for the explicit supersymmetry breaking, while
ae, a�, au, ad are coefficients with mass dimension one.
The computation of the Lagrangian containing the soft-

breaking terms Lagrangian is, as usual, split into the scalar
and gaugino mass terms

L Soft ¼ LSMT þLGMT þ 1
2Mbðc bc b þ �c b

�c bÞ; (25)

where Mb is a mass parameter for the axino c b. The
gaugino mass terms given by

L GMT ¼ �1
2MGð�ga�ga þ ��ga

��gaÞ � 1
2Mwð�Wi�Wi

þ ��Wi ��WiÞ � 1
2MYð�Y�Y þ ��Y

��YÞ
� 1

2MBð�B�B þ ��B
��BÞ; (26)

where �ga , ��ga are, respectively, the left- and right-handed

gauginos of the SUð3Þ sector, �Wi , ��Wi are the left- and
right-handed gauginos of the SUð2Þ sector and �Y , ��Y are
the chiral gauginos of Uð1ÞY . The MG, Mw, MY , MB mass
terms are the supersymmetry (SUSY) breaking parameters
for SUð3Þ, SUð2ÞW , Uð1ÞY and Uð1ÞB respectively. Once
we have imposed the equations of motion for the F-terms
the on-shell Lagrangian is given by

Laux�F ¼ �y2eH
y
1H1

~R ~Ry � y2uH
y
2H2

~UR
~Uy
R � y2dH

y
1H1

~DR
~Dy
R � j�H1 �H2j2 � j�Sj2ðHy

2H2 þHy
1H1Þ � y2d

~Dy
R
~DR

~Qy ~Q

� y2e ~L
y ~L ~R ~Ry � y2u ~UR

~Uy
R
~Qy ~Q� �yuðS ~QyH1

~Uy
R þ H:c:Þ � �ydðS ~QyH2

~Dy
R þ H:c:Þ�yeðS ~LyH2

~Ry þ H:c:Þ
� ydyuð ~Uy

RH
y
2H1

~DR þ H:c:Þ � yeydð ~Dy
R
~Qy ~L ~RþH:c:Þ; (27)

where the coefficients ye, yu, yd come from the Yukawa couplings of the superpotential, while the D terms are

Laux�D ¼ �g22
2
ð ~Ly�i ~Lþ ~Qy�i ~QþHy

1 �
iH1 þHy

2 �
iH2Þ2 � g2s

2
ð ~QyTa ~Qþ ~Uy

RT
a ~UR þ ~Dy

RT
a ~DRÞ2

� g2Y
8

�
~Ly ~L� 2 ~Ry ~R� 1

3
~Qy ~Qþ 4

3
~Uy
R
~UR � 2

3
~Dy
R
~DR þHy

1H1 �Hy
2H2

�
2 � g2B

8
ðBL

~Ly ~Lþ BR
~Ry ~R

þ BQ
~Qy ~Qþ BU

~Uy
R
~UR þ BD

~Dy
R
~DR þ BH1

Hy
1H1 þ BH2

Hy
2H2 þ BSS

ySÞ2; (28)

where BL, BR are the charges of the leptons chiral super-
fields, BQ, BU, BD are the charges of the left and right
chiral superfields of the quark sector and BH1

, BH2
, BS are

the charges of the two Higgs doublet and of the extra
singlet, respectively.

A. The scalar potential

The study of EWSB in the case of these models proceeds
similarly to the USSM [20].
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The scalar potential is given by

V ¼ j�H1 �H2j2 þ j�Sj2ðjH1j2 þ jH2j2Þ þ 1

8
ðg22 þ g2YÞ

� ðHy
1H1 �Hy

2H2Þ2 þ g2B
8
ðBH1

Hy
1H1 þ BH2

Hy
2H2

þ BSS
ySÞ2 þ g22

2
jHy

1H2j2 þm2
1jH1j2 þm2

2jH2j2

þm2
SjSj2 þ ða�SH1 �H2 þ H:c:Þ: (29)

We introduce the following basis

H1 ¼ 1ffiffiffi
2

p ReH0
1 þ i ImH0

1

ReH�
1 þ i ImH�

1

� �
;

H2 ¼ 1ffiffiffi
2

p ReHþ
2 þ i ImHþ

2

ReH0
2 þ i ImH0

2

� �
;

S ¼ 1ffiffiffi
2

p ðReSþ i ImSÞ;

(30)

where in correspondence of the minimum value of the
potential we use the following parametrization for the
Higgs fields

hH1i ¼ 1ffiffiffi
2

p v1

0

� �
; hH2i ¼ 1ffiffiffi

2
p 0

v2

� �
; hSi ¼ vSffiffiffi

2
p :

(31)

As usual, we require the existence of a stable vacuum
imposing the conditions

m2
1v1 þ 1

2
�2v1ðv2

2 þ v2
SÞ þ

1ffiffiffi
2

p a�v2vS � 1

8
v1ðv2

2 � v2
1Þg2

þ 1

8
g2BBH1

v1ðBH2
v2
2 þ BH1

v2
1 þ BSv

2
SÞ ¼ 0; (32)

m2
2v2 þ 1

2
�2v2ðv2

1 þ v2
SÞ þ

1ffiffiffi
2

p a�v1vS þ 1

8
v2ðv2

2 � v2
1Þg2

þ 1

8
g2BBH2

v2ðBH2
v2
2 þ BH1

v2
1 þ BSv

2
SÞ ¼ 0; (33)

1ffiffiffi
2

p a�v1v2 þm2
SvS þ 1

2
�2vSv

2 þ 1

8
g2BBSvSðBH2

v2
2

þ BH1
v2
1 þ BSv

2
SÞ ¼ 0; (34)

where again a� is a mass parameter of the model.

B. Mass of the gauge bosons

The Lagrangian that describes the contributions to the
mass of the gauge bosons is given by

LQ ¼ jD�H1j2 þ jD�H2j2 þ jD�Sj2
þ 1

2ð@� ImbþMstB�Þ2 (35)

and involves, beside the two Higgses, the SM bosonic

singlet of Ŝ, the bosonic component of the Stückelberg
axion, b, and the Stückelberg mass Mst. Collecting the
quadratic terms we obtain the contributions to the gauge
boson masses which are given by

LGM ¼ g22
4
ðv2

1 þ v2
2ÞWþ�W�

� þ g22
8
ðv2

1 þ v2
2ÞW3�W3

�

� g2gY
4

ðv2
1 þ v2

2ÞW3�AY
� þ g2Y

8
ðv2

1 þ v2
2ÞAY�AY

�

þ g2gB
4

ðBH1
v2
1 � BH2

v2
2ÞW3

�B
� � gYgB

4
ðBH1

v2
1

� BH2
v2
2ÞAY

�B
� þ g2B

8
ðB2

H1
v2
1 þ B2

H2
v2
2 þ B2

Sv
2
SÞ

� B�B
� þ 1

2
M2

stB
�B�: (36)

Using the interaction basis of the gauge field components
ðW3

�; A
Y
�; B�Þ we obtain the corresponding mass matrix,

which is given by

M 2
gauge ¼

g2
2

8 v
2 � g2gY

8 v2 g2
8 xB

� g2gY
8 v2 g2Y

8 v2 gY
8 xB

g2
8 xB

gY
8 xB

NBB

8 þ M2
st

2

0
BBB@

1
CCCA; (37)

where

xB ¼ gBðv2
1BH1

� v2
2BH2

Þ;
NBB ¼ g2BðB2

H1
v2
1 þ B2

H2
v2
2 þ B2

Sv
2
SÞ; v2 ¼ v2

1 þ v2
2:

(38)

Performing the diagonalization we obtain the rotation ma-
trix

OA
susy ¼

gY
g

g2
g 0

� g2ðf1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f2
1
þ4x2Bg

2
p

Þ
g
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2½4g2x2Bþf2

1
þf1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f2
1
þ4g2x2B

p
�

p gY ðf1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f2
1
þ4x2Bg

2
p

Þ
g
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2½4g2x2Bþf2

1
þf1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f2
1
þ4g2x2B

p
�

p gxB
ffiffi
2

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½4g2x2Bþf2

1
þf1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f2
1
þ4g2x2B

p
�

p
� g2ðf1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f2
1
þ4x2Bg

2
p

Þ
g
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2½4g2x2Bþf2

1
�f1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f2
1
þ4g2x2B

p
�

p gY ðf1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f2
1
þ4x2Bg

2
p

Þ
g
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2½4g2x2Bþf2

1
�f1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f2
1
þ4g2x2B

p
�

p gxB
ffiffi
2

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½4g2x2Bþf2

1
�f1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f2
1
þ4g2x2B

p
�

p

0
BBBBBB@

1
CCCCCCA; (39)

which acts on the interaction basis as
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A


Z
Z0

0
@

1
A ¼ OA

susy

W3

AY

B

0
B@

1
CA; (40)

and where we have defined g ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2Y þ g22

q
and f1 ¼ 4M2

st � g2v2 þ NBB.
We obtain one null eigenvalue corresponding to the photon, while the masses of the physical Z and Z0 are given by

M2
Z ¼ 1

8ð4M2
st þ g2v2 þ NBB �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð4M2

st � g2v2 þ NBBÞ2 þ 4g2x2B

q
Þ

M2
Z0 ¼ 1

8ð4M2
st þ g2v2 þ NBB þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð4M2

st � g2v2 þ NBBÞ2 þ 4g2x2B

q
Þ:

(41)

Compared to the nonsupersymmetric case [8], the corrections to the masses of the gauge bosons involve also vS, which is
implicitly contained in NBB.

C. The charged and the CP-even sectors of the scalar potential

The description of the charged sector of the model is performed using the standard basis ðReHþ
2 ;ReH

�
1 Þ. We obtain the

following mass matrix

M 2
c ¼

1
2 ð12g2 � �2Þv2

1 þ a�
v1vSffiffi
2

p
v2

� 1
2 ð12g2 � �2Þv1v2 þ a�

vSffiffi
2

p

� 1
2 ð12g2 � �2Þv1v2 þ a�

vSffiffi
2

p 1
2 ð12 g2 � �2Þv2

2 þ a�
v2vSffiffi
2

p
v1

0
@

1
A: (42)

The same mass matrix is obtained in the basis ð�ImHþ
2 ; ImH�

1 Þ. We have one zero eigenvalue corresponding to a charged
Goldstone boson and a mass eigenvalue corresponding to the charged Higgs

m2
H� ¼

�
v1

v2

þ v2

v1

��
1

4
g2v1v2 � 1

2
�2v1v2 þ a�

vSffiffiffi
2

p
�
: (43)

In the analysis of the CP-even sector we use the basis ðReH0
1 ;ReH

0
2 ;ReSÞ. We obtain the matrix elements

ðM2
evÞ11 ¼ 1

4
ðg2BB2

H1
þ g2Y þ g22Þv2

1 � a�
v2vSffiffiffi
2

p
v1

ðM2
evÞ12 ¼

�
g2B
4
BH1

BH2
þ �2 � g22 þ g2Y

4

�
v1v2 þ a�

vSffiffiffi
2

p

ðM2
evÞ13 ¼ a�

v2ffiffiffi
2

p þ
�
g2B
4
BH1

BS þ �2

�
v1vS ðM2

evÞ22 ¼ 1

4
ðg2BB2

H1
þ g2Y þ g22Þv2

2 � a�
v2vSffiffiffi
2

p
v1

ðM2
evÞ23 ¼ a�

v1ffiffiffi
2

p þ
�
g2B
4
BH2

BS þ �2

�
v2vS ðM2

evÞ33 ¼ �a�
v1v2ffiffiffi
2

p
vS

þ 1

4
g2BB

2
Sv

2
S

with the other terms obtained by symmetry (M12 ¼ M21,
etc.). The matrix has in general three massive eigenvalues
corresponding to the three neutral Higgs particles
ðH0

1 ; H
0
2 ; H

0
3Þ.

D. The neutral CP-odd sector and the axion

The key sector that is responsible for the presence of a
physical axion is the CP-odd one. Choosing the basis given
by the components ðImS; ImH0

1 ; ImH0
2Þ, our superpotential

with an extra singlet gives the mixing matrix

M 2
odd ¼

a�ffiffiffi
2

p
v1v2

vS
v2 v1

v2
v2vS

v1
vS

v1 vS
v1vS

v2

0
B@

1
CA: (44)

Diagonalizing this mass matrix we can identify the or-
thogonal transformation Oodd from the interaction to the
mass eigenstates which is given by

ImS
ImH0

1

ImH0
2

0
@

1
A ¼ Oodd

G0
1

G0
2

H0
4

0
B@

1
CA: (45)

A simple analysis gives two null eigenvalues, correspond-
ing to two neutral Goldstone bosons, and one physical
state, which is identified with a massive neutral Higgs
boson

m2
H0

4

¼ a�ffiffiffi
2

p
�
v1v2

vS

þ v1vS

v2

þ vSv2

v1

�
: (46)

From the diagonalization procedure we obtain

Oodd ¼
� vSffiffiffiffiffiffiffiffiffiffiffi

v2
S
þv2

2

p � vSffiffiffiffiffiffiffiffiffiffiffi
v2
S
þv2

1

p v1v2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2
1
v2
2
þv2v2

S

p
0 v1ffiffiffiffiffiffiffiffiffiffiffi

v2
S
þv2

1

p v2vSffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2
1
v2
2
þv2v2

S

p
v2ffiffiffiffiffiffiffiffiffiffiffi
v2
S
þv2

2

p 0 v1vSffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2
1
v2
2
þv2v2

S

p

0
BBB@

1
CCCA (47)

and the states are given by
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G0
1 ¼

v2 ImH0
2 � vS ImSffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2
2 þ v2

S

q ; G0
2 ¼

v1 ImH0
1 � vS ImSffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2
1 þ v2

S

q ;

H0
4 ¼

v1v2 ImSþ vSv2 ImH0
1 þ v1vS ImH0

2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2
1v

2
2 þ v2

Sv
2

q ; (48)

whereG0
1 andG

0
2 are two Goldstone modes, whileH0

4 is the
physical Higgs.

Having identified the Goldstones of the potential in the
CP-odd sector, the parallel identification of the Goldstones
of the massive gauge bosons after EWSB is performed by
an analysis of the bilinear mixings. In fact, from the
Lagrangian density we can extract the following derivative
coupling terms

L DC ¼ 1
2g2W

3
�@

�GY � 1
2gYA

Y
�@

�GY þ 1
2gBB�@

�GB

(49)

where we have defined

GY ¼ ðv1 ImH0
1 � v2 ImH0

2Þ
GB ¼ ðBH1

v1 ImH0
1 þ BH2

v2 ImH0
2 þ BSvS ImSÞ

þ 2Mst

gB
Imb

(50)

which can be rotated onto the basis ðA

�; Z�; Z

0
�Þ using the

OA
susy matrix

W3
� ¼ OA

W
A


� þOA

WZZ� þOA
WZ0Z0

�

AY
� ¼ OA

Y
A


� þOA

YZZ� þOA
YZ0Z0

�

B� ¼ OA
B
A



� þOA

BZZ� þOA
BZ0Z0

�

(51)

to obtain the expression forLDC in terms of physical states

L DC ¼ MZZ�@
�GZ þMZ0Z0

�@
�GZ0 : (52)

The two Goldstone modes corresponding to the physical
massive gauge bosons are given by

MZGZ ¼�A

�
v1

2xB
ðf1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f21 þ 4g2x2B

q
Þ�v1gBBH1

�
ImH0

1

þA

�
v2

2xB
ðf1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f21 þ 4g2x2B

q
Þþv2gBBH2

�
ImH0

2

þBSgBvSA ImSþ 2MstA Imb (53)

MZ0GZ0 ¼A0
�
v1

2xB
ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f21þ4g2x2B

q
�f1Þþv1gBBH1

�
ImH0

1

�A0
�
v2

2xB
ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f21þ4g2x2B

q
�f1Þ�v2gBBH2

�
ImH0

2

þBSgBvSA
0 ImSþ2MstA

0 Imb (54)

where we have defined the following coefficients

A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

8
� f1

8
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f21 þ 4g2x2B

q
vuuut A0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

8
þ f1

8
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f21 þ 4g2x2B

q
vuuut :

(55)

It is simple to observe that GZ and GZ0 are orthonormal. At
this point, a simple counting of the physical degrees of
freedom before and after EWSB can give us a hint on the
properties of this model.
Before EWSB we have 10 degrees of freedom: two for

AY
�, two for W3

�, three for B�, two for the Higgs fields

ImH0
1 and ImH0

2 and one for the singlet ImS. After the
breaking, we are left with two polarization states for the
physical photon, 3 degrees of freedom for the Z and the Z0
respectively, one neutral Higgs state H0

4 and one physical
state which we are going to identify as the axi-Higgs.
Therefore we can build this new physical state requiring
its orthogonality with respect to the basis fH0

4 ; GZ; GZ0 g
where H0

4 , identified as the physical direction of the po-

tential, clearly belongs to the CP-odd sector. We start from
the following linear combination

� ¼ b1 ImH0
1 þ b2 ImH0

2 þ b3 ImSþ b4 Imb (56)

and we determine the coefficients b1; . . . ; b4 by the follow-
ing constraints

Y1 ¼ b3v1v2 þ b2v1vS þ b1v2vS ¼ 0;

Y2 ¼ 4b4MstxB þ 2b3BSvSgBxB � b1v1ðf1 � 2BH1
gBxB

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f21 þ 4g2x2B

q
Þ þ b2v2ðf1 þ 2BH2

gBxB

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f21 þ 4g2x2B

q
Þ ¼ 0

Y3 ¼ 4b4MstxB þ 2b3BSvSgBxB þ b2v2ðf1 þ 2BH2
gBxB

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f21 þ 4g2x2B

q
Þ þ b1v1ð�f1 þ 2BH1

gBxB

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f21 þ 4g2x2B

q
Þ ¼ 0; (57)

which give

b1 ¼ b4
2Mst

gBBS

v1v
2
2

ðv2
1v

2
2 þ v2v2

SÞ

b2 ¼ b4
Mst

4gBBS

v2
1v2

ðv2
1v

2
2 þ v2v2

SÞ

b3 ¼ �b4
Mst

4gBBS

v2vS

ðv2
1v

2
2 þ v2v2

SÞ
;

where the coefficient b4 is constrained by the normaliza-
tion of the eigenstates. The physical axion will be given by
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� ¼ 1

N�

½2Mstv1v
2
2 ImH0

1 þ 2Mstv
2
1v2 ImH0

2

� 2Mstv
2vS ImSþ BSgBðv2v2

S þ v2
1v

2
2Þ Imb�

N� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4M2

stv
2ðv2v2

S þ v2
1v

2
2Þ þ B2

Sg
2
Bðv2v2

S þ v2
1v

2
2Þ2

q
(58)

where the new identified state has a nonvanishing projec-
tion over the Stückelberg field. Reexpressing Imb in terms
of � and the Goldstone modes of the massive gauge
bosons, we discover that the axionlike interactions
(Wess-Zumino terms) mediated by the Stückelberg field
can be rotated over �, giving trilinear vertices of the form
�FI ^ FJ, where I and J denote the physical gauge bosons.

The rotation matrix O
�
susy that rotates the physical com-

ponents and the Goldstones in the CP-odd sector takes the
form

H0
4

GZ

G0
Z

�

0
BBB@

1
CCCA ¼ ðO�

susyÞ
ImH0

1

ImH0
2

ImS
Imb

0
BBB@

1
CCCA; (59)

where all the entries are defined in Appendix B.

The BS ¼ 0 case: No physical axions

In the case BS ¼ 0, corresponding to a singlet of the
entire gauge symmetry, we can proceed in the same way,

obtaining, however, a different result compared to the
previous case. In this case the general structure of the
scalar potential can be modified by introducing linear or

cubic terms in Ŝ, corresponding to the same structure of the
nMSSM or of the NMSSM, with an additional Uð1ÞB
symmetry. Adding a linear term we obtain1

V ¼
���������H1 �H2 þm2

12

�

��������
2þj�Sj2ðjH1j2 þ jH2j2Þ

þ 1

8
ðg22 þ g2YÞðHy

1H1 �Hy
2H2Þ2

þ g2B
8
B2
H1
ðHy

1H1 �Hy
2H2Þ2 þ g22

2
jHy

1H2j2 þm2
1jH1j2

þm2
2jH2j2 þm2

SjSj2 þ ða�SH1 �H2 þ tSSþ H:c:Þ;
(60)

where we have introduced the mass parameter m2
12=�—

which is the coefficient of Ŝ in the nMSSM superpoten-

tial—and tS, which is the coefficient of Ŝ in the soft-
breaking Lagrangian and has mass dimension three.
Notice that we have used the condition BH1

¼ �BH2
. In

this case, in the basis fImS; ImH0
1 ; ImH0

2g, theCP-odd mass

matrix is given by

M 2
odd ¼

�tS
ffiffi
2

p
vS

� a�
v1v2ffiffi
2

p
vS

�a�
v2ffiffi
2

p �a�
v1ffiffi
2

p

�a�
v2ffiffi
2

p � v2

v1
ðm2

12 þ a�
vSffiffi
2

p Þ �m2
12 � a�

vSffiffi
2

p

�a�
v1ffiffi
2

p �m2
12 � a�

vSffiffi
2

p � v1

v2
ðm2

12 þ a�
vSffiffi
2

p Þ

0
BB@

1
CCA (61)

This sector provides two physical Higgs states and one
Goldstone mode of the form2

G0
nMSSM ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2
1 þ v2

2

q ðv1 ImH0
1 � v2 ImH0

2Þ: (62)

The other Goldstone mode is obtained from the derivative
coupling of the Stückelberg term (B�@� Imb).

Thus, from the derivative couplings, once we have per-
formed a rotation on the physical basis, we obtain the two
orthogonal Goldstone modes GZ, GZ0 corresponding to the
Z and the Z0 bosons, which are a linear combination of Imb
and of the Goldstone mode obtained from the CP-odd

sector,

GZ ¼ �1G
0
nMSSM þ �2 Imb;

GZ0 ¼ �0
1G

0
nMSSM þ �0

2 Imb;
(63)

where the coefficients �1 . . . ; �
0
2 are not given in an ex-

plicit form for simplicity.
In this case the number of degrees of freedom before the

symmetry breaking is again equal to ten. In fact we have
two forW3, three for B, two for Y, and finally ImH0

1 , ImH0
2 ,

and Imb. After EWSB we are left with 3 degrees of free-
dom for the Z, three for the Z0, two for the photon and two
neutral Higgs states, which are physical. Therefore we do
not have Higgs-axion mixing.

VIII. THE SFERMION SECTOR

Coming to the scalar fermion sector (sfermions), the
Lagrangian in terms of component fields is given by

2The same Goldstone mode can be obtained from the NMSSM
scalar potential [33].

1At this stage we do not consider a cubic term in Ŝ in order to
avoid the problem related to the formation of cosmological
domain walls (see [22,31,32]), though even in this case one
has two Higgs bosons and one Goldstone mode in the CP-odd
sector.
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LMSSM
sfer ¼ ��ye½SyHy

2
~L ~RþS ~LyH2

~Ry� � �yd½SyHy
2
~Q ~DR þ S ~QyH2

~Dy
R� � �yu½SyHy

1
~Q ~UR þ S ~QyH1

~Uy
R�

� y2e½Hy
1H1ð ~Ly ~Lþ ~Ry ~RÞ �Hy

1
~LðHy

1
~LÞy� � y2d½Hy

1H1ð ~Qy ~Qþ ~Dy
R
~DRÞ �Hy

1
~QðHy

1
~QÞy�

� y2u½Hy
2H2ð ~Qy ~Qþ ~Uy

R
~URÞ �Hy

2
~QðHy

2
~QÞy� �M2

L
~Ly ~L�m2

R
~Ry ~R�M2

Q
~Qy ~Q�m2

UR

~Uy
R
~UR �m2

DR

~Dy
R
~DR�

� ðaeH1 � ~L ~RþH:c:Þ � ðadH1 � ~Q ~DR þ H:c:Þ � ðauH2 � ~Q ~UR þ H:c:Þ � g22
2
ð ~Ly�i ~Lþ ~Qy�i ~QþHy

1 �
iH1

þHy
2 �

iH2Þ2 � g2s
2
ð ~QyTa ~Qþ ~Uy

RT
a ~UR þ ~Dy

RT
a ~DRÞ2 � g2Y

8

�
~Ly ~L� 2 ~Ry ~R� 1

3
~Qy ~Qþ 4

3
~Uy
R
~UR � 2

3
~Dy
R
~DR

þHy
1H1 �Hy

2H2

�
2
: (64)

In the presence of an extra Uð1ÞB an additional piece coming from the D-terms must be added to the sfermion Lagrangian
and it is given by

L Uð1ÞB
sfer ¼ �g2B

8
ðBL

~Ly ~Lþ BR
~Ry ~Rþ BQ

~Qy ~Qþ BU
~Uy
R
~UR þ BD

~Dy
R
~DR þ BH1

Hy
1H1 þ BH2

Hy
2H2 þ BSS

ySÞ2: (65)

After spontaneous symmetry breaking we get

Ltot
sfer¼�1

2
�vSyev2½ ~L2 ~Rþ ~L2y ~Ry��1

2
�vSydv2½ ~Q2 ~DRþ ~Q2y ~Dy

R��
1

2
�vSyuv1½ ~Q1 ~URþ ~Q1y ~Uy

R��
1

2
y2ev

2
1½ ~L2y ~L2þ ~Ry ~R�

�1

2
y2dv

2
1½ ~Q2y ~Q2þ ~Dy

R
~DR��1

2
y2uv

2
2½ ~Q1y ~Q1þ ~Uy

R
~UR��M2

L
~Ly ~L�m2

R
~Ry ~R�M2

Q
~Qy ~Q�m2

UR

~Uy
R
~UR�m2

DR

~Dy
R
~DR

�
�
ae

v1ffiffiffi
2

p ~L2 ~RþH:c:

�
�
�
ad

v1ffiffiffi
2

p ~Q2 ~DRþH:c:

�
þ
�
au

v2ffiffiffi
2

p ~Q1
~URþH:c:

�
�g22

8
ðv2

1�v2
2Þð ~L1y ~L1� ~L2y ~L2þ ~Q1y ~Q1

� ~Q2y ~Q2Þ�g2Y
8
ðv2

1�v2
2Þ
�
~Ly ~L�2 ~Ry ~R�1

3
~Qy ~Qþ4

3
~Uy
R
~UR�2

3
~Dy
R
~DR

�
�g2B

8
ðBH1

v2
1þBH2

v2
2þBSv

2
SÞðBL

~Ly ~L

þBR
~Ry ~RþBQ

~Qy ~QþBU
~Uy
R
~URþBD

~Dy
R
~DRÞ; (66)

here and in what follows superscripts on ~L and ~Q specify the doublet components. In the basis ð ~L2; ~RyÞ, the entries of the
mass matrix are given by

ðM ~L2; ~RÞ11 ¼ y2e
1

2
v2
1 þM2

L � 1

8
ðg22 � g2YÞðv2

1 � v2
2Þ þ

g2B
8
BLðBH1

v2
1 þ BH2

v2
2 þ BSv

2
SÞ;

ðM ~L2; ~RÞ12 ¼ ðM ~L2; ~RÞ21 ¼
1

2
�vSyev2 þ ae

v1ffiffiffi
2

p ;

ðM ~L2; ~RÞ22 ¼
1

2
y2ev

2
1 þm2

R � 1

4
g2Yðv2

1 � v2
2Þ þ

g2B
8
BRðBH1

v2
1 þ BH2

v2
2 þ BSv

2
SÞ:

(67)

The former matrix can be diagonalized through a rotation defined by

tan2� ~L2; ~R ¼ ð�vSyev2 þ ae
ffiffiffi
2

p
v1Þ

m2
R �M2

L þ 1
8 ðg22 � 3g2YÞðv2

1 � v2
2Þ þ g2B

8 ðBR � BLÞðBH1
v2
1 þ BH2

v2
2 þ BSv

2
SÞ
: (68)

The eigenvalues have very lengthy expressions and we will omit them for brevity. The three eigenstates are given by

~l 1 ¼ cos� ~L2; ~R
~L2 þ sin� ~L2; ~R

~Ry ~l2 ¼ � sin� ~L2; ~R
~L2 þ cos� ~L2; ~R

~Ry ~l3 ¼ ~L1: (69)

The mass of ~L1 is given by

M2
~L1 ¼ 1

8
ðg22 þ g2YÞðv2

1 � v2
2Þ þ

g2B
8
BLðBH1

v2
1 þ BH2

v2
2 þ BSv

2
SÞ: (70)

Using the two basis ð ~Q2; ~Dy
RÞ and ð ~Q1; ~Uy

RÞ, the mass sector of the squarks can be written as
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L squark ¼ �ð ~Q2y ~DR ÞM ~Q2; ~DR

~Q2

~Dy
R

 !
� ð ~Q1y ~UR ÞM ~Q1; ~UR

~Q1

~Uy
R

 !
; (71)

where the M ~Q2; ~DR
matrix is defined as

ðM ~Q2; ~DR
Þ11 ¼ 1

2
y2dv

2
1 þM2

Q � 1

8

�
g22 þ

1

3
g2Y

�
ðv2

1 � v2
2Þ þ

g2B
8
BQðBH1

v2
1 þ BH2

v2
2 þ BSv

2
SÞ;

ðM ~Q2; ~DR
Þ12 ¼ ðM ~Q2; ~DR

Þ21 ¼ 1

2
�vSydv2 þ ad

v1ffiffiffi
2

p ;

ðM ~Q2; ~DR
Þ22 ¼ 1

2
y2dv

2
1 þm2

DR
� 1

12
g2Yðv2

1 � v2
2Þ þ

g2B
8
BDR

ðBH1
v2
1 þ BH2

v2
2 þ BSv

2
SÞ;

while for the M ~Q1; ~UR
matrix we get

ðM ~Q1; ~UR
Þ11 ¼ 1

2
y2uv

2
2 þM2

Q þ 1

8

�
g22 �

1

3
g2Y

�
ðv2

1 � v2
2Þ þ

g2B
8
BQðBH1

v2
1 þ BH2

v2
2 þ BSv

2
SÞ;

ðM ~Q1; ~UR
Þ12 ¼ ðM ~Q1; ~UR

Þ21 ¼ 1

2
�vSyuv1 � au

v2ffiffiffi
2

p

ðM ~Q1; ~UR
Þ22 ¼ 1

2
y2uv

2
2 þm2

UR
þ 1

6
g2Yðv2

1 � v2
2Þ þ

g2B
8
BUR

ðBH1
v2
1 þ BH2

v2
2 þ BSv

2
SÞ:

(72)

The M ~Q2; ~DR
matrix can be diagonalized using

~q 1 ¼ cos� ~Q2; ~DR

~Q2 þ sin� ~Q2; ~DR

~Dy
R ~q2 ¼ � sin� ~Q2; ~DR

~Q2 þ cos� ~Q2; ~DR

~Dy
R;

where the � ~Q2; ~DR
angle is defined by

tan2� ~Q2; ~DR
¼ ð�vSydv2 þ ad

ffiffiffi
2

p
v1Þ

m2
DR

�M2
Q þ 1

8 ðg22 � 1
3g

2
YÞðv2

1 � v2
2Þ þ g2B

8 ðBDR
� BQÞðBH1

v2
1 þ BH2

v2
2 þ BSv

2
SÞ
: (73)

Again, we omit the explicit expression of the eigenvalues since they are quite lengthy. The M ~Q1; ~UR
matrix can be

diagonalized by the following choice

~q 3 ¼ cos� ~Q1; ~UR

~Q1 þ sin� ~Q1; ~UR

~Uy
R ~q4 ¼ � sin� ~Q1; ~UR

~Q1 þ cos� ~Q1; ~UR

~Uy
R;

where � ~Q1; ~UR
is defined by

tan2� ~Q1; ~UR
¼ ð�vSyu

ffiffiffi
2

p
v1 � au

ffiffiffi
2

p
v2Þ

m2
UR

�M2
Q � 1

8 ðg22 � 5
3g

2
YÞðv2

1 � v2
2Þ þ g2B

8 ðBUR
� BQÞðBH1

v2
1 þ BH2

v2
2 þ BSv

2
SÞ
: (74)

Using the parameter values specified in the numerical
analysis of the neutralino sector, typical values for sfer-
mion masses are around a few TeV.

IX. WESS-ZUMINO COUNTERTERMS AND
CHERN-SIMONS INTERACTIONS

The cancellation of the gauge anomalies in these super-
symmetric models are obtained by the introduction of
axion counterterms. The supersymmetric form of the cor-
responding Lagrangian introduces, beside the usual bo-
sonic contributions of the form bF ^ F additional
interactions between the axion and the gauginos and be-

tween the axino, the gauge fields and the corresponding
gauginos. It is given by

L C ¼ �
Z

d4�

��
1

2
bG TrðGGÞb̂þ 1

2
bW TrðWWÞb̂

þ bYb̂W
Y
�W

Y;� þ bBb̂W
B
�W

B;�

þ bYBb̂W
Y
�W

B;���ð ��2Þ þ H:c:

�
: (75)

whose general e Expanding this expression in component
fields using the WZ gauge we obtain
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LC ¼ � 1

8
bG�

�	
�Ga
�	G

a

� Imb� 1

8
bW�

�	
�Wi
�	W

i

� Imb� 1

4
bY�

�	
�FY
�	F

Y

� Imb� 1

4
bB�

�	
�FB
�	F

B

� Imb

� 1

4
bYB�

�	
�FY
�	F

B

� Imbþ bG

�
Imb

1

2
ð�ga�

�D�
��gaÞ � i

2
ffiffiffi
2

p c b

1

2
ð�ga�

� ��	Ga
�	Þ þ 1

2
Fb

1

2
ð�ga�gaÞ

þ 1ffiffiffi
2

p c b

1

2
ð�gaD

a
GÞ þ H:c:

�
þ bW

�
Imb

1

2
ð�a��D�

��aÞ � i

2
ffiffiffi
2

p c b

1

2
ð�Wi�� ��	Wi

�	Þ þ 1

2
Fb

1

2
ð�Wi�WiÞ

þ 1ffiffiffi
2

p c b

1

2
ð�WiDiÞ þ H:c:

�
þ bY

�
Imb�Y�

�D�
��Y � i

2
ffiffiffi
2

p c b�Y�
� ��	FY

�	 þ 1

2
Fb�Y�Y þ 1ffiffiffi

2
p c b�YDY þ H:c:

�

þ bB

�
Imb�B�

�D�
��B � i

2
ffiffiffi
2

p c b�B�
� ��	FB

�	 þ 1

2
Fb�B�B þ 1ffiffiffi

2
p c b�BDB þ H:c:

�

þ bYB

��
Imb�Y�

�@� ��B þ 1

2
Fb�Y�B þ 1ffiffiffi

2
p c b�YDB � i

2
ffiffiffi
2

p �Y�
� ��	FB

�	c b

�
þ ðY $ BÞ þ H:c:

�
; (76)

where we have additional contributions for the cancellation of the Uð1ÞBSUð3ÞSUð3Þ anomaly, which are typical of this
model and are not present in previous similar formulations [10].

The Chern-Simons Lagrangian

As we have mentioned above, the Chern-Simons Lagrangian describes the freedom to redistribute the anomaly in the
trilinear gauge interactions of AVV and AAA type. In a bottom-up description of these models this freedom is equivalently
formulated in terms of external Ward identities on the anomalous vertices. The corresponding Lagrangian is similar to the
one given in [10], now with the addition of the gluonic terms. It takes the form

LCS ¼ �
Z

d4�

�
c1½ðŶD�B̂� B̂D�ŶÞWB

� þ H:c:� � c2½ðŶD�B̂� B̂D�ŶÞWY
� þ H:c:� � c3 Tr½ðŴD�B̂� B̂D�ŴÞW�

þ 1

6
ŴD�B̂ �D2½D�Ŵ; Ŵ� þ H:c:� � c4 Tr

�
ðĜD�B̂� B̂D�ĜÞG� þ 1

6
ĜD�B̂ �D2½D�Ĝ; Ĝ� þ H:c:

��
(77)

where the coefficients c1 . . . c4 will be determined by the generalized Ward identities of the model. Expanding this
expression in terms of component fields we get

LCS ¼ �c1�
�	
�B�Y	F

B

� þ c2�

�	
�B�Y	F
Y

� þ c3�

�	
�B� Tr

�
W	F
� � i

3
W	½W
;W��

�

þ c4�
�	
�B� Tr

�
G	G
� � i

3
G	½G
;G��

�
� c1ð�B�

� ��BA
Y
� � �B�

� ��YB� þ H:c:Þ þ c2ð�Y�
� ��YB�

� �Y�
� ��BA

Y
� þ H:c:Þ þ c3 Trð�W�

� ��WB� � �W�
� ��BW� þ H:c:Þ þ c4 Trð�g�

� ��gB� � �g�
� ��BG� þ H:c:Þ:

(78)

The role of the Lagrangian is to redistribute the anomaly
among the three anomalous vertices when the symmetry of
the interaction is not enough to fix the partial contributions
to the anomaly uniquely.

X. GENERALIZED BROKEN WARD IDENTITIES

The anomaly cancellation mechanism for this super-
symmetric model proceeds as in [8,30,34–37], where a
detailed description of some physical cases can be found.
The resulting anomalies must be cancelled in the Abelian
sector BBB, BYY, YBB and in the non-Abelian SUð2Þ and
SUð3Þ sectors. If we start by using a parametrization of the
one-loop trilinear gauge interactions with a symmetric
distribution of the AAA anomaly vertex (�AAA), in which

we denote with �k3 ¼ k1 þ k2 the incoming momentum
with the � index and with k1, k2 the outgoing momenta,
with indices � and 	 respectively, we can introduce gen-
eralized Ward identities in the momentum space as defin-
ing conditions on the model. We obtain

k3;�ABBB�
��	
AAAðk3; k1; k2Þ

� 1
4bB"

�	��k1;�k2;� � 2mf�
�	
BB ¼ 0; (79)

for the BBB case, and analogous conditions in the other
sectors. The expressions of �AAA, �BB and similar are
given below; mf denotes the mass of the fermion in the

anomaly loop.
Other two Ward identities are obtained by a cyclic

permutation of the momenta. Also, notice that in this
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specific case we do not have Chern-Simons interactions in the defining condition. For a BYY triangle we have

k3;�½ABYY�
��	
AAAðk3; k1; k2Þ � c2"

��	�ðk1 � k2Þ�� � 1
4bY"

�	��k1;�k2;� � 2mf�
�	
YY ¼ 0;

k1;�½ABYY�
��	
AAAðk3; k1; k2Þ � c2"

��	�ðk1 � k2Þ�� � 2mf�
�	
YY ¼ 0;

k2;	½ABYY�
��	
AAAðk3; k1; k2Þ � c2"

��	�ðk1 � k2Þ�� � 2mf�
��
YY ¼ 0; (80)

where the tensor structure of the triangles is given below. For a YBB triangle we have

k3;�½AYBB�
��	
AAAðk3; k1; k2Þ � c1"

��	�ðk1 � k2Þ�� � 2mf�
�	
BB ¼ 0;

k1;�½AYBB�
��	
AAAðk3; k1; k2Þ � c1"

��	�ðk1 � k2Þ�� � 1
4bYB"

�	��k2;�k3;� � 2mf�
�	
BB ¼ 0;

k2;	½AYBB�
��	
AAAðk3; k1; k2Þ � c1"

��	�ðk1 � k2Þ�� � 1
4bYB"

����k3;�k1;� � 2mf�
��
BB ¼ 0; (81)

where the coefficients c1, c2 are fixed by the Becchi-Rouet-Stora-Tyutin (BRST) invariance underUð1ÞY . The explicit form
of the tensors ���	

AAA and ��	
BB, in terms of Feynman integrals, are given by

���	
AAAðmf � 0Þ ¼ 1

�2

Z 1

0
dx

Z 1�x

0
dy

1

�ðmfÞ
�
"½k1; �; �; 	�

�
��ðmfÞ �m2

f

3
þ k2 � k2yðy� 1Þ � xyk1 � k2

�

þ "½k2; �; �; 	�
��ðmfÞ �m2

f

3
� k1 � k1xðx� 1Þ þ xyk1 � k2

�
þ "½k1; k2; �; 	�ðk�1 xðx� 1Þ � xyk�2 Þ

þ "½k1; k2; �;��ðk	2yð1� yÞ þ xyk	1Þ
�
; (82)

and

�
�	
BB ¼ � mf

3�2
"�	��k1�k2�

Z 1

0

Z 1�x

0
dxdy

1

�ðmfÞ ; (83)

where �ðmfÞ ¼ ½m2
f þ ðy� 1Þyk22 þ ðx� 1Þxk21 �

2xyk1 � k2�. For ��	
YY and �

�	
YB we obtain similar expres-

sions. The same relations can be reformulated in the mass
eigenstate basis in terms of the physical gauge bosons Z
and Z0. The structure of the (generalized) Ward identity in
this case is shown in Fig. 1, written in configuration space,
where the first term corresponds to the anomaly, the second
is the axion counterterm projected out on the Goldstone
GZ, and the third diagram describes the mass corrections
due to the coupling of the Goldstone to the massive fer-
mion in the loop. In the chiral limit, obviously, the third
term is absent.

The generalized Ward identities for the case
Uð1ÞBSUð2ÞSUð2Þ have similar expressions, while the
case Uð1ÞBSUð3ÞSUð3Þ requires a further comment. As a
matter of fact, in this case the Higgsinos do not circulate in
the loop, but the BGG triangle exhibits an anomaly when

BS � 0, [see Eq. (4)]. For the same reason we do not have a
BGG anomaly in the MLSOM [8] (minimal low scale
orientifold model) case when the Higgs charges under
Uð1ÞB are equal.

XI. Z DECAY INTO FOUR FERMIONS:
CHERN-SIMONS INTERACTIONS

One interesting signature of trilinear anomalous vertices
involving three anomalous gauge bosons can be investi-
gated in the decay process of the Z=Z0 into four fermions
by the mediation of two extra anomalous currents. This
kind of process is phenomenologically relevant since it is
sensitive to the presence of (at least) two or more extra
anomalous Uð1Þ. As a matter of fact, in the MLSOM
(nonsupersymmetric case) in the presence of an Abelian
symmetry given by G1 ¼ Uð1ÞY �Uð1ÞB where B is
anomalous, the off-shell effective vertex does not contain
any Chern-Simons interaction by construction. If we take,
for instance, the triangle hZZ0Z0i, some of the relevant
effective vertices coming from the interaction eigenstate
basis which have an anomalous component are hBBBi and
hYBBi. In the BBB case the Chern-Simons interaction
vanishes trivially, while in the YBB case the corresponding
Chern-Simons counterterm must be ‘‘absorbed’’ in a re-
definition of the triangle in order to ensure the BRST
invariance. Equivalently, the YBB vertex does not allow a
partial anomaly on the Y leg, since there is no axion for Y.
An analysis of the anomalous trilinear interactions in the
context of the MLSOM can be found in [35].
In the presence of multiple anomalous Uð1Þ’s (such as

Uð1ÞY �Uð1ÞB �Uð1ÞB0) the situation is quite different.

= 0
d

dzλ

λ

µ

ν

Z

γ

γ

2 MZ 2 MZ

λ

µ

ν

GZ

γ

γ

GZ

a)

γ

γ

b) c)

FIG. 1. The generalized Ward identity for the Z

 vertex in
our anomalous model away from the chiral limit. The analogous
STI for the SM case consists of only diagrams (a) and (c).
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The Z decay into four fermions can be mediated by two
different extra neutral currents and the off-shell vertex can
be of the type hZZ0Z00i, while from the interaction eigen-
state basis a contribution BB0B0 appears. A simple inspec-
tion of the gauge invariance of this vertex shows that a
Chern-Simons interaction can not be absorbed into a re-
definition of the BB0B0 triangle.

A symmetric distribution of the anomaly on the BB0B0
triangle, with outgoing momenta k1, k2 and incoming
momentum k, fixes the Rosenberg parametrization as fol-
lows3

T��	
AAA ¼

�
�A5k1 � k2 � A6k

2
2 �

an
3

�
"½k1; �; �; 	�

þ
�
�A4k1 � k2 � A3k

2
1 þ

an
3

�
"½k2; �; �; 	�

þ A3k
�
1 "½k1; k2; �; 	� þ A4k

�
2 "½k1; k2; �; 	�

þ A5k
	
1"½k1; k2; �;�� þ A6k

	
2"½k1; k2; �; ��;

(84)

thus, we have a partial anomaly equal to an
3 on each Lorentz

index

k�T��	
AAA ¼ an

3
"½k1; k2; �; 	�

k�1 T
��	
AAA ¼ an

3
"½k1; k2; �; 	�

k	2T
��	
AAA ¼ �an

3
"½k1; k2; �;��:

(85)

The generalized Chern-Simons interaction allowed by the
presence of multiple anomalous Uð1Þ’s can be formally
written as

V
��	
CS ¼ að1Þn "½�;�; 	; ��ðk�1 � k�2 Þ þ að2Þn "½�;�; 	; ��

� ðk�2 � k�3 Þ þ að3Þn "½�;�; 	; ��ðk�3 � k�1 Þ (86)

where k3 ¼ �k and the coefficients aðiÞn i ¼ 1, 2, 3 depend

on the model and satisfy the relation að1Þn þ að2Þn þ að3Þn ¼
an. Therefore, in the definition of the effective vertex the
contributions coming from the Chern-Simons interactions
appear explicitly and spoil the symmetric distribution of
the anomaly on BB0B0. Moreover, the cancellation of the
anomaly is ensured by the presence of the WZ interactions,
which are constrained by the BRST invariance of the
model. For example, the computation of the diagrams
described in Figs. 2 and 3 gives

�T ¼ "�ðkÞðT��	
AAA þ V��	

CS Þ
��

g��0 � k
�
1 k

�0
1

M2
Z0

�

� �i

k21 �M2
Z0

�uðq1Þ��0vðq2Þ
�
g		

0 � k	2k
	0
2

M2
Z00

�

� �i

k22 �M2
Z00

�uðq3Þ�	0vðq4Þ
�
; (87)

where we have indicated with �	0 the generic Lorentz
structure of the fermion coupling to the extra Z0=Z00. For
instance, the Chern-Simons contribution gives

�TCS ¼ "�ðkÞ½að1Þ"½�;�; 	; k1 � k2� þ að2Þ"½�;�; 	; k2

� k3� þ að3Þ"½�;�; 	; k3 � k1��
� �uðq1Þ��vðq2Þ �uðq3Þ�	vðq4Þ
� �1

ðk21 �M2
Z0 Þðk22 �M2

Z00 Þ : (88)

The detection of these interactions is rather difficult ex-
perimentally, given the low production rates due to the
large mass of the extra Z0, currently bound to be larger
than 900 GeV.

XII. THE NEUTRALINO SECTOR

Moving to the neutralino sector, here the mass matrix is
7-dimensional because of the presence of the axino, the
singlino and the B-ino in the spectrum. In the BS � 0 case
we obtain

Z

Z’’

Z’

=
Z

Z’

Z’’

Z
Z’

Z’’

+

(b) (c)(a)

FIG. 2. Redefinition of the effective trilinear vertex including
the Chern-Simons interactions.

Z

=
Z

Z’

Z’’

l1

l1

l2

l2

l1

l1

l2

l2

Z’’

Z’

l1

l1

l2

l2

Z
Z’

Z’’

+

(b)(a) (c)

FIG. 3. Decay of the Z boson into 4 fermions plus the Chern-
Simons contribution.

3We have defined an ¼ i
2�2 and we use the notation

"½k1; k2; �; 	� ¼ "���	k1;�k2;�.
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L ~�0 ¼ � 1

2
Mw�W3�W3 � 1

2
MY�Y�Y � 1

2
MB�B�B þ iv1ffiffiffi

2
p g2�W3 ~H1

1 �
iv2ffiffiffi
2

p g2�W3 ~H2
2 �

iv1ffiffiffi
2

p gY�Y
~H1
1 þ

iv2ffiffiffi
2

p gY�Y
~H2
2

þ iv1ffiffiffi
2

p gBBH1
�B

~H1
1 þ

iv2ffiffiffi
2

p gBBH2
�B

~H2
2 þ

ivSffiffiffi
2

p gBBS�B
~S� �vS

~H1
1
~H2
2 � �v1

~S ~H2
2 � �v2

~S ~H1
1 þ

Mst

2
ffiffiffi
2

p c b�B

� 1

2
Mbc bc b þ H:c:; (89)

where Mw, MY , MB, Mb are mass parameters and the term �vS=
ffiffiffi
2

p
plays the role of the �-term; notice that � is a

dimensionless parameter. We have indicated with �W3 , �Y , �B the gauginos of W3, AY , B respectively and with c b the
SUSY particle associated to b. The fields ~Hi

1 and ~Hi
2 (i ¼ 1, 2) denote the supersymmetric partners of the two Higgs

doublets, while ~S is the SUSY partner of the extra singlet S.

In the basis (� i�W3 , �i�Y , �i�B, ~H1
1,

~H2
2,

~S, �ic b) the mass matrix takes the form

M~�0 ¼

Mw 0 0 � v1

2 g2
v2

2 g2 0 0
0 MY 0 v1

2 gY � v2

2 gY 0 0

0 0 MB � v1

2 gBBH1
� v2

2 gBBH2
� vS

2 gBBS �Mstffiffi
2

p
� v1

2 g2
v1

2 gY � v1

2 gBBH1
0 �� vSffiffi

2
p �� v2ffiffi

2
p 0

v2

2 g2 � v2

2 gY � v2

2 gBBH2
�� vSffiffi

2
p 0 �� v1ffiffi

2
p 0

0 0 � vS

2 gBBS �� v2ffiffi
2

p �� v1ffiffi
2

p 0 0

0 0 �Mstffiffi
2

p 0 0 0 Mb

0
BBBBBBBBBBBBB@

1
CCCCCCCCCCCCCA

(90)

that will be analyzed numerically in a section below.

A preliminary choice

A preliminary choice [20] which allows to simplify the
structure of the 7� 7 neutralino matrix is made by setting
Mw ¼ MY ¼ MB ¼ Mb ¼ � ¼ 0. In these conditions the
diagonalization is rather straightforward and we obtain
three null eigenvalues. The first corresponds to a physical
pure-photino which is obtained from the rotation

�
 ¼ sin�W�W3 þ cos�W�Y;

�ZSM
¼ cos�W�W3 � sin�W�Y;

(91)

where �ZSM
is an intermediate unphysical state. The second

state, corresponding to a null eigenvalue, is given by a
mixture of Higgsino and axino states

~� 0
2 ¼

Mst

2gBv1BS

~H1
1 þ

Mst

2gBv2BS

~H2
2 þ c b; (92)

while the third is a pure Higgsino state which corresponds
to the SUSY partner ofH0

4 and it is given by the expression

~� 0
3 ¼

vS

v1

~H1
1 þ

vS

v2

~H2
2 þ ~S: (93)

The other states corresponding to the nonzero eigenvalues
are complicated combinations of Higgsinos, gauginos
(�ZSM

, �B) and the axino.

Notice that in our treatment we are considering for
simplicity a real-valued neutralino matrix. In the most
general cases—for example in some CP-noninvariant theo-
ries—these matrix elements are complex and they may
contain phase factors which are physical and can not be
eliminated by a redefinition of the fields.

XIII. SUPERSYMMETRIC INTERACTIONS OF
THE AXION WITH THE NEUTRALINOS

In this section we proceed with a study of the basic tree-
level interaction vertices involving the physical axion (axi-
Higgs). Analyzing each sector of the whole Lagrangian we
have different types of interactions involving the axi-
Higgs.
First of all, from the counterterm Lagrangian we have

trilinear interactions obtained by rotating the WZ counter-
terms on the physical basis, which formally give terms of
the type

L�ZZ ¼ R1�
�	
�Zabel

�	 Z
abel

� �þ R2�

�	
�Z0abel
�	 Z0abel


� �

þ R3�
�	
�Zabel

�	 Z
0abel

� �; (94)

where for simplicity we have indicated with R1, R2, R3 the
coefficients which appear in front of each vertex. These
include the rotation matrices, the coupling constants of the
gauge groups and the coefficients coming from the anom-
aly cancellation procedure. We omit their explicit expres-
sions since they are not relevant for this discussion. Notice
that in this case only the Abelian part of field strengths
contribute to the counterterms for the neutral currents and
that Zabel

�	 ¼ @�Z	 � @	Z�. The interactions coming from

these terms are shown in Fig. 4.
From the axion Lagrangian Laxion we obtain quadri-

linear interactions between �, the neutralinos/gluinos/
charginos, the neutral/charged gauge bosons and trilinear
derivative interactions, illustrated in Fig. 5 and 6. In fact,
by a careful inspection of Laxion we find
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L�~� ~�Gauge
axion ¼ RZ� �~��
� ~��Z� þ RG� �~G
� ~GG�

þ RW� �~���� ~�0
i W

�
� þ fZ ! Z0g; (95)

while the derivative trilinear interactions are given by

L �~� ~G
axion ¼ R�ij� �~�0

i�
�@� ~�

0
j þ R� ~G ~G� �~G
�@� ~G

þ R��� �~����@� ~��; (96)

where �� indicates that we can have vector or axial-vector
interactions. Trilinear interactions between one neutral
current and two axionlike particles can be obtained from
LQUAD and have the form

L�HZ
QUAD ¼ R�H0

i Z�@
$�

H0
i Z� þ R�H�W�

�@
$�

H�W�
�

þ fZ ! Z0g; (97)

to these terms correspond the interactions shown in Fig. 7;
Analogously, the quadrilinear interactions between two
axionlike particles and two neutral gauge bosons are given
by (see Fig. 8)

L��ZZ
QUAD ¼ RZZ

1 ��Z�Z
� þ RZZ

2 �H0
4Z�Z

�

þ RZZ0
1 ��Z�Z

0� þ RZZ0
2 �H0

4Z�Z
0�

þ fZ ! Z0g (98)

where, again, we have introduced the coefficients RZZ
i , RZZ

j

containing the rotation matrices and the couplings, for
simplicity.
From the Lagrangian of the scalar mass terms LSMT we

obtain the following trilinear interactions involving the axi-
Higgs, the Higgs bosons coming from the scalar sector
(CP-even, CP-odd, charged) and the sfermions

L��even-odd
SMT ¼ R�2i�2H0

i þ R�i�H0
4H

0
i þ R���H�H�

þ R�~f ~f�~f ~f; (99)

where H0
i with i ¼ 1; . . . 3 indicates the physical Higgs

states coming from the CP-even sector (see Fig. 9). We
denote with LW the on-shell Lagrangian coming from the
superpotential, once that the F-terms have been removed,
and containing all the Yukawa-type interactions

LW ¼ LYuk þLS þLYuk-F (100)

whereLYuk represents the Yukawa interactions that do not
contain the extra singlet S and are linear in ye, yu, yd, while
LS indicates all the Yukawa interactions containing S.
Finally, with LYuk-F we indicate those interactions that
are quadratic in ye, yu, yd and in �. Then we have

(a) (b) (c)

FIG. 4. Trilinear interactions between � and the neutral cur-
rents.

(a) (b) (c)

FIG. 6. Derivative trilinear interactions between � and chargi-
nos/gluinos/neutralinos.

(a) (b () c)

FIG. 5. Quadrilinear interactions involving �, charginos/glui-
nos/neutralinos, and a gauge boson.

(a) (b)

FIG. 7. Trilinear interactions between �, a Higgs boson, and an
electroweak gauge boson.

FIG. 8. Quadrilinear interaction involving �, two electroweak
neutral gauge bosons, and the CP-odd Higgs.
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LYuk ¼ ye�
ij½� ~Hi

1L
j ~R� �~H1

i �Lj ~Ry �Hi
1L

j �R�Hiy
1
�LjR

� �R ~Hi
1
~Lj � R �~H

i
1
~Ljy� þ yd�

ij½� ~Hi
1Q

j ~DR

� �~H
i
1
�Qj ~Dy

R �Hi
1Q

j �DR �Hiy
1

�QjDR � �DR
~Hi
1
~Qj

�DR
�~H
i
1
~Qjy� þ yu�

ij½� ~Hi
2Q

j ~UR � �~H
i
2
�Qj ~Uy

R

�Hi
2Q

j �UR �Hiy
2

�QjUR � �UR
~Hi
2
~Qj �UR

�~H
i
2
~Qjy�;

(101)

LS ¼ ��ye½SyHy
2
~L ~RþS ~LyH2

~Ry� � �yd½SyHy
2
~Q ~DR

þ S ~QyH2
~Dy
R� � �yu½SyHy

1
~Q ~UR þ S ~QyH1

~Uy
R�

þ ��ij½�S ~Hi
1
~Hj
2 � Sy �~H

i
1
�~H
j
2�

� j�Sj2ðHy
2H2 þHy

1H1Þ (102)

and finally

LYuk-F¼�j�H1 �H2j2�y2e½ ~Ly ~L ~Ry ~RþHy
1H1

�ð ~Ly ~Lþ ~Ry ~RÞ�Hy
1
~LðHy

1
~LÞy�

�y2d½ ~Qy ~Q ~Dy
R
~DRþHy

1H1ð ~Qy ~Qþ ~Dy
R
~DRÞ

�Hy
1
~QðHy

1
~QÞy��y2u½ ~Qy ~Q ~Uy

R
~UR

þHy
2H2ð ~Qy ~Qþ ~Uy

R
~URÞ�Hy

2
~QðHy

2
~QÞy�: (103)

From the Yukawa mass terms contained inLYuk and inLS

we can isolate the pseudoscalar coupling of the axi-Higgs
to the fermions and a quadrilinear scalar interaction with
the sfermions

L �
Yuk-S ¼ R

� �ff
Yuk

�c f

5c f�

þ R�2 ~f ~f
S ��~f ~fþR

�H0
4
~f ~f

S �H0
4
~f ~f (104)

where we have indicated with c f the generic fermion and

with ~f the generic sfermion (see Fig. 10).

Quadrilinear axionic self interactions can be obtained
from LS and from LYuk-F

L
�H0

4

W
¼ R�4

�4 þ R�3
�3H0

4 þ R�2��2H�H�

þ R�2
�2ðH0

4Þ2 þ R��ðH0
4Þ3 þ R�2ij�2H0

i H
0
j

þ R�H0
4
ij�H0

4H
0
i H

0
j þ R�H0

4
��H0

4H
�H�

(105)

and are listed in Fig. 11.

XIV. NUMERICAL ANALYSIS

In this section we present a numerical analysis of the
neutralino sector. We have performed the numerical diag-
onalization of the 7� 7 neutralino matrix and we have
studied the eigenvalues dependence with respect to the free
parameters of the model. Furthermore, since in this model
the neutralino sector exhibits an axino component due to
the presence of Stückelberg interactions, we have inves-
tigated, in the case of the lightest neutralino state, its
mixing with the other states. In Table II we have listed
all the values of the parameters that we have used in our
analysis. In our analysis we have followed, in spirit, the
approach of Kalinowski and collaborators in [38]. In their
paper the authors, who deal with the USSM, present two
scenarios: in the first one they assume unified values for the
gaugino mass terms and in a second scenario they consider
with different values (arbitrary values). We refer to their
analysis for further justifications and motivations of this
choice. We have chosen tan� 	 40 and we have con-
strained the value of v1 in order to be consistent with the
value of the mass of the Z0 boson, while the value of the
coupling constant gB is 0.65.
The values � < 0:7 and vS around 1 TeV are consistent

with the MSSM value of the Higgs masses.
The chargesBH1

andBH2
are free parameters because we

have only four equations coming from the gauge invariance
of the superpotential and eight charges to be constrained.

One possible choice is BH1
¼ �3=ð2 ffiffiffiffiffiffi

10
p Þ and BH2

¼
�1=ð ffiffiffiffiffiffi

10
p Þ, which is obtained from the E6SSMmodel [38].

In Figs. 12–15, we plot on the left-hand side the numeri-
cal value of the neutralino masses obtained from the diag-
onalization procedure as a function of the mass parameters
Mst, MB, Mb, MY , Mw and of gB and tan�. On the right-
hand side we plot the squared value of each component of

(a) (b) (c)

FIG. 9. Trilinear interaction involving � and Higgs bosons/
sfermions.

(a) (b)

FIG. 10. Interactions obtained from L�
Yuk.

(a) (b) (c)

FIG. 11. Quadrilinear interactions involving � and
CP-odd/CP-even/charged Higgs.
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the lightest neutralino state in order to establish which
component is dominant, since every neutralino state ap-
pears as a mixture of the axino, the singlino, etc. We can
formally decompose the generic i-th neutralino state (i ¼
1; . . . ; 7) in the basis f�i�W3

;�i�Y;�i�B;
~H1
1; ~H

2
2;
~S;�ic bg
~�0
i ¼ ai1�W3

þ ai2�Y þ ai3�B þ ai4 ~H
1
1

þ ai5 ~H
2
2 þ ai6 ~Sþ ai7c b (106)

and in the figures we indicate the square of each compo-
nent as cij ¼ jaijj2, where the lightest state corresponds to
the i ¼ 1 choice. From the left panel of Figs. 12 and 13 we
observe that the value of the mass of the lightest neutralino
state that is consistent with the current experimental
bounds [39] is obtained approximately by varying the
values of Mst in the interval 1.7–2.5 TeV, while MB and
Mb in the interval 1–2 TeV. In the right panel of Figs. 12
and 13 it is interesting to observe that for these values of
the soft-breaking parameters we have a tiny region beyond
1 TeV in which the axino and the B-ino components are
almost coincident, the two Higgsinos are dominant, while
the singlino is the most suppressed component. For values
of Mst, MB, Mb below 1 TeV and beyond 2.5 TeV, the

lightest neutralino is ‘‘mostly’’ singlino, while the W-ino
and the Y-ino components are suppressed and the eigen-
values appear to be nondegenerate apart from the states
~�0
2 � ~�0

3. From the left-hand side of Fig. 14 it is evident

that all the eigenvalues do not exhibit substantial variations
with respect to MY , Mw and the heaviest states are non-
degenerate. In both cases [see Fig. 14(b) and 14(d)], the
singlino component is the leading one. A similar feature
can be found in the USSM case [38], where the singlino is
always dominant with respect to the other components.
Finally, in Fig. 15 we have analyzed the dependence

upon the coupling constant gB, tan� and vS. In the left-
hand side (a) the mass value of the lightest state starts to be
greater than 50 GeVonce gB > 0:4 and it is almost degen-
erate with ~�0

2.
From the analysis of each component in the right panel

(b), for gB less than 0.5 the main contribution comes from
the singlino, while the axino and the B-ino are almost
degenerate and subdominant with respect to the ~H2

2 con-
tribution. When gB becomes greater than 0.5 we have an
inversion: the two Higgsinos are dominant and almost
equal, while the singlino is subleading and the combination
axino-B-ino is more suppressed.

TABLE II. Parameters for the neutralino eigenvalues analysis for the charge assignment BH1
¼ �3=ð2 ffiffiffiffiffiffi

10
p Þ and BH2

¼ �1=ð ffiffiffiffiffiffi
10

p Þ.
MY [TeV] Mw [TeV] MB [TeV] Mst [TeV] Mb [TeV] � vS [TeV] tan� gB

Figure 12(a) and 12(b) 1.5 2.5 1.6 0–5 1.5 0.1 0.9 40 0.65

Figure 13(a) and 13(b) 1.5 2.5 0–5 2 1.5 0.1 0.9 40 0.65

Figure 13(c) and 13(d) 1.5 2.5 1.6 2 0–5 0.1 0.9 40 0.65

Figure 14(a) and 14(b) 0–5 2.5 2.1 2 1.5 0.1 0.9 40 0.65

Figure 14(c) and 14(d) 1.5 5–9 2.1 2 1.5 0.1 0.9 40 0.65

Figure 15(a) and 15(b) 1.5 2.5 1.6 2 1.5 0.1 0.9 40 0.1–1

Figure 15(c) and 15(d) 1.5 2.5 1.6 2 1.5 0.1 0.9 1–40 0.65

Figure 15(e) and 15(f) 1.5 2.5 1.6 2.1 1 0.7 0.1–3 40 0.65
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FIG. 12 (color online). Study of the neutralino eigenvalues as a function of Stückelberg mass Mst.
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As a consequence of our constraint on the vev v1, the
eigenvalues dependence on tan� is weak [see Fig. 15(c)],
while we have a strong impact of low values of tan� on the
axino, B-ino and on the singlino components. Even in this
case, with the choice of the parameters that we have made
in Table II, we can identify a small region in which the
contribution of the singlino is highly suppressed.

In the last scenario, represented in Fig. 15(c) and 15(d),
it seems possible to have an axino-dominated lightest
neutralino. This is achieved with a larger value of the
effective �- term (given by �vS) and a slightly lower one
for the axino SUSY breaking parameter Mb.

Given these results, one important issue that one would
like to address concerns the modifications implied by our
model respect to standard scenarios of neutralino den-
sities—for instance in the MSSM or in the nMSSM—
which require a separate investigation of the (rather large)
parameter space. We just remark that a related analysis
[40], based on an anomalous version of the MSSM which
shares various similarities with our model, shows that for
an axino-dominated LSP (light supersymmetric particle)—

in the range between 50 GeV–2 TeV- with a mass gap
around 1%–5% between the LSP and the NLSP (next to
lightest supersymmetric particle), the constraints from
WMAP can be satisfied. The NLSP, in that model, has
components which are typical of the (nonanomalous)
MSSM, with a dominant gaugino and/or a gaugino-
Higgsino projection. In the presence of extra singlets and
with a physical axion, which is our case, this scenario
should be modified even further, but we expect some
similarities with these previous studies, especially in the
neutralino sector, to hold. In a recent study of the axion in
the MLSOM, for instance, the possibility of having the
axion as a long lived particle require a very small mass for
this particle (� 10�4 eV) [41]. In the USSM-A the pres-
ence of an axion in the bosonic sector and of a neutralino in
the fermionic sector as possible dark-matter components
raises the issue of the interplay between the two sectors. At
the same time, in the fermionic neutral sector, the role of
the coannihilation becomes crucial, especially in the pres-
ence of mass degeneracy, which modifies substantially the
neutralino relic densities already in this sector. We hope to
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FIG. 13 (color online). The same as Fig. 12 but as a function of MB and Mb.
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return with a complete analysis of these points in the near
future [27]

XV. UNITARITY BOUND OF THE MODEL

Being the theory an effective description of an anoma-
lous Lagrangian in which the presence of the axion is the
low-energy signature of a more complicated mechanism of
cancellation which would eventually induce higher deriva-
tive terms in the effective action, it is necessary at this stage
to comment about the unitarity of this class of models. This
point has been raised in [36] and further developed in [37].
One of the most natural contexts for discussing unitarity is
related to 2 ! 2 processes mediated by BIM (Bouchiat—
Iliopoulos—Meyer) amplitudes, in particular, those in-
volving gluons and photons. These processes exhibit an
anomalous behavior when the gg ! 

 amplitude is me-
diated by the exchange in the s-channel of neutral gauge
bosons that couple to the fermion loops via axial-vector

interactions. As shown in these previous analysis, this class
of amplitudes, at partonic level, violate the Froissart bound
in the ultraviolet limit. As a matter of fact, although the
Wess-Zumino counterterms are introduced in the
Lagrangian as dimension-5 local operators to ensure the
BRST invariance of the effective action, their contributions
to the amplitudes are not sufficient to cancel the divergent
behavior of the anomalous poles which affect the BIM
amplitude shown in Fig. 16(a). In the supersymmetric
generalization of the model that we have presented, this
issue of unitarity remains basically the same as for the
nonsupersymmetric case.
As we have discussed above, in the latter case the

physical axion appears as a massive degree of freedom in
the CP-odd sector, due to the presence of a Peccei-Quinn
breaking term in the scalar potential. After EWSB the
Stückelberg axion b is rotated directly on the physical
axion � and on the two Goldstones GZ, GZ0 . Therefore,
if we choose the unitary gauge, the only diagram that we
can draw in order to erase the bad high energy behavior of
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FIG. 14 (color online). The same as Fig. 12 but as a function of MY and Mw.
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Fig. 16(a) is the second graph (b), where the same ampli-
tude of (a) is mediated by the exchange of the massive axi-
Higgs, �. One can show by a direct study of these two
graphs that there is no cancellation of these two contribu-
tions at high energy [36]. The problem remains also in the

case of the USSM-A model discussed here. We have again
a unitarity bound in the supersymmetric case since the only
difference with respect to the nonsupersymmetric case is
the contribution of extra fermions circulating in the loops
of the BIM amplitude, in particular, the charginos.
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FIG. 15 (color online). The same as Fig. 12 but as a function of gB, tan� and vS.
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XVI. CONCLUSIONS AND PERSPECTIVES

We have presented a generalization of the USSM in the
presence of an anomalous Uð1Þ and of a physical axion in
the CP-odd scalar sector of the theory, model that we call
the USSM-A. This model, which is a direct generalization
of a similar construction based on the potential of the
MSSM [10], allows Higgs-axion mixing. Both construc-
tions are extensions of a nonsupersymmetric formulation,
studied previously [8] (the MLSOM) developed in the
context of orientifold vacua of string theory. In the case
of the MLSOM, Higgs-axion mixing has been obtained by
requiring that the anomalous gauge boson becomes mas-
sive by a combination of the Higgs and of the Stückelberg
mechanisms, with an axion that is part of the scalar poten-
tial. Moving to the supersymmetric case, the generalization
of this construction—obtained by using the MSSM super-
potential with an extra anomalous Uð1Þ—is found to be
characterized by an axino in the spectrum, which appears
as a component of the neutralino sector, but not by an
axion, since the Stückelberg field does not acquire an
axionlike coupling and remains a Goldstone mode. The
failure of the MSSM superpotential to provide such a
mixing has to be attributed to the structure of the scalar
potential of the model. Supersymmetry prohibits a term
with a direct presence of the axion in the scalar potential,
which otherwise would allow such a mixing.

In our model the mixing occurs indirectly, but the
CP-odd sector has to be nonminimal, with an extra singlet
which is charged under the anomalous Uð1Þ. This ap-
proach, as we have emphasized, is quite generic, since its
essential working requirement, respect to the MSSM, is the
enlargement of the CP-odd sector with one extra SM
singlet. Given these minimal requirements, which can be
easily satisfied in rather different string vacua, these low
energy effective theories capture the essential physical
implications of several high energy scenarios, either with
a low scale string scale or a much higher scale, as in the
heterotic case. Explicit formulations of superpotentials,
such as those, for instance, derived from free fermionic
models [42], offer the natural ground where to apply the
methodology discussed in this work.

AnomalousUð1Þ’s are quite common in string theory but
can also be generated, in the corresponding effective
Lagrangian, by the decoupling of heavy fermions (and
gauge bosons) in grand unified scenarios [41]. It is then

natural to ask what is left at low energy if such decoupling
has indeed occurred at some higher scale and it reasonable
to foresee that the axion is likely to play a fundamental role
[41] in formulating the answer to this question. Clearly,
there are corrections to the action discussed in this work,
which should be characterized by higher derivative contri-
butions (of dimension larger than 5), i.e. beyond the typical
Wess-Zumino terms. Arguments in favor of a possible
generalization in this direction of the construction pre-
sented in this work have been discussed in previous works
[43] and especially in [41]; they are motivated by the fact
that anomalies cannot be canceled with local counterterms.
A related issue concerns the size of the mass of the extra

Z0 in the various models. It is clear that if its decoupling
occurs at the Planck scale, then the Stückelberg mass term
takes approximately the value of that decoupling scale.
This implies that the axionlike couplings induced at low
energy are also heavily suppressed. Other interactions,
however, in the nonsupersymmetric case, have been found
to remain sizeable [41].
A final comment concerns supersymmetry breaking,

which may induce phase-dependent terms in the potential.
As discussed in [8] for the MLSOM, the axion, in that
specific case, gets a sizeable mass which can be as large as
the electroweak scale. Similar considerations could remain
true in the supersymmetric model that we have presented,
although here we have analyzed—by a deliberate choice—
the case of a light axion, since we consider this scenario
more interesting phenomenologically. In the presence of
these phases the pseudoscalar, however, becomes massive.
For instance, a mass region of few GeV’s is certainly not
excluded, as well as a scenario characterized by a very light
axion (� 10�4 eV), and both can be easily included within
our analysis. In particular, for an axion in the GeV mass
range, for instance, the interactions of this particle are
rather similar to those of a light CP-odd Higgs boson,
but now with extra interaction with the gauge fields, due
to the anomaly, which are not allowed for the rest of the
CP-odd sector.

ACKNOWLEDGMENTS

We thank Nikos Irges, Antonio Racioppi and Elisa
Manno for discussions. The work of C. C. was supported
in part by the European Union through the Marie Curie
Research and Training Network Universenet (MRTN-CT-
2006-035863) and by The Interreg II Crete-Cyprus
program.

APPENDIX A: NOTATIONS

In this appendix we specify our notations.
The covariant derivatives are given by

�D _A ¼ � �@ _A � i�B�
�

B _A
@� DA ¼ @A þ i�

�

A _B
��
_B@�:

(A1)

(a) (b)

FIG. 16. BIM amplitude for gg ! 

 plus the amplitude
obtained by the exchange of �.
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The left/right chiral superfields in terms of field compo-
nents are given in a generic form as follows

�̂Lðx; �; ��Þ ¼ AðxÞ þ i��� ��@�AðxÞ � 1

4
�� �� ��hAðxÞ

þ ffiffiffi
2

p
�c ðxÞ þ iffiffiffi

2
p ���� ��@�c ðxÞ

þ ��FðxÞ; (A2)

�̂y
Rðx; �; ��Þ ¼ A
ðxÞ � i��� ��@�A


ðxÞ � 1

4
�� �� ��hA
ðxÞ

þ ffiffiffi
2

p
�� �c ðxÞ � iffiffiffi

2
p �� �����@� �c ðxÞ

þ �� ��F
ðxÞ: (A3)

A generic scalar superfield V̂ in the Wess-Zumino gauge is
given by

V̂ðx; �; ��Þ ¼ ��� ��½V�ðxÞ � @�BðxÞ� þ �� �� ��ðxÞ
þ �� �� ��ðxÞ þ �� �� ��dðxÞ (A4)

where BðxÞ is a generic real-valued scalar field. The ge-
neric expressions for the field-strengths are

WY
� ¼ � 1

4
�D �DD�Ŷ; WB

� ¼ � 1

4
�D �DD�B̂;

W� ¼ � 1

8g2
�D �De�2g2ŴD�e

2g2Ŵ ;

G� ¼ � 1

8gs
�D �De�2gsĜD�e

2gsĜ

(A5)

where we have used Ŵ ¼ �iŴi with �i being the SUð2Þ
generators, while Ĝ ¼ TaĜa with Ta being the SUð3Þ
generators. The nonsupersymmetric field strength are de-
fined as

FY
�	 ¼ @�A

Y
	 � @	A

Y
�; FB

�	 ¼ @�B	 � @	B�;

Wi
�	 ¼ @�W

i
	 � @	W

i
� � g2"

ijkWj
�Wk

	

Ga
�	 ¼ @�G

a
	 � @	G

a
� � gsf

abcGb
�G

c
	

(A6)

APPENDIX B: THE USSM LAGRANGIAN

For completeness we introduce in what follows the
USSM Lagrangian that is a part of the total Lagrangian
given by LTot ¼ LUSSM þLaxion þLCS.

L USSM ¼ Llep þLquark þLHiggs þLgauge

þLSMT þLGMT

(B1)

L lep ¼
Z

d4�½L̂ye2g2ŴþgYŶþgBB̂L̂þ R̂ye2g2ŴþgYŶþgBB̂R̂�
(B2)

L quark ¼
Z

d4�½Q̂ye2gsĜþ2g2ŴþgYŶþgBB̂Q̂

þ Ûy
Re

2gsĜþgYŶþgBB̂ÛR þ D̂y
Re

2gsĜþgYŶþgBB̂D̂R�
(B3)

LHiggs ¼
Z

d4�½Ĥy
1e

2g2ŴþgYŶþgBB̂Ĥ1

þ Ĥy
2e

2g2ŴþgYŶþgBB̂Ĥ2 þ ŜyegBB̂Ŝ

þW�2ð ��Þ þ �W�2ð�Þ� (B4)

L gauge ¼ 1

4

Z
d4�½G�G� þW�W� þWY�WY

�

þWB�WB
���2ð ��Þ þ H:c: (B5)

LSMT ¼ �
Z

d4��4ð�; ��Þ½M2
LL̂

yL̂þm2
RR̂

yR̂þM2
QQ̂

yQ̂

þm2
UÛ

y
RÛR þm2

DD̂
y
RD̂R þm2

1Ĥ
y
1 Ĥ1 þm2

2Ĥ
y
2 Ĥ2

þm2
SŜ

yŜþ ða�ŜĤ1 � Ĥ2 þ H:c:Þ
þ ðaeĤ1 � L̂ R̂þH:c:Þ þ ðadĤ1 � Q̂D̂R

þ H:c:Þ þ ðauĤ2 � Q̂ÛR þ H:c:Þ� (B6)

L GMT ¼
Z

d4�

�
1

2
ðMGG�G� þMwW

�W�

þMYW
Y�WY

� þMBW
B�WB

�Þ þ H:c:

�
�4ð�; ��Þ

(B7)

TABLE III. Superfields and their components.

Superfield Bosonic Fermionic Auxiliary

b̂ðx; �; ��Þ bðxÞ c bðxÞ FbðxÞ
Ŝðx; �; ��Þ SðxÞ ~SðxÞ FSðxÞ
L̂ðx; �; ��Þ ~LðxÞ LðxÞ FLðxÞ
R̂ðx; �; ��Þ ~RðxÞ �RðxÞ FRðxÞ
Q̂ðx; �; ��Þ ~QðxÞ QðxÞ FQðxÞ
ÛRðx; �; ��Þ ~URðxÞ �URðxÞ FUR

ðxÞ
D̂Rðx; �; ��Þ ~DRðxÞ �DRðxÞ FDR

ðxÞ
Ĥ1ðx; �; ��Þ H1ðxÞ ~H1ðxÞ FH1

ðxÞ
Ĥ2ðx; �; ��Þ H2ðxÞ ~H2ðxÞ FH2

ðxÞ
B̂ðx; �; ��Þ B�ðxÞ �BðxÞ; ��BðxÞ DBðxÞ
Ŷðx; �; ��Þ AY

�ðxÞ �YðxÞ; ��YðxÞ DYðxÞ
Ŵiðx; �; ��Þ Wi

�ðxÞ �Wi ðxÞ; ��Wi ðxÞ DWi ðxÞ
Ĝaðx; �; ��Þ Ga

�ðxÞ �ga ðxÞ; ��ga ðxÞ DGa ðxÞ
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APPENDIX C: THE O� MATRIX

O�
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