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Light supersymmetric axion in an anomalous Abelian extension of the standard model
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We present a supersymmetric extension of the standard model (USSM-A) with an anomalous U(1) and
Stiickelberg 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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L. 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 Z'. 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 U(1)’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
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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 U(N) ~ SU(N) X U(1)
factors, where N is the number of branes of each stack (see
[9] for an overview). Among the U(1) factors, one of them
is identified with the SM hypercharge (U(1)y), while the
remaining ones are anomalous and involve Stiickelberg
axions for anomaly cancellation. In effective string models
the Abelian structure is in general characterized by the
presence of several U(1) factors, described in the hyper-
charge basis by direct products of the form G; = U(1)y X
U(1); X ... X U(1),, with an anomaly-free hypercharge
generator and p anomalous U(1)’s which are accompanied
by axions b;, with i = 1,2, ... p. The anomalous U(1)’s in
this construction are in a broken phase, called the
“Stiickelberg 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 bFF
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 U(1), made massive by a Stiickelberg 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 Stiickelberg 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 anomalous U(1) (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 U(1)’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 S, with chiral charges chosen so to
allow trilinear couplings of S to the two Higgs doublets A,
1:12 in the superpotential. The wu term, in this case, is
generated by the vacuum expectation value (vev) of the
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scalar component of S, precisely by the SH |+ H, 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 § 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 U(1). We
recall that the nMSSM and the NMSSM differ at the level
of the superpotential in the structure of the pure S 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 SU(3) X SU(2) X U(1)y X U(1)g gauge group,
while solving the u problem, however, does not allow a
consistent pattern of EWSB, leaving the extra Z' of the
neutral sector massless. This construction is realized with
an anomaly-free chiral spectrum.

A. MSSM and USSM with an anomalous U(1)’

In [10] the authors investigate a supersymmetric exten-
sion of the SM with an extra U(1), 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
Stiickelberg supermultiplet to give mass to the anomalous
gauge boson and (2) using Wess-Zumino counterterms to
balance the mixed and cubic U(1l)s 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 Stiickelberg multiplet which provides a kinetic term for
the same multiplet while rendering the extra Z' massive.
The defining phase of the model is, therefore, the
Stiickelberg 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 U(1)
so that the mass of the anomalous gauge boson comes from
a combination of the Higgs and Stiickelberg mechanisms.
In the case of the MSSM this mixing does not occur even if
the two Higgses are charged under the anomalous U(1).
The presence of a u 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 Stiickelberg multiplet the
mass matrix of the gauge boson has still an additional null
eigenvalue. The true mechanism of mass generation of the
anomalous Z', therefore, is just the Stiickelberg, 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 Stiickelberg supermultiplet. In other words, we move
from the superpotential of MSSM-type to the one typical of
the USSM, introducing an extra scalar superfield S which
is nonsinglet under an extra U(1), 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
Stiickelberg mechanism is invoked to contribute to the
mass of the extra Z’. 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 (Z;0G,) 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
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of an extra SM singlet S. For this reason, the superpotential
of the model investigated is given by
W =ASH,-H, +y,H, -LR+y,A, - QDy

+ yuHy - QUp, (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 SU(3), SU(2), U(1)y
and U(1) are, respectively, G(x,0,6) (with a =
1,2...,8), Wix,0,0) (with i = 1, 2, 3), ¥(x, 6, ) and
B(x, 6, 6) and they fall in the usual adjoint representations
of the gauge group factors.

We have denoted the charges by Oy x, where X denotes
the hypercharge (Y), the charged W= bosons (W), the non-
Abelian gluons (G) and the anomalous gauge boson (B). At
the same time we denote with By the charges of the X
superfield respect to the anomalous U(1). Unlike the
NMSSM and the nMSSM, W does not contain linear
and cubic terms in § in order to preserve the gauge invari-
ance in the presence of a nonvanishing Bg charge. This
requirement is strictly necessary if the extra scalar Sis only
a SM singlet. Gauge invariance gives the conditions

BH1+BH2+BS:0
BH1+BQ+BDR:0

BH1+BL+BR:0
BH2+BQ+BUR:0’

2

which will be used below. It is not hard to show that the
possibility of declaring Stobea singlet under the entire
gauge group (Bg = 0) SU(3) X SU(2) X G, 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 SU(3) X
SU2) X U(1)y X U(1)p.

The anomalous trilinear gauge interactions are all the
ones involving the extra anomalous U(1), namely {U(1)p,

U, Ut {UM)p, Uy, Uy}, {U(D)p, U(1),

TABLE I. Charge assignment of the model; boldface numbers
indicate the dimensions of the corresponding representations.
Superfields SU(3) SU(2) U(l)y U(l)g
b(x, 0, 6) 1 1 0 e
S(x, 6, 6) 1 1 0 Bg
L(x, 6, 6) 1 2 -1/2 B,
R(x, 6, 6) 1 1 1 Bg
O(x, 6, ) 3 2 1/6 By
Ugr(x, 6, 0) 3 1 -2/3 By,
Dg(x, 6, 6) 3 1 +1/3 Bp,
H,(x, 6, 0) 1 2 -1/2 By,
HA,(x, 6, 6) 1 2 1/2 By,
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Uy}, {U(M)p, SUQ),SUQ2)}, {U(1), SUB), SUB)}. In
terms of the charges we can write each sector as follows

Appp = ZQ;’{B Apyy = ZQf,BQJZc,y
f f

Appy = ZQ,ZC,BQf,Y Apgww = ZQf,B Tr[TiTj]
f f

Apge = Y Qs p TH{TT?], 3)
f
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where T¢ are the generators of SU(3) and 7' the Pauli
matrices. Compared to the analysis of [10], here we have
anomalous trilinear interactions also in the sector involving
the SU(3) mixed anomaly due to the nonvanishing charge
Bg. Using the constraints coming from the Yukawa cou-
plings and the conditions of gauge invariance, the expres-
sions of the anomalies take the form

Apps = 3(6B}, + 3B}, + 3B}, ) + (6B} + 3B}) + (2B}, + 2B}, + B})
= —3Bj};, —3(3B, + 18By, — 7Bs)Bj; — 3(3B] + (18By — 7B5)Bs)By, + 3B} + Bs(27B} — 21BsB, + 8B53)
Apyy = 3(6BoY} + 3By, Yy, +3Bp,Yp )+ (6B.Y] + 3BgYg) + 2By, + 2By,)Y,

1

Appy = 3(6ByYo + 3By, Yy, + 3B}, Yp,) + (6B7Y, + 3BRYg) + (2B}, — 2B},)Yy,

1
‘ABWW - E(ISBQ + 6BL + ZBH] + ZBHZ) = 3BL + 9BQ — BS

1 3
‘ABGG = §(6BQ + 3BUR + 3BDR) = EBS’

where Yy, Y, are the hypercharges of the left-handed
doublets of the quarks and leptons, respectively, while
Yy,» Yp,, Yr are the hypercharges of the Ug, Dy, R 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 STUCKELBERG MULTIPLET

In supersymmetric models the cancellation of the anom-
aly using the Wess-Zumino (WZ) counterterm can be
obtained by the introduction of a Stiickelberg supermulti-
plet, associated with the extra U(1). The multiplet contrib-
utes to the supersymmetric version of the Stiickelberg
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
Stiickelberg 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 Stiickelberg components in the potential of more ge-

“4)

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 Stiickelberg) involve an anomalous U(1), 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 Stiickelberg supermulti-
plet is given by [14]

L, = [d“H[ZMstI? +b+ bt 5)

where B is the Abelian scalar superfield associated to the
extra U(1)z, b is a left-chiral superfield and M, is the
Stiickelberg mass.

The former Lagrangian is invariant under the following
gauge transformations

~

B—B +iA—A"H bbb -i2M,A (6

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

B=—00"0B, +i000X; —i6 06Xz + 10000 Dy
(N
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~ _ 2 _
b= b+ iv204y, — i05#60,b + */7_000&#(9#%

- %009‘ 60b + 66F,, (8)
where B, is the Stiickelberg field, A, A are, respectively,
the left- and right-handed Stiickelberg gauginos, Dj is the
corresponding D-term for the gauge supermultiplet of B,
b is a complex scalar field, ¢y, is the supersymmetric axion
(axino) and F}, is the F-term of b.

After the integration over the Grassman variables the
Lagrangian density is given by

L =20, Imb+ MyB,)? + ithyotd, Iy,
+ iyt iy, + 2FyFf + 4MyRebDy
— 2\V2M(pyAp + H.c), ©)

where the auxiliary fields F}, and Dy will be defined in the
next sections.

A. The axion Lagrangian

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

|

N =

'Eaxion =

16

1 1 1 _
- ZbYBGMVng,{LVFgO' Imb + wa[z Imb)lwi(T’U“DM)\Wl‘ -

1 . 1 1 _
+ —2 dlb/\WiDl + HC] + ZbG[Z Imb)\gnO'MDlu/\ga —

242

1 -
+ —2 lﬂh)\gaDa + HC] + by[Imb)\Ya"“D#)\Y -

242

+ bBI:Imb/\Ba'”DMXB -

i
22
1 i

\/E'vbb/\YDB - 2\/5

with the F and D terms given by

1
+ EFb)tyx\B +

i i 1
(9, Imb + MB,,)* + i Ypotd, Py + i PoG*d, Py + = FyFl —

i 1
—l,bb)tya"“ﬁ"’Fﬁ,, + —Fb)lyl\y +

242

1
5 lpb/\BU’uO_'VFﬁV + _Fb/\B/\B +
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Lo =1[d40(13+fﬁ +2M 1§)2—lfd40{[1b
axion st G
4 2 2
.1 N N

+bgbWEBWEX 4+ by bWY WB’“](S(éz) + Hc}

(10)

where we have denoted with G the field strength of SU(3),,
with W the supersymmetric field-strength of SU(2), with
WY and with W5 the supersymmetric field strength of
U(1)y and U(1)g, respectively. The factors in front of the
WZ counterterms (by) 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 — SU(3) — SU(3) 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 GG interaction of
the axion with the gluons and a vertex involving the
corresponding gauginos (gluinos).

Expanding the L,;,, in the component fields we obtain

M;
—2‘(¢bAB + H.c.)

2 V2

1 1 S 1 1
— —bge""??GY,Gyp Imb — EbwaVpUWLVWLa Imb — Zbye“VP”FﬁVFgg Imb — ZbBe””p‘TFﬁ,,Fga Imb

. 1
AW!’O’MO_-VW;LV + _Fb/\,WIAWl

i
VAL 4

i ~V a 1
NG UpAge oGy + 2 FydgAge
1
2 V2
1 -
5 Ay + He |+ by (1mb Ay, 7,

5

lpb/\yDy + HC]

AYU“&VFﬁvzﬁb) + (Y < B) + Hec. ] (11)

Fb:_(bGXg“)_\g“ +bw)_\Wl)_\Wt +by)_lyliy+b3)_\BA_.B+bYB/iy)_lB),

Dy=| EBLLI L+ BoR R+ Bo01 O+ BuULU + BoDLD

2V2

1
R+BH1HFH1 +BH2H%LH2+BSSTS)"'E‘//b(bB)\B_'_bYBAY):Ir

e i L m b 2o 1
Dy=—[ﬂ(LTL—2RTR—§Q*Q+§U,§UR—gD;DR+H1TH1—H§H2)+§¢b(bYAY+bYBAB)]

242

R | P ~ iy D
Dz:_E[gZ(L*T’L+Q‘LT’Q+H;rT’H1+H§TlH2)+\/—‘22/—l/’bAWf:|

D"=—l|:g (QTT‘IQ‘FU;ET“UR‘Fﬁ};TaﬁR)"'b_wa)‘ “:I’
2L 8 V2

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

B. The Kinetic mixing

In these type of supersymmetric models the extra U(1)g
sector can mix with U(1)y 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 U(1)g
symmetry and the extra singlet S 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

1 _
L rixing = 3 fd402 sinaWY*w252(9) + H.ec. (13)

where sina represents the mixing between the two Abelian
structures U(1)y and U(1)g. 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 My as follows

1 _
L GMrmix = 3 /d40[MYBWYan + H.c.]6%(6, 6).

(14)

Furthermore, the USSM-A is affected by another source of
kinetic mixing coming from the mixed counterterm pro-
portional to by in the expression of L,;,,. Expanding this
expression in component fields we observe that the multi-
plet b contains the complex scalar field b whose real part
can be Reb # 0 and it generates a kinetic mixing propor-
tional to = byz Rebgygp, where the coefficient byp fixed
by the anomaly cancellation procedure, goes like the in-

|
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verse of the Stiickelberg mass and can be neglected in this
first analysis (see Ref. [10]). In our formulation we assume
sina = 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 with U(1)s
gauge superfields we should add to the Lagrangian the
following Fayet-Iliopoulos (FI) term

L = &yDy + €Dy (15)

which is allowed by symmetry reasons. Here £y, &p are
two coefficients, while Dy and Dy are the D-terms corre-
sponding to the U(1)y and U(1)z 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 L,,, which is given by

Lo = —y:HH\RRY — y2HIH, 0,0} — y2HTH DD}, — |AH, - H, > — ASIX(HIH, + HIH)) — y2D}Dz 00
— YXLYERRY — y20,050Y0 — Ay, (SOTH, UL + Hee) — Ay, (SO H,Dl, + H.c) Ay (SLYTH,RT + Hec.)
— vy (OWHIH Dy + Hec.) = y,y,(DEOTL R +H.c.) + |(bgAgidge + by Ayidyi + byAydy + bpAgAp

1T me m e oo I U
+ bygAyAp)|? — E[gS(QWaQ + OO, + DETDg) + =2 ¢bAga] - 5[gz(LTT’L + 070 + Hi7H,

. b 2 L
+ Hit'H) + —V; ga.,)\wi] - [g—Y<L*L —2RTR -

V2 242

gB

bg

V2
Lato+ 2otg. —2pth. + mi t
gQ Q+§URUR_§DRDR+H1H1 _H2H2

1 2 e e e oy .
+3 by (bydy + bYB/\B)] — [2\/§(BLLTL + BgR'R + B,Ot0 + B,UL Uy + BpDiDg + By HI H,

1 2 1
+ BHZHJHZ + BssTS) + 5 (pb(bB/\B + bYBAY)] + E[(pb lﬁb(bé/\ga)\ga + b%VAWIAWI + (b%/ + b%’B))\YAY

+ b3 AgAg + (by + bp)bygAyAg + bgbygAgAy) + Hec.] (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 Z;0G, 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 (G, ) identified from the bilinear mixings. This
turns out to be the case if the Stiickelberg 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') terms, just on
the basis of the symmetries of the Lagrangian, given by

V= (u2HIH, + A (HIH,)?
a=1,2

— 2\ (HTH ) (HIHy) + 200, |HI 0, H 12, (17)
and

Vi — vt H ~i2.(h= )by /M)
= Aol e

—i> (g4 —a})(b;/M;)
+ NH H e Ty

—i) (g—q})(b;/M))
+A2(H§H2)H§H1€ Z e

t + 7”2(‘1_12741[)071/1”[)
+ /\3(H1H1)H2H1€ ! + c.c. (]8)

respectively, where the sum over / is a sum over the
Stiickelberg axions of the (several) anomalous U(1)’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' 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 Stiickelberg,
which in this case takes the form

|D, H|* + D, H,|* +X0,b + MyB,)*. (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

PHYSICAL REVIEW D 80, 035006 (2009)
MZZM(E)MGZ +Mz/ZlMaMGzl + “ee (20)

with G, and G being the true Goldstone modes of the
theory. Notice, if not obvious, that while G, is just ex-
pressed as a linear combination of the two CP-odd com-
ponents of the Higgs, G, on the other hand takes a
contribution also from b, due to the Stiickelberg mass
term. Therefore, one of the special features of the combi-
nation of the Higgs and Stiickelberg mechanisms is that in
some cases the potential of the model—YV 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' are present, then G, and G, 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

ImH?
Vep-oa = (ImHO, ImHY, D) N[ 1ma? 1)
b

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 A° 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

ImAY\ _ [ A°
(mit) = (&) )
and involves the physical (massive) CP-odd Higgs A° and
a Goldstone mode G°. The above discussion goes through
in a similar way also for the anomalous U(1) extension of
the MSSM discussed in [10]. For the case of a potential
such as Vep_oga = V + V' 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

ImH? X
ImH) | = 05| GY (23)
b G

with O3 being an orthogonal matrix. We have denoted the
physical field by y and the NG-bosons by G?’T In this case
it is rather obvious that y acquires an axionlike coupling,
inherited from b. In other words b has an expansion in
terms of y, GY and G or, equivalently, in terms of y, G,
and G, where G, and G, are identified by Eq. (20). The
decomposition is clearly gauge dependent. One important
comment concerns the nature of the hFF interactions in
this case.

035006-7



CORIANO, GUZZI, MARIANO, AND MORELLI

In the unitary gauge the only axionlike couplings left
involve the physical component of b, denoted by y, called
“the axi-Higgs,” which gives typical yFF interactions. As
we have mentioned above, in the absence of V/, b decou-
ples from the rest of the Higgs sector in JV. 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 bFF 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
Stiickelberg form and a bFFE 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 + V') 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
Stiickelberg.

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
|

Lon—r = —y2HH\RRY — yJHIH, 0,0} — y3HH, DD},

PHYSICAL REVIEW D 80, 035006 (2009)

the scalar mass terms is given by
Lsur = ~M}ETE — myRTR — M3010 — m}, U0,
- m%)RD~£D~R — m%H}LHl - m%H;Hz - m%SJfS
—(a,SH, - H, + H.c.) — (a,H, - LR +H.c.)
— (ayH, - QDg + H.c.) — (a,H, - QUg + H.c.),
(24)

where M, My, mg, my,, mp,, m;, my, mg are the mass
parameters for the explicit supersymmetry breaking, while
a,, a,, a,, ay 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

Lot = Lswr + Lomr + My (dy by + P ihp), (25)

where M}, is a mass parameter for the axino ¢y,. The
gaugino mass terms given by

Lour = —3Ma(Agadga + XgaXga) = M, (A Ay
+ )_\Wi)_lWi) - %My(/\yAy + ;\yXy)
— IMp(AgAp + ApAp), (26)

where A, )_tga are, respectively, the left- and right-handed
gauginos of the SU(3) sector, Ay, Ay are the left- and
right-handed gauginos of the SU(2) sector and Ay, Ay are
the chiral gauginos of U(1)y. The Mg, M,,, My, My mass
terms are the supersymmetry (SUSY) breaking parameters
for SU(3), SUQ2)y, U(1)y and U(1)y respectively. Once
we have imposed the equations of motion for the F-terms
the on-shell Lagrangian is given by

— |AH, - Hy|> — |ASP*(HIH, + HH)) — y2D}D 0T 0

— XYL RRY — y20,05010 — Ay, (SOTH, U} + Hee) — Ay, (SO H, DY, + Hec) Ay (SLTH,RT + Hec.)
— vy (UYHIH Dy + Hee)) = y,y,(DLOTL R +H.c), 27)

where the coefficients y,, y,, y; come from the Yukawa couplings of the superpotential, while the D terms are

2 2
La-p ==L+ 0170 + HI7H, + BT HyP = SO0 + URT Uy + DYTDy)?

_ s
8

4

o~ o~ 1 ~, ~
LYL —2RTR—=-0T0 +
3QQ 3

ot~ 2 4~ 2 g2 oy~ L~
Ot0g — ED;QDR +HH, - H;er) - %B(BLLTL + BRR'R

+By0'Q + ByULU, + BpyD}Dy + By HIH, + By HIH, + BsStS)?, (28)

where B;, By are the charges of the leptons chiral super-
fields, By, By, Bp are the charges of the left and right
chiral superfields of the quark sector and By, By,, By 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 = |AH, - Hy|* + |ASI2(|H,|* + |H,|?) + %(35 + g3)
X (HTH, — HIH,)? + %(BH]H}LHl + By HIH,
+ BgStS)? Jr%%lmHzl2 + m2|H, > + m3|H,|?

+ m3|S|> + (a,SH, - H, + H.c.). (29)

We introduce the following basis

1 (ReH?—i—iImH?)
H =—= o)
V2\ReH; + ilmH,
_ 1 (ReH; + iIlmH5
> = Tz( ReHY + iImH) ) (30)

1
S = —(ReS + iImS),
7 )
where in correspondence of the minimum value of the

potential we use the following parametrization for the
Higgs fields

LIRN ) SETAREN () SR
(31)

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

1
miv; + 5)\2111(1)% + v2) + vi(v3 — vi)g?

1 1
—=Aad)\UrVg — —
\/5 AP2VS ]

1
+ gg%BHlvl(Bszg + By, v% + sté) =0 (32

1
2 2y,2
avivg + svy(v; — vy)g

1
miv, + = A, (v? + vd) + 2

2

V2
1
+ gg%Bszz(Bsz% + By, vi+ sté) =0, (33)
1 2 Lo o1, 2
\/—Ea,\vlvz + mgvg + 5/\ vgv? + ggBBSvS(Bsz2
+ By, v% + stg) =0, (34)

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

8y
8

S (fit/f3+4x3g?)

82
8
gy(f1++/f7+4x2g%)

PHYSICAL REVIEW D 80, 035006 (2009)
B. Mass of the gauge bosons

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

Ly = ITDMHII2 + IiDMHzl2 + |TDMS|2
+ 40, Imb + MyB,)* (35)
and involves, beside the two Higgses, the SM bosonic
singlet of S, the bosonic component of the Stiickelberg
axion, b, and the Stiickelberg mass M. Collecting the

quadratic terms we obtain the contributions to the gauge
boson masses which are given by

2 2
8 - .8
Loy = ZZ(U% + )W, + f(v% + V)WL WS

- S8 (W} + vpwinal + %%(vf + v3)ATRAY,
+ ngB (By, v} — By,v)W3 B+ — 8 Y4gB (Byy, v
— By, v3)ALB* + ggf(B;,l vt + Bj,v3 + Bjvg

X B,B* + %M@BP«BW (36)

Using the interaction basis of the gauge field components
(W3, AL, B,) we obtain the corresponding mass matrix,
which is given by

&2 _ 88y ,,2 &
gV 8 v s B
2 _ .
M gauge - &zégy U2 % U2 ‘%YXB ’ (37)
M?
%XB 8y Xp % + &t
where
_ 2 )
xp = gp(viBy, — v3By,),
— 2(R2 L2 ) 2.2 2_ .2 2
Ngg = g3(By vi + By vy + Bgvy), v = vy + vs.
(38)

Performing the diagonalization we obtain the rotation ma-
trix

0
gXB\/E

A
Osusy -

& (fi—/f1+4x2g%)

g\/2[4g2xé +24 1 \/f%+4g2xé] g\/2[4g2x§ +f2+ 1 \/f]2+4g2x§] \/[4g2x§+f12 +f1 \/flz+4g2xf;] , (39)

gy(f1 —\/ff+4x§g2)

gXB\/E

eV 242t i fr [t agid] e 2A4g2+ - 1A/ agiad]  AJl4g2d 42— fia[fP g

which acts on the interaction basis as
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(2)

and where we have defined g = /g3 + g3 and f,

= 4M52t -

PHYSICAL REVIEW D 80, 035006 (2009)

W3
= os,[ ar |, (40)
B
g2U2 + NBB'

We obtain one null eigenvalue corresponding to the photon, while the masses of the physical Z and Z' are given by

M3 = §AM3 + g*v* + Ny — J(4M§t -

M2, = JaM3 + g20? + Ny + o/ (4M2 —

g*v? + Ngg)* + 4g°x3)
(41)

g2V + Ngp)? + 4g2x129).

Compared to the nonsupersymmetric case [8], the corrections to the masses of the gauge bosons involve also v, which is

implicitly contained in Ngp.

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 (ReH; , ReH| ). We obtain the

following mass matrix

M2 =
T2

(zg S U \l}‘-vs
;G 8% — Avjv, + a).yg 1Gg?

(zg — Avjv, + a/\%) 42)

—22),,2 Y Ug
)\ )U2 + a,\ 7-_21!1

The same mass matrix is obtained in the basis (—ImH;, ImH; ). We have one zero eigenvalue corresponding to a charged
Goldstone boson and a mass eigenvalue corresponding to the charged Higgs

v vy\/1 1 v
m%{i = (U—; + f)(zgzvlvz - EAz‘Ul‘Uz + a, \/_SE> (43)

In the analysis of the CP-even sector we use the basis (ReH?, ReHg, ReS). We obtain the matrix elements

1 Uy Vg
= (g3By + g +g)vi—a
4 8DPE, T 8y T 82)V] A\/fvl

(Mgv)ll

(-’Mgv)m = ap &5

Uy

2
(M32)23 = a)‘\/_i + (%TBBHZBS + A2)vzvs

with the other terms obtained by symmetry (M, = M,,,
etc.). The matrix has in general three massive eigenvalues
corresponding to the three neutral Higgs particles
(HY, HY, HY).

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 (ImS, ImH?, ImHY), our superpotential
with an extra singlet gives the mixing matrix

ViU

%) vy
a Us
A Uy Ug
My = N v, S vUs | (44)
vV Vg nbs

vy

Diagonalizing this mass matrix we can identify the or-
thogonal transformation 0°% from the interaction to the
mass eigenstates which is given by

2
8
(M3 = (ZBBHIBHZ + A% -
1
\/5 <4 By, Bg + A )UIUS (MZ)x = 1(81293%11 + g% + gl -

(fMgv)33 = A=

g+ 8%) Ug

Uy Vg

a, —=
A\/E‘U]

viv, (1,
+— sBsv
V2vs
[
ImS GY
ImH?) = 0°¥4| GI |. (45)
ImH) H)

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

V1ls
m2, = A

HY \/5

From the diagonalization procedure we obtain

5 ay (UIUZ n v5v2)' 46)

Vg (%) vV

— Vg _ Vs v Uy
\/v§+v% \/v§+v% \/v v2+v v
dd __ Vi Uzvs
0°% = 0 \/v§+vf \/v2v2+v v3 (47
U 0 UiUs

[2. .2 [2.2
vetv; v1v2+v vs

and the states are given by
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_ UzImHg - UslmS GO _ v ImH(l) - UslmS

’ 2 ’
[2 2 /2 2
v3 + vy vy + vy

HO = v, v, ImS + vgv, ImH? + vlvslmH(z), 48)

2.2 2.2
viv; + vgv

G}

where GY and GY are two Goldstone modes, while HY 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

Lpe =318W30+Gy — LgyAL0#Gy + 1gpB, 0" Gy
(49)
where we have defined
GY = (‘Ul ImH(l) - U ImHg)
GB = (BHlvl ImH(l) + BHZUZ ImHg + sts ImS) (50)
2M
8B

+ Imb

which can be rotated onto the basis (A}, Z,,, Z,) using the
O4sy Matrix

W}, = Oy, AL + Oy, Z, + 0}, 7,
AL = 0%, AL+ 03,2, + 03,7, (51)
B, = 0y AL + 03,Z, + 03,7,

to obtain the expression for L in terms of physical states
‘£DC = MZZMB'“GZ + MZ/Z;LG'“GZ/. (52)

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

v
MGz = _A[i(fl + Vf% +4g%x3) — UlgBBHl]ImH?
B
v ’
+ A[i(‘fl + f% + 4g2x%) + UngBHZ]ImHg
B
+ BygpusAlmS + 2M Almb (53)
v
Mz/Gzl :A/[i( f% + 4g2x123 _fl) + vlgBBHl ]ImH(l)
B

v
A 2P g~ 1)~ vagsBy, |1
B
+ BSngSA/ImS + ZMStA/Imb (54)

where we have defined the following coefficients

PHYSICAL REVIEW D 80, 035006 (2009)

— 1 _ fi /] — 1 S
A= = A= gt ————
8412 + 4¢%x3 842 + 4g7x2

(55)

It is simple to observe that G; and G 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
A}, two for W;,, three for B, two for the Higgs fields
ImH) and ImH) 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 Z’
respectively, one neutral Higgs state Hg 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 {HS, G,, G}
where Hg, identified as the physical direction of the po-
tential, clearly belongs to the CP-odd sector. We start from
the following linear combination

and we determine the coefficients by, ..
ing constraints

., by by the follow-

Y] - b3U|U2 + b2'U1US + b|U2US = O,

Y, = 4bsMyxg + 2b3Bsvsgpxp — byvi(fi — 2By, gpXp

+ Vf% + 4g%x3) + byvy(fy + 2By, gpxp
+ WU% +4g%x%) =0

Y3 = 4b,Myxp + 2b3Bsvggpxp + byvy(fy + 2BHngxB

- Vf% +4g%x3) + byvi(—f1 + 2By gpxp

+4[f2 + 4g%x3) =0, (7)
which give

2

2M v1V;
4 2.2 2,2
gpBs (viv; + vevg)

b]zb

2
M ViU,
4gBs (vivs + v?vi)

b2:b4

M, v2uy

by = —b ,
3 44gBBS (v%v% + vzv?9

where the coefficient b, is constrained by the normaliza-
tion of the eigenstates. The physical axion will be given by
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1
X = N—[ZMstvlv% ImH? + 2M 4v3v, ImH)
X

— 2Myv?vgImS + Bggp(v?v? + viv3) Imb]

\/4M§1v2(v v+ vivd) + Bigi(vivi + vivd)?

(58)

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

The rotation matrix 0gugy that rotates the physical com-
ponents and the Goldstones in the CP-odd sector takes the
form

HY ImH)

GZ ImH(z)

G, = (Odusy ms | (59)
X Imb

where all the entries are defined in Appendix B.

The Bg = 0 case: No physical axions

In the case Bg = 0, corresponding to a singlet of the
entire gauge symmetry, we can proceed in the same way,
|

Vv

PHYSICAL REVIEW D 80, 035006 (2009)

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 S, corresponding to the same structure of the
nMSSM or of the NMSSM, with an additional U(1)g
symmetry. Adding a linear term we obtain’

m%z 2
V= |AH - Hy+ =8 +IASIH(IH, 1> + |Hy|?)

1
+g(&3 + g (HH, — HIH,)

2 2
g g
+ §BB%1 (HTH, — HIH,)* + —2|H;f1112|2 + m?|H, |?
+ m2|H2|2 + mS|S|2 + (GASHI H2 + tss + HC)

(60)

where we have introduced the mass parameter m?,/A—
which is the coefficient of S in the nMSSM superpoten-
tial—and tg, which is the coefficient of S in the soft-
breaking Lagrangian and has mass dimension three.
Notice that we have used the condition By = —Bpy,. In
this case, in the basis {ImS, ImHY, ImHY}, the CP-odd mass
matrix is given by

— 2 _ v _
Mg = —ay A — 2 (miy, +ayp) mi, = ay g (61)
—a)L% —m%z—aA\’}—% —U‘(m12+aA%)
|
This sector provides two physical Higgs states and one sector,
Goldstone mode of the form?
G; = a,G° + a, Imb,
(v; ImH? — v, ImHY). (62) z = ®1%amssm T 92 (63)

G = —1
nMSSM > B
\,U1 + v

The other Goldstone mode is obtained from the derivative
coupling of the Stiickelberg term (B* 9, Imb).

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

' At this stage we do not consider a cubic term in § 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.

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

— /' 0 /
Gy = a1G s T @5 Imb,

where the coefficients «; ...,
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 for W3, three for B, two for Y, and finally ImH?, ImH?,
and Imb. After EWSB we are left with 3 degrees of free-
dom for the Z, three for the Z’, two for the photon and two
neutral Higgs states, which are physical. Therefore we do
not have Higgs-axion mixing.

@y are not given in an ex-

VIII. THE SFERMION SECTOR

Coming to the scalar fermion sector (sfermions), the
Lagrangian in terms of component fields is given by
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LMSSM — — )y [SYTHIL R +SCYH,RY] — My [STHIQDg + SOTH,DY] — Ay, [STHT QU + SOTH, U}]

— yH{H\(L'L + R'R) — HL(H{D)'] - yi[HH\(Q"Q + D}Dy) — H{ O(H{ 0)']

— YAHIH, Q10 + U}U) — HY O(HI O] = MFLTL — m3RTR — M301Q — m}, ULUg — m} DEDg—

X (a,H, - LR +H.c.) — (ayH, - ODy + H.c.) — (a,H, - QUr + H.c.) — @(L”frii + Q170 + HI 7iH,
. g2 ~ ~ - ~ - - 8~ ~ O O 2 <1~
+ HiTH,)? — 7“(Q‘LT“Q + OLT*0g + DET“Dg)? — ?Y LYL —2R'R - gQ 0+ gU,EUR - §D,§DR
ty — gtV
+HIH, — HIH,) . (64)

In the presence of an extra U(1) an additional piece coming from the D-terms must be added to the sfermion Lagrangian
and it is given by

2
LU — ‘%B(BLETI: + BpRYR + ByOT O + By UL Uy + ByDDy + By HIH, + By HYHy + BsSTS)2. (65)

sfer

After spontaneous symmetry breaking we get

1 cos | oor 1 =5 “ot o 1 =1~ 1+ 1 O
L, = =5 Avsy v PR+ LRV = S Avsy 0o 02D + Q' D] = 5 dvsy, vi[ Q' U + Q1 U}] = 5yZvil LT L7 + RTR]

1 1o~ o~ o O oy o~ ot o~
2ydu2[Q2TQ2+DTDR]——yuv2[Q”Q1 ULOR)—M3LYL — m}RTR — M2, 010 — m}, ULUx —m}, D}Dy

2
V| ~» ~ V| ~y ~ Uy ~ ~ 8 ~ ~ ~ ~ ~ ~
_(ae\/%LzR-i-H.c.)—(ad\/]_QzDR+H.C.)+(au\/z_QlUR—i-H.c.)—;(v%—v%)(LITLI_L2TL2+Q1TQ1

s 2 2 2 o
—QZTQ2)—%( 2—uz)(L*L 2RTR—~ Q*Q+ UTUR gD*DR) %B(BHIU%+BHZU’§+BSU§)(BLL*L
+BRRTR+BQQTQ+BUURUR+BDDRDR); (66)

here and in what follows superscripts on L and Q specify the doublet components. In the basis (L2, R"), the entries of the
mass matrix are given by

1 1 g5
(Mp2 @)y = )’351’% + M7 — g(g% - gyt —v3) + SB B (By v} + By, v3 + Bsv3),
1 4]
(Mp2 )iy = (Mp2 g)or = 2 5 Avsy. vy + a, N (67)
1,5 oL, 2 . 8B 2 2 2
(MEZ,R)22 = Eyevl + mR - Zgy(vl - UZ) + ?BR(BHIUI + BH2U2 + BSUS)'
The former matrix can be diagonalized through a rotation defined by
A +
tan20L~z‘,§ ( Usyela a \/_U1) (68)

- M7 +§(g3 —3g3)(v} —vd) + 7] 2 (Bg — B.)(By,vi + By,v3 + Bsv})
The eigenvalues have very lengthy expressions and we will omit them for brevity. The three eigenstates are given by
[, =cosOp zgL? +sinfp gRT [, = —sinfp zL + cosOp gRY ;= L. (69)
The mass of L' is given by
1 85
M%I = g(g% + g2)(v? — v3) + SB B, (By, v} + By v3 + Bsv3). (70)

Using the two basis (02, D~;£) and (0, U};), the mass sector of the squarks can be written as
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52 51
Lo =@ DM ()0 Goma () .
R
where the M5 5 matrix is defined as
1o SN SRR
(Mg p )1 = 5 Vavi + M, - gl& + 387 (v? —v3) + §BQ(BHIU1 + By, v} + Bgv}),
1 v
Mp 5 )12 = Mg 5,)2 = EAUSydUZ +a, N
1
(MQZ,ER)22 Zyd + m%)R — Eg%,(v - vz) + A BDR(BHIU + Bsz2 + BSvS)
while for the M1 7, matrix we get
1o 2 (o ]
My g ) = 7 ViV + M, + G 3gY (v —vd) + §BQ(BHIU1 + By, v} + Bgv}),
v
Mp g 2= Mg g, )2 = EAUSyuUl - au\/_% (72)
1 2
(MQ1,UR)22 = Eygv% + m%,R + gg%,(v, —v3) + 8B By, (By, v+ BHZU% + stg).
The My j5, matrix can be diagonalized using
g =cosbp 0> + smb?Qz G> = SIH9Q2 0%+ cosb 2 5, Jr,
where the 65 5 angle is defined by
A ~|—
tan20Q~zyD~R _ (Avgy v, ad\/_vl) (73)

2 2 1(p2
mp, = Mo +5(g3 —

%g%)(v% - Uz) + %

(BDR BQ)(BHI U% + BHZU% + BS”%)

Again, we omit the explicit expression of the eigenvalues since they are quite lengthy. The Mg ;5 matrix can be

diagonalized by the following choice
Gz = COSHQl,[jRQI + SinHQIJUR ljR

where 61 7, is defined by

(Avgy,\2v,

Ga = —sinfz 5 Q' + cosb

7t
ﬁRUR’

B au\/iUZ)

tan26 5 5 =
Q. Uk 2 2 _1(,2
my, _MQ _g(gz

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 A F additional
interactions between the axion and the gauginos and be-

2
- %g%)(v% - U%) + Z’?B(BUR

(74)

— By)(By, v} + By v3 + Bsv3)

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

1 A 1 A~
Lo=-— j m{[i b THGG) + 5 by THWW)b
+ bybWIW o + b bWEWE«

+ bygbWYWB«]5(62) + Hc} (75)

whose general e Expanding this expression in component
fields using the WZ gauge we obtain
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‘£C = _gbe’u'Vpg—Ga Ga Imb — gbwe"“’p"W,fw

1 1
- ZbYBe“””"F};,,FgU Imb + bGI:Imb—(/\ga oD, Ag) —

PHYSICAL REVIEW D 80, 035006 (2009)

1 1
Wi, Imb — Zbyef“’P"FY,,FY,, fmb — 2 byel?*7F o FpeImb

Y 11
lpb ()\ ot G )+§Fb§()lgaAga)

\/_

1 1
\/_L/fb (A DG) + H.c. ] + bw[lmb ()\aO"u'D )la) - \/_L//b ()lwa' U'VWl ) + EFbE()lWI)\Wz)

+ \/—z ¢b§(AW’Dl) + HC] + by[lmb)\y(f’uDMA_.Y

i

242 2

+ bB[Imb/\BU#Dﬂ/‘B

- 1
+ bygl:(lmb)ly(f’uaﬂ/\B + EFb)ly/\B + ﬁ wayDB

2f

1
l,bb/\BO"ua'VFB + —Fb/\B/\B +

1 1
lp’b/\y()"u’O'VFY + EFb)\YAY + \/_§¢’bAYDY + HC]

— yyAgD +H.c.]
\/—Zlﬂb 8B
i

Zﬁ/\yaﬂaVFBV(//b) +(Y —B)+ Hc] (76)

where we have additional contributions for the cancellation of the U(1)zSU(3)SU(3) 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

Log=— f d40{c1[(?DaB — BD*Y)W2B + H.c.] — o[(YD*B — BD*Y)WY + H.c.] — ¢; Ti{(WD*B — BD*W)W,,

Lo Loammn o
+ WDBD[D W, W]+ He] - ¢y TrI:(GD“B ~ BD*G)G, + GD*BD[D,G, G] + Hc]} (77)

where the coefficients ¢ ...
expression in terms of component fields we get

¢4 will be determined by the generalized Ward identities of the model. Expanding this

i
'[:CS = —C1€#VPVTBMYVFE(T + Czé'/"’foTB YVFplT + C3€/"’VPU'BM TI'(WVFP(,— - gWV[WP’ W(r])

+ c4e”P’B, Tr(G,,G,m - %G,,[Gp, G,,]) — ¢1(Apo# ApAl, — Agot AyB, + H.c.) + c2(Ayo#AyB,

- )\Ya'#)_\BAlY; + HC) + C3 Tr(/\Wa"“/‘WB#

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 SU(2) and
SU(3) sectors. If we start by using a parametrization of the
one-loop trilinear gauge interactions with a symmetric
distribution of the AAA anomaly vertex (A,4,), in which

— Aot AgW, + He) + ¢y Tr(A,0#A,B,,

- )\ga-MXBG/.L + HC)
(78)

we denote with —k3 = k; + k, the incoming momentum
with the A index and with k, k, the outgoing momenta,
with indices p and v respectively, we can introduce gen-
eralized Ward identities in the momentum space as defin-
ing conditions on the model. We obtain

ks, AJABBBAAAA(/% ky, k)

- A—l‘bBSMVa'BkLakZ'B - 2mfA§§ = 0, (79)

for the BBB case, and analogous conditions in the other
sectors. The expressions of Aju4, App and similar are
given below; m; 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,/\[ﬂBYYA2§,:(k3r ki, ky) = cae? ¥ (k) — ky)o] — Sbye" Py ok g — 2mAYY =0,
kl,u[ﬂBYYAﬁﬂ(k& ki, ko) — coe* (kg — ky) o] — 2mpAY, =0,

ko [ A pyy AN (K3, Ky, ko) — o (k) = ky)y] — meAy; =0, (80)

where the tensor structure of the triangles is given below. For a YBB triangle we have
k3,A[ﬂYBBA2§X(k3, ki, ky) — crg e (ky = ky)al — 2msAgp =0,
kl,M[ﬂYBBA//;X:(kS’ ki, ky) = c e (ky — ky)o] — $bype *Phy uks g — 2m ARy =0,
kz,y[ﬂYBBAiﬂl(k& ki, ky) = c e (ky — ky)o] — $bype*Phy oky g — 2mfAf§’§ =0, (81)

where the coefficients ¢y, ¢, are fixed by the Becchi-Rouet-Stora-Tyutin (BRST) invariance under U(1)y. The explicit form
of the tensors A;\‘% and A%z, in terms of Feynman integrals, are given by

v 1 1 1—x 1
Aix(my # 0) =;[0 dxfo dyA(mf){S[kl, A, V][—

Almy) — m2
+ 8[k2) /\r [u'! V][(f)3/

+dhk%kﬂk%ﬂl—w+XWﬁ}

and

m 1 f1—x 1
AR = — T guvaBp f [ dxdy————, (83
BB 326 akop | X yA(mf) (83)

where A(my) = [mj% + (v = Dyk3 + (x — 1)xk? —
2xyk; - kp]. For A}y and A}y 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 Z'. 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
G, 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
U(1)pSU(2)SU(2) have similar expressions, while the
case U(1)zSU(3)SU(3) 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

You Y You

AV
d » 2 G, 5 r G
—— AN - 2MZ—»47*$ - 2M, -~ = 0
d?*

Y L AV

v Y v

Y Y
a) b) c)

FIG. 1. The generalized Ward identity for the Zyy vertex in
our anomalous model away from the chiral limit. The analogous
STI for the SM case consists of only diagrams (a) and (c).

mj
L kO~ 1) = vk k|

— ki - kix(x — 1) + xyky k2] + e[ky, ko, A, v](K{ x(x — 1) — xykb)

(82)

Bg # 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
U(1)p 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/Z’ 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 U(1). As a matter of fact, in the MLSOM
(nonsupersymmetric case) in the presence of an Abelian
symmetry given by G; = U(l)y X U(1)s 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 (ZZ'Z'), some of the relevant
effective vertices coming from the interaction eigenstate
basis which have an anomalous component are (BBB) and
(YBB). In the BBB case the Chern-Simons interaction
vanishes trivially, while in the Y BB 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 U(1)’s (such as
U(l)y X U(1)g X U(1)p) the situation is quite different.
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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 (ZZ'Z"), while from the interaction eigen-
state basis a contribution BB'B’ 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 BB'B’ triangle.

A symmetric distribution of the anomaly on the BB'B’
triangle, with outgoing momenta k;, k, and incoming
mom3entum k, fixes the Rosenberg parametrization as fol-
lows

v a,
T//A\XA = <_A5k1 ky — Agk3 — ?)S[kl, Ao, v]
an

+ A3k’r8[k1, kz, )\, V] + A4k§8[k1, kz, A, V]
+ A5k11}8[k11 k2’ /\r Iu’] + Aékgs[klx k21 /\r Iu’])
(84)

thus, we have a partial anomaly equal to % on each Lorentz
index

kAT;:X: = %s[kl, ky, w, v]
KTy, = 03—"8[k1, ka, A, v] (85)

14 an
kng)x‘XA = _?S[kl’ ko, A, ],

The generalized Chern-Simons interaction allowed by the
presence of multiple anomalous U(1)’s can be formally
written as

Vég” = 01(11)8[)l, w, v, a)(kS — k§) + agf)s[)l, u, v, al
X (k& — k%) + a$ e[ A, w, v, aJ(k& — k%) (86)

where k; = —k and the coefficients aﬁf) i=1,2,3 depend

on the model and satisfy the relation aﬁll) + aﬁlz) + a5,3) =
a,. 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 BB’B’. 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

We have defined a, = # and we use the notation

8[](1, k2, M, V] = Saﬂp‘”kl’akzug.

PHYSICAL REVIEW D 80, 035006 (2009)
) z
Z 7
Z V4 Z
= +
, 7
z 7
(a) (b) (©)

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

(a) (b) (c)

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

n Aav L A kR
7= ehwriy + v (s - S0

M2,
—-i R 154
X m”(%)ru’v(‘h)(g - M%,,)
—j B
X mu(%)ru’v(%)], (87)

where we have indicated with I",, the generic Lorentz
structure of the fermion coupling to the extra Z'/Z". For
instance, the Chern-Simons contribution gives

Tes = e*(D[aVe[A, w, v, ky — ko] + aPe[A, w, v, ky
— k3] + a®e[A, w, v, ky — k]

X it(q)T*v(g,)i(qs) " v(gs)
—1
“ MG - M)

(88)

The detection of these interactions is rather difficult ex-
perimentally, given the low production rates due to the
large mass of the extra Z’, 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 Bg # 0 case
we obtain
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1 1 1
£)~(O = _EMW)\W3)\W3 - EMy)\yAy ZMB)‘B/\B \/i
v
+ lgBBH] AgH] + 22 gBBHQ/\BHZ

NGl

1
- EMblpb ¢b + H.C.,

ﬁ ﬁ

S gpBsApS — AvgH! A2 —
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2)\W3H1 2/\W3H2 y/\yHl y)lyH2

ﬁ ﬁ \/5

A Q2 oyl MSt
UISHZ )\UzSHl + m lpb/\B

(89)

where M,,, My, My, M, are mass parameters and the term Avg/+/2 plays the role of the w-term; notice that A is a
dimensionless parameter. We have indicated with Ays, Ay, Ap the gauginos of W3, AY, B respectively and with ¢, the
SUSY particle associated to b. The fields H i and H2 (i =1, 2) denote the supersymmetric partners of the two Higgs

doublets, while S is the SUSY partner of the extra singlet S.
—ity,) the mass matrix takes the form

In the basis ( — iAys, —iAy, —idg, H}, H3, S
( M, 0 0
0 My 0
0 0 Mp
M)?0 = 21 82 %gY _%83311[
%gz _%gy — 5 &Bu,
0 0 — 3 gpBs

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 X 7 neutralino matrix is made by setting
M, = My = Mg = My, = A = 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

A, = sinfy Ays + cosOy Ay, 1)
Azy, = COsOyAys — sinby Ay,

where Az is an intermediate unphysical state. The second
state, corresponding to a null eigenvalue, is given by a
mixture of Higgsino and axino states

~0 Mst 1:11

X2= H> + i, 92)

2gpvBg 2ngzBs

while the third is a pure Higgsino state which corresponds
to the SUSY partner of HY and it is given by the expression

v ~ ~
+ 21+ 8.
v L)

93)

The other states corresponding to the nonzero eigenvalues
are complicated combinations of Higgsinos, gauginos
(Azg,» Ap) 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.

- 21 82 282 0 \
%gY —%gy 0
—38Bu, —F8sBu, —FgBs — 3
0 A% A0 (90)
)\% 0 —)\7- 0
—a % —AZ 0
0 0 0 My )

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

— R1 E,u,vpa'ZdbelZdbelX + R eﬂupazﬁ?}elzggel)(

vpo 7abel ~7/abel
+ Ryet?? Z/w Zpg X

£)(ZZ
(94)

where for simplicity we have indicated with R, R, R5 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 4,2, — d,Z,. The interactions coming from
these terms are shown in Fig. 4.

From the axion Lagrangian L., we obtain quadri-
linear interactions between y, 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 L,,;,, we find
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Z A A
A Z Z'
(2) (b) (©)

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

(a)

(b) (]

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

XY xGauge __ pz. T+ u~F G~ A
L =RXx"v*X"Z, + R°xGy*GG,,

+ RV THROW, +1{Z— 7'}, (95)

while the derivative trilinear interactions are given by

x¥G
‘E axion

= inf/\/i/?l““aﬂ)}? + Rxééxéyﬂaﬂé

+ R xx T 0,7, (96)

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

£XHZ

Mi = RAHZ o " HOZ, + R x o HEW

+{Z— 7'} CH)
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)

X7 X+ G

(a) (b) (©
FIG. 6. Derivative trilinear interactions between y and chargi-

nos/gluinos/neutralinos.

PHYSICAL REVIEW D 80, 035006 (2009)

X X
’ 7 - 7/
2% y w Y
AVAVAV S NANK
AN AN
AN AN
X, HY o+

(a) (b)

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

£,\/,\/ZZ

SUap = RE“XXZ, 2" + R§*xH(Z, 7"

+ R¥ yxZ,Z'" + RZ* yHYZ,Z'*

+{Z—- 7"} (98)

where, again, we have introduced the coefficients R#Z, RJZZ
containing the rotation matrices and the couplings, for
simplicity.

From the Lagrangian of the scalar mass terms Lgyp 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

Qe = R¥Y*H? + R YHOH? + RX* yH™ H*

+ RYIxF T, (99)

where HY with i = 1,...3 indicates the physical Higgs
states coming from the CP-even sector (see Fig. 9). We
denote with £, the on-shell Lagrangian coming from the
superpotential, once that the F-terms have been removed,
and containing all the Yukawa-type interactions

Ly = Lyy+ Ls+ Lyyer (100)

where Ly represents the Yukawa interactions that do not
contain the extra singlet S and are linear in y,, y,, 4, while
L indicates all the Yukawa interactions containing S.
Finally, with Ly,.r we indicate those interactions that
are quadratic in y,, y,, y; and in A. Then we have

b z,z'
X N )

AN

/

X, HY g Z,7'

FIG. 8. Quadrilinear interaction involving y, two electroweak
neutral gauge bosons, and the CP-odd Higgs.
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=
+
Rad

},,, —

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

Lyw =y [=ALR ~ DR ~ HIUR ~ HIDR
— RA\LI — RHL/T] + y,€li[—H: QI Dy
~ HyQ'D} — HiQ/Dy, — H{' Q'Dy — Dy}
— DyH Q'] + y, - A5Q Uy — Hy0' U
- HéQjUR - HéTQ_jUR - URHEQj - URﬁ;QjT]’
(101)

L= —Ny [STHIL R +SEYH,RT] — Ay [STHIODy
+ SOYH,D}] — Ay, [STHI QU + SO H, U]
+ Aeli[—SH! A} — STH A3
— |ASI*(HIH, + H[H/) (102)
and finally
Lyyer=—|AH,-H,> = yLYLRTR+ HI H,
X (LYL+RVR) — HIL(HI D))
— 0" 0D Dy + HIH\(QT 0 + D}:Dy)
—H[ (] 0)'] - [0t QUL Uy
+HIH,(010 + UkUR) — H{ O(HI 0)]. (103)
From the Yukawa mass terms contained in Ly, and in Lg
we can isolate the pseudoscalar coupling of the axi-Higgs

to the fermions and a quadrilinear scalar interaction with
the sfermions

L )Y(uk-s = R%{ ‘Zf?’s bix
2FF ~ ~ HOF 7 ~ ~
+ RETDXFF+RY YHOFF - (104)

where we have indicated with ¢ ; the generic fermion and
with f the generic sfermion (see Fig. 10).

f f PR
X s
N 0
(2) (b)
FIG. 10. Interactions obtained from £ ,.
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FIG. 11. Quadrilinear interactions involving y and

CP-odd/CP-even/charged Higgs.

Quadrilinear axionic self interactions can be obtained
from Lg and from Ly

0 —
LY = R )* + RV PHS + RV °HH™
+ RY Y2 (HY)? + RX Y (HY)? + RXU)2HIHO
+ RYHUYHHYH + RX: yHOH™ 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 X 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 Stiickelberg interactions, we have inves-
tigated, in the case of the lightest neutralino state, its
mixing with the other states. In Table IT 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 tanf8 = 40 and we have con-
strained the value of v, in order to be consistent with the
value of the mass of the Z; boson, while the value of the
coupling constant gz is 0.65.

The values A < 0.7 and vy around 1 TeV are consistent
with the MSSM value of the Higgs masses.

The charges By, and By, 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 By, = —3/(24/10) and By, =
—1/(:/10), which is obtained from the E¢SSM model [38].

In Figs. 1215, 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
My, My, My, My, Mw and of gg and tan$. On the right-
hand side we plot the squared value of each component of
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TABLE II.  Parameters for the neutralino eigenvalues analysis for the charge assignment By, = —3/ (24/10) and B =1/ (+/10).
My [TeV] M, [TeV] My [TeV] M, [TeV] My [TeVl A vg[TeV] tanB g
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 0.9 140 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

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 =
1,...,7) in the basis {—i/\WS, —idy, —iAg,
Hi, H3, S, —ip}

S0 — 71

X) = anAy, +apy +aphp + ayH]

+aisH3 + aS + ag iy (106)
and in the figures we indicate the square of each compo-
nentas ¢;; = la; j|2, where the lightest state corresponds to
the i = 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 M in the interval 1.7-2.5 TeV, while My and
My, 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 My, Mg, My, below 1 TeV and beyond 2.5 TeV, the

10000

1000 F

Y’ [GeV]

100

2000 3000 4000

M,, [GeV]

0 1000 5000

(a)

FEigenvalues as a function of Mg

FIG. 12 (color online).

(b)

Study of the neutralino eigenvalues as a function of Stiickelberg mass M.

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
X3 — X3. From the left-hand side of Fig. 14 it is evident
that all the eigenvalues do not exhibit substantial variations
with respect to My, M,, 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 gz, tanB and vg. In the left-
hand side (a) the mass value of the lightest state starts to be
greater than 50 GeV once gz > 0.4 and it is almost degen-
erate with 9.

From the analysis of each component in the right panel
(b), for gp 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 ﬁ% con-
tribution. When gp 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.

o
=

0.01 | .

0001 F <

Components of the lightest xo

le-04 E

le-05

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Mg, [GeV]

Squared components of the lightest neutralino
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FIG. 13 (color online).

As a consequence of our constraint on the vev vy, the
eigenvalues dependence on tanf 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 w- term (given by Avg) and a slightly lower one
for the axino SUSY breaking parameter Mj,.

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)—
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The same as Fig. 12 but as a function of My and M,,.

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~ 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. 14 (color online).

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 — y7y amplitude is me-
diated by the exchange in the s-channel of neutral gauge
bosons that couple to the fermion loops via axial-vector

0
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The same as Fig. 12 but as a function of My and M,,.

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
Stiickelberg axion b is rotated directly on the physical
axion y and on the two Goldstones G, Gz . 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. 16(a) is the second graph (b), where the same ampli-
tude of (a) is mediated by the exchange of the massive axi-
Higgs, x. 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
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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. 16. BIM amplitude for gg — y7y plus the amplitude
obtained by the exchange of y.

XVI. CONCLUSIONS AND PERSPECTIVES

We have presented a generalization of the USSM in the
presence of an anomalous U(1) 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 Stiickelberg
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 U(1)—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 Stiickelberg 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-o0dd sector has to be nonminimal, with an extra singlet
which is charged under the anomalous U(1). 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.

Anomalous U(1)’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
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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
Z' in the various models. It is clear that if its decoupling
occurs at the Planck scale, then the Stiickelberg 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~* 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-o0dd sector.
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APPENDIX A: NOTATIONS

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

D, = _éA —i6Ba"” 0

— : M AB
A1 DA—6A+10'AB(9 BM.

(AD)
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The left/right chiral superfields in terms of field compo-
nents are given in a generic form as follows

D, (x,0,0) = A(x) + i05+03 ,A(x) — laeeemA(x)
+ 20 (x) + ﬁﬁﬁﬂ”éaﬂlﬂ(x)
+ 00F(x), (A2)
dh(x, 0,0) = A*(x) — i05#0d ,,A*(x) — —eeaemA (x)
+ 320 P (x) — %9_590"‘6#97/()6)
+ 6 6 F*(x). (A3)

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

V(x, 6,0) = 00'“0_[Vﬂ(x) —d,Bx)]+ 060 X(x)

+ 6600r(x)+ 000606 d(x) (A4)

where B(x) is a generic real-valued scalar field. The ge-
neric expressions for the field-strengths are

. |
W!=—--DPDD,Y, WE=--DDD,B,

.J;

1 - . . .

Wa = - @DDe_zmeaengW, (AS)

! DDe 26D, e28:6
8¢5

where we have used W = /W' with 7/ being the SU(2)
generators, while G = T°G® with T being the SU(3)
generators. The nonsupersymmetric field strength are de-
fined as

Fl,=0d,A) —d,AL, F&,=9,B,— d,B

/1,7
Wi, = a,Wi — a,Wi, — g,e"Wi,Wk (A6)

Gy = 0,G4 = 0,64 — 8.f"GLG,

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 Lyy = Lyssm + Laxion T Les-
L USSM — Llep + -Equark + -£H1ggs
+ Lsur + Lomr

‘E auge
gaug (B1)
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TABLE III. Superfields and their components.
Superfield Bosonic Fermionic Auxiliary
b(x, 0, 6) b(x) () Fy(x)
S(x, 6, 0) S(x) S(x) Fg(x)
L(x, 6, 6) L(x) L(x) Fy(x)
R(x, 6,0) R(x) R(x) Fr(x)
O(x, 0,6) O(x) 0(x) Fo(x)
O, 0. 6) Ox(x) Ux(x) Fu, ()
QR(Xy 0, ?) Dg(x) QR(X) FDR (x)
Hi(x, 6, 0) H,(x) H,(x) Fy, (x)
I:IZ(X’ 0)_9) HZ(x) HZ({) FHZ (X)
B(x, 0, 0) B, (x) (), Ap(x) Dy(x)
Y(x, 0,0) A (x) Ay (x), Ay(x) Dy(x)
VAV’ (x, 6,0) Wi, (x) Ayi(x), Ay (x) Dyi(x)
G%(x, 0, 0) G4, (x) Aga(X), Aga(x) Dga(x)

L= fdzxe[ﬁezgzmgymggéi 4 Rt 2ol +ab )
(B2)

£ quark — fd40[QTeZgSGA+2g2W+gY?+gBEQ

+ U;geZg:G+ng+gBBUR + D;62g5G+ng+gBBDR]

(B3)
£Higgs = [d49[1:116282w+gy?+g31§1:11
+ I:];reZng+gy?+ggl§If]2 + S'Jreggf?g
+ W52(9) + Wé(0)] (B4)
1
‘Egauge = 4 fd40[ga6a + Wew, + WYaW;/
+ WB*WwE]5%() + H.c. (B5)
Lsyr = — fd4054(0, é)[M%[A,T[/: + mZRTR 4 M2 QTQ

+ mZUU;EljR + szli;ElA)R + m%I:IIrI-AII + m%[flglflz
+ m}StS + (a,SA, - A, + H.c.)

+ (a,H, LR +H.c.) + (ayH, - 0Dy
+ H.c.) + (a,H, - QUg + Hc))] (B6)

1
L our = [d40|:§(MGQ“Ga + M WW,

+ MyWYeWY + MyWBeWE) + H.c.]64(0, 0)
(B7)
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APPENDIX C: THE OX MATRIX

Uy Vg X _ VU Vg X V1V
/22 22 O = 2.2 22 01 = 2,2 22
viv; + vsv viv; + vsv viv; + viv

0 = - vi(f1 — 2By, gpxp + /T + 487x3) 1 fi

2% S 8yf g
vy (f1 + 2By, gpxp +4/f1 +4g%x3) |1 fi X 1 fi

0y, = e 053 = Bsgpvs |~ —F————
25 58y} +aging B3 + g’

v (f) — 2By, 8pXp — f% + 4823‘}2;) 1 N fi
2% 8 812+ 4203

fi

817 + 4%}

X —
Oll_

1 fi
8 812 +4g203

vy (f1 + 2B gpxp — 4 fT +48°x3) 1 f 1
03\/2= 2 — + ! 0§3=BSngS g‘i‘

2% 8 812+ g2
fi

817 + 4g°x3

X —
0y, =

03(4 =2My 05(1 =

(ChH

2
2M v v;

Of{l = ,
\/(v%v% + vzvé)[ng%(v%v% + vzvﬁ) + 4M20?]

1
Oé\/4 - 2Mst § +

2
2M 5, v,v7

\/(v%v% + vzvg)[Bﬁg%(v%v% + vzvg) + 4M20?

2.2 2.2
2M  vgv? Bggpyvivs + vovg

0=~ , Oy = :
\/(v%v% + v203)[Bigi(vivs + v?vi) + AM2? \/ng%,(v%v% + v2v3) + 4M2 02
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