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We study the Higgs sector of the Uð1Þ0-extended minimal supersymmetric standard model with CP

violation. This is an extension of the minimal supersymmetric standard model Higgs sector by one singlet

field, introduced to generate the � term dynamically. We are particularly interested in nonstandard decays

of Higgs particles, especially of the lightest one, in the presence of CP violating phases for �eff and the

soft parameters. We present analytical expressions for neutral and charged Higgs boson masses at tree and

one-loop levels, including contributions from top and bottom scalar quark sectors. We then study the

production and decay channels of the neutral Higgs for a set of benchmark points consistent with low

energy data and relic density constraints. Numerical simulations show that a Higgs boson lighter than

2mW can decay in a quite distinctive manner, including invisible modes into two neutralinos (h ! ~�0 ~�0)

up to �50% of the time, when kinematically allowed. The branching ratio into h ! �bb, the dominant

decay in the standard model, is reduced in someUð1Þ0 models and enhanced in others, while the branching

ratios for the decays h ! �þ��, h ! WW�, and h ! ZZ� ! 4‘ are always reduced with respect to their

standard model expectations. This possibility has important implications for testing the Uð1Þ0 model both

at the LHC and later at the ILC.
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I. INTRODUCTION AND MOTIVATION

Confirmation of the Higgs mechanism of the standard
model (SM) of particle physics demands discovery of the
elusive Higgs boson, likely seen at ATLAS [1] and CMS
[2] at a mass around 126 GeV. The minimal supersymmet-
ric extension of the SM (MSSM), which is arguably the
best motivated extension of the SM, offers stabilization of
the Higgs mass, and moreover agrees well with the SM
predictions in certain portions of its restricted parameter
space. For instance, for the upper limit of mh � 135 GeV
of the MSSM h ! �bb is the dominant decay mechanism
(� 60%) in the SM and in theMSSM. On the other hand, in
gauge and Higgs extended supersymmetric models, the
properties of the Higgs bosons can be substantially differ-
ent from that of the standard supersymmetric model pre-
dictions. For instance, the addition of one singlet field to
the MSSM Higgs sector provides new tree-level contribu-
tions to the F and D terms, which stabilize the Higgs mass
naturally at a larger value [3]. While many models predict a
light Higgs boson around the weak scale (say�100 GeV),
it will take some time to differentiate whether the boson
discovered at the LHC belongs to the SM gauge symmetry,
its minimal supersymmetric version (MSSM), or even to
another extension such as the gauge extended versions of
the MSSM.

Extensions of the gauge symmetry by an extra Uð1Þ
factor (supersymmetric or not) are arguably the simplest
extensions of the minimal model. The best justification for
these extended models arises from assuming grand unified
theories of strong and electromagnetic interactions
(GUTs). In GUT symmetries, it seems difficult to break
most scenarios directly to SUð2ÞL �Uð1ÞY , as most mod-
els such as SUð5Þ, SOð10Þ, or E6 involve an additional
Uð1Þ group in the breaking. In supersymmetric Uð1Þ0 mod-
els [4] [referred to as Uð1Þ0 models from now on], the
number of the neutral Higgs bosons is increased by an
additional singlet field (S) over that of the MSSM, and the
vacuum expectation value (VEV) of the singlet hSi is
responsible for the generation of the � term, which allows
Higgs fields to couple to each other [5,6]; while the number
of charged Higgs bosons in the Uð1Þ0 extended models
remains the same as in the MSSM. The interest in the
Higgs sector of the Uð1Þ0 models also comes from the
fact that such models arise naturally from string inspired
models [5,7–9], or as the dynamical solution to the �
problem in gauge-mediated supersymmetry breaking
[10]. While in the MSSM and in the Uð1Þ0 models lightest
neutralino is the best candidate for a lightest supersym-
metric particle (LSP), for the latter the LSP is less
constrained.
In these models, the lightest Higgs boson could poten-

tially behave differently from the SM or the MSSM Higgs
boson due to its singlet nature. While a Higgs boson of
massmh � 126 GeV can be predicted by the SM, or by the
MSSM, or by numerous other models, the coupling of the
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Higgs to the known fermions or bosons is not the same in
all these models. This fact can be extrapolated not only
from the number of the Higgs bosons but also from their
production and decay mechanisms.

Of all the Higgs bosons in a model, the properties of the
lightest neutral state are the most interesting, also given its
likely discovery already at the LHC. An interesting possi-
bility is that its decay could be partially into invisible
modes (a possibility hinted at by the reduced branching
ratios into fermions at the LHC), or that there is another
Higgs boson lighter than the one at 126 GeV, which decays
completely or almost so, invisibly [11,12]. This scenario is
motivated by global fits to the data at the LHC which
indicate that a Higgs boson branching ratio of 64% is still
unaccounted for Ref. [13].

In SM the Higgs can decay invisibly only into neutrinos,
and this branching ratio is � 0:1% [14]. A light Higgs
boson with substantial branching ratio into invisible chan-
nels can occur in a variety of models including scenarios
with light neutralinos, spontaneously broken lepton num-
ber, radiatively generated neutrino masses, additional sin-
glet scalar(s), and/or right-handed neutrinos in the extra
dimensions of TeV scale gravity. Among these possibil-
ities, invisible decay of the lightest Higgs into light neu-
tralinos is interesting since the light neutralinos are well
motivated candidates for the LSP, providing viable relic
density explanations.1 Decays into light neutralinos are
possible in models with nonuniversal couplings, where
LEP limits can be circumvented [17], and in models with
a light dark matter candidate. For instance, a study [18]
indicates that this is a possibility in E6, where the lightest
Higgs boson of the exceptional supersymmetric standard
model E6SSM can decay into the lightest neutralino pairs
more than 95% of the time [19].

Additionally, the Higgs sector in extended models could
provide potential sources of CP violation beyond the phase
of the Cabibbo-Kobayashi-Maskawa (CKM) matrix, also
important for the observed baryon asymmetry of the uni-
verse. These phases can affect the masses and couplings of
the Higgs bosons to the gauge and matter fields of the
model, as was shown in studies of Higgs sectors of the
MSSM [20] and next-to-minimal supersymmetric models
(NMSSM) [21]. The phases can also affect production and
decay rate patterns, as we will show in this study. In this
work, we analyze the mass spectra of all the Higgs bosons,
and the production and decay rates (visible and invisible)
for the lightest Higgs in the Uð1Þ0 extended form of the
MSSM with CP-violating phases. The masses of Higgs
bosons in the Uð1Þ0 with CP-violating phases model have
received attention previously [22], but we include them
here, for consistency with the determination of their decay
properties. Thus, we revisit the Higgs sector of Uð1Þ0
models and calculate the masses, and in doing this, we

improve on the previous calculation by including contri-
butions from both (s)top and (s)bottom sectors at one-loop
level, and add the constraint that the lightest neutral state
should have mass �125 GeV.
Motivated by the above considerations, we study

anomaly-free Uð1Þ0 models to probe their peculiar Higgs
sector consistent with the known (astrophysical and col-
lider) bounds, which are included in our benchmark points.
We add the scalar quarks and neutralino contributions, and
calculate a complete spectrum for the latter, and ensure
agreement with the relic density, assuming that the lightest
neutralino is the LSP. We then study the production and
decay modes of the lightest neutral Higgs boson, with the
purpose of unraveling the existence and consequences of
invisibly decaying Higgs bosons within the Uð1Þ0 model.
The outline of our study is as follows. In the following

section (Sec. II) we introduce our effective Uð1Þ0 model,
with particular emphasis on the Higgs sector. We present
tree-level (Sec. II A) and one loop mass evaluations
(Sec. II B), and then an analytical calculation of the
charged and neutral Higgs masses (Sec. II C). We then
introduce the neutralino spectrum (Sec. II D) of the Uð1Þ0
model, which contains two additional neutralinos from the
MSSM. We include the constraints on the particle spec-
trum coming from low-energy measurements of CP viola-
tion in Sec. III, in particular from electric dipole moments
(Sec. III A) and "K (Sec. III B). Following the exposition of
the model and its constraints, we present our numerical
investigations in Sec. IV, in particular for the lightest
neutral Higgs boson production and decay in Sec. IVA,
and comment on the second lightest neutral state in
Sec. IVB. We summarize our findings and conclude in
Sec. V. The full form of analytical solutions for the masses
can be found in the Appendix.

II. THE Uð1Þ0 MODELWITH CP VIOLATION

We review here briefly the Uð1Þ0 model, with particular
emphasis to the Higgs and the neutralino sectors, as these
are relevant to our study. The superpotential for the effec-
tive Uð1Þ0 model is

W ¼ YSŜĤu � Ĥd þ YtÛ
cQ̂ � Ĥu þ YbD̂

cQ̂ � Ĥd; (1)

where we assumed that all Yukawa couplings except for Yt

and Yb are negligible. As can be seen from (1), by replacing
the � parameter with a singlet scalar (S) and a Yukawa
coupling (YS), we resolved the � problem of the MSSM
[6]; � is generated dynamically through the VEVof the S
field (see Sec. II A) and is expected to be of the order of the
weak scale.
In addition to the superpotential, the Lagrangian

includes soft supersymmetry breaking terms containing
additional terms with respect to the MSSM, coming from
gaugino massesMa (a ¼ 1, 10, 2, 3) and trilinear couplings
AS, At, and Ab as given below:1Note that inUð1Þ0 models the LSP can be the singlino [15,16].
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�Lsoft ¼
�X

a

Ma�a�aþASYSSHu �Hd

þAtYt
~Uc ~Q �HuþAbYb

~Dc ~Q �HdþH:c:

�

þm2
ujHuj2þm2

djHdj2þm2
s jSj2þM2

~Q
j ~Qj2

þM2
~U
j ~Uj2þM2

~D
j ~Dj2þM2

~E
j ~Ej2þM2

~L
j ~Lj2: (2)

Using renormalization group equations these soft super-
symmetry (SUSY) breaking parameters are generically
nonuniversal at low energies. However, in our numerical
studies, we choose not to deal with the evolution of the
renormalization group equations and instead assign them
values which do not contradict with the current collider
bounds. As we are interested in CP violation, we assume
some of the soft breaking terms to be complex, selected as
the trilinear terms (At;b;S) and the VEVof the Higgs field S,
as these assignments do not conflict with present low
energy data.

A. The Higgs sector at tree level

The effective Uð1Þ0 model inherits two Higgs doublets
Hu,Hd from the MSSM, and has an additional singlet field
S, all of which can be expanded around their VEVs as

hHui ¼ ei�uffiffiffi
2

p
ffiffiffi
2

p
Hþ

u

vu þ�u þ i’u

 !
;

hHdi ¼ ei�dffiffiffi
2

p vd þ�d þ i’dffiffiffi
2

p
H�

d

 !
;

hSi ¼ ei�sffiffiffi
2

p ðvS þ�S þ i’SÞ;

(3)

in which v2 � v2
u þ v2

d ¼ ð246 GeVÞ2. The fields in the

superpotential are charged under the Uð1Þ0 gauge group
with charges Q, required by gauge invariance to satisfy

QHu
þQHd

þQS ¼ 0; QQ3
þQU3

þQHu
¼ 0;

QQ3
þQD3

þQHd
¼ 0:

The effective � parameter is generated by the singlet VEV
hSi, defined as

�eff � �ei�s ; where � ¼ YSvSffiffiffi
2

p ; (4)

so that with this convention � is always real. For the
remaining parameters we adopt the convention that the
parameters are real, and explicitly attach CP-violating
phases where needed. Explicitly, arg ðAtÞ ¼ �t and simi-
larly �b refers to the argument of Ab. In order to differ-
entiate the phase of AS from that of S we use small and
capital letters: arg ðSÞ ¼ �s, arg ðASÞ ¼ �S. For the Higgs
fields, we assume �u ¼ �d ¼ 0 to avoid spontaneous
CP breaking in the potential, associated with a real
CKM matrix [23], which conflicts with experimental

observations. However, to keep our considerations as
general as possible, one can also define a new phase:

�� ¼ arg ðHuÞ þ arg ðHdÞ þ arg ðSÞ ¼ �u þ �d þ �s: (5)

A detailed analysis of the Higgs sector with CP-violating
phases is available in Ref. [22] and references therein, but
it is sufficient to mention that we assume �s � 0, which in
a more general context could be replaced by �� � 0.
The tree-level Higgs potential of the effective Uð1Þ0 model
is a sum of F terms, D terms, and soft supersymmetry
breaking terms:

Vtree ¼ VD þ VF þ Vsoft; (6)

where the terms VD, VF, and Vsoft are

VD¼g2

8
ðjHuj2�jHdj2Þ2þg22

2
ðjHuj2jHdj2�jHu �Hdj2Þ

þg2Y0

2
ðQujHuj2þQdjHdj2þQSjSj2Þ2;

VF¼jYSj2½jHu �Hdj2þjSj2ðjHuj2þjHdj2Þ�;
Vsoft¼m2

Hu
jHuj2þm2

Hd
jHdj2þm2

SjSj2
þðASYSSHu �HdþH:c:Þ;

(7)

where the coupling constant g2 ¼ g22 þ g2Y . For the
numerical analysis we take gY ¼ gY0 [the Uð1Þ0 coupling
constant], which does not conflict with the unification of
the gauge couplings.
From the tree-level potential, one can derive the

minimization equations for the VEVs vu, vd, vS and the
phase ��ð�sÞ. These relations yield conditions relating
the VEVs to the physical Higgs masses.
The spectrum of physical Higgs bosons consists of

three neutral scalars ðh;H;H0Þ, one CP odd pseudoscalar
(A0), and a pair of charged Higgs bosons H	 in the
CP-conserving case. In total, the spectrum differs from
that of theMSSM by one extraCP-even scalar. Notice that,
the composition, the mass and the couplings of the lightest
Higgs boson of Uð1Þ0 models can exhibit significant dif-
ferences from the MSSM, and this could be an important
source of distinguishing signatures in the forthcoming
experiments. It is important to emphasize that these models
can predict naturally larger values for mh, the lightest
neutral Higgs boson masses, which are more likely to agree
with the boson mass seen at the LHC. While we can safely
require mh 
 90 GeV for all numerical estimates [24],
in principle, it is possible to obtain larger values such as
mh � 140 GeV within some of the E6 based models.
In our evaluations, we shall impose mh � 124–126 GeV,
in agreement with the mass of the particle observed at
the LHC.

B. One-loop corrections to the Higgs potential

The tree-level potential in Eq. (6) is insufficient to make
precise predictions for masses and mixings, and thus we

HIGGS BOSONS IN SUPERSYMMETRIC Uð1Þ0 . . . PHYSICAL REVIEW D 87, 075007 (2013)

075007-3



include loop corrections. For this we use the effective
potential approach. Not all of the CP-violating parameters
are free parameters, and loop corrections induce certain
relationships among them. The one-loop corrected
potential has the form V ¼ Vtree þ�V, where Vtree is
defined in (6), and �V is the one-loop Coleman-
Weinberg potential [25]:

�V ¼ 1

64�2

�
�Jð�1Þ2Jþ1ð2J þ 1ÞM4ðHu;Hd; SÞ

�
�
ln
M2ðHu;Hd; SÞ

�2
� 3

2

��
; (8)

whereM represent the mass matrices of all the particles in
the theory. While many particles and their superpartners
could be added for the calculation of the loop corrections,
we include here the dominant contributions coming from
the top and bottom sectors (f ¼ t, b) for both the quarks
and scalar quarks, so that both contributions from small
and large tan� values can be investigated safely.
Specifically,

�V ¼ 6

64�2

X
f¼b;t

� X
k¼1;2

ðm2
~fk
Þ2
�
ln

�m2
~fk

�2

�
� 3

2

�

� 2ðm2
fÞ2
�
ln

�m2
f

�2

�
� 3

2

��
: (9)

In this expression the masses depend explicitly on the
Higgs field components: for instance, the bottom mass
squared is given by m2

b ¼ Y2
bjHdj2, and the top by m2

t ¼
Y2
t jHuj2, and the scalar quark masses squared are obtained

by diagonalizing the mass-squared matrix, the unitary

matrix Sf as Sy
f
~M2Sf ¼ diagðm2

~f1
; m2

~f2
Þ, with f ¼ t, b.

The vacuum state is obtained by requiring the vanishing
of all tadpoles and positivity of the resulting Higgs boson
masses. The vanishing of tadpoles for V along the CP-even
directions�Hu;Hd;S and CP-odd directions ’u;d;S allows the

soft masses m2
Hu;Hd;S

to be expressed in terms of the other

parameters of the potential. The tadpole terms are obtained
from

T i ¼
�
@V

@�i

�
0
; (10)

where 0000
0 means that we evaluate the derivative at the

minimum of the potential, V ¼ Vtree þ �V, and �i ¼ �u,
�d, �S, ’u, ’d, ’S. Since all tadpole terms must vanish,
enforcement of T 1;2;3 ¼ 0 is used to obtain mHu;Hd;S, re-

spectively, and T 4;5;6 can be used for the phase of the

trilinear coupling (AS), which is �S. In fact at the tree level
the result is �S ¼ 0, but loop corrections induce this quan-
tity to be nonzero. For instance, at the tree level, using T 1,
T 2, and T 3 (given explicitly in the Appendix), one can
express Higgs mass squared as

m2
Hu

¼ ASYS cos ð�� þ �SÞvdvSffiffiffi
2

p
vu

�QHu
�þ Y2

Sðv2
d þ v2

SÞ
2

þ g2ðv2
u � v2

dÞ
8

; (11)

m2
Hd

¼ ASYS cos ð�� þ �SÞvuvSffiffiffi
2

p
vd

�QHd
�þ Y2

Sðv2
u þ v2

SÞ
2

þ g2ðv2
u � v2

dÞ
8

; (12)

m2
S ¼

ASYS cos ð�� þ �SÞvdvuffiffiffi
2

p
vs

�QS�þ Y2
Sðv2

d þ v2
uÞ

2
;

(13)

where

� ¼ g2Y0 ðQHd
v2
d þQSv

2
S þQHu

v2
uÞ: (14)

At tree level T 4, T 5, and T 6 are zero, but at one-loop
level they all induce the same nonzero result. We collected
the full form of the tadpoles T 4, T 5, and T 6 in the
Appendix. Using the tadpoles along the CP-odd directions,
the phase of the trilinear coupling of S (AS) emerges as a
radiatively induced quantity,

�S ! �sin�1

�
3ðFbSbAbY

2
b þ FtStAtY

2
t Þ

32�2AS

�
� ��; (15)

where we defined St¼sinð�tþ��Þ and Sb¼sinð�bþ��Þ.
We define cosine of the same quantities: Ct¼cosð�tþ��Þ
and Cb ¼ cos ð�b þ ��Þ. Here Ft and Fb are loop
functions:

Ff ¼ �2þ ln

�m2
~f1
m2

~f2

Q4

�
� ln

�m2
~f1

m2
~f2

�
�f

�f

; (16)

where f ¼ t, b refers to top and bottoms and we defined
Q as the SUSY breaking scale, �f ¼ m2

~f2
�m2

~f1
and

�f ¼ m2
~f2
þm2

~f1
.

C. The Higgs mass calculation

We now turn to the Higgs mass calculation at one loop
in the presence of CP violation in the stop and sbottom
left-right mixing. The mass-squared matrix of the Higgs
scalars is

M2
ij ¼

�
@2

@�i@�j

V

�
0
: (17)

In the above �i ¼ ð�i; ’iÞ. Two linearly independent
combinations of the pseudoscalar components ’u;d;S are

the Goldstone bosons GZ and GZ0 , which are used to give
mass to the Z and Z0 gauge bosons, leaving one physical
pseudoscalar Higgs state A0, which mixes with the neutral
Higgs mass states in the presence of CP violation. In the
basis of scalars B ¼ f�u;�d;�S; A

0g, the neutral Higgs
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mass-squared matrix M2 takes the following symmetric
form:

M2
H0 ¼

M2
11 M2

12 M2
13 M2

14

M2
12 M2

22 M2
23 M2

24

M2
13 M2

23 M2
33 M2

34

M2
14 M2

24 M2
34 M2

44

0
BBBBB@

1
CCCCCA: (18)

The mass-squared matrix can be diagonalized by a 4� 4
orthonormal matrix O. In doing this we follow the con-
ventionOM2

H0Oy ¼ diagðm2
H0

1

; m2
H0

2

; m2
H0

3

; m2
H0

4

Þ, where, to
avoid discontinuities in the eigenvalues, we adopt the
ordering: mH0

1
<mH0

2
<mH0

3
<mH0

4
. The elements of O

determine the couplings of Higgs bosons to the MSSM
fermions, scalars, and gauge bosons.

The results for the entries of the neutral Higgs ðmassÞ2
matrix are collected in the Appendix. As an example, we
show here one of the masses for the CP-conserving case.

When CP is conserved all M2
i4 and M2

4i entries should
vanish, with the exception of the M2

44 term, which is
actually the pseudoscalar Higgs ðmassÞ2 term. When CP
is conserved M2

A0 is

M2
A0 ¼ M2

44

¼ �!2AS

vdv
2
Svu

þ 	�!2�2
b�

2
t ðFbAbY

2
b þ FtAtY

2
t Þ

vdv
2
Svu

; (19)

where !2 ¼ v2v2
S þ v2

dv
2
u and 	 ¼ 3=ð32�2�2

t�
2
bÞ.

Calculation of masses of the charged Higgs bosons is
very similar to the neutral ones and we obtain the following
mass-squared matrix:

M2
H	 ¼ M2	

11 M2	
12

M2	
21 M2	

22

 !
; (20)

and the eigenvalue of this matrix yields, when CP is not
conserved, the expression

m2
H	 ¼ 	�2

b�
2
t

3v2�bvdv
2
S�tvu

ð�tð3Y2
bv

2
SðFb�bð�AbðCbðv4

d þ v4
uÞ þ 2Sbv

2
dv

2
uÞ � A2

bvdv
3
u ��2v3

dvuÞ

��2
bvdv

3
uðFb þGb � 2Þ þ�2

bðGb � 2Þvdv
3
uÞ � �bðv4

d þ v4
uÞð8�2vdvuð4�2 � g22v

2
SÞ ���v2

SÞ

þ 6Y4
b�bv

3
dv

2
Sv

3
u

�
ln

�
m2

b

Q2

�
� 1

��
þ 3�bY

2
t v

2
SðFt�tð�AtðCtðv4

d þ v4
uÞ þ 2v2

dStv
2
uÞ � A2

t v
3
dvu ��2vdv

3
uÞ

� v3
d�

2
t vuðFt þGt � 2Þ þ v3

dðGt � 2Þ�2
t vuÞ þ 6�bv

3
dY

4
t v

2
S�tv

3
u

�
ln

�
m2

t

Q2

�
� 1

��
; (21)

where we defined the loop function

Gf ¼ 2þ ln

�m2
~f1

m2
~f2

�
�f

�f

; (22)

with f ¼ t, b. From this it is easy to obtain the mass of the
charged Higgs in the CP-conserving case. This can be
achieved by taking the limits Ct ! 1, Cb ! 1 and St !
0, Sb ! 0. We present explicitly the four entries of the
charged Higgs mass-squared matrix in the Appendix.

D. The neutralino mass matrix in Uð1Þ0
The presence of the CP-violating affects the chargino,

neutralino, and scalar quark mass matrices. As we are
concerned here with the (tree-level) Higgs decays into

neutralinos, we show the effect on the phases on the
neutralino mass matrix. Note that the chargino mass matrix
is unchanged from the MSSM one, though it depends on
Uð1Þ0 breaking scale through the � ! �eff parameter in
the mass matrix. Similarly, the elements in the sfermion
mass matrices are modified due to the presence of the Z0
boson. Their explicit expressions have appeared elsewhere
[26].
The neutralino sector of the Uð1Þ0 is like the MSSM, but

enlarged by a pair of higgsino and gaugino states, namely ~S
(referred to as singlino) and ~B0, the bare state of which we
call bino-prime, while ~Z0 (zino-prime) is the physical
mixed state. The mass matrix for the six neutralinos in

the ð ~B; ~W3; ~H0
d;

~H0
u; ~S; ~B

0Þ basis is given by a complex

symmetric matrix:

Mc 0 ¼

M1 0 �MZc�sW MZs�sW 0 MK

0 M2 MZc�cW �MZs�cW 0 0

�MZc�sW MZc�cW 0 ��eff ���s� QHd
Mvc�

MZs�sW �MZs�cW ��eff 0 ���c� QHu
Mvs�

0 0 ���s� ���c� 0 QSMs

MK 0 QHd
Mvc� QHu

Mvs� QSMs M0
1

0
BBBBBBBBBBBB@

1
CCCCCCCCCCCCA
; (23)
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with gaugino mass parameters M1, M2, M
0
1, and MK [27]

for ~B, ~W3, ~B0, and ~B� ~B0 mixing, respectively, tan� ¼
vu=vd, and �W denotes the electroweak mixing angle.
After electroweak breaking there are two additional mixing
parameters:

Mv ¼ gY0v and Ms ¼ gY0vS: (24)

Moreover, the doublet-doublet higgsino and doublet-
singlet higgsino mass mixings are generated to be

�eff ¼ YS

vSffiffiffi
2

p ei�s ; �� ¼ YS

vffiffiffi
2

p ; (25)

where v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2
u þ v2

d

q
. The neutralinos mass eigen-

states are Majorana spinors, and they can be obtained by
diagonalization,

�0
i ¼ N ijc j; ~�0 ¼ ð�0; ��

0
i ÞT: (26)

The neutralino mass matrix is diagonalized by the same
unitary matrix,

N yM�0N ¼ diagð ~m�0
1
; . . . ; ~m�0

6
Þ: (27)

The additional neutralino mass eigenstates due to new
higgsino and gaugino fields encode the effects of Uð1Þ0
models, wherever neutralinos play a role such as in mag-
netic and electric dipole moments, kaon mixing, or in
Higgs decays.

III. CONSTRAINTS AND IMPLICATIONS FOR
THE CP-VIOLATING HIGGS SECTOR

A. Electric dipole moments

The experimental bounds on the electric dipole moments
of the neutron dn < 6:3� 10�26e cm and the electron
de < 1:8� 10�27e cm [17,28], are some of the most
tightly bound measurements in physics. The electric dipole
moment (EDM) of a spin- 12 particle is defined from the

effective Lagrangian [29]

LI ¼ � i

2
df �c
���5cF��; (28)

and it is induced at the loop level if the theory contains a
source of CP violation at the tree level. Unlike the SM,
where the EDMs are generated through the phase of the
CKM matrix at higher loop level and are thus small, in
MSSM, where they are generated at one-loop level, the
electric dipole moments are very important, and they
provide important restrictions on the parameter space of
the model. In Uð1Þ0 supersymmetric models, they acquire
contributions from gluinos (for neutron EDM) and char-
gino and neutralino (for both neutron and electron EDMs),
and the contributions are generated by �eff ¼ �ei�s , with
an additional contribution generated by the ~Z0 neutralino.
The EDM was analyzed in Ref. [22] in the limit in which
the sfermions are much heavier than the ~Z0.

The neutralino contributions to EDMs tend to be
overall subdominant. To suppress the EDMs we can
proceed as in the MSSM [29]: we can require that the

trilinear stop coupling be mostly diagonal Ai¼j
t � Ai�j

t

(that would suppress the sfermion contribution); we
can assume cancellation between different SUSY con-
tributions (in particular destructive interference between
gluinos and charginos); or we can require that the first
and second generation sfermion masses be in the TeV
region. Alternatively, one can assume generically small
CP-violating phases, a path we do not wish to follow
here, not just based on naturalness, but because we wish
to investigate the effects of the phases on Higgs phe-
nomenology. In the case where gY0 ¼ gY , the case we
consider here, the constraints on Uð1Þ0 parameters are
similar to those on the MSSM. The parameter space we
choose for our benchmark points ensures that the con-
tributions to the EDMs are sufficiently small.

B. CP violation in K0 � �K0 mixing

The physical phases of the Higgs singlet and in
the scalar fermion, chargino and neutralino mass
matrices could alter the the value of the measure of the
CP violation in K0 � �K0 mixing, measured to be "K ¼
ð2:271	 0:017Þ � 10�3 [17].
The contributions to the indirect CP violation parameter

of the kaon sector, defined as

"K ’ ei�=4ffiffiffi
2

p ImM12

�mK

; (29)

with �mK the long- and short-lived kaon mass difference,
andM12 the off-diagonal element of the neutral kaon mass
matrix, is related to the effective Hamiltonian that governs
�S ¼ 2 transitions as

M12 ¼ hK0jH �S¼2
eff j �K0i

2mK

; with H �S¼2
eff ¼ X

i

ciOi:

(30)

Here ci are the Wilson coefficients and Oi the correspond-
ing four-fermion operators. In the presence of SUSY
contributions, the Wilson coefficients can be decomposed
as a sum,

ci ¼ cWi þ cH
	

i þ c
~�	
i þ c~gi þ c

~�0

i ;

where the first contribution is the SM one, the second is the
charged Higgs, and the rest are supersymmetric contribu-
tions. In Uð1Þ0 models, the dominant supersymmetric
contributions come from the chargino mediated box dia-
grams, and the �S ¼ 2 transition is largely dominated by
the (V � A) operatorO1 ¼ �d��PLs �d��PLs, similar to the

MSSM, and the chargino contribution is larger than the
charged Higgs contributions. The contribution in terms of
the bare chargino states is approximately [23]
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ImM12 � 2G2
Ff

2
KmKM

4
W

3�2hm~qi8
ðV�

tdVtsÞm2
t jm ~W	 � cot�m ~H	j

� f�At sin �sðm2
~qÞ12Iðr ~W	 ; r ~H	 ; r~tL ; r~tRÞg; (31)

where fK is the kaon decay constant and mK the kaon
mass; Vij are the VCKM elements, hm~qi is the average

squark mass, taken equal to MSUSY; m ~W	 ¼ M2 is the
wino mass, and m ~H	 ¼ � is the higgsino mass, and ri ¼
m2

i =hm~qi2. The nonuniversality in the LL soft breaking

masses is parametrized by ðm2
~qÞ12, and the nonuniversality

in the soft trilinear terms is parametrized by �At � A13
t �

A23
t . Finally, I is the loop function which can be reduced to

elementary functions in the limit of degenerate squark
masses.

Scanning the parameter space of the model, we checked
that one can find parameter sets that satisfy the minimiza-
tion conditions of the Higgs potential, have an associated
Higgs boson spectrum compatible with the LHC boson,
and still succeed in obeying the bound for the observed
value of "K. From Eq. (31), it appears that "K depends on
1=M8

SUSY. To satisfy the experimental value of "K, values
of MSUSY 
 1 TeV would have to be assumed, or �At �
A13
t � A23

t  1, in agreement with our EDM considera-
tions. Too small values of MSUSY might generate a light
Higgs boson spectrum already excluded by LEP and
LHC, and for MSUSY � 1 TeV, which is consistent with
our squark and slepton masses, the supersymmetric
contributions to "K are consistent with the experimental
constraints.

IV. NUMERICAL ANALYSIS

As mentioned in the Introduction, gauge extensions of
the SM by one or several nonanomalous Uð1Þ0 gauge
groups can arise naturally from a string-inspired E6SSM
model [18,19]. In E6SSM models the matter sector in-
cludes a 27-representation for each family of quarks and
leptons (including right-handed neutrinos), Higgs repre-
sentations (doublets Hu and Hd and singlet S), and three
families of extra downlike color triplets. Anomaly cancel-
lation occurs generation by generation, and gauge coupling
unification requires another pair of Higgs-like multiplets.
Breaking of E6 yields SUð3Þ � SUð2Þ �Uð1ÞY �Uð1Þ0 as

a low energy group. Anomaly-free Uð1Þ0 groups are thus
generated this way, directly, or as a specific linear combi-
nation. We first define the models that shall be investigated
in our numerical analysis. They all emerge from breaking
of higher groups [30]. For instance, the anomaly-free
groups Uð1Þc [31] and Uð1Þ� [32] are defined by

E6 ! SOð10Þ �Uð1Þc ; SOð10Þ ! SUð5Þ �Uð1Þ�:

In general a Uð1Þ0 � Uð1ÞE6
group is defined as Uð1ÞE6

¼
cos�E6

Uð1Þ� þ sin �E6
Uð1Þc , and we distinguish among

the different scenario by the values of �E6
:

(1) � ¼ �� arctan
ffiffi
5
3

q
for Uð1Þ which occurs in

Calabi-Yau compactification of heterotic strings
[33];

(2) �S ¼ arctan
ffiffiffiffiffiffi
15

p
=9 for the secluded Uð1ÞS, where

the tension between the electroweak scale and de-
veloping a large enough Z0 mass is resolved by the
inclusion of additional singlets [34];

(3) �I ¼ arctan
ffiffi
3
5

q
for the inert Uð1ÞI, which has a

charge orthogonal to Q [35];

(4) �N ¼ arctan
ffiffiffiffiffiffi
15

p
for Uð1ÞN , where �c has zero

charge, allowing for large Majorana masses
[36,37]; and

(5) �c ¼ �
2 for Uð1Þc , defined above from the breaking

of E6 [31].
In Table I, we list the charges for the fundamental repre-
sentations of E6 in the Uð1Þ0 models which we use for
numerical investigations of Higgs boson properties.
In what follows, we investigate the consequences of

each of the anomaly-free groups on the Higgs production
and decay at the LHC. In Table II we list the relevant
benchmark parameters for each of the choices, for both
the CP-violating (CP-conserving) Higgs sectors.2 In addi-
tion to the phase �s (which defines the CP-violating sce-
nario of each model), the values of tan� and of�, we give
theUð1ÞY and SUð2ÞL gaugino massesM1 andM2, the left-
and right-hand squark soft mass parameters MQi

and MUi

(all taken to be 1 TeV, including the masses in the down

TABLE I. Values of Uð1Þ, Uð1ÞS, Uð1ÞI, Uð1ÞN , and Uð1Þc charges for the 27 fundamental representation of E6 decomposition
under SOð10Þ and SUð5Þ representations. The charge for each model is defined as Q ¼ cos�E6

Q� þ sin�E6
Qc .

SOð10Þ representations SUð5Þ representations 2
ffiffiffiffiffiffi
15

p
Q 2

ffiffiffiffiffiffi
15

p
QS 2QI 2

ffiffiffiffiffiffi
10

p
QN 2

ffiffiffi
6

p
Qc

16 10 ðu; d; uc; eþÞ �2 �1=2 0 1 1

ðu; d; �; e�; uc; dc; �c; eþÞ 5� ðdc; �; e�Þ 1 4 �1 2 1

�c �5 �5 1 0 1

10 5 (Hu) 4 1 0 �2 �2
ðHu;HdÞ 5� (Hd) 1 �7=2 1 �3 �2
1 (S) 1 (S) �5 5=2 �1 5 4

2By CP-violating scenario, we mean the specific case where
�s is given by the values in Table II.
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scalar sector, not explicitly shown), the trilinear couplings
in the top and bottom scalar quark sectors, At and Ab, and

the ratios RY0 ¼ M0
1

M1
and RYY0 ¼ MK

M1
, as defined in Ref. [26].

The constraints on the mass parameters, constraining the
choice of benchmark values, are:

(1) requiring the lightest Higgs mass to be very close to
126 GeV, in agreement with the ATLAS and CMS
results;

(2) requiring the next lightest neutral Higgs boson to
have mass mH0

2
> 600 GeV (as it has not been

observed at LHC);
(3) requiring the lightest neutralino mass to be consis-

tent with collider limits on Z boson decays, but also
to allow for the possibility of the neutral Higgs
boson to decay into a neutralino pair;

(4) choosing the lightest neutralino to be the LSP and
requiring that the relic density constraint be
satisfied;

(5) choosing the Z0 boson mass to be consistent with
present limits [17];

(6) choosing scalar masses and trilinear couplings
which satisfy constraints from EDMs and CP
violation in the kaon sector, as described in the
previous section III.

As we would like to allow the Higgs boson to be kinemati-
cally allowed to decay into two neutralinos, we impose the
LEP constraint on the Z boson width [38] �ðZ ! ~�0

1 ~�
0
1Þ<

3 MeV. This constraint allows for a weakening of the
Particle Data bound [17], especially as we do not impose
the supersymmetric grand unified theory relationship
M1 ¼ ð5=3Þtan 2�WM2, and allow M1 and M2 to be free
parameters, as given in Table II. Note that in particular, the
bino mass is chosen to be light to allow Higgs decays into
neutralinos, while value for M2 ensures that the chargino
mass will be m~�	

1
>mH0

1
=2. The scalar fermions are heavy

to satisfy bounds from the EDMs and "K. We choose the
value of �s for each model to maximize the invisible decay
width for the lightest Higgs boson, while satisfying the
other constraints.3

Based on the input parameters, we calculate the spec-
trum of the physical masses of the extra particles in the
model, which are used in our numerical evaluations. These
values are given in Table III. We also included in this table
the relic density of the dark matter for all scenarios.
Throughout our considerations the lightest neutralino ~�0

1

is the lightest supersymmetric particle (LSP) and thus
subject to cosmological constraints. The relic calculation
is straightforward using the MICROMEGAS package [40],
once we include the Uð1Þ0 model files from CALCHEP [41].
All the numbers are within the 1
 range of the WMAP
result [42] from the Sloan Digital Sky Survey [43]:

	DMh
2 ¼ 0:111þ0:011

�0:015: (32)

The relic density of the dark matter 	DMh
2 is very sensi-

tive to the free parameter RY0 listed in Table II. As the
lightest neutralino plays an essential role in the decay of
the lightest Higgs boson, we first show the dependence of
its mass, and of the relic density with the CP-violating
parameter �s in Fig. 1. In all of the Uð1Þ0 models under
study, the lightest neutralino is mostly bino. The variations
of its mass and of the relic density with the other
CP-violating phase �t are negligible. Note that the mass
of the LSP increases smoothly with increasing �s, while
the relic density measurement (shown as a green band in
the right-hand part of the plot) poses restrictions on the

TABLE II. The benchmark points (in GeV) for the CP-violating (CP-conserving) Uð1Þ, Uð1ÞS, Uð1ÞI, Uð1ÞN , and Uð1Þc versions
of Uð1Þ0 models.

Parameters Uð1Þ Uð1ÞS Uð1ÞI Uð1ÞN Uð1Þc
�s 42(0) 75(0) 60(0) 55(0) 33(0)

tan� 1.8(1.7) 1.46(1.42) 1.3(2.5) 1.5(1.8) 1.75(1.75)

�ðj�eff jÞ 360(360) 715(730) 465(461) 292(295) 285(290)

M1 48(50) 56(59) 57(50) 49(50) 49(51)

M2 125(130) 115(120) 135(120) 130(170) 140(160)

MQ1
1000(1000) 1250(850) 750(600) 2000(300) 1000(1000)

MQ2
1000(1000) 1250(850) 750(600) 2000(300) 1000(1000)

MQ3
1000(1000) 1250(850) 750(600) 2000(300) 1000(1000)

MU1
1000(1000) 1250(850) 750(600) 2000(300) 1000(1000)

MU2
1000(1000) 1250(850) 750(600) 2000(300) 1000(1000)

MU3
1000(1000) 1250(850) 750(600) 2000(300) 1000(1000)

jAtj 1850(2000) 2200(2500) 2500(1500) 2250(2000) 2000(2000)

jAbj 2000(2000) 2500(2500) 2500(1500) 2500(2000) 2000(2000)

RY0 1(1) 2.5(0.1) 0.1(6.6) 1(1) 5(5)

RYY0 1(2.2) 0.1(0.1) 2(6.6) 6(2.7) 0.1(5)

3Our benchmarks are different from those of NMSSM [39],
where CP conservation was assumed, and where the dominant
decay mode of the lightest CP-even Higgs is into the pseudo-
scalar Higgs boson pairs.
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combined LSP mass and CP-violating parameter. The
values of �s for various models listed in Table II fall into
the range of the values allowed by the relic density (within
the green band). We incorporate these restrictions in our
analysis of Higgs mass and decay widths.

We proceed to examine the effects of the CP-violating
phases on the masses, production cross sections, and
branching ratios of the lightest Higgs boson.

A. The lightest CP-even neutral Higgs boson

The observation of the new boson at the LHC has fueled
speculations of its nature (is it or not the SM Higgs boson),
coupled with analyses of its mass and couplings, and their
comparison with the experimental data. ATLAS [44] and
CMS [45] have reported updates on the combined strength

values for main channels, including H0 ! b �b, ��, �þ��,
WW�ð! ‘�‘�Þ and ZZ�ð! 4‘Þ. While the results still
have significant experimental and systematic uncertainties,
these are expected to decrease with LHC operating at

ffiffiffi
s

p ¼
14 TeV and increased luminosity. The precise determina-
tion of the Higgs couplings to different channels will
establish whether the boson observed at the LHC is the
SM Higgs boson. In our analysis, we wish to explore the
possibility that Higgs boson decays in a non-SM fashion, in
particular, that it can decay significantly invisibly. An
invisible decay mode is very hard to measure directly at
the colliders. However, it is not difficult to be inferred
indirectly. The total decay width of a SM Higgs boson
with mass of 125 GeV is approximately �H0 ¼ 4:2 GeV.
A discrepancy between the theoretical and experimental
value for the width would be an indication of additional

TABLE III. The mass spectra (in GeV) and the relic density 	DM values for the CP-violating (CP-conserving) version of the
scenarios considered given in Table II for the Uð1Þ0 models.

Masses Uð1Þ Uð1ÞS Uð1ÞI Uð1ÞN Uð1Þc
mZ0 1510(1510) 1507(1539) 1513(1500) 1502(1517) 1513(1540)

m~�0
1

43(43) 55(55) 54(44) 43(42) 42(42)

m~�0
2

108(109) 112(110) 125(107) 111(137) 114(128)

m~�0
3

361(361) 715(730) 464(463) 292(297) 286(292)

m~�0
4

386(388) 726(742) 485(479) 326(336) 322(331)

m~�0
5

1487(1489) 1440(1536) 1514(1378) 1505(1498) 1396(1438)

m~�0
6

1535(1540) 1580(1543) 1521(1711) 1556(1549) 1641(1694)

m~�	
1

107(107) 111(110) 124(106) 108(134) 111(125)

m~�	
2

382(384) 724(740) 481(477) 321(332) 318(326)

mH0
1

125.0(125.0) 125.6(125.0) 125.8(126.0) 125.6(126.0) 125.4(125.0)

mH0
2

743(747) 969(1027) 788(930) 642(688) 665(679)

mH0
3

750(754) 977(1033) 798(933) 652(695) 673(687)

mH0
4

1510(1510) 1508(1539) 1513(1500) 1502(1517) 1513(1540)

mH	 572(543) 717(711) 507(802) 418(504) 486(486)

m~eL 1341(1341) 1837(1616) 1306(1219) 700(742) 1134(1139)

m~eR 1054(1054) 1154(695) 748(598) 513(564) 1133(1137)

m ~�L
1341(1341) 1837(1616) 1306(1219) 700(742) 1134(1139)

m ~�R
1054(1054) 1154(695) 748(598) 513(564) 1133(1137)

m~�1 1054(1054) 1154(695) 748(598) 513(564) 1133(1137)

m~�2 1342(1341) 1837(1616) 1306(1219) 700(742) 1135(1139)

m~�e
1340(1340) 1836(1615) 1306(1217) 699(739) 1133(1137)

m~��
1340(1340) 1836(1615) 1306(1217) 699(739) 1133(1137)

m~��
1340(1340) 1836(1615) 1306(1217) 699(739) 1133(1137)

m~uL 1054(1054) 879(874) 999(998) 1106(1108) 1133(1137)

m~uR 1055(1055) 882(877) 1001(1000) 1107(1109) 1134(1138)

m~dL
1056(1055) 880(875) 1000(1001) 1107(1109) 1134(1139)

m~dR
1340(1340) 1675(1698) 1463(1457) 1203(1207) 1133(1138)

m~cL 1054(1054) 879(874) 999(998) 1106(1108) 1133(1137)

m~cR 1055(1055) 882(877) 1001(1000) 1107(1109) 1134(1138)

m~sL 1056(1055) 880(875) 1000(1001) 1107(1109) 1134(1139)

m~sR 1340(1340) 1675(1698) 1463(1457) 1203(1207) 1133(1138)

m~t1 919(911) 659(670) 788(894) 938(968) 994(1002)

m~t2 1201(1207) 1085(1070) 1200(1122) 1277(1275) 1281(1283)

m~b1
1056(1055) 880(875) 1000(1001) 1107(1109) 1130(1135)

m~b2
1340(1340) 1675(1698) 1463(1457) 1203(1207) 1137(1141)

	DM 0.114(0.120) 0.100(0.102) 0.113(0.120) 0.111(0.117) 0.117(0.101)
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decay channels beyond SM. Similarly, reduced decay
branching ratios into known SM Higgs decay modes, in
particular for H0 ! b �b and H0 ! �þ�� (dominant for
mH0 ¼ 126 GeV), could also indicate that other decays
are important.

At tan� � 1 the lightest Higgs mass is determined
mostly by the new F and D terms in the Higgs tree-level
potential, and is thus sensitive to the trilinear Yukawa
coupling YS and the gauge coupling gY0 ð¼ gYÞ in the
numerical analysis. We first present our results for the
dependence of the masses on the CP-violating phases
arg ð�effÞ ¼ �s and arg ðAtÞ ¼ �t, as well as with tan� in
Fig. 2. One can see that the mass variations with �s and �t
are significant, especially in Uð1ÞS, where large regions of
the parameter space for both phases, if combined with
other measurements, can be eliminated. The dependence
on tan� from the third panel of the figure seems to indicate

that only low values tan� � 1–2 are allowed for all Uð1Þ0
models, in agreement with the values chosen in Table II.
To analyze the decay width of the lightest Higgs boson,

we first calculate total production cross section of the
lightest Higgs boson (H0

1) in various models in Table IV,
for �s ¼ 0 (no CP violation) and for �s as in Table II (with
CP violation). We list associated Higgs-vector boson cross
sections, and the total cross section for the vector boson
fusion. Though subdominant production modes for Higgs
bosons, these are the dominant channels for observing an
invisible decay of the Higgs boson [11]. Note that we do
not include here the dominant production mechanism
gg ! H0

1 , as this mode is plagued by large QCD correc-

tions, and thus it is difficult to isolate the invisible decay of
the Higgs boson, which in this production channel is
expected to come from gg ! H0

1 þ jet, and be small. As

expected, the vector-boson fusion production mechanism

FIG. 1 (color online). Mass of the lightest neutralino and the relic density as functions of �s (the phase of the new singlet S) for the
CP-violating versions of Uð1Þ, Uð1ÞS, Uð1ÞI, Uð1ÞN , and Uð1Þc models. The green band indicates the experimentally allowed region.

FIG. 2 (color online). Mass of the lightest neutral Higgs boson as a function of �s (the phase of the new singlet S), �t (the phase of
the soft coupling At), and tan� for the CP-violating versions of Uð1Þ, Uð1ÞS, Uð1ÞI, Uð1ÞN , and Uð1Þc models.
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dominates over the Higgs-vector boson associated produc-
tion in all models. The numbers are fairly consistent across
the models, and largely independent of CP-violating
phases. Thus, we forgo plots of the production cross sec-
tions and expect that any differences would show up in the
branching ratios of the lightest Higgs boson.

We list the dominant decay branching ratios (in %) for
the lightest neutral Higgs in our model and for comparison,
in the SM in Table V, again for no CP violation (�s ¼ 0)
and with CP violation (with phases as given in Table II).
The branching ratios, as well as the cross sections are
largely independent of the �t phase. One can see that,
while the production cross sections are fairly independent
of the CP-violating phase �s, the branching ratios are not,
showing significant differences between the various Uð1Þ0
scenarios and the SM in the branching ratios. First, given
the fact that the lightest neutralino (the LSP) has mass
m~�0

1
<mH0

1
=2, the Higgs boson has a considerable branch-

ing ratio into ~�0
1 ~�

0
1, that is, a significant invisible width.4

This is accompanied by a reduction in the branching ratio
to other two-body decays, in particular �þ�� andWW�. Of
all theUð1Þ0 scenarios, the invisible width is the smallest in
Uð1ÞS, though comparable with the decay width into �þ��
for the case of no CP violation. For the otherUð1Þ0 models,
the branching ratio for the invisible decay goes from a low
9% inUð1ÞI with no CP-violating phases, to 54% inUð1Þc
with CP violation. A general feature emerging from
Table V is that the invisible width is enhanced in the
presence of CP violation (�s � 0) over the case with

�s ¼ 0. This is particularly strong in the case of Uð1ÞS,
where the branching ratio increases for �s (as in Table II) to
3 times of its CP-conserving value, and for Uð1ÞI where it
increases more than twofold. The decay into the invisible
mode can reach over 50%, which is similar to the value
obtained in the MSSM [46]. Note that the decay into
invisible modes is sometimes at the expense of the main
SM decay into b �b. In two of the models studied, Uð1ÞS and
Uð1ÞI, the H0

1 ! b �b branching ratio is in fact increased

with respect to the SM value, while in Uð1Þ, Uð1ÞN , and
Uð1Þc it is suppressed with respect the SM expectations.

But a general feature of all these models is the strong
suppression of the H0

1 ! ðWþW�� þW�þW�Þ and H !
�þ�� decay modes, expected to have a branching ratio of
21.5% and 6%, respectively, in the SM, but much smaller
here. The branching ratio for the decay H0

1 ! �þ�� is

between �2%–3:5%, while that for H0
1 ! WW� ranges

between �5:5%–12%. In a nutshell, the Higgs decay into
the invisible mode ~�0

1 ~�
0
1, is at the expense of H0

1 !
WþW� and �þ�� in all models, and occasionally due to
a suppression of H0

1 ! b �b in some models. This behavior

is not unexpected, as previous studies have indicated that
for light Higgs masses, the decay into neutralinos and
Higgs pseudoscalar pairs (if kinematically allowed) domi-
nate, at the expense of the SM decay modes. Increasing the
lightest Higgs mass opens allowed channels, but the
branching ratios are affected by the mixing with the singlet
Higgs field, the pseudoscalar and the effect of the
CP-violating phase. However, due to differences in decay
patterns among various anomaly-free versions of the Uð1Þ0
models, a more precise measurement of the Higgs boson
branching ratios at the LHC will serve not only to differ-
entiate between the SM and the Uð1Þ0 model, but among
the different versions of Uð1Þ0’s. In Fig. 3 we plot the
variation of the branching ratios of the lightest Higgs boson

TABLE IV. Total cross sections (in fb) of associated production channel (H0
1X) and vector boson fusion production channel (H0

1jj)
(in fb) for the CP-violating (CP-conserving) versions of Uð1Þ, Uð1ÞS, Uð1ÞI , Uð1ÞN , and Uð1Þc models considered in the paper.

Observables Uð1Þ Uð1ÞS Uð1ÞI Uð1ÞN Uð1Þc

ðpp ! H0

1ZÞ 639(642) 631(647) 628(610) 628(624) 634(642)


ðpp ! H0
1W

þÞ 720(725) 708(725) 705(687) 708(701) 711(720)


ðpp ! H0
1W

�Þ 445(447) 437(448) 435(424) 437(433) 439(444)


ðpp ! H0
1jjðVBFÞÞ 4983(4930) 4848(4920) 4861(4840) 4874(4850) 4873(4893)

TABLE V. Dominant branching ratios (in %) of H0
1 decay channels for the CP-violating (CP-conserving) version of the Uð1Þ,

Uð1ÞS, Uð1ÞI, Uð1ÞN , and Uð1Þc scenarios considered, and in the SM.

Branching ratio Uð1Þ Uð1ÞS Uð1ÞI Uð1ÞN Uð1Þc SM

BRðH0
1 ! ~�0

1 ~�
0
1Þ 36.0(34.0) 8.0(2.6) 20.0(9.0) 49.0(41.0) 54.0(42) � � �

BRðH0
1 ! b�bÞ 48.0(49.0) 70.0(73.0) 60.0(66.0) 38.0(44.0) 36.0(43.0) 60

BRðH0
1 ! ���þÞ 2.3(2.4) 3.5(3.6) 3.0(3.3) 1.9(2.2) 1.8(2.2) 6

BRðH0
1 ! WW�Þ 7.4(7.2) 10.9(11.1) 9.8(12.0) 6.1(7.5) 5.3(6.6) 21.5

4Note that in principle the Higgs boson can decay into sneu-
trinos, which can then cascade into neutralinos, contributing to
the invisible width. We preclude this possibility here, as m~� <
mH0

1
=2 would require soft left-handed slepton masses of

Oð100Þ GeV, in conflict with the EDM constraints.
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with the CP-violating phase �s. In the first two panels, we
depict the dependence of the BRðH0

1 ! �0
1�

0
1Þ with �s and

tan�. As we have seen previously tan�� 1–2 (as in
Table II), and in that region the invisible decay width is
large, and very sensitive to tan�. We show the variation of
the branching ratios of the other dominant SM and Uð1Þ0
modes, as well as the that for BRðH0

1 ! 4‘Þ, because the

LHC is sensitive to this decay in the 124–126 GeV mass
range, and the value is expected to become more precise.
Note that we did not include any of the loop dominated
decays, such as H0

1 ! gg, ��, as these are sensitive to the

masses and mixing parameters of the (numerous) particles
in the loop, and there no new contributions to these pro-
cesses with respect to MSSM. The third panel in the top
row of the figure shows that, while the BRðH0

1 ! b �bÞ in
SM seems to fall somewhere in the middle of predictions
for Uð1Þ0 models, the SM BRðH0

1 ! �þ��Þ (bottom row,

left side) is 6%, and outside the range of Uð1Þ0 models, and
so is the SM value for the BRðH0

1 ! WW�Þ (bottom row,

middle panel). BRðH0
1 ! 4‘Þ (bottom row, right panel) is

also beyond the upper high end ofUð1Þ0 model predictions;
the value expected in the SM is 0.013% while in the Uð1Þ0
models, the BR’s fall in the �0:0025%–0:0055% range.
The results for these decay widths might be more mean-
ingful experimentally than the invisible Higgs width,
which is difficult to measure.

B. The second lightest neutral Higgs boson

If the underlying symmetry in nature is not the SM, it is
very likely that more Higgs boson states will be observed.
TheUð1Þ0 models all predict additional neutral and charged
Higgs states. The present collider bounds indicate that the
mass of the second lightest Higgs boson must be heavier
than about 600 GeV. In our model, this mass shows explicit
dependence on the CP-violating phases �s and �t. This
dependence is correlated with the lightest boson mass. As
the mH > 600 GeV mass region will be available to LHC
working at increased

ffiffiffi
s

p ¼ 14 TeV, we show the mass
dependence of the second lightest neutral Higgs boson in
Fig. 4. The variation of this mass with either on the

FIG. 3 (color online). BRðH0
1 ! �0

1�
0
1Þ as a function of �s and tan�, and BRðH0

1 ! b �bÞ, BRðH0
1 ! �þ��Þ, BRðH0

1 ! WW�Þ, and
BRðH0

1 ! ‘þ‘�ZÞ, as functions of �s for the CP-violating versions of Uð1Þ, Uð1ÞS, Uð1ÞI, Uð1ÞN , and Uð1Þc models. When

available, we also show the value of the corresponding SM quantity.
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CP-violating phases �s or �t is not as pronounced as for
the lightest Higgs boson. Unlike in MSSM, in the majority
of models under study this state appears to have a signifi-
cant component of the pseudoscalar A0. We leave the
details of the decay width for later, when more experimen-
tal information could become available.

V. DISCUSSION AND CONCLUSION

The recent discovery of a Higgs-like boson at the LHC
does not preclude the possibility of beyond the standard
model (BSM) physics. With increased energy and lumi-
nosity, the couplings of the Higgs boson to SM particles
will be measured with increased precision. In addition to
the SM modes, the BSM Higgs boson can decay invisibly
(to neutralinos, heavy neutrinos, or additional scalars). Our
work investigates such a possibility, in a Uð1Þ0-extended
supersymmetric model, by analyzing the decay patterns of
the lightest neutral Higgs boson. This study is motivated by
the fact that the composition of the Higgs bosons is differ-
ent from one in the SM or MSSM and hence, production
and decay mechanisms are affected. Also significant is that
Uð1Þ0 models, unlike the SM, predict a light Higgs boson
(mH0

1
’ 125 GeV) naturally.

We chose anomaly-free versions of Uð1Þ0 motivated by
breaking of string-inspired E6SSM, and study the effects
for both the CP-conserving and CP-violating scenarios,
and compare the lightest Higgs boson production and
decay to that in the SM. Our analysis has two goals: one
is to analyze effects of CP violation on Higgs masses and
decays, the other is look for differences among each of the
Uð1Þ0 models for decay patterns, and identify characteristic
signatures.

We perform a complete study of Higgs sector of the
effective Uð1Þ0 models, starting with calculation of masses
and mixings in the Higgs sector, and including corrections
from the stop and sbottom sector to one-loop level. Then

we introduce benchmark scenarios for each E6SSM
motivatedUð1Þ0 model, defined in terms of soft parameters,
and the Higgs, Z0 and sparticle spectra obtained for the
benchmarks. We include a complete spectrum for the
neutralinos, and include the saturation of the relic density
constraint for each of the five versions of theUð1Þ0 models.
Our mass spectra calculation is restricted by the inclusion
of all the known constraints on the low energy spectrum,
and including all the recent constraints on the lightest
Higgs boson mass, and also for rare decays and cosmo-
logical constraints.
We then investigate the cross sections in channels (the

vector fusion channel and the associated Higgs production
with a vector boson) most propitious to look for the Higgs
boson to decay invisibly. While the cross sections are not
significantly affected by the CP phases (coming from the
effective � parameter and the scalar trilinear couplings),
the masses and the branching ratios show significant var-
iations. With one exception, the decay into the lightest
neutralino pair is significant in all, and dominant in two
of the five Uð1Þ0 models under investigation. The invisible
decay comes with, sometimes a suppression of the b �b
decay mode, from 60% to as low as 36%, except for
Uð1ÞS and Uð1ÞI, where the branching ratio is enhanced
with respect to the SM, up to 73%, in the absence of
CP-violating phases. All models exhibit a strong suppres-
sion of �þ�� mode (by a factor of 2–3), of WW� (by a
factor of 2–5) and of 4‘ by the same factor. Some of these
branching ratios seem to be in agreement with the present
LHC data [44,45], although the measurements are not yet
precise enough for a conclusive statement. The strong
suppression in all Uð1Þ0 models of the decay into WW�
can be traced to the mixing with the singlet, the pseudo-
scalar, and the CP-phase contribution, all of which are
known to modify the couplings of the Higgs boson with
respect to their SM values. Overall, we find that Higgs
phenomenology in theUð1Þ0 model is significantly affected

FIG. 4 (color online). MH0
2
as a function of �s (the phase of the new singlet S) and �t (the phase of the soft coupling At) for the

CP-violating versions of the Uð1Þ, Uð1ÞS, Uð1ÞI, Uð1ÞN , and Uð1Þc models.
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by the CP phases, especially �s, and yields distinct
signatures. The resulting signatures are unlike those of
the NMSSMwith CP violation, where the branching ratios
of the lightest neutral Higgs boson are fairly independent
of the values of CP phase �s [47]. Some of the signals in
Uð1Þ0 are typical of the anomaly-free versions of the mod-
els studied, others are characteristic for a scenario (such as
the enhancement of the branching ratio into b �b in Uð1ÞS
andUð1ÞI). While other generic tests of CP violation in the
supersymmetric sector exist, such as measuring chargino
polarization [20], the dependence of the masses and decay
patterns of the Higgs boson with the phases are a much
more promising indications forCP violation inUð1Þ0. Such
signatures can be probed at the LHC, and are within reach
at

ffiffiffi
s

p ¼ 14 TeV with luminosity L ¼ 100 fb�1.
The decay patterns would enable to distinguish Uð1Þ0

models from the SM, but also from each other. For in-
stance, Uð1ÞS and Uð1ÞI show some similar decay patterns,
insofar as the decay H0

1 ! b �b is dominant. Among all the
models studied, Uð1ÞS is the only one where the branching
ratio of Higgs decay into neutralinos is below 10%; while
in Uð1ÞI the branching ratio into invisible modes is in the
10%–20% range. In Uð1Þ, Uð1ÞN , and Uð1Þc , the partial
width into the invisible mode is significant, but in Uð1Þ it

is still slightly below that into b �b. Distinguishing between
Uð1ÞN and Uð1Þc could also be based on the branching

ratio into the invisible channel, which can be over 50% in
Uð1Þc , but under 50% in Uð1ÞN .

The characteristic signatures at the LHC would be dis-
tinctive kinematic distribution of the two quark jets in the
Higgs production through vector boson fusion, compared
to the Zjj and Wjj backgrounds. In the Higgs production
with an associated vector boson, the ZH associated pro-
duction seems more promising, as a clean signal in the
dileptonþ 6ET channel will have little background, unlike
the WH model where the single leptonþ 6ET suffers from
large background effects from off-shell Drell-Yan produc-
tion, as previously discussed in the literature [11]. This
scenario also has consequences for other neutral Higgs
states, and for the charged Higgs, the analyses of which
await more data.
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APPENDIX: EXPLICIT MASS FORMULA

In this Appendix we give the complete and detailed
analytical expressions used in our calculations.

1. Scalar top and scalar bottom masses

Stop and sbottom mass-squared matrices show clearly
the differences between the MSSM and Uð1Þ0 extended
models. As can be seen from the following expressions,
extra charges and gauge couplings affect LL and RR en-
tries especially if the vacuum expectation value of the S
field is sizable (vS 
 1 TeV).
The entries of the field dependent M2 for scalar top are

given by

M2
LL¼M2

~Q
þY2

t jHuj2�1

4

�
g22�

g2Y
3

�
ðjHuj2�jHdj2Þ

þg2Y0QQðQujHuj2þQdjHdj2þQSjSj2Þ;

M2
RR¼M2

~U
þY2

t jHuj2�g2Y
3
ðjHuj2�jHdj2Þ

þg2Y0QUðQujHuj2þQdjHdj2þQSjSj2Þ;
M2

LR¼M2y
RL¼YtðA�

t H
0�
u �YSSH

0
dÞ;

(A1)

similarly for the scalar bottom mass squared, we have

M2
LL¼M2

~Q
þY2

bjHdj2þ1

4

�
g22þ

g2Y
3

�
ðjHuj2�jHdj2Þ

þg2Y0QQðQujHuj2þQdjHdj2þQSjSj2Þ;

M2
RR¼M2

~D
þY2

bjHuj2þg2Y
6
ðjHuj2�jHdj2Þ

þg2Y0QDðQujHuj2þQdjHdj2þQSjSj2Þ;
M2

LR¼M2y
RL¼YbðA�

bH
0�
d �YSSH

0
uÞ:

(A2)

2. Neutral Higgs boson masses

The neutral Higgs masses are obtained by diagonalizing
the 4� 4 matrix in Eq. (18). The explicit values of the
entries are

M2
11 ¼ 	

3�tvu

�
�t

�
3�2

t

�
�2

b

�
2Y4

t v
3
u ln

�m2
~t1
m2

~t2

m4
t

�
þ �vdðAbCbFbY

2
b þ AtCtFtY

2
t Þ
�
þ 2�2GbY

4
bvuðAbCbvd � �vuÞ2

�

þ 6A2
t�

2
bGtY

4
t vuð�Ctvd � AtvuÞ2 þ 64�2�2

b�
2
t �uv

3
u

�

þ 12At�
2
bðGt � 2ÞY4

t �
2
t v

2
uð�Ctvd � AtvuÞ þ ���2

bvd�
2
t�t

�
; (A3)
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M2
12 ¼

�	

3�b�t

½�2
t�tð�bð3�AbY

2
bð2GbY

2
bðAbCbvd ��vuÞðAbvd ��CbvuÞ þ Cb�

2
bFbÞ � 32�2�2

bvdvu�udÞ
þ 6��2

bðGb � 2ÞY4
bvdð�vu � AbCbvdÞ þ���2

b�bÞ þ 6��2
b�bY

4
t ð�vd � AtCtvuÞðAtGt�tð�Ctvd � AtvuÞ

þ ðGt � 2Þ�2
t vuÞ þ 3�At�

2
b�bCtFtY

2
t �

2
t�t�; (A4)

M2
13 ¼

	

3vS�t

½�2
t�tð�2

bð3�FbY
2
bð2�vu �AbCbvdÞ þ 32�2v2

Svu�usÞ þ 6�2GbY
4
bvuðAbCbvd ��vuÞ2

����2
bvdÞ � 3�At�

2
bCtvdFtY

2
t �

2
t�t � 6��2

bvdY
4
t ð�vd �AtCtvuÞðAtGt�tð�Ctvd �AtvuÞ þ ðGt � 2Þ�2

t vuÞ�;
(A5)

M2
14 ¼

2	�!

vS�t

½�tð�AbGbY
4
bSb�

2
t ð�vu � AbCbvdÞ þ A2

t�
2
bGtY

4
t StðAtvu ��CtvdÞÞ � At�

2
bðGt � 2ÞY4

t St�
2
t vu�; (A6)

M2
22 ¼

	

3�bvd

�
�b

�
3�2

t

�
�2

b

�
2Y4

bv
3
d ln

�m2
~b1
m2

~b2

m4
b

�
þ�vuðAbCbFbY

2
b þ AtCtFtY

2
t Þ
�
þ 2A2

bGbY
4
bvdðAbvd ��CbvuÞ2

�
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bvdGtY
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3
d�

2
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bðGb � 2ÞY4

bv
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2
t ðAbvd ��CbvuÞ þ���2

b�b�
2
t vu

�
; (A7)

M2
23 ¼

	

3�bvS

½�2
t ð�bð3��2

bðFtY
2
t ð2�vd �AtCtvuÞ �AbCbFbY

2
bvuÞ

� 6�AbGbY
4
bvuð�vu �AbCbvdÞð�Cbvu �AbvdÞ þ 32�2�2

bvd�dsv
2
SÞ

þ 6��2
bðGb � 2ÞY4

bvdvuðAbCbvd ��vuÞÞþ 6�2�2
b�bvdGtY

4
t ð�vd �AtCtvuÞ2 ����2

b�b�
2
t vu�; (A8)

M2
24 ¼

2	�!

�bvS

½�bðA2
bGbY

4
bSb�

2
t ðAbvd ��CbvuÞ þ�At�

2
bGtY

4
t Stð�vd �AtCtvuÞÞ�Ab�

2
bðGb � 2ÞY4

bSbvd�
2
t �; (A9)

M2
33 ¼

	

3v2
s

½�2
t ð3�vuð�2

bvdðAbCbFbY
2
b þ AtCtFtY

2
t Þ þ 2�GbY

4
bvuðAbCbvd ��vuÞ2�

þ 64�2�2
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SÞ þ 6�2�2
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2
dGtY
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M2
34 ¼

2	�2!

v2
S

½AbGbY
4
bSb�

2
t vuð�vu � AbCbvdÞ þ At�

2
bvdGtY

4
t Stð�vd � AtCtvuÞ�; (A11)

M2
44 ¼

	�!2

3vdv
2
Svu

½3�2
t ð�2

bðAbCbFbY
2
b þ AtCtFtY

2
t Þ þ 2�A2

bGbY
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bS
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bvdvuÞ þ 6�A2

t�
2
bvdGtY

4
t S

2
t vu þ ��2

b�
2
t �: (A12)

3. CP-odd tadpole terms

Explicit forms of the CP-odd tadpole terms are

T 4 ¼ �ASvd sin ð�� þ �SÞ þ 1

32�2
3�vdðAbFbY

2
bSb þ AtFtY

2
t StÞ;

T 5 ¼ �ASvu sin ð�� þ �SÞ þ 1

32�2
3�vuðAbFbY

2
bSb þ AtFtY

2
t StÞ;

T 6 ¼ �ASvdvu sin ð�� þ �SÞ
vS

þ 1

32�2vS

3�vdvuðAbFbY
2
bSb þ AtFtY

2
t StÞ:

(A13)
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4. Charged Higgs boson masses

Finally, the charged Higgs mass is obtained by diagonalizing the matrix in Eq. (20). One of the eigenvalues will be
the Goldstone boson needed to give mass to theW	 boson, the other is the real charged Higgs mass. The explicit entries in
(20) are

M2	
11 ¼ 1

3v2v2
S�tvu
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2
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5. Auxiliary expressions

In the above expressions, we use the following short-hand notations:

� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1024�4A2

S � 9ðAbFbY
2
bSb þ AtFtY

2
t StÞ2

q
; (A18)

and

�u ¼ 1

2
Q2

ug
2
Y0 þ g2

8
; �d ¼ 1

2
Q2

dg
2
Y0 þ g2

8
; �s ¼ 1

2
g2Y0QSS

2;

�ud ¼ QdQug
2
Y0 � g2

4
þ Y2

S; �ds ¼ QdQSg
2
Y0 þ Y2

S; �us ¼ QSQug
2
Y0 þ Y2

S:
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