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Gauge singlet extensions of the standard model (SM) scalar sector may help remedy its theoretical and
phenomenological shortcomings while solving outstanding problems in cosmology. Depending on the
symmetries of the scalar potential, such extensions may provide a viable candidate for the observed relic
density of cold dark matter or a strong first order electroweak phase transition needed for electroweak
baryogenesis. Using the simplest extension of the SM scalar sector with one real singlet field, we analyze
the generic implications of a singlet-extended scalar sector for Higgs boson phenomenology at the Large
Hadron Collider (LHC). We consider two broad scenarios: one in which the neutral SM Higgs and singlet
mix and the other in which no mixing occurs and the singlet can be a dark matter particle. For the first
scenario, we analyze constraints from electroweak precision observables and their implications for LHC
Higgs phenomenology. For models in which the singlet is stable, we determine the conditions under which
it can yield the observed relic density, compute the cross sections for direct detection in recoil experi-
ments, and discuss the corresponding signatures at the LHC.
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I. INTRODUCTION

The minimal standard model (SM) of particle physics
agrees very well with precision measurements, and it pro-
vides a natural suppression of flavor changing neutral
current effects as well as electric dipole moments arising
from electroweak CP-violation. Despite its phenomeno-
logical success, however, the SM has well-known short-
comings, such as a large fine-tuning required to obtain a
Higgs mass that is not at the Planck scale for electroweak
symmetry breaking at the TeV scale. Fits to electroweak
precision data also suggest a light Higgs boson, in mild
conflict with the excluded region of masses set by LEP,
though this tension can be relieved with a light Higgs
boson somewhat above the LEP limit of 114 GeV [1].
The SM also fails to provide a particle physics explanation
for cosmological observations, such as the predominance
of visible matter over antimatter and the nonluminous dark
matter (DM) whose contribution to the cosmic energy
density is about 5 times larger than that of the visible
matter. Indeed, the abundances of both visible and dark
matter—along with neutrino oscillations—are the most
direct evidence for physics beyond the SM.

A simple extension of the SM that can help solve these
problems is the addition of a singlet scalar field. Singlet
extensions have been studied in the SM [2–12] and in
supersymmetry [13–36]. With the imminent operation of
the Large Hadron Collider (LHC), it is worthwhile consid-
ering the implications of singlet extensions of the scalar
sector of the SM for Higgs boson studies at the LHC. In this
paper, we delineate the broad outlines of Higgs phenome-
nology at the LHC in these singlet-extended scenarios,
addressing the following questions: (1) To what extent
can the presence of additional singlet scalars that mix

with the SM Higgs boson affect the Higgs discovery po-
tential at the LHC? (2) If a neutral scalar is discovered at
the LHC, to what extent can one determine that it is a ‘‘SM-
like’’ or ‘‘singletlike’’ scalar? (3) If the singlet is stable and
provides for the observed relic abundance of cold dark
matter, how will it affect Higgs boson searches at the
LHC? (4) What are the direct detection prospects in elastic
scattering experiments of an augmented scalar sector that
includes a stable singlet?

To address these issues, we consider the simplest exten-
sion of the SM scalar sector that involves the addition of a
real scalar singlet field S to the SM Lagrangian. Although it
is possible to generalize to scenarios with more than one
singlet, the simplest case of a single additional singlet
scalar provides a useful framework for analyzing the ge-
neric implications of an augmented scalar sector for LHC
phenomenology.1 Following the notation of Ref. [7], the
most general Higgs potential with one additional singlet
field that does not obtain a vacuum expectation value
(VEV) is
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where H is the SU�2� double field and where m2 and � are
the usual SM parameters of the Higgs potential.
Combining this singlet-extended Higgs sector with the

1We note, however, that the authors of Ref. [9] observed that
the presence of a very large number (� 10) of light scalars
could degrade the Higgs discovery potential at the LHC. Here,
we concentrate on the opposite extreme N � 10 that seems well
motivated theoretically.
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rest of the SM gives the ‘‘xSM,’’ the extended standard
model. The coefficient of the linear term in S is chosen so
that S does not acquire a VEV (or equivalently, emerges
after shifting S to remove its VEV). The parameter �1

appearing there and in the HyHS term governs the degree
of mixing between the S and the SM Higgs, h. In the
absence of such mixing, the singlet mass is determined
by �2 and �2.

A. Higgs mixing case

In general, the singlet field, S, mixes with the SM Higgs
boson, h, allowing it to couple to the same states as the SM
Higgs. As noted in Ref. [7], the decay branching ratios for
the lightest of the two neutral scalars, H1, will be identical
to those of a SM Higgs boson having the same mass, while
its production rate will be reduced from that of a SM Higgs
by the square of the mixing parameter. If the mass of the
second scalar, H2, is more than twice that of the first, its
branching ratios to conventional SM Higgs decay products
will be reduced because the decay H2 ! 2H1 becomes
kinematically allowed. Moreover, the presence of this
‘‘Higgs splitting’’ channel would result in exotic Higgs
decay products, such as four b-jets or b �b����. This chan-
nel is particularly interesting if the H2 is singletlike, since
it would be a signature of singlet extensions that provide
for a strong, first order electroweak phase transition
(EWPT) as needed to explain the baryon asymmetry of
the Universe (BAU)[37]. Note that while a singlet that
mixes with the SM Higgs is unstable and, therefore, not a
candidate for particle dark matter, the abundance of dark
matter may be explained by the QCD axion [38].

In what follows, we analyze the consequences for LHC
Higgs phenomenology from the general features of Eq. (1).
In doing so, we discuss the implications of Higgs boson
searches at LEP and of electroweak precision observables
(EWPO). Both considerations lead to rather severe restric-
tions on the phenomenologically relevant parameters in the
potential. Indeed, a key feature of our analysis involves the
tension between EWPO, which favor light scalars that have
a significant SU�2� component, and the LEP searches,
which allow scalars with masses below 114 GeV only if
they have a relatively small SU�2� admixture. The presence
of the augmented scalar sector in the xSM relaxes this
tension compared to the situation in the SM, where
EWPO favor a Higgs mass below 150 GeV [39].2 When
the mixing between h and S is maximal and each mass
eigenstate couples to SM gauge and matter fields with
equal strength, the mass of the heavier scalar can be as
large as �220 GeV (see Figure 10 of Ref. [37].). Away
from maximal mixing, the upper bound on the SM-like

scalar becomes smaller, while that of the singletlike scalar
can be larger. Even with these relaxed EWPO restrictions
on the xSM scalar masses, the competing considerations
from EWPO and direct Higgs searches strongly affect the
character of possible models leading to discovery pros-
pects of neutral scalars at the LHC.

In this context, it is important to bear in mind that an
extended scalar sector described by Eq. (1) may not be the
only manifestation of the larger framework in which the
standard model is embedded. The presence of additional
new physics that significantly affects EWPO will modify
the analysis of the foregoing considerations [41] and could
allow heavier scalars with significant SU�2� fraction.3.

In the absence of compensating new physics, we find
that if a neutral scalar is discovered at the LHC with mass
above �160 GeV, then it is quite likely to be the heavier
scalar (H2) and to contain a significant mixture of the S
with the h. The singlet admixture must be large enough to
suppress the effect of the H2 on electroweak radiative
corrections but still small enough to allow significant
coupling to conventional SM Higgs decay modes needed
for its discovery. Importantly, the possibility of discovering
an EWPO-compatible neutral scalar in this mass range is
one consequence of an augmented scalar sector and would
provide strong evidence for physics beyond the minimal
SM. Conversely, if the mass of the scalar is lighter than
�160 GeV, then it is most likely to be a SM-like H1. In
either case, if such a scalar discovery is made at the LHC
then it is possible to determine or limit the degree of S-h
mixing by observing the event rate of the Hj ! ZZ! 4‘
channel or Hj ! WW ! ‘�jj from weak boson fusion
(WBF), which is feasible with 	 30 fb�1 of data if the
Higgs rate to SM modes is * 40% that of the SM Higgs.

It is also possible that the presence of an augmented
scalar sector would reduce the probability of making a 5�
discovery using conventional SM Higgs search channels.
Nevertheless, a neutral scalar that does not yield such a 5�
discovery may be observed if the Higgs to two Higgs
splitting process is kinematically allowed. In this case, if
theH2 is SM-like, then EWPO imply that it must be lighter
than about 160 GeV, and if the Higgs splitting channel is
open then it could yield a significant number of four b-jet
events. Conversely, if the H2 is singletlike, then its mass
must be * 230 GeV, since the pair of H1 into which it
decays must each be SM-like and have mass>114 GeV to
satisfy the LEP search limit. For some models, one could
observe several hundred b �bb �b jet events that reconstruct to
the H2 mass (before cuts) with 30 fb�1 integrated lumi-
nosity, with the number of such events decreasing with the
mass of the H2. However, it is quite possible that the Higgs
splitting decays of singletlike H2 would not produce

2This bound pertains to the impact of EWPO alone and does
not incorporate the constraints from the LEP 2 direct search
lower bound. Including the latter can increase the upper limit by
�40 GeV [40].

3The figures in this paper show both the cases in which the
EWPO constraints are imposed and those in which they are not,
both for comparison and to allow for the possibility of compen-
sating new physics.
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enough exotic final state events above backgrounds to be
conclusively identified at the LHC. In this case, one would
look to future Higgs studies at a Linear Collider.

B. Dark matter singlet

If the potential in Eq. (1) displays a Z2 symmetry (�1 �
�3 � 0), vertices involving an odd number of singlet fields
do not exist, making the singlet stable. In this case, the
singlet can be a viable candidate for particle DM. The
parameter space of this model is then constrained to ac-
commodate the density of relic DM particles in the
Universe implied by the cosmic microwave background
and other astrophysical observations [42,43].

Scalar singlet DM in this model can also have a signifi-
cant impact for Higgs boson searches at the LHC since the
singlet only couples to SM Higgs decay modes via the
Higgs boson. In many cases, the Higgs boson can decay to
two singlets, thereby reducing the likelihood of discover-
ing the Higgs boson in traditional search modes. However,
the Higgs can still be discovered with a search via weak
boson fusion and Z-Higgstrahlung where the Higgs decays
to states that are invisible [44,45]. Other, indirect, non-
accelerator avenues toward observing the stable singlet are
through dark matter recoil detection experiments. Within
the parameter space we consider, the singlet is expected to
generate a proton spin-independent cross section in the
range of 10�8–10�9 pb for such recoil experiments. A
cross section of this order is within the range of upcoming
indirect experiments [46]. The S has only scalar interac-
tions with matter, so it would not generate a spin-
dependent signal in future DM searches.

The analysis leading to these (and other conclusions) is
organized as follows: In Sec. II, we discuss singlet mixing
in the Higgs sector and the considerations from LEP Higgs
searches. In Sec. III, we discuss the constraints from
EWPO on the scalar sector. The resulting implications
for LHC Higgs studies are discussed in Sec. IV. The singlet
as a dark matter candidate is discussed in Sec. V where
predictions for direct detection rates for spin-independent
scattering on nucleons are given. We summarize our main
results with model illustrations in Sec. VI and conclude in
Sec. VII. Technical details regarding scalar contributions
to gauge boson propagators as needed for the analysis of
EWPO appear in the appendix.

II. THE SINGLET AS AN EXTRA HIGGS BOSON

Singlet mixing in the Higgs sector is a well-studied
effect in the xSM [5,7] and MSSM [13,14] as well as
radion mixing in Randall-Sundrum models [47].

The mass-squared matrix of the Higgs sector in the
singlet-extended SM is

 M2
H �

�v2=2 �1v=2
�1v=2 �Sv2=2

� �
; (2)

where v �
���
2
p
hH0i � 246 GeV and �S 
 �2 � 2�2=v2.

This matrix can be diagonalized by a rotation matrix Rij
to obtain the mass eigenstates
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The masses and mixing angles are given by

 M2
1;2 �

��� �S�v
2

4
�

���������������������������������������������
v4��� �S�

2 � 4v2�2
1

q
4

;

tan� �
2�1
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(4)

where the states are ordered according to their mass:
MH1

<MH2
. (We note that these conventions differ from

those of Refs. [7,37], where the eigenstates denote the
SU�2�-like and singletlike scalars, respectively).

Singlet mixing reduces the coupling strengths of the
Higgs state, Hi, to all SM fields by the factors

 g2
H1
� cos2�; g2

H2
� sin2�: (5)

If sin�< 1=
���
2
p

, then the heavier state is dominantly sin-
glet. Since the reductions are universal for all SM inter-
actions, the branching fractions of the Higgs bosons to the
SM modes do not differ from those of the SM if additional
decay modes are not accessible. Therefore, the lightest
Higgs boson often obeys the LEP lower limit of
114 GeV. Exceptions are possible if cos2� is small, reduc-
ing the ZZh coupling or if the Higgs is very light, below the
threshold for decays to b �b. This is similar to the case of a
light A1 in the NMSSM [48,49].

If kinematically allowed, the heavier Higgs boson may
decay to pairs of the light Higgs, altering the H2 branching
fractions to SM modes (XSM)

 BF �H2 ! XSM� �
g2
H2

BF�hSM ! XSM��hSM

g2
H2

�hSM
� ��H2 ! H1H1�

: (6)

Here the heavy Higgs decay rate is given by

 ��H2 ! H1H1� �
jg211j

2

32�MH2

���������������������
1�

4M2
H1

M2
H2

vuut ; (7)

with the H2H1H1 coupling given by
 

g211 �
1

2
�1cos3�� �2�3 � �1�sin2� cos�

�
v
2

sin��3�cos2�� 2�2�1� 3cos2���: (8)

This decay is accessible only if

 ��� 4�S��4�� �S� � 25
�2

1

v2 > 0: (9)

A reduction in the branching fractions and coupling can
result in a decrease in the SM statistical significance of
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Higgs discovery at the LHC. This reduction factor can be
written as a product of the production strength and the
branching fractions relative to the SM

 	2
i � g2

Hi

BF�Hi ! XSM�

BF�hSM ! XSM�

�

8><
>:
g2
H1

i � 1

g2
H2

g2
H2

�hSM

g2
H2

�hSM
���H2!H1H1�

i � 2
: (10)

To illustrate these effects, we have performed a numerical
scan over the parameter space describing the extended
scalar sector of the xSM. In our scan, we veto points in
which the potential is not a global minimum. The ranges of
values we adopt are
 

0 � � � 3;

�3 � �2 � 3;

�200 GeV � �1 � 200 GeV;

��500 GeV�2 � �2 � �500 GeV�2;

�1000 GeV � �3 � 1000 GeV; (11)

where the quadratic scalar parameter, �2, is absorbed into
�S as above. The quartic parameter, �4, does not affect the
Higgs sector since hSi � 0. The range of parameters
scanned is sufficiently large to show the varied states that
can exist at the few hundred GeV mass scale. As we discuss
below, EWPO restrict the mass of a SM-like scalar to be
well below v, leading to reduced ranges for � and �S. Of all
the random points scanned, 17% satisfy the EWPO con-
straints. The constraints from unitarity are satisfied as the
heavy Higgs masses are below the unitarity bound of the
SM (Mh & 1 TeV).

Figure 1 shows the reduction factor, 	2
i , of the signal

compared to that of the SM Higgs. When the coupling �1v
is large, mixing is strong enough (e.g., cos2� is sufficiently
suppressed) to permit the lightest Higgs (H1) to be below
the LEP limit shown by the vertical line. Alternatively, if
�1v is small then the lightest Higgs can be dominantly
singlet if �S & 0:45 & �. In either case, the Higgs can be
lighter than the LEP limit due to its weak coupling to SM
fields. For a very light Higgs, the amount of mixing can be
severely limited by experimental limits on B! HiX and
�! Hi
 decays [7,50].

III. ELECTROWEAK PRECISION CONSTRAINTS

The mixing of the neutral SU�2� and singlet scalars will
affect EWPO through changes in the gauge boson propa-
gators. To analyze the corresponding implications for the
xSM we have computed the scalar contributions to the
gauge boson propagators generated by the one-loop dia-
grams of Fig. 2. In the presence of an additional neutral
scalar, only the scalar contributions to the W and Z-boson
propagator functions, �WW�q

2� and �ZZ�q
2�, respectively,

differ from those in the SM. Since the neutral scalars have
no electromagnetic coupling, �

�q2� and �Z
�q2� are
unaffected. We work in the Feynman gauge and employ
MS renormalization. In order to delineate the various con-
tributions, it is useful to relate the neutral mass eigenstates
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FIG. 1 (color online). Reduction factor of the Higgs boson signal with respect to the SM. The LEP SM Higgs mass bound for 	2
i � 1
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include constraints from EWPO as discussed below.
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FIG. 2. Feynman diagrams of gauge boson propagators that are
affected by Higgs bosons.
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to components of the neutral SU�2� and singlet scalar field
via

 

h
	
S

0
@

1
A � VH

H1

H2

G0

0
@

1
A; (12)

where the Hj are the mass eigenstates given in Eq. (3), G0

is the neutral would-be Goldstone boson, and the neutral
component of the SU�2� scalar is given byH0 � �v� h�
i	�=

���
2
p

. The mixing matrix VH is given by

 V H �

cos� � sin� 0
0 0 1

sin� cos� 0

0@ 1A: (13)

Explicit expressions for the modified scalar contributions
to the W and Z propagator functions for an arbitrary
number of additional real (neutral) scalars computed in
the MS scheme are given in Appendix A. The correspond-
ing MS renormalized quantities are denoted �̂VV�q2; ��,
where V � W or Z and � is the renormalization scale.
Here, we take � � MZ. The scalar contributions to the
�̂VV are governed by three parameters: the two masses,
MH1;2

, and the mixing angle, �. Constraints on these quan-
tities implied by EWPO translate into restrictions on the
parameters appearing in the potential via Eq. (4).

The effect of scalar contributions to the �̂VV on Z0-pole
observables and theW-boson mass can be characterized by
the oblique parameters S, T, U, and V [51,52]. The impact
on observables associated with other processes, such as
atomic parity violation [53] and parity-violating electron
scattering asymmetries [54] at low momentum transfer,
require inclusion of the additional oblique parameter X
that compares the Z-
 mixing tensor, �̂Z
, at q2 � M2

Z

and q2 � 0. However, neutral scalars do not contribute to
�̂Z
 at one-loop order, so their impact on low-energy
precision observables is characterized solely by S and T
(nonoblique contributions to low-energy precision observ-
ables are suppressed by the light fermion Yukawa cou-
plings). When the mass scale of new particles that
contribute to the �̂VV is well above the electroweak scale,
inclusion of only S, T, and U provides a good approxima-
tion to the exact contributions from these particles to both
low- and high-energy EWPO. In the present instance, the
masses of the neutral scalars can be close to the electro-
weak scale, so this approximation is not a priori valid. In
particular, the V parameter that enters the Z partial widths
and that depends explicitly on the first derivative of
�̂ZZ�M

2
Z� may not be entirely negligible. Nevertheless,

one may obtain a reasonable picture of the implications
of EWPO for the xSM by first considering the leading
terms in the derivative expansion characterized by S, T,
and U.

To that end, we have performed a fit to EWPO using the
GAPP routine [55] assuming only SM contributions to the

various amplitudes and extract values of S, T, and U for
fixed values of the SM Higgs mass, mH � 114:4 GeV [1]
and a top quark mass mt � 170:9
 1:8 GeV [56]. The
observables included in our fit include those entering the
global analysis given in the Review of Particle Properties
[43] and encompass Z-pole precision measurements, the
W-boson mass, and several low-energy observables includ-
ing atomic parity violation [53] and parity-violating Møller
scattering [54]. As discussed in Ref. [37], the results of the
fit can be interpreted as constraints on �Oj 
 OxSM

j �

OSM
j , where Oj is any one of the three leading order

oblique parameters. The OSM
j are the contributions to the

oblique parameters from a single SU�2� neutral scalar with
mass 114.4 GeV. These contributions are included in the
GAPP routine, so they must be subtracted out when using
the results of the fit to analyze an augmented scalar sector
that includes the SM Higgs. The central values of the
oblique parameters from the global EW fit are

 TxSM � TSM � �0:111
 0:109;

SxSM � SSM � �0:126
 0:096;

UxSM �USM � 0:164
 0:115;

(14)

and the covariance matrix is

 �2
ij �

1 0:866 �0:588
0:866 1 �0:392
�0:588 �0:392 1

0@ 1A: (15)

From these parameters, a value of ��2 can be found:

 ��2 �
X
i;j

��Oi ��O0
i ���

2��1
ij ��Oj ��O0

j �: (16)

The 95% C.L. ellipsoid for the �Oi is obtained by requir-
ing ��2 < 7:815. We note that the central values for T and
S in Eq. (14) lie somewhat further from zero than those
obtained by the LEP Electroweak Working Group [40],
whose fit includes only the high-energy precision observ-
ables. Our central values and ranges, however, are consis-
tent with those given in the PDG [43], but slightly shifted
due to use of a more recent value for mt.

To understand the implications of our fit for the extended
scalar sector, it is instructive to consider scalar contribu-
tions to the T parameter, for which a simple analytic
expression obtains

 � TxSM �
1

8�s2
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2�V2b
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2a
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2b
H �� ~F� �m2

a; �m2
b� � 2

X
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H �

2

�

�
1

c2
W

F0�1=c2
W; �m2

a; 0� � F0�1; �m2
a; 0�

�

�
X
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�VjaH �
2 ~F� �m2
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; (17)
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where �m2 
 m2=M2
W , c2

W � M2
W=M

2
Z,
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Z 1
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 F0�m
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2
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�m2
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b�
�m2

a lnm2
a �m

2
b lnm2

b� � 1:

(18)

Here the index ‘‘a’’ runs over all mass eigenstates (a � 1,
2, 3), including the would-be Goldstone bosons.4 The
analogous expression for SxSM and UxSM can be obtained
using the results for the �WW�q2� and �ZZ�q2� given in the
appendix. The expression in Eq. (17) accommodates the
possibility of adding more than one real scalar to the
theory. Increasing the number of real scalar fields simply
increases the size of the mixing matrix involving these
scalars and the real part (h) of the neutral SU�2� field. In
this case, the matrix element V2a

H is nonvanishing only for
the would-be Goldstone boson, the cross terms involving
V1a
H V

2a
H , etc. vanish, and the intermediate states involve

only a single physical scalar or one physical scalar and one
would-be Goldstone boson.

For the present case of a single real scalar singlet, we
obtain
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��
� � � � ; (19)

where the ‘‘�� � �’’ denote terms that have no dependence
on the mass and mixing of the Higgs states and that cancel
from the quantity �T � TxSM � TSM that is constrained by
our fit. The corresponding expression in the SM corre-
sponds to taking cos� � 1 and m1 ! mh. From Eq. (19),
we observe that for very heavy scalars (mi � MZ), the
dependence of T on the scalar masses is logarithmic, but
for lighter scalars, themi-dependence is more complicated.
The contributions from the two mass eigenstates are iden-
tical in form but weighted by the appropriate factors of
cos2� and sin2�. Similar observations apply to the scalar
contributions to SxSM and UxSM.

It is well known that for the SM, EWPO favor a light
Higgs, with the value for mh that minimizes the �2 falling
below the direct search lower bound. We would, thus,
expect that EWPO favor a relatively light Higgs that is
dominantly SM-like while there are less restrictions on the
singletlike state. These expectations are born out by the
results of our fit, which have been reported in more detail in
Ref. [37]. In that work, the dependence of ��2 on mi 


MHi
was studied. When the mass of the heaviest scalar,H2,

is large and the mixing angle small, the dependence of ��2

on the mass of the lighter scalar H1 is close to that for a
single, pure SU�2� Higgs. In this limit, the EWPO con-
straints have minimal implications for the properties of the
H2. With increasing mixing angle, however, the EWPO
favor increasingly lighter H2 as well as a relatively light
H1. For maximal mixing, m2 & 220 GeV at 95% C.L. (see
Fig. 10 of Ref. [37].). We note in passing that these trends
follow largely from the EWPO constraints on S and T, as
the scalar contributions to U tend to be rather small, and
that a fit that includes only S and T may yield somewhat
different constraints on the parameters of the extended
scalar sector than with U � 0 imposed (see, e.g.,
Ref. [43]). We also reiterate that inclusion of the direct
search lower bounds in the fit may relax the upper limits on
the scalar masses, as occurs in the SM. We defer a detailed
treatment of this possibility to a future analysis.

In the remainder of this study, we will indicate the
impact of EWPO constraints on various aspects of
singlet-Higgs phenomenology. To that end, we show—in
the right panel of Fig. 1—the impact of the EWPO con-
straints on the signal reduction as a function of MHi

.
Models with MHi

* 220 GeV and 	2
i * 0:5 are excluded

by the precision electroweak data. Most of the surviving
models have a light scalar that is strongly SM-like and a
heavy scalar that mixes very weakly with the neutral SU�2�
scalar. It is possible, however, to realize models with
moderately heavy scalars �200–300 GeV and moderate
mixing, 	2

i � 0:2–0:4, and there are a few points with a
light singletlike scalar. In this respect, the implications of
our fit for the mass and couplings of the singletlike scalar
differ from those of Ref. [9], which considered additional
singlet scalars that mix with the neutral SU�2� scalar and
that have masses of up to �1 TeV.

Before discussing the implications of EWPO constraints
for the LHC phenomenology of the xSM, we note that
considerations of vacuum stability may eliminate some of
the EWPO-compatible models with very light scalars (see,
e.g., Refs. [5,57–65]. As indicated in Fig. 1, EWPO con-
straints eliminate many, but not all, of the models with a
lightH1 and/orH2. Although a detailed analysis of vacuum
stability is beyond the scope of the present work, we
emphasize that some of these remaining light-scalar mod-
els may be incompatible with vacuum stability. The lower
bound of the Higgs mass depends on the top quark mass
and especially on the cutoff scale � of the theory. In the

4Recall that in the R	 gauge, the masses appearing in the
would-be Goldstone propagators are those of the corresponding
massive gauge bosons. Therefore, m3 � MZ.
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case of the SM, for example, for the observed mt vacuum
stability implies a lower bound on the Higgs boson mass
that lies below the present LEP direct search bound for
� * 106 GeV, while the lower bound is �130 GeV for
�� 1019 GeV [57–65]. The authors of Ref. [5] have
studied a version of the xSM having Z2 symmetry and
obtain a lower bound on the SM Higgs mass of�130 GeV
by requiring that the quartic couplings remain positive as
the cutoff of the theory is increased to the Planck scale. An
extensive study of both vacuum stability and perturbativity
implications for the xSM will appear in a forthcoming
publication [66].

IV. OBSERVATION OF A SINGLET MIXED HIGGS
BOSON AT THE LHC

The ATLAS and CMS technical design reports (TDRs)
addressed the search for a SM Higgs boson in a variety of
channels at particular luminosity values (100 fb�1 for
ATLAS and 30 fb�1 for CMS) [67,68]. We base our pros-
pects for Higgs detection on those reports. The collabora-
tions have since made improvements in the analyses which
project SM Higgs boson discovery at considerable lower
luminosity. We base our studies on the TDR projections
and our conclusions about Higgs discovery should accord-
ingly be quite conservative.

Singlet mixing in the extended SM may spoil traditional
signals due to a Higgs production strength that is weak-
ened. The expected significances for 5� discovery of the
SM Higgs boson at the LHC have been determined in the
above TDR analyses, with 100 fb�1 at ATLAS and
30 fb�1 at CMS [67,68] by considering a variety of ob-
servable modes. ATLAS and CMS both utilize the gluon
fusion production mode with the Higgs decays H ! 

,
H ! ZZ ! 4l, H ! WW ! l�l�. Additional modes in
the analysis of ATLAS are H ! ZZ ! ll��, t�tH with
H ! b �b and the Higgstrahlung process HW ! WWW !
l�l�l�; the modes specific to the CMS analysis are the
WBF processes WW ! H with H ! WW ! l�jj, H !
��! l� j, and H ! 

. The statistical significance of
Higgs boson discovery in the xSM model is generated by
scaling the significance of individual modes given by CMS
by the fraction of a signal reduction g2

h=g
2
hSM
� BF�h!

XSM�=BF�hSM ! XSM� and summing the result in quadra-
ture.5 We emphasize the CMS search results here as we
concentrate on distinguishing the SM Higgs sector and that
augmented with a scalar singlet using early LHC data.
Therefore, we consider a Higgs boson as discoverable if
its statistical significance is larger than 5� for the 30 fb�1

data at CMS.
In Fig. 3, we show the significance at CMS for the two

Higgs states of this model. The left panel gives the results
when only the LEP Higgs search constraints are imposed,

while the right panel shows the corresponding discovery
significance after EWPO constraints are applied. In nearly
all cases, at least one Higgs boson has a statistical signifi-
cance that is above the 5� level required for discovery. The
cases where both Higgs bosons are not discoverable are
confined to the region where the statistical significance is
not quoted for CMS (below Mh � 114 GeV), or is under
the 5� significance required for discovery.

In the cases where the lightest Higgs boson is below the
LEP SM Higgs mass limit, the second Higgs state can be
discoverable as it has nearly full SM coupling strength.
This is evident in the points (pink triangles) of Fig. 4,
where we show the discovery potential for the Higgs
bosons of a given mass and signal reduction factor, 	2.
The left (right) panels show the mass and 	2 value for the
light (heavy) Higgs boson while the bottom (top) panels do
(do not) apply the constraints from EWPO. Discovery of
only one state with early data is possible if the mixing is not
very strong, yielding a nearly decoupled singlet that does
not produce a large signal. As expected, to discover both
Higgs states, the singlet-Higgs mixing is required to be
nearly maximal to allow a strong enough signal for both
Higgs bosons. However, cases where neither Higgs is
discoverable with early data are possible where the SM-
like Higgs boson dominantly decays to a light singletlike
Higgs. In this case, the SM-like Higgs has a reduced
branching fraction to SM modes, reducing the effective-
ness of the traditional search. This is evident in the cluster
of points where neither H1 nor H2 is discoverable (red
stars) in the top right panel of Fig. 4. These points have a
large coupling factor that is given by (cf. Eq. (5))

 g2
H2
� 1� 	2

1 � 1� g2
H1
; (20)

meaning that despite the large coupling strength of H2, the
decay to lighter scalars decreases the decays to traditional
search modes. However, with increased integrated lumi-
nosity beyond the 30 fb�1 assumed, the prospects for
discovery should improve.

The impact of EWPO on the discovery potential is quite
pronounced. Models in which the lightest Higgs H1 can be
seen must have sufficiently large coupling (	2

1) to SM
modes and must also be lighter than �160 GeV to be
consistent with precision electroweak data as seen in
Figs. 3 and 4. If the EWPO constraints are not imposed
(top panels), the existence of a significantly heavier H1,
that couples strongly enough to SM modes to be discovered
is allowed. The EWPO exclude this possibility. Similarly,
the set of models leading to an observable H2 is consid-
erably reduced by EWPO considerations, since any scalar
must have a large enough 	2

i to be seen in the conventional
Higgs decay channels but must be light enough to satisfy
the EWPO requirements.

5The signal significance at CMS with 30 fb�1 is extracted
from Fig. 10.39 of Ref. [67].
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FIG. 3 (color online). Discovery potential (by traditional modes) of two Higgs bosons at CMS with 30 fb�1 of data vs the Higgs
boson masses. The signal significance at CMS with 30 fb�1 is extracted from Fig. 10.39 of Ref. [67]. Shown are the points where both,
one, or no Higgs bosons are discoverable at the LHC. Consistency with EWPO restricts the range of the lightest Higgs boson, making
the discovery of at least one Higgs boson likely. Exceptions include the case of a light SM-like Higgs boson that dominantly decays to
a light singletlike Higgs. The lightest Higgs can be very light due to the large singlet composition, making its coupling to SM fields
weak.
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FIG. 4 (color online). Discovery potential of two Higgs bosons at CMS with 30 fb�1 of data for masses and the signal reduction
factor, 	2. The left (right) panels show the mass and 	2 value for the light (heavy) Higgs boson while the bottom (top) panels do (do
not) apply the constraints from EWPO. Shown are the points where both, one, or no Higgs bosons are discoverable at the LHC through
the traditional modes. Consistency with EWPO restricts the range of the lightest Higgs boson, making discovery of at least one Higgs
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We note that many of EWPO-allowed models having a
	 5� discovery significance using the conventional Higgs
decay modes are those giving a SM-like scalar that is the
lightest of the two mass eigenstates with MH1

& 160 GeV.
The presence of the second decoupled scalar does not alter
the discovery potential of the light SM Higgs boson in
these channels. However, the presence of the augmented
scalar sector enhances the possibility for discovering an
EWPO-compatible Higgs boson that is heavier than a pure
SM Higgs. This possibility is most clearly illustrated by the
bottom panels of Fig. 4. The bottom right panel contains
numerous models that yield a 	 5� discovery of the H2

with masses ranging from �150 to �220 GeV. The value
of 	2

2 decreases with MH2
as needed to satisfy the EWPO

constraints.
More generally, if a light scalar is observed in these

modes its couplings could be reduced from those of the
SM Higgs, as suggested by the points in Fig. 1. It is
interesting to ask how large this reduction can be while
still yielding a 	 5� significance in the conventional
Higgs decay modes at the LHC. To address this question,
we show in Fig. 5 the minimum value of 	2 needed to yield
a 5� discovery inH ! ZZ ! 4‘ andH ! WW ! ‘���
jj from WBF with 30 fb�1 at CMS.6 The values of 	2 in
Fig. 5 are obtained by scaling the number of events in the
SM required for a 5� signal to obtain a 5� signal in the
xSM. The 1� error bars are due to the finite statistics and
signal uncertainty of the reduced discovery signal.7 The
results indicate that for scalars with mass * 150 GeV, one
could observe Higgs having 	2 as low as �0:4 with 	 5�
significance and, for most of the allowed mass range,
determine that its coupling is reduced from that of the
SM Higgs. Points shown that are above the SM coupling
line imply that an enhanced Higgs coupling is required to
yield a 5� signal. The ZZ mode is weakened at mH �
170 GeV since the Higgs decay becomes dominated by
H ! WW. With more integrated luminosity, the measure-
ment uncertainty decreases. Individual Higgs boson cou-
plings can be determined to an accuracy of order 10%–
30% at ATLAS and CMS with a combined luminosity of
800 fb�1 [69,70]. Future studies at a

���
s
p
� 500 GeV

Linear Collider could yield couplings with 2%–5% preci-
sion assuming couplings of SM strength [71].

An alternate signature of an augmented scalar sector
would be the presence of the kinematically allowed decay
H2 ! H1H1. If H2 is SM-like, then the presence of this
decay mode would result in a reduced H2 branching frac-
tion to SM Higgs decay products [7]. From Eq. (10) we
observe that even if S and h do not mix appreciably and

g2
H2
�1, the parameter 	2

2 can still be much less than one
due to the presence of the H2 ! H1H1 channel. This
possibility is particularly interesting from the standpoint
of cosmology, since many EWPO-allowed models that also
yield a strong first order EWPT are accompanied by re-
duced branching ratios of a SM-like Higgs to conventional
SM modes [37]. The results of Fig. 5 indicate that one
could probe such models that lead to branching ratios as
low as 40% of the SM expectation. Models with larger
reductions also lead to a strong first order EWPT, and they
could be probed using greater integrated luminosity or with
future Higgs decay studies at a Linear Collider.

Apart from observing a reduction of 	2
2 from unity, one

could also search for exotic final states that result from the
decays of the twoH1 bosons in the Higgs splitting channel.
In this respect, the LHC phenomenology of the xSM can
have features that resemble some singlet-extended super-
symmetric models. In these extended models, the light
CP-odd Higgs boson has been studied at length
[13,14,31,48–50,72,73]. The presence of the Higgs split-
ting mode H2!H1H1 may also lead to unusual final
states, such as four b-jets, b �b����, or b �b

. The feasi-
bility of observing these exotic states has been considered
in the Higgsstrahlung production mode, W=Z!
W=ZH2!W=Z�2H1!4X�‘�=‘‘, where 4X denote
the decay products of the two light scalars [31,73].
Discovery for benchmark points were illustrated in the
NMSSM with SM-like Higgs bosons of mass �
110–120 GeV decaying to two CP-odd Higgs bosons of
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FIG. 5 (color online). Minimum value of 	2 that can be probed
at CMS with 30 fb�1 of data in discovering a Higgs boson with
5� significance. We consider the modes H ! ZZ! 4‘ and
H ! WW ! ‘�jj from WBF. Over most of the range MH *

150 GeV, the Higgs boson can be discovered and its mixing can
be shown to significantly deviate from the SM value. Points
shown that are above the SM coupling line imply that an
enhanced Higgs coupling is required to yield a 5� signal. The
ZZ mode is weakened at mH � 170 GeV since the Higgs decay
becomes dominated by H ! WW.

6The values for signal and background have been taken from
Tables 10.5, 10.12, and 10.13 of Ref. [67].

7Note that these results have been scaled from the cross
section for the signal and background for the WW mode and
scaled for 10 fb�1 of data quoted for the ZZ mode. Therefore,
these results illustrate how well one can probe the h-S mixing.
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mass � 30–40 GeV. The decays of the H1 in the xSM are
similar to the CP-odd Higgs decays of the NMSSM as they
are dominated by fermionic decays and tan
 does not
appreciably change the ratio of decays to b �b and ����.
Thus, the analogous scenario in the xSM is compatible
with EWPO and may provide an observable signal of the
Higgs splitting mode. We note in passing that when the
singletlike H1 is very light, the SM-like H2 may have
escaped detection at LEP if MH1

< 2mb. In this case, the
search mode through the bottom channel is not accessible,
making the ���� channel dominant [48].

The prospects for identifying the complementary case,
whereH2 is the singletlike Higgs, by observing exotic final
states are less definitive. For the decay to two SM-like
Higgs bosons to be kinematically accessible, the mass of
H2 must be * 220 GeV since H1 obeys the LEP limit on
the SM Higgs mass. In this case, the Higgstrahlung cross
section is significantly decreased due to the Z-propagator
suppression at high

���̂
s
p

. In addition, the production cross
section is reduced by the mixing factor sin2� � 0:5. A
simple computation of the cross sections for producing
exotic final states through the Higgs splitting channel of
a singletlike H2 suggests the possibility of several hundred
four b-jet events before cuts with 30 fb�1 integrated lumi-
nosity. However, the practical feasibility of observing such
events at the LHC requires a detailed analysis that goes
beyond the scope of the present study, and a Linear
Collider may provide a more realistic prospect for observ-
ing these modes.

V. THE SINGLET AS DARK MATTER

If the scalar potential of Eq. (1) respects a Z2 symmetry,
the singlet S can be a viable dark matter candidate.8

Assuming thermal DM production and standard cosmol-
ogy, the parameters appearing in Eq. (1) that govern the
mass of the S and its coupling to the SM Higgs, h, should
reproduce the observed DM relic density. Here, we deter-
mine the regions of the xSM parameter space that satisfy
these considerations, compute the corresponding nuclear
recoil direct detection cross sections, and analyze the
implications for Higgs boson searches at the LHC.

A. Relic density

The relic density of dark matter has been determined by
the WMAP 3-year CMB data and the spatial distribution of
galaxies to be �DMh2 � 0:111
 0:006, where h �
0:74
 0:03 is the Hubble constant [42,43]. The relic den-
sity of dark matter relative to the closure density is very
roughly given (for thermal production) by the total anni-
hilation cross section by �DMh

2 ’ 0:1 pb=h�annvi, where
v is the relative velocity [43]. To precisely calculate the

singlet relic density, the Boltzman equation can be inte-
grated as discussed in [2,75,76]. In our analysis, we use the
micrOMEGAS code [77].

The thermally averaged annihilation cross section is
determined from the contributions of the processes shown
in Fig. 6. Since all of the processes involve the SM Higgs
boson, h, the key parameters in obtaining the observed
relic density are �2 and �. The s-channel Higgs couples to
the usual SM final states. The SS! h! hh diagram is
mediated by the Higgs self-coupling, although this dia-
gram is expected to be suppressed since the intermediate
s-channel Higgs boson is far off shell. We calculate the
relic density of singlet dark matter in this model for the
parameter ranges given in Eq. (11).

The relic density of the singlet DM is shown in Fig. 7
versus the singlet mass with (right) and without (left)
EWPO consistency, which for the SM Higgs boson implies
Mh < 150 GeV.9 Imposing this bound can severely restrict
the space of models. Fewer points are shown in the ob-
served range and appear to be nonuniform after imposing
the EWPO constraint on the Higgs mass, but these are due
to the small window of �DMh

2 and the limitations of the
scan. The observed region of the relic density allows a wide
range of singlet masses. As the singlet mass is decreased
below Mh=2, the annihilation cross section is suppressed
since the singlets annihilate through an off-shell Higgs
boson. In this case, the minimum relic density increases
sharply, as seen in Fig. 7 for MS & 50 GeV.

The relic density is largely affected by the Higgs-singlet
coupling, �2. The singlet mass is determined uniquely by
the parameters �2 and �2. Therefore, the region of parame-
ter space consistent with the observed relic density values
is restricted. This small region does span a large range of
singlet masses as shown in Fig. 7. We show in Fig. 8 the
ranges of these parameter values that are consistent with
the observed relic density with contours tracing out the
values of the singlet mass with and without EWPO con-
straints. It is evident that the limit of small j�2j leads to an
excess of relic singlet DM since the annihilation rate is too
small. Conversely, large values of j�2j lead to an under-
density assuming thermal production.10 As the mass of the
singlet increases, this coupling must be increased to main-
tain a relatively fixed annihilation cross section corre-
sponding to a fixed relic density. This trend is evident
from the red circles in Fig. 8. The distinction between the
different regions of relic density is blurred due to the
variation of the Higgs mass through the scanned coupling
�.

8It is difficult to obtain a strong first order electroweak phase
transition in this case unless a large number of light singlets are
present [74].

9In the LEP Electroweak Working Group fit that does not
include low-energy EWPO, the upper limits from the EWPO fits
are relaxed to Mh < 182 GeV when one includes the direct
lower limit constraints [40].

10The relic density can be substantially enhanced if a non-
thermal mechanism is present, or if there exists some other
nonstandard cosmological scenario [78–81].
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B. Direct detection of singlet scalar dark matter: elastic
scattering

Direct detection of dark matter can help establish the
connection between dark matter and the model beyond the
SM that is responsible for its existence. The most promis-
ing prospect of detecting relic singlet scalar dark matter is
via measuring its spin-independent interaction with nucle-
ons. Since the S only interacts with matter via t-channel
Higgs exchange (see Fig. 9 for the scattering processes), a
sizable singlet-Higgs interaction is necessary to yield a
positive signal. Therefore, there is a very close relationship
between Higgs physics and the direct detection of singlet
dark matter. Due to this close relationship, once the Higgs
boson is found at the LHC, it may be possible to correlate
the Higgs signal with the expected scattering rates of
singlet DM. Many studies have been made examining the
relationship between collider and direct detection experi-
ments [82,83] in supersymmetric models.

A number of experimental groups are carrying out direct
detection experiments for spin-independent and spin-
dependent scattering using both cryogenic and noncryo-
genic methods [84,85]. Limits on the spin-independent
scattering cross sections have recently been reported by
CDMS [86–89], EDELWEISS [90], WARP [91], and
Xenon10 [92]. The latter uses a 15 kg liquid Xenon scin-
tillator, and places a limit on the scattering cross sections
on the order of 10�8 pb. Future experiments like CDMS
(2007) and SuperCDMS [86] expect lower sensitivities to
spin-independent interactions. A summary of some current
and future experimental sensitivities is given in Table I.

In this xSM model the spin-dependent (SD) scattering
cross section vanishes since there are no vectorlike inter-
actions that connect the singlet to matter. Generally, for
scalar DM, one cannot construct a SD coupling to SM
fields. In this case, if a positive SD signal is found by
future experiments such as COUPP [93] or PICASSO
[94], the xSM would be immediately ruled out as a viable
DM scenario.

In order to determine the sensitivity of present and future
SI direct detection experiments to scalar singlet DM, we
compute the corresponding SI scattering cross section of a
scalar dark matter particle off a nucleon:

 

�SI
DM �

1

8��mN �mDM�
2

�2
2m

4
N

M4
h

�

�������� X
q�u;d;s

yqf
p
Tq �

X
q�c;b;t

2

27
yqf

p
TG

��������2
; (21)

where the hadronic matrix elements, fpTq and fpTG, are
given in Ref. [95]. Here, yq are the quark Yukawa cou-
plings and mN is the nucleon mass. The dominant contri-
bution for SI scattering is due to t-channel Higgs exchange.
Since the cross sections for scattering off protons and
neutrons are very similar in size we calculate the scattering
from protons. We note that the uncertainty in the SI scat-
tering cross section is large, of order 60%, due to the
uncertainties in the hadronic matrix elements [95].

The observed and expected limits given by various direct
detection collaborations usually assume a local density of
DM to be 0:3 GeV=cm3. Therefore, we scale the scattering
cross section by the ratio

 ~� SI
DM � �SI

DM �
�Sh

2

�DM�WMAPh2 (22)

to account for cases when there is predicted to be a deficit
of dark matter in the Universe in the singlet model.11 The
predicted spin-independent scattering cross section, scaled
to the local DM density from a proton target, is shown in
the left panels of Fig. 10. Also shown are the existing cross
section limits and expected sensitivities from a number of
present and future direct detection experiments.

In the event that a DM signal is not observed in the
10�9–10�7 pb range that is expected to be probed by future
experiments, it is still possible the singlet model is con-
sistent with the observed relic density. For example, singlet
annihilation through the s-channel Higgs boson resonance
to gauge bosons implies the singlet-Higgs coupling must
be substantially reduced to counter the enhancement of the
annihilation cross section in the relic density. This feature
is illustrated by the points in the upper left panel of Fig. 10

TABLE I. Spin-independent elastic scattering cross sections
reach of various past and future experiments. The maximal reach
is for a light DM particle, typically MDM � 50 GeV.

Experiment �SI
DM�p

CDMS [87] 1:6� 10�7 pb
XENON10 [92] 4:5� 10�8 pb
CDMS (2007) [105] 1� 10�8 pb
WARP (140 kg) [106] 3� 10�8 pb
SuperCDMS (Phase A) [86] 1� 10�9 pb
WARP (1 ton) [107] 2� 10�10 pb

q

h

g

S S

g

h

q

S S

q

FIG. 9. Feynman diagrams for elastic scattering of the singlet
DM particle off a proton. The Higgs boson mediates the inter-
action.

11The total amount of DM can still be consistent with the
observed values by contributions from other sources, such as
the axion.
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beginning at MS * 80 GeV with scattering cross section
below 10�9 pb. For these models, the annihilation cross
section can be large enough to yield �sh

2 � 0:123 even
for small �2. The resulting scaled spin-independent scat-
tering cross sections are significantly suppressed. Away
from annihilation through the resonant Higgs pole, the
same value of �2 would lead to an overdensity due to the
small cross section.

If one applies constraints from EWPO, the allowed
range of scattering cross section that is below the present
bounds shrinks since the favorably light Higgs boson ge-
nerically has a large scattering rate (e.g., see Eq. (21)). In
particular, this constraint removes a majority of the points
where the s-channel Higgs pole necessitates a smaller
h-S-S coupling to achieve consistency with the relic abun-
dance. Overall, requiring EWPO consistency, the next
generation of direct detection experiments should be able
to cover a sizable part of the parameter space, especially
for MS <MW .

If, however, the relic density of DM is altered by either
some nonthermal process or other nonstandard cosmologi-
cal scenario, one may assume that the local density of DM
is fully accounted by the scalar singlet.12 To analyze the
direct detection in this case, we do not scale the scattering
cross section (shown in the right panels of Fig. 10) since
the scalar singlet already saturates the observed relic den-
sity by these nonstandard scenarios. The points that evade
the present limits from XENON10 that require an enhance-
ment of relic DM are likely below the limit of future direct
detection experiments due to a very small h-S-S coupling.

C. Impact on LHC searches for Higgs bosons

The presence of a DM-viable singlet scalar can lead to
significant changes to the SM Higgs boson searches at the
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FIG. 10 (color online). Spin-independent cross section scaled (left) and not scaled (right) with the local density of dark matter for
various DM masses. The current best limit on the scattering cross section is from Xenon10 (solid line). It is expected that SuperCDMS
will cover most of the scanned parameter space that is consistent with EWPO, with the exception that the singlets annihilate via the
Higgs boson s-channel process (shown as points below SuperCDMS expected limit near MS � 100–150 GeV).

12Typically, in these scenarios, the relic density is enhanced.
However, it may be suppressed in the case of a low reheating
scenario [96].
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LHC. If the singlet is sufficiently light enough to allow the
decay h! SS, the branching fractions of the Higgs boson
to SM particles is reduced. Setting H2 ! h, H1 ! S,
gH2
� sin� � 1 in Eq. (6),

 BF �h! XSM� � BF�hSM ! XSM�
�hSM

�hSM
� ��h! SS�

;

(23)

where the decay to singlet pairs is now given by

 ��h! SS� �
�2

2v
2

32�Mh

�������������������
1�

4M2
S

M2
h

s
: (24)

This rate can be large enough to substantially reduce the
strength of the Higgs boson signal at the LHC. Limits from
LEP on the invisible decay of the Higgs boson have placed
a lower bound on the SM-like Higgs boson at 114.4 GeV
[97]. In the left panel of Fig. 11, the discovery potential is
shown for the SM Higgs boson at CMS with 30 fb�1 of
data [67] if the Higgs boson can decay to singlet pairs
while �Sh

2 < 0:123. The solid curve above 5� is the SM
expectation of the statistical significance, while those
points falling below this curve correspond to the h! SS
decay being open.13 A majority of points with a smaller
significance than the SM traditional modes are correlated
with large Higgs boson masses since Mh > 2MS.

For scenarios with a light Higgs mass, however, the
singlet decays easily dominate over the fermionic decay

modes, leading to scenarios where Higgs discovery cannot
be made. A fraction of the points in the parameter scans
have a lightest Higgs below 5� statistical significance as
shown in red. In these cases, it is not possible to detect the
h boson through the usual SM processes with the given
luminosity. In particular, all models consistent with the
EWPO upper bound on mh and �Sh2 < 0:123 would not
be observable by CMS with 30 fb�1 integrated luminosity.
Detection may, however, be feasible by considering the
Higgs decay to invisible states. For all of the models with
<5� significance in CMS, the invisible branching fraction,
BF�h! SS�, is dominant with values ranging from 60%–
100%. This fraction of invisible decays gives observable
signals at the LHC in WBF by looking for missing energy
from the Higgs decay and cutting on the azimuthal corre-
lation of the forward jets [14,44,98]. The ATLAS invisible
BF reach is illustrated in the right panel of Fig. 11. An
alternative method is to use Z-Higgstrahlung [45]. We note
in passing that these methods cannot work for the H2 !
H1H1 channel in the Higgs mixing case, since the light
scalars decay to SM final states and there is no missing
energy. Consequently, the missing energy cut removes
these events.

Another independent probe of the connection between
the SM Higgs boson and the singlet DM particle is to
measure the total width of the Higgs boson. At the LHC,
the Higgs width may be measured if the SM Higgs boson
mass is larger than 200 GeV via the golden mode, h!
ZZ! 4l [68]. With 300 fb�1 of data, the uncertainty in the
Higgs width can be measured to 10% at ATLAS for Mh �
300 GeV. If the Higgs decay width to singlet pairs is
significant, it can alter the total Higgs width considerably.
Indeed, the lower values obtained for the statistical signifi-
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FIG. 11 (color online). Higgs discovery potential via direct searches at CMS with 30 fb�1 of data (left panel) with �Sh
2 < 0:123.

The solid curve above 5� shows the significance expected if the decay h! SS is not kinematically accessible. If the Higgs is allowed
to decay to invisible singlet pairs, the signal from usual SM search modes is diminished. The points that yield a lightest Higgs with a
statistical significance from direct observation below 5� are shown as red crosses. However, these cases are covered by the invisible
search at ATLAS (right panel) via WBF [98].

13The discontinuities in the statistical significance curve for the
SM Higgs boson are due to the limited mass range of some
search modes. Therefore, abrupt, but small changes in the total
significance occur.
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cance of the Higgs boson at Mh � 300 GeV indicate that
the Higgs width to singlets is nearly twice the width to SM
modes.14 However, with an increased decay rate to invis-
ible states, the rate to 4l final states is decreased, and may
spoil the resolution of the Higgs width measurement. In an
extreme case, the Higgs decay width can be so large that
reconstructing the Higgs signal from its decay may be
difficult.

An interesting limit to consider is the case where the Z2

symmetry is not exact. Then the decay of the Higgs boson
can be quite different than either the Higgs-singlet mixing
case or the DM case. For very small Higgs-singlet mixing
the light singletlike state has a very small total decay width.
In this case, the singlet cannot be a DM candidate as it will
decay long before freeze-out. However, the small mixing
may lead to long decay lengths if ��O�10�6�, with
length scales on the order of the size of the detector. This
would provide a Higgs decay signal where the decay
products are displaced from the interaction region of the
beam. Similar to the light Higgs in Sec. II, the resulting
singlet decay will have a branching fraction to SM modes
equivalent to a SM Higgs of equal mass. A variety of other
models also predict displaced vertices from Higgs or other
types of decays that may complicate Higgs searches [99–
103].

VI. SPECIFIC MODEL ILLUSTRATIONS

To summarize the important aspects of the xSM, we
show, in Table II, a few representative cases to illustrate
how the singlet affects Higgs searches at the LHC. For the
case of general singlet-Higgs mixing, denoted A1 and A2,
we show one case where the heavy, SM-like Higgs boson
dominantly decays to two light scalars (case A1). In this
case, the production of traditional Higgs decay modes
through the H2 is reduced by a factor of 	2

2 � 0:001 and
therefore substantially reduces the statistical significance.
The light Higgs state also has a reduced rate due to its high
singlet composition. In case A2, we show that it is possible
to observe both Higgs states if the mixing is sufficiently
large. The Higgs splitting mode is not kinematically ac-
cessible; therefore, the branching fractions to SM modes is
not altered from the SM expectation. With a relatively
large amount of mixing, the statistical significance of
both states reaches above the required level for discovery.

In the case of a stable singlet, the SM Higgs may decay
into the light stable scalars thereby decreasing the rate of
decay to traditional SM modes. We show for cases B1 and
B2 in Table II sample points in parameter space that are
consistent with the observed relic density of DM and are
below the present direct detection limits given by Xenon10.

In case B1, the SM mode production rate through the Higgs
boson is about 1=4 what is expected in the SM, and there-
fore reduces the traditional signals below discovery levels.
However, since the branching fraction to stable singlets is
dominant (approximately 78%), discovering the Higgs via
the indirect, invisible BF search by ATLAS discussed in
Sec. V C is possible. In case B2, the branching fraction to
the singlet states is slightly weaker, yielding a 4:3� evi-
dence signal for the Higgs boson. However, with increased
luminosity, it may be possible to discover the Higgs boson
using both direct and indirect channels in this case.

VII. CONCLUSIONS

Discovering the mechanism of electroweak symmetry
breaking (EWSB) is a major goal of LHC experiments.
While the SM contains a simple picture of EWSB implying
the existence of one yet unseen scalar, it is entirely possible
that the scalar sector is more complicated and that the
larger framework that incorporates the SM contains addi-
tional light-scalar degrees of freedom. Indeed, a variety of
models contain such scalars, and their presence can help
solve important puzzles, such as the abundance of visible
and dark matter. In this paper, we have studied a simple
extension of the SM—the xSM—that adds a real scalar
gauge singlet field to the SM Higgs potential and analyzed
in detail its general implications for LHC Higgs phenome-
nology. In doing so, we considered two scenarios: one in
which the singlet scalar can mix with the SM Higgs boson,
and the second in which no mixing occurs and the scalar
singlet is stable. Models with mixing can give rise to a

TABLE II. Model illustrations for the singlet-Higgs mixing
case (A1, A2) and the DM, Z2, case (B1, B2). The Higgs boson
statistical significance assumes 30 fb�1 of data from CMS.

A1 A2 B1 B2

� 0.60 0.70 0.8 0.48
�1 (GeV) 3.87 �44:1 0 0
�2 �1:89 2.86 �0:22 0.033
�2 �GeV�2 60960 �62 770 10 433 1559
�3 (GeV) 318 935 0 0
MH1

(GeV) 61.5 130 156 120
MH2

(GeV) 135 167 — —
Mh (GeV) — — 156 120
MS (GeV) — — 62 51
	2

1 0.001 0.62 0.22 0.52
	2

2 0.001 0.38 — —
S�H1�=

����
B
p

0.00 7.1 3.8 4.3
S�H2�=

����
B
p

0.01 5.2 — —
BF�H2 ! H1H1� 0.999 0.00 — —
BF�H ! SS� — — 0.78 0.48
�Sh

2 — — 0.104 0.112
�S�p �pb� — — 3:9� 10�8 3:8� 10�9

��2 5.1 5.8 7.0 4.0

14This is dependent on the assumed scan limits. A more liberal
scan can further increase the partial width to singlet pairs. The
total SM Higgs width to SM modes at Mh � 300 GeV is
8.5 GeV.

CERN LHC PHENOMENOLOGY OF AN EXTENDED . . . PHYSICAL REVIEW D 77, 035005 (2008)

035005-15



strong first order electroweak phase transition as needed
for electroweak baryogenesis with a SM-like scalar having
mass well above the LEP 2 direct search limit. Those in
which the singlet scalar is stable provide a viable candidate
for the relic abundance of cold dark matter. Thus, discov-
ery of an augmented scalar sector at the LHC and identi-
fication of its character could have important consequences
for cosmology.

In studying the xSM, we have analyzed the implications
of an augmented scalar sector for Higgs discovery potential
at the LHC and outlined the possible signatures of this
scenario. In brief, if the singlet is allowed to mix with the
SM Higgs boson, the following can occur:

(i) There are two Higgs mass eigenstates. The lighter
state, H1, has the same branching fractions to SM
modes as a SM Higgs boson of the same mass, but
generally has a coupling strength to SM fields that is
reduced by cos�, where � is the mixing angle. The
heavier state,H2, whose coupling strength is reduced
by a factor sin�, can have the same branching frac-
tions to SM modes as the lighter state if the decay
H2 ! H1H1 is kinematically disallowed.

(ii) Consistency with EWPO and LEP 2 direct search
limits can significantly constrain the parameter space
of the Higgs mixing scenario. The SM-like Higgs
boson (cos2�> 0:5) has an upper bound on its mass
of 220 GeV, while the singletlike Higgs boson can
generally be heavier. The presence of an augmented
scalar sector involving singlets that mix with the
neutral SU�2� scalar can, thus, substantially relax
the tension between EWPO and LEP 2 direct
searches that applies to the SM Higgs boson. The
lower mass limits on the Higgs states are also af-
fected by the singlet-Higgs mixing. If the light Higgs
boson has a large singlet fraction, its mass can be
substantially lower than the LEP bound on the SM
Higgs boson.

(iii) Discovery of the Higgs bosons in this model is
viable, but could occur under different conditions
than expected for a SM Higgs. If the lighter scalar
is SU�2�-like, then discovery at CMS with a lumi-
nosity of 30 fb�1 is possible if its mass is less than
about 180 GeV. If the heavier scalar is SU�2�-like,
then its mass could be as large as�220 GeV. Either
way, observation of a Higgs scalar with mass above
150 GeV would point toward an augmented scalar
sector.

(iv) If a Higgs scalar is discovered at the LHC with
30 fb�1 of integrated luminosity, it may be possible
to determine that its production times branching
fraction to SM particles are reduced by up to
�60% (	2 * 0:4): see Fig. 5. Observation of a
Higgs with reduced couplings would also indicate
an augmented scalar sector that includes Higgs
mixing.

(v) An additional signature of an augmented scalar sec-
tor is the presence of the Higgs splitting channel,
H2 ! H1H1. If this channel is kinematically al-
lowed, a nonstandard final state containing 4b or
2b� 2� can occur. The resulting reduction in BF
to conventional SM Higgs final states can be large
enough to preclude discovery of the H2 in these
channels. For an SU�2�-like H2, direct observation
of nonstandard final states may be feasible at the
LHC based on analyses specific to extended SUSY
models where the Higgs phenomenology is similar,
whereas identification of a singletlike H2 in this way
appears challenging at best. More generally, if the
Higgs splitting decays are absent, it is likely that at
least one of the Higgs states can be discovered at
CMS with a luminosity of 30 fb�1. In the strongly
mixed case, it is possible that both states can be
discovered.

If, however, the SM Higgs state is forbidden to mix with
the singlet state by a Z2 symmetry of the scalar potential,
the singlet is a viable dark matter candidate. In this case,
we observe the following:

(i) Consistency with the observed relic DM tightly con-
strains the model. Since the singlet annihilations
occur only through the presence of the SM Higgs
boson, the annihilation rate is controlled by the
Higgs-singlet coupling, �2, the Higgs self-coupling,
�, and the singlet mass (cf. Eq. (1)).

(ii) Elastic scattering rates off nuclear targets are in the
sensitivity range of present and future direct detec-
tion experiments. Requiring consistency with relic
density measurements and EWPO we find that the
expected scattering rates will be within the reach of
the next generation recoil experiments. However, in
a nonthermal or other nonstandard cosmological
scenario, the relic density can be enhanced or sup-
pressed by low reheating from the value obtained by
the standard calculation. In that case, a very small
Higgs-singlet coupling is allowed and the direct
detection rate can be below future experimental
limits.

(iii) The stable singlet can have a significant impact on
the search for the Higgs boson at the LHC. If the
Higgs decay to singlet pairs is kinematically al-
lowed, the decay rates to usual SM modes are re-
duced. This can lower the statistical significance of
the Higgs boson signal below the 5� excess required
for discovery. If the decay rate to stable singlets is
large, the Higgs may still be discovered through its
decays to invisible states via weak boson fusion.
Specifically, the Higgs boson in all EWPO-allowed
models that do not over produce the relic density
could only be discovered through the invisible de-
cays. More generally, over the whole parameter
range, the SM Higgs boson can be discovered by
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the traditional direct search and/or the indirect
search.

(iv) If the Z2 symmetry forbidding Higgs-singlet mixing
is only approximate, the singlet dominated state can
have a long lifetime. For mixing angles O�10�6�, the
proper decay length of the singlet state can be the
scale of the LHC detectors. In such a scenario, this
state behaves as a Higgs boson but decays with
displaced vertices.
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APPENDIX A: HIGGS CORRECTIONS TO GAUGE
BOSON PROPAGATORS

Here, we provide explicit expressions for the unrenor-
malized �VV�q

2�, computed in Feynman gauge using di-
mensional regularization in 4� 2� dimensions from the
graphs of Fig. 2. The addition of a single, neutral singlet
scalar only affects the W- and Z-boson propagator func-
tions, which we provide below. Both the divergent (1=�)
and finite parts are included:
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where

 �� �
1

�
� 
� ln4��2 (A3)

with 
 being Euler’s constant, � the ’t Hooft scale, and
F 
 F1 � F2. In deriving these expressions, we have used
MW and MZ as the masses appearing in the charged and
neutral would-be Goldstone boson propagators as dictated
by the Feynman gauge. The MS renormalized propagator

functions �̂VV�q
2� are obtained by subtracting the 1=��


� ln4� and choosing an appropriate value for �, which
we take to be MZ. These expressions reduce to those
appearing in Ref. [104] in the standard model case: V11

H �
V23
H and all other VijH � 0. As indicated in the main text, the

foregoing expressions can apply to the case of one complex
SU�2� doublet and N real scalars by expanding the dimen-
sion of the matrix VijH .
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