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We study a scale-invariant SU�2� �U�1�Y �U�1�s model which has only dimensionless couplings.
The shadow U�1�s is hidden, and it interacts with the standard model (SM) solely through mixing in the
scalar sector and kinetic mixing of the U�1� gauge bosons. The gauge symmetries are broken radiatively
by the Coleman-Weinberg mechanism. Lifting of the flat direction in the scalar potential gives rise to a
light scalar, the scalon, or the shadow Higgs, and a heavier scalar which we identify as the SM Higgs
boson. The phenomenology of this model is discussed. In particular, the constraints on the shadow Higgs
in different mass ranges, and the possibility of discovering a shadow Higgs with a mass a few tens of GeV
in precision t-quark studies at the LHC, are investigated.
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I. INTRODUCTION

There has been much recent interest in the idea of the
standard model (SM) having a hidden sector wherein the
matter content are SM gauge singlets, but transform non-
trivially according to the hidden sector gauge groups [1–
10]. Hidden sectors arise in many top-down models, in-
cluding those inspired by the brane world scenario and
string theory. Most discussion of them posit an association
with a very high mass scale, and their couplings to the
visible SM sector are often through nonrenormalizable or
loop effects. This need not be the case however, and it has
been noticed that through renormalizable interactions, the
hidden sector can be probed at energies soon to be avail-
able at the Large Hadron Collider (LHC).

We consider here a simple case where the hidden sector
contains a single complex scalar gauged under an addi-
tional U�1� to the hypercharge of the SM. Such a U�1�
factor is ubiquitous in gauge theories as it forms a part of a
more complicated gauge group. Thus, we expect the phys-
ics we explore in this paper would be generic across a
variety of models.

There are two gauge-invariant (and renormalizable)
ways the U�1� gauged hidden sector can communicate
with the SM fields. One is through kinetic mixing between
the field strengths of the SM U�1�Y and our hidden sector
‘‘shadow’’ U�1�s. In older constructions where the extra
gauge sector couples directly to the SM fermions, this
leads to the well-known Z0 physics [11]. In the hidden
sector context, there is no direct coupling, and the phe-
nomenological impact of the gauge mixing between U�1�Y
and U�1�s has been studied in [12–15]. The other way is
through mixing between the SM Higgs with the hidden

sector scalar, the ‘‘shadow Higgs’’ �s. In this paper we
examine the phenomenology of this Higgs mixing in a
complete model.

Motivated by the anticipated startup of LHC, models
studying the modifications of the SM Higgs signal due to
an extended Higgs sector uncharged under the SM gauge
group have been proposed (see e.g. [5,16]). The additional
scalars are often constructed to be heavier (if not very
much so) than the SM Higgs to avoid the current bounds
from electroweak precision tests (EWPTs). But with a
hidden sector construction, this need not be so. Indeed, if
the hidden sector scalars are very light ( & O�100� MeV),
they can be candidates for dark matter [17] (under suitable
assumptions).

With this in mind, we focus in this paper on a special
case of the renormalizable model given in [15] where it is
classically conformal invariant, and the symmetry break-
ing is induced radiatively via the Coleman-Weinberg (CW)
mechanism [18].1 Besides its elegance, the occurrence of a
small mass scale through the CW mechanism is a natural
consequence of the conformal symmetry breaking. This
feature precluded the implementation of the CW mecha-
nism in a SM context in which the prediction of the Higgs
mass ( & 10 GeV) is far lower than the current Higgs mass
lower bound—114.4 GeV at 95% CL—from LEP2 [20].
But in terms of our hidden U�1�s model with its one extra
scalar, the same feature becomes key in ensuring in addi-
tion to a SM-like Higgs boson, a light shadow Higgs,
which is not only viable under the current EWPT con-
straints, it also generates a new signal in the top decays
testable at the LHC.

*wfchang@phys.nthu.edu.tw
†misery@triumf.ca
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1Similar ideas have previously been applied in the context of
the grand unified theory resulting in a different phenomenology
[19]. The CW mechanism in a hidden sector context has recently
also been applied in the dynamical generation of the neutrino
mass [9] and the electroweak phase transition [10].
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The organization of our paper is as follows. We first
review in the next section the work of Gildener and S.
Weinberg (GW) [21] that allows perturbation theory to be
used in a CW context with multiple scalars. This sets up a
framework for analysis which we then apply to our model
in Sec. III. In Sec. IV, we discuss the phenomenology of the
scalar sector of our model. We summarize in Sec. V.

II. REVIEW OF GW RESULTS

In this section, we review the main idea of the GW
analysis, and we record useful formulae from that work
to set up the framework from which we apply to our model.
We will follow Ref. [21] closely below.

The work of GW is the earliest comprehensive study of
the effective potential that extended the analysis of CW to
massless field theories with multiple scalar fields. They
considered a renormalizable gauge theory with an arbitrary
multiplet of real scalar fields �i. The tree-level potential is
given by

 V0��� �
1
24fijkl�i�j�k�l: (1)

Typically, the nonzero components of fijkl are of order e2,
where e� 1 stands for the generic gauge couplings in the
theory.

To ensure that perturbation theory will stay valid
throughout the analysis, the prescription of GW is to
choose a value �W of the renormalization scale �, at which
V0��� has a nontrivial minimum on some ray �i � Ni�,
where N is a unit vector in the field space and � is the
radial distance from the origin of the field space. This
prescription is implemented by adjusting � so that

 min
NiNi�1

V0�N� � min
NiNi�1

fijklNiNjNkNl � 0: (2)

Note that this imposes only a single constraint on the fijkl.
One cannot choose a renormalization scale such that all
fijkl vanish, just a single combination.

Suppose the minimum (2) is attained for some specific
unit vector Ni � ni. Then one necessary condition is that
of the stationary point

 

@V0�N�
@Ni

��������n
� 0, fijklnjnknl � 0: (3)

For V0�N� to attain a minimum at N � n further requires
that for all vectors u

 Pijuiuj � 0; Pij �
@2V0�N�
@Ni@Nj

��������n
�

1

2
fijklnknl; (4)

i.e. the eigenvalues of P are either positive or zero.
Turning on the higher-order corrections �V in the po-

tential will give rise to a small curvature in the radial
direction, which picks out a definite value v of � at the
minimum, as well as causing a small shift in the direction
of the ray �i at this minimum. The stationary point con-

dition at the new, perturbed minimum nv� �� is

 0 �
@
@�i
�V0��� � �V����jnv���; (5)

or to first order in small quantities

 0 � Pij��jv
2 �

@�V���
@�i

��������nv
: (6)

This uniquely determines �� except for possible terms in
directions along eigenvectors of P with eigenvalue zero,
which includes n by construction

 Pijnj �
1

2

@V0�N�
@Ni

��������n
� 0; (7)

and the Goldstone modes ��n corresponding to the con-
tinuous symmetries ��. There is no reason, in general, to
expect any other eigenvectors of P with zero eigenvalues,
and is assumed so.

Instead of using (6) to determine ��, contracting (6)
with ni and using (7) leads to a basic equation that deter-
mines the value of v

 0 �
@
@�i

�V���
��������nv
�

@
@�

�V�n��
��������v
: (8)

Calculating �V to one loop, the potential along the ray
� � n� can be written in the form

 �V�n�� � A�4 � B�4 log
�2

�2
W

; (9)

where A and B are dimensionless constants

 A �
1

64�2v4

�
3 Tr

�
M4
V log

M2
V

v2

�
� Tr

�
M4
S log

M2
S

v2

�

	 4 Tr
�
M4
F log

M2
F

v2

��
; (10)

 B �
1

64�2v4 �3 TrM4
V � TrM4

S 	 4 TrM4
F�: (11)

The trace is over all internal degrees of freedom, and
MV;S;F are the zeroth-order vector, scalar, and spinor
mass matrices, respectively, for a scalar field vacuum
expectation value nv.

From (9), the stationary point condition (8) implies

 log
v2

�2
W

� 	
1

2
	
A
B
: (12)

Because of the choice of the renormalization scale (2), both
A and B are of order e4, so the logarithm is of order unity,
and perturbation theory should be valid. Note that this
implies �W and v are of the same order.2

2See [21] for more details.
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The squared masses of the scalar bosons are given by the
eigenvalues of the second derivative matrix of the effective
potential

 �M2�ij � �M2
0 � �M

2�ij

�
@2

@�i@�j

V0��� � �V����jnv���; (13)

where

 �M2
0�ij �

@2V0���

@�i@�j

��������nv
� Pijv

2; (14)

is the zeroth-order scalar mass-squared matrix, and

 ��M2�ij �
@2�V���
@�i@�j

��������nv
�fijklnk��lv; (15)

to first order in small quantities, with �� determined from
(6).

From the discussion above, M2
0 has a set of positive-

definite eigenvalues of order e2v2 corresponding to Higgs
bosons, plus a set of zero eigenvalues with eigenvectors
��n corresponding to Goldstone bosons, plus one zero
eigenvalue with eigenvector n, the ‘‘scalon.’’ Provided that
�V has the same symmetries as V0 and is a small pertur-
bation, the Higgs boson mass would remain positive-
definite, and the Goldstone bosons would remain massless.

The scalon is a pseudo-Goldstone boson arising from the
spontaneous symmetry breaking of the conformal symme-
try. Its mass can be straightforwardly calculated from first-
order perturbation theory

 m2
s � ninj��M2�ij � ninj

@2�V���
@�i@�j

��������nv

�
@2

@�2 �V�n��
��������v
: (16)

From (9) and (12), this gives

 m2
s � 8Bv2: (17)

III. THE CONFORMAL SHADOW MODEL AND ITS
BREAKING

The complete Lagrangian of our model takes the form
[15]
 

L � LSM 	
1

4
X��X�� 	

�
2
B��X��

�

��������
�
@� 	

i
2
gsX�

�
�s

��������2
	V0��; �s�; (18)

where B�� and X�� are the field strength tensors of the SM
hyperchargeU�1�Y and the shadowU�1�s respectively, � is
the SM Higgs field, �s is an additional complex scalar
charged only under the U�1�s, and gs is the gauge coupling
constant of the U�1�s. LSM denotes the SM Lagrangian.

We consider here an initially scale-invariant theory in
which the tree-level scalar potential is given by

 V0��; �s� � ���y��2 � �s��
�
s�s�

2 � 2	��y�����s�s�:

(19)

We assume that the quartic coupling constants �, �s, and 	
are all of order at least g2

s , where gs � 1.
In unitary gauge, the scalar fields on some ray ’i �


Ni, where N is a unit vector in the field space f� 
�sg,
can be parametrized as

 � �

���
2
p

0
N1

� �
; �s �


���
2
p N2: (20)

In terms of these coordinates, the tree-level potential has
the form

 V0�’� � V0�
;N� �

4

4
��N4

1 � �sN
4
2 � 2	N2

1N
2
2�: (21)

We assume that � and �s are positive so that the potential is
bounded below.

The GW condition (2) and (3) that V0 attains a minimum
value of zero on a unit sphere for some unit vector N � n
implies that

 

@V0

@Ni

��������n
� 0; V0jn � 0: (22)

The solution of these equations is given by

 n2
1 �

�����
�s
p����
�
p
�

�����
�s
p ; n2

2 �

����
�
p����

�
p
�

�����
�s
p ; 	�	

��������
��s

p
:

(23)

The first two relations specify the direction of the unper-
turbed minimum of the zeroth-order potential V0; the last
relation is a consistency condition that V0 vanishes along
this direction.

Along the ray ’i � ni
, the one-loop effective potential
is given by

 V1L�n
� � A
4 � B
4 log

2

�2
W

; (24)

where
 

A �
1

64�2v4

�
6m4

W log
m2
W

v2 � 3m4
Z1

log
m2
Z1

v2 � 3m4
Z2

log
m2
Z2

v2

�m4
H;0 log

m2
H;0

v2 	 12m4
t log

m2
t

v2

�
; (25)

 B �
1

64�2v4 �6m
4
W � 3m4

Z1
� 3m4

Z2
�m4

H;0 	 12m4
t �:

(26)

Note that we have included only the t-quark contribution
since it overwhelms all other fermionic contributions.

The mass of the vector bosons at tree level are given by
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 m2
W �

1
4g

2
Wn

2
1v

2 � 1
4g

2
Wv

2
r ; (27)

 m2
Z1;2
�
v2

8
fn2

1
g
2
W � g

2
Y�1� s

2
��� � c2

�n2
2g

2
s �

���������������������������������������������������������������������������������������������������������
4c2

�s2
�n2

1n
2
2g

2
Yg

2
s � 
n2

1�g
2
W � g

2
Y�1� s

2
��� 	 c2

�n2
2g

2
s�

2
q

g

�
v2
r

8
fgs�r;��2� g2

W � g
2
Y�1� s

2
�� �

�������������������������������������������������������������������������������������������������
4s2

�g2
Ygs�r;��

2� 
g2
W � g

2
Y�1� s

2
�� 	 gs�r;��2�2

q
g; (28)

where

 s� �
���������������

1	 �2
p ; c� �

1��������������
1	 �2
p ; (29)

and we have defined

 r �

����
�
p�����
�s
p ; vr � n1v �

v������������
1� r
p ;

gs�r; �� � c�
���
r
p
gs:

(30)

Note that we work in the mass-diagonal basis where the
gauge kinetic terms are in canonical form, and these are the
gauge bosons in that basis.

The mass of the scalar boson at tree level is given by

 m2
H;0 � 2

��������
��s

p
v2: (31)

There is only one heavy Higgs boson in our model that has
a tree-level mass which is given mH;0. The only other
massive scalar boson is the scalon, but it has no tree-level
mass. The scalon gets its mass purely from radiative pro-
cesses through the CW mechanism, and is light. From
(26)–(28) and (31), the scalon mass as defined in (17), is
given by
 

m2
s � 8Bv2 �

3v2
r

64�2�1� r�

�
3g4

W

2
� g2

Yg
2
W�1� s

2
��

�
g4
Y

2
�1� s2

��
2� s2

�g2
Ygs�r; ��

2�
gs�r;��4

2

�

�
v2
r

2�2 �1� r�	
2	

3m4
t

2�2v2
r�1� r�

: (32)

After spontaneous breaking of conformal symmetry by
the CW mechanism, we can write the scalar fields as

 � �
1���
2
p

0
n1v� h

� �
; �s �

1���
2
p �n2v� s�; (33)

where h and s are the excitations about the minimum along
directions n1 and n2, respectively. From (19), the tree-level
potential V0 then takes the form
 

V0��;�s��
�
4
h4��n1vh3�	

�
n2vh2s�

1

2
h2s2�n1vhs2

�

��sn2vs
3�

�s
4
s4�

v2

2
�3n2

1��n
2
2	�h

2

�2	n1n2v
2hs�

v2

2
�n2

1	�3n2
2�s�s

2; (34)

with the linear terms vanish by (23).

The physical mass-diagonal basis is defined by

 

h
s

� �
� U

H1

H2

� �
�

n1H1 	 n2H2

n2H1 � n1H2

� �
; (35)

where U is an orthogonal matrix given by

 U �
n1 	n2

n2 n1

� �
�

1�������
1�r
p 	

��
r
p�������
1�r
p��

r
p�������
1�r
p 1�������

1�r
p

0@ 1A: (36)

Note that the matrix U is exactly the matrix which diago-
nalize the zeroth-order scalar mass matrix M2

0 as defined in
(14) (or equivalently, the matrix P defined in (4)) i.e.

 M2
0 � Pv2 �

3n2
1�� n

2
2	 2n1n2	

2n1n2	 n2
1	� 3n2

2�s

� �
v2

� U	1 m2
H1

0

0 m2
H2

 !
U � U	1 0 0

0 2
��������
��s
p

� �
Uv2:

(37)

We see thus thatH1 corresponds to the scalon state, andH2

corresponds to the heavy Higgs boson state.3

Going to the physical basis, we get with the help of (23)
and (30)
 

V0��; �s� �
m2
H;0

2
H2

2 	

����
�
2

s �
1	

1

r

�
mH;0H

3
2

�
�
4

�
1	

1

r

�
2
H4

2 	 	H
2
1H

2
2

	 2	
������������
1� r
p

vrH1H
2
2 	

����������
�j	j

p �
1	

1

r

�
H1H

3
2 :

(38)

Note that from (23), 	 < 0 since �; �s > 0. The Feynman
rules in the scalar sector of our model can be readily read
off from (38).

Notice in (38) quartic terms contain no more than two
scalon (H1) fields, and in cubic terms no more than one.
This is a general feature of the GW framework that follows
from the stationary point condition (3). Recall the general
form of the tree-level potential (1). After symmetry break-
ing, the scalar field takes the form

3Because of our choice of the unitary gauge (20), all gauge
degrees of freedom are rotated away, andM2

0 will contain no zero
eigenvalues corresponding to Goldstone bosons.
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 �i � niv� ’i � niv� �U �H�i � niv�
X
i

�iHi;

(39)

where ’i are the excitations about the minimum in the ith
direction, and �i are the eigenvectors of the mass matrix
M2

0. By construction, the flat direction n is always an
eigenvector of M2

0 (see the discussion above). Thus, since
the scalon is by definition the state associated with n, the
statement follows.

IV. CONSTRAINTS AND PHENOMENOLOGY

A. The mass of shadow Higgs

In this subsection, we first comment on how the parame-
ters relevant for the Higgs sector in our model can be fixed
and constrained. We then display the functional depen-
dences of the scalon, or the ‘‘shadow Higgs’’ mass on
useful parameters in our model that can be easily
measured.

From the mass of the W boson (27), and the relation
between mW and the Fermi coupling constant

 

GF���
2
p �

g2
W

8m2
W

; (40)

vr can be determined, and it is given by

 vr � 2	1=4G	1=2
F � 246:221 GeV: (41)

Since our interest here is in exploring the parameter
space of the scalar sector of our model, given that s� &

10	2 (see Ref. [15]), we will neglect higher-order correc-
tions in �, and treat s� as zero in the analysis below.4

Setting s� � 0, we get from (29)

 m2
Z1
�
v2
r

4
�g2
W � g

2
Y� � m2

Z; m2
Z2
�
v2
r

4
rg2

s ; (42)

i.e. Z1 is automatically the SM Z, while Z2 is the shadow
Z.5 With vr fixed, we can write r as a function of gs and
mZ2

( � mZs)

 r �
4m2

Z2

v2
r

1

g2
s
�
m2
Zs

m2
W

g2
W

g2
s
: (43)

In Fig. 1, we plot r as a function of mZs for fixed values
of gs. Each contour line forms a lower bound on the values

of r for a given value of gs. As an illustration of the likely
range of r, suppose that r is of order 10. Then in order that
mZs > 1 TeV, gs would have to exceed its perturbative
limit, which we take conservatively to be gs � 1. While
for 500 GeV<mZs < 1 TeV, gs would have to be close to
unity.

We now turn our attention to the Higgs sector. In contrast
to the multiscalar construction with the CW mechanism in
a grand unified theory (GUT) context, we reiterate here
that it is the heavy scalar boson, H2, that will take the role
of the SM Higgs boson (with SM Higgs mass) in our
model. Being a pseudo-Goldstone boson of the spontane-
ously broken conformal symmetry the shadow Higgs, H1,
is naturally light, and will not be fine-tuned to the electro-
weak scale such that H2 becomes sufficiently heavy to
escape detection.

With s� taken to be zero, the shadow Higgs mass (32)
takes the form
 

m2
H1
�

3v2
r

64�2�1� r�

�
3g4

W

2
� g2

Yg
2
W �

g4
Y

2
�
g4
sr

2

2

�

�
v2
r

2�2 �1� r�	
2 	

3m4
t

2�2v2
r�1� r�

�
3v2

r

64�2�1�
4m2

Zs

v2
rg2

s
�

�
3g4

W

2
� g2

Yg
2
W �

g4
Y

2
�

8m4
Zs

v4
r

�

�
m4
H2
	 12m4

t

8�2v2
r�1�

4m2
Zs

v2
rg

2
s
�
; (44)

where we have rewritten 	 in terms of r and the heavy
Higgs boson mass, m2

H2
, with the help of (23), (30), and

(31), and then r in terms of gs and mZs using (43).6

In Fig. 2, we show mH1
as a function of gs for fixed

values of mZs and mH2
. Suppose that gs � gW � 0:65, then

200 300 500 700 1000 1500
1

5
10

50
100

500
1000

0.80.60.4
gs = 1

r

m Z s (GeV)

FIG. 1 (color online). Contours of r for constant gs as a
function of mZs .

4For the physical, parity-even processes we consider below,
the leading corrections start at O��2�. We set s� � 0 here purely
for the purpose of simplifying the analysis; the kinetic mixing
parameter � should never be thought of as being identically zero,
since it would then imply a complete decoupling of the shadow Z
from the visible sector which would upset the cosmological
bounds. We leave the more complete but more complicated
analysis that kept s� � 0 to future works [22].

5The convention we adopt is that Z2 shall always denote the
heavier state, viz. the shadow Z. With s� � 0, this corresponds to
taking the negative sign for the square roots in (28).

6Recall from Sec. II that the above expression of the shadow
Higgs mass-squared comes from a first-order perturbation theory
calculation, thus it suffices to take only the tree-level contribu-
tion to the parameters that enter in (44).
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we see that the shadow Higgs mass varies from sub-GeV
range to tens of GeV, increasing as the values of mZs
increases.

B. Limits form direct LEP search

The shadow Higgs couples to SM fields only through its
mixing with the SM Higgs. From (35), one can see that a
triple coupling of the formH1FF, where F is a SM field, is
simply that of the SM Higgs scaled by a mixing factor of
n1 � �1� r�

	1=2. At LEP, an important parameter used in
the direct Higgs search is �2 � �gHZZ=g

SM
HZZ�

2, where gHZZ
denotes the nonstandard HZZ coupling and gSMHZZ that in
the SM. In terms of our model, the �2 parameter becomes

 �2
1 �

�gH1ZZ

gSMHZZ

�
2
�

1

1� r
; �2

2 �

�gH2ZZ

gSMHZZ

�
2
�

r
1� r

;

(45)

for the shadow Higgs, H1, and the SM-like Higgs, H2,
respectively.

To see whether or not the shadow Higgs is ruled out at
LEP, we can simply apply the LEP bound to �2

1. The most
stringent bound is obtained when the shadow Higgs mass is
about 20 GeV, where �2

1 & 2� 10	2 [20,23]; elsewhere
the bound is rather weak. From the discussion above, we
have gH1ZZ < gSMHZZ=10 for much of the parameter space.

Thus the shadow Higgs can easily pass the existing bound
from the direct Higgs search.

With a light shadow Higgs (mH1
<mSM

H ) viable, we
show in Figs. 3 and 4 the parameter space that can be
constrained by the mass of the shadow Higgs,mH1

, and the
ratio of the scalar-Z triple coupling squared, �2

1. Figure 3(a)
shows that for fixed mH1

, decreasing �2
1 (or equivalently,

increasing r) shrinks the contour of constant shadow Higgs
mass, while Fig. 3(b) shows that for fixed �1 (r), increasing
the value of mH1

expands the contour. Given these, the
contours in Fig. 4 form the upper bound on the allowed
values of fgs; 	g for each fixed value of mH1

.

C. Other limits

The one-loop contribution to muon g-2 from the (neu-
tral) SM Higgs is well known [24]. From (35), scaling it by
a factor of �1� r�	1 gives the contribution due to the
shadow Higgs

 4a� �
1

1� r

GFm
2
�

4�2
���
2
p I

�m2
H1

m2
�

�
; (46)

where
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FIG. 2 (color online). The mass of shadow Higgs, mH1
, as a

function of gs for mH2
� 200 GeV and fixed values of mZs .
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boundary, gs � 1.
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 I�x� �
Z 1

0
dy

y2�2	 y�

�1	 y�x� y2 �

8>>><>>>:
3
2	 �

���
x
p
; x� 1

1
x

�
log x	 7

6

�
; x� 1

0; x! 1

:

(47)

Thus, for mH1
> 1 GeV,

 4a� �
2:5� 10	11

1� r

�
GeV

mH1

�
2
; (48)

while for mH1
� m�, 4a� � 3=�1� r� � 10	9. Now the

theoretical predictions of the muon anomalous magnetic
moment differ from the latest world averaged measure-
ment by 4aExpt

� 	4aSM� � 
�22:4� 10� 	 �26:1�
9:4�� � 10	10 [25,26]. We see that the contribution of the
shadow Higgs to muon g-2 is at most �1� r�	1 of that
difference. Giving that r > 10 in most of the parameter
space, muon g-2 gives no constraint on the shadow Higgs
mass.

For a light shadow Higgs with mH1
� 1 GeV, the most

stringent constraint comes from the Bmeson decays. From
comparing the b! sH1 penguin diagram to the tree-level
b! cW transition, one gets an inclusive branching ratio
relation [24]

 

��B! H1X�
��B! e�X�

�
2:95

1� r

�
mt

MW

�
4
�
1	

m2
H1

m2
b

�
2
��������V

�
tsVtb
Vcb

��������2
;

(49)

where the numerical factor contains the phase space dif-
ference of the final state c and s quarks. Taking Br�B!
e�X� � 0:123 and mH1

� mb, we get

 Br�B! H1X� �
8

1� r
: (50)

In order to make comparisons with the experimental
bound on the exclusive decay modes of the B meson, the
shadow Higgs decay branching ratios are needed.
However, since the shadow Higgs can decay into light
hadrons, the branching ratio calculations involve many
hadronic uncertainties. Consider, for example, a shadow
Higgs with mH1

� 500 MeV that decays mainly into two
pions and ���	. With the help of chiral perturbation
theory, the branching ratio Br�H1 ! ���	� is estimated
to be �30% [7]. Now if the shadow Higgs is heavier than
2mK or 2m
, this and the whole decay pattern will change
dramatically. Moreover, chiral perturbation may not be
reliable anymore in these cases to calculate the decay
widths.

From Ref. [27], Br�B! ���	X�< 3:2� 10	4.
Suppose the shadow Higgs decays only into ���	, then
a (rather) conservative lower bound on r is given by

 2� 104 < r
�
1	

m2
H1

m2
b

�
	2
: (51)

Given this bound, the quarkonium decays branching
ratios Br�J=�! H1��< 10	9 and Br��! H1�� �
1:8� 10	4=�1� r� � 10	8, which involve tree-level pro-
cesses, become insignificant in comparison with Br�B!
���	X�, which involves a one-loop process.

D. The case of an extremely light shadow Higgs
(mH1

< 2me)

When the shadow Higgs is lighter than 2me, it decays
almost completely into two photons. The corresponding
effective interaction can be derived by summing up the
contributions from having the t quark and the W boson
running in the loop, and is given by [24]

 4L �
gH1��

4
F��F��H1;

gH1�� �
7�

3�vr�1� r�
�

2:2� 10	5 �GeV�	1

1� r
;

(52)

where � is the fine-structure constant.
There is currently no direct experimental bound on the

coupling constant gH1��. The shadow Higgs and one of the
two photons in the effective operator can be attached to
charged fermions which yield a one-loop contribution to
the magnetic moment. However this contribution is buried
deep inside the one-loop g-2 contribution discussed above.

The lifetime of the shadow Higgs can be estimated to be

 
H1
� �1� r�

�
68 keV

mH1

�
3

sec��1� r�
�
0:1 eV

mH1

�
3
1010 yr:

(53)

For a shadow Higgs lighter than a few tens of keV, its
lifetime may be long enough for it to escape and carry
away energy from stars in the horizontal branch with a
typical radius of a few tens of light second. Recently, an
upper bound on the coupling of a very light exotic spin-0
particle to two photons has been placed at 1:1�
10	10 GeV	1 by the CAST Collaboration [28]. Applying
this bound to the scalar case (53) implies that r > 105.

For an even lighter shadow Higgs, the stellar energy lost
through e�! eH1 puts a stronger bound on the electron-
shadow Higgs Yukawa coupling, �y2

eH1
�=4� � 10	29 [29].

But this would push our model into an extremely fine-
tuned region, where r � 1016.

Recall that r > 104 is already necessary when consider-
ing the rare B! ���	X decay. In this region, if the
shadow Higgs is lighter than 0:1r1=3 eV, which is
2.15 eV for r � 104 and 215 eV for r � 1010, it can have
a cosmologically interesting lifetime and may contribute a
noticeable fraction to the dark matter density. Note that this
does not require one to impose a discrete symmetry such as
an extra Z2 parity as in Ref. [17].
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E. Searching for the shadow Higgs at the LHC

As can be seen from (35), the width of a 2-body decay of
the SM-like Higgs H2 is simply that of the SM scaled by a
factor n2

2 � r=�1� r�, hence no significant changes are
expected. More interesting are the 3-body decays illus-
trated in Fig. 5. The amplitude of such a decay process is
given by

 M �
yf�3vr

�P	 k�2 	m2
H2

�u�l�v�q�; �3 � 4	
������������
1� r
p

;

(54)

where yf is the SM Higgs-fermion Yukawa coupling, and
	�3vr=2 is the coupling of the H2H2H1 vertex. From a
standard calculation, and the fact that the b quark is much
lighter than the SM Higgs, the decay width reads

 ��H2 ! H1f �f� � Nc
y2
f�

2
3

128�3

v2
r

mH2

FH���; (55)

where � � mH1
=mH2

> 0, and by defining x � 2k0=mH2

 

FH��� �
Z 1��2

2�
dx

1� �2 	 x

�x	 �2�2

��������������������
x2 	 4�2

q

�	2	 log��
5�
4
��O��2�; �� 1: (56)

We have thus
 X
f

��H2 ! H1f �f� �
�2

3

64�3mH2

FH���
X
f

Ncm
2
f

� 0:3�2
3FH���

�
120 GeV

mH2

�
MeV; (57)

where the sum runs over b, c, and 
.
The inclusive width given in (57) is to be compared with

�total � 40 MeV for a SM Higgs of 120 GeV. Table I lists
the relevant quantities entering into (57) for mH2

�

120 GeV, mZs � 500 GeV, and mH1
� 0:001, 1, 30 GeV.

We see that the tree-levelH2H2H1 coupling (in units of vr)
is tiny in all cases. Thus, we expect the 3-body decay
process, H2 ! H1f �f, to have little impact on the branch-
ing ratios of the SM-like H2.

Since the Yukawa coupling of the top to the SM Higgs is
the largest amongst the fermions, it would also be the
largest fermion-shadow Higgs coupling as well. Thus we
expect that there is a good chance of detecting the shadow

Higgs in precision top decay studies such as at the LHC,
where 8� 106t�t events per year are expected at a luminos-
ity of 1033 cm	1 s	1 [30].

As is the case with the SM Higgs search at the LHC, the
primary process that can reveal the presence of the shadow
Higgs is the 3-body decay, t! H1bW�, described in
Fig. 6. Taking mt � 174 GeV, mW � 80:4 GeV, mb �
4:5 GeV, and yt � 1:0, after a standard but tedious calcu-
lation the decay width is evaluated to be

 

��t! H1bW
�� � f16:85; 4:78; 0:221g �

���
2
p
GF

256�3

m3
t

1� r

� f18; 5; 0:2g �
10	2

1� r
GeV; (58)

for mH1
� 0:001, 1, 30 GeV, respectively. This is to be

compared with the top decay width predicted in the SM
[31]

 

�t �
GFM3

t

8�
���
2
p �1	 �2�2�1� 2�2�

�
1	

2�s
3�

�
2�2

3
	

5

2

��
� 1:37 GeV; (59)

where � � mW=mt and �s�mZ� � 0:118.
We see from (58) the that lighter the shadow Higgs, the

larger the decay width ��t! H1bW��. However, we have
seen from above that the parameter r is constrained to be
large when the shadow Higgs is light—recall that for
mH1

� mb, r > 104 is required to satisfy the bound from
the B! ���	X decay, and if the shadow Higgs is lighter
still, say mH1

< 2me, astrophysical constraints would push
r to even higher values. In the opposite limit where the
shadow Higgs is heavy, saymH1

* O�100� GeV, the decay
rate will again be suppressed, but now by phase space
factors. Thus, we expect the 3-body decay mode, t!
H1bW

�, to be useful only when the shadow Higgs has a
mass of a few tens of GeV.

TABLE I. Values of FH and �3 at various mH1
for mH2

�
120 GeV and mZs � 500 GeV.

mH1
(GeV) 0.001 1 30

FH 9.96 2.82 0.168
�3 	1:4� 10	6 	1:4� 10	3 	0:04

(a)

t

P q

b

W ∗
k W

l H1

(b)

t

P l
H1

t∗
q b

k W

FIG. 6. Leading order 3-body t! H1bW
� decay.

H2

P k
H1

H ∗
2

q −
f

l f

FIG. 5. Leading order 3-body H2 ! H1f �f decay.
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Suppose then that mH1
� 30 GeV, and the experimental

sensitivity can reach down to 10	4 (which is expected from
the LHC at high luminosity). If r ’ 10, (58) suggests that
the presence of the shadow Higgs is testable by studying
the top decay width. However, the parameter space for
having r ’ 10 is small. From Fig. 1, we see that for mZs >
500 GeV, having r ’ 10 requires gs > 1, and the use of
perturbation theory becomes questionable. Only for mZs <
300 GeV can a perturbative gs be easily maintained. Since
r is more naturally of O�100�, a search for the shadow
Higgs may require the LHC to operate at high luminosity
for extended periods of time.

V. SUMMARY

We have studied the scale-invariant version of a hidden
extra U�1�model with radiative gauge symmetry breaking.
The dimensional transmutation mechanism results in a
heavy scalar which we identify as the SM Higgs (H2),
and a light scalon which we call the shadow Higgs (H1).
There are no other physical spin-0 particles in the model.

Unlike other extended Higgs models, there are no tree-
level H2H1H1 couplings. Thus, the model predicts no
additional 2-body decays for H2, and to leading order,
the SM Higgs physics is only modified by a factor of
r=�1� r�. As for the shadow Higgs, it behaves in general
like a lighter version of the SM Higgs with couplings to
quarks and gauge bosons reduced by a factor of 1=�1� r�.
Phenomenological considerations from LEP constraints
dictate that r > 10 for mH1

< 100 GeV.

For a shadow Higgs with mass in the range 2me <
mH1

< 1 GeV, the most stringent constrain comes from
the B! ���	X decay that leads to a lower limit of r >
104. For mH1

< 20 keV, stellar cooling imposes the limit
of r > 105. While not impossible, we consider this to be
extreme. For a cosmologically interesting shadow Higgs,
r > 106 would be required.

Given that the coupling of the shadow Higgs to SM
particles will be quite weak, the shadow Higgs will be
elusive to most searches. However, if its mass is in the
range of 10 to 100 GeV, it can be detected in top decays. In
particular, there will a parallel mode alongside the t!
H2Wb decay in which the SM-like Higgs is replaced by the
lighter shadow Higgs. If r ’ 10, we expect a branching
ratio of O�10	4� for the shadow Higgs, which should be
detectable at the LHC with high luminosity runs. In the
event that the SM-like Higgs is heavier than or is too close
to mt so that the decay is kinematically suppressed, the
shadow Higgs will be the only such decay to be seen. This
search can be extended to the ILC where the environment
will be much cleaner.
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