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The standard model Higgs searches using the first 1–2 fb�1 of LHC data can be used to put interesting

constraints on new scalar particles other than the Higgs particle. We investigate one such scenario in

which electroweak symmetry is broken via strongly coupled conformal dynamics. This scenario contains

a neutral scalar dilaton—the Goldstone boson associated with spontaneously broken scale invariance—

with a mass below the conformal symmetry breaking scale and couplings to standard model particles

similar (but not identical) to those of the standard model Higgs boson. We translate the LEP and LHC

Higgs limits to constrain the dilaton mass and conformal breaking scale. The conformal breaking scale f

is constrained to be above 1 TeV for dilaton masses between 145 and 600 GeV, though it can be as low as

400 GeV for dilaton masses below 110 GeV. We also show that (i) a dilaton � with mass below 110 GeV

and consistent with the LEP constraints can appear in gg ! � ! �� with a rate up to �10 times the

corresponding standard model Higgs rate, and (ii) a dilaton with mass of several hundred GeV is

much narrower than the corresponding standard model Higgs bosons, leading to improved search

sensitivity in � ! ZZ ! 4‘.
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I. INTRODUCTION

The main goal of the CERN Large Hadron Collider
(LHC) is to uncover the agent of electroweak symmetry
breaking (EWSB). Over the years many possibilities have
been envisioned which generally fall into one of two
categories: weakly coupled physics, or strongly coupled
physics. Weakly coupled EWSB typically requires a Higgs
doublet that acquires a vacuum expectation value (VEV),
the prototypical example of which is the standard model
(SM) that has a light scalar Higgs boson with couplings to
other particles proportional to their masses. Strongly
coupled EWSB on the other hand does not require a light
scalar, but in general predicts a large number of bound
states above the electroweak scale. Electroweak precision
tests tend to favor a weakly coupled light Higgs; however,
this scenario suffers from severe fine-tuning. To alleviate
the fine-tuning problem the light Higgs must be part of a
larger sector, such as in supersymmetric models [1] or little
Higgs models [2]. Most such models still require some
amount of fine-tuning to evade experimental bounds.
Fortunately the two classes of scenarios have qualitatively
different spectra, and the LHC should be able to easily
distinguish between them.

If the strongly coupled theory is conformal, however, the
low-energy theory might include a light scalar dilaton,
which has properties that are similar to those of a light
Higgs [3,4]. Conformality of the strongly interacting sector
that breaks the electroweak symmetry [5] has various
motivations. It helps, for example, to avoid problems

with flavor-changing neutral currents that potentially
plague theories of extended technicolor [6]. It can also
help the agreement of these kinds of theories with electro-
weak precision tests [7]. The properties of the ‘‘technidi-
laton’’ appearing in theories of this kind and the associated
LHC phenomenology were studied in Ref. [8]. Similar
phenomenology was also studied in the context of
Randall-Sundrum (RS) [9] models as the AdS-CFT corre-
spondence [10] dictates that the radion in RS scenarios is
dual to a dilaton of the associated conformal field theory
(CFT). In fact, the couplings of the radion to the SM sector
are the same as those of the dilaton, except for a contribu-
tion due to the interaction of the radion with the ‘‘bulk’’ of
the extra dimension that can contribute significantly to the
radion couplings to gluon or photon pairs. From the CFT
point of view, this contribution arises because the SM
gauge bosons are not part of the CFT but instead come
from weakly gauging some of the global symmetries of the
CFT. Reference [11] discusses the physics of the radion in
detail, while also establishing the equivalence of the CFT
and RS pictures. Constraints on the radion scenario from
recent LHC Higgs searches have been studied very re-
cently in Ref. [12].
In this paper, we consider a scenario in which the scale

invariance of the strong dynamics is manifest at very high
energy but is spontaneously broken at a scale f, not too far
above the electroweak scale. The strong dynamics is also
responsible for the breaking of the electroweak symmetry
at scale v ¼ 246 GeV. We assume that the sector that
explicitly breaks the conformal symmetry has a small
parameter which makes the dilaton—the Goldstone
boson associated with the spontaneously broken scale
symmetry—parametrically lighter than the other reso-
nances, which are expected to have masses around 4�f.
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Finally we imagine that the entire structure of the SM is
embedded in the conformal sector at high energy. This
is the scenario presented in Refs. [4,13], and for which
the dilation couplings can be deduced from symmetry
arguments.

We do not consider the effects of Higgs-dilaton mixing,
or the decay of the dilaton to two Higgs bosons, the reason
being that we would like to study a scenario in which the
electroweak symmetry is broken by strong dynamics and
not by a weakly coupled Higgs. Note however that we will
consider rather high values for f compared to the SM
electroweak breaking scale v ¼ 246 GeV. In this case
there might be an additional Higgs-like state with mass
smaller than f, like, for example, in the strongly coupled
light Higgs scenario of Refs. [14,15]. We will assume that
such a state is heavier than the dilaton and does not mix
significantly with it.

The paper is organized as follows. We start by defining
the dilaton couplings and deriving the dilaton decay width
and branching ratios in Sec. II. We determine the existing
constraints on the dilaton mass and the conformal breaking
scale f from SM Higgs searches at the CERN Large
Electron-Positron Collider (LEP) and the LHC in
Sec. III. We then propose two new LHC analyses that
could increase the sensitivity to a dilaton in Sec. IV. We
also discuss how a dilaton can be distinguished from the
SM Higgs based on rates in different detection channels.
We finish with some brief comments on dilaton production
at a future International Linear eþe� Collider (ILC) and its
photon collider variant in Sec. V and we conclude in
Sec. VI.

II. PROPERTIES OF THE DILATON

A. Dilaton couplings

The dilaton is the Goldstone boson associated with
spontaneously broken scale invariance and can be intro-
duced in the low-energy Lagrangian as a compensator for
scale transformations—i.e., all couplings that are not scale
invariant can be made scale invariant by introducing ap-
propriate powers of the dilaton field to compensate for the
shift under a scale transformation. Following this prescrip-
tion, at energies below the conformal breaking scale, the
coupling of the dilaton field � to the SM sector is described
by the Lagrangian [4,13]1

L ¼ v2

4
TrjD�Uj2ð�=fÞ2 � 1

4
ðB��Þ2 � 1

2
TrðW��Þ2

�mi
�c iUc ið�=fÞ; (1)

where U is a 2� 2 nonlinear signal model field given by
U ¼ exp½ið�a�a=vÞðf=�Þ�, where �a are the electroweak

Goldstone bosons eaten by the W and Z, and �a are the
SU(2) generators. The first term contains the mass term of
the gauge bosons and the coupling of the gauge bosons to
the dilaton. To compute this coupling, let us parametrize
the fluctuations of the physical dilaton �� about its VEV as
�� ¼ �� f. We can now directly read off the couplings
of the dilaton to the gauge bosons and fermions from
Eq. (1). The dilaton couplings of dimension up to four
are given by

L �;SM ¼ 1

2
M2

VV
2
�

�
2 ��

f
þ ��2

f2

�
� ��

f
mi

�c ic i: (2)

The three-point couplings are identical to those of the
Higgs boson in the SM multiplied by an overall v=f
scaling factor.
The dilaton couples to any term of the Lagrangian that

breaks scale invariance. More formally, it couples to T�
�,

the trace of the stress-energy tensor. This includes the scale
anomaly, proportional to the � function of the standard
model.2 Indeed, within the SM, the running of the QCD
and QED gauge couplings introduces a dependence on a
renormalization scale and this breaks scale invariance at
loop level; this effect is proportional to the appropriate beta
functions. This induces the direct couplings �G2

�� and

�F2
�� that are given by

L ¼
�
��EM

8�
bEMðF��Þ2 � �s

8�
bGðGa

��Þ2
�
ln
�

f
; (3)

where the coefficients bEM and bG are the beta function
coefficients to be evaluated at the energy scale of the
interaction. For an on-shell physical dilaton, this corre-
sponds to including all particles lighter than the dilaton
in the beta function coefficient.
A second, less mysterious way to understand these

couplings is to consider the beta functions of the SM gauge
interactions above the scale of conformal symmetry break-
ing. If the SM gauge interactions are part of the conformal
sector, as we assume here, their gauge couplings must not
run above the conformal symmetry breaking scale; i.e.,
bG ¼ bEM ¼ 0 at the high scale. This is achieved through
the presence of new, gauge-charged states that cancel the
SM contribution to the beta functions and get masses
through conformal breaking around 4�f; in particular,

X
light

bi þ
X
heavy

bi ¼ 0; (4)

where the sums run over the contributions of the SM fields
and the conformal sector fields, respectively. From this it
becomes clear how to compute the dilaton coupling to two

1Reference [13] discusses ‘‘anomalous’’ couplings of the
dilaton to fermion pairs that are not proportional to the fermion
masses—we ignore this possibility here.

2More precisely, the divergence of the dilatation current is
related to the trace of the energy-momentum tensor T

�
� , which

can be computed by evaluating the trace anomaly. In QCD this
gives T

�
� ¼ ð�G=g

3
sÞðGa

��Þ2, while in QED it gives T
�
� ¼

ð�EM=2e
3ÞðF2

��Þ.
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gluons or two photons from a loop-calculation perspective.
The heavy particles above the conformal-breaking scale
run in the loops and give a contribution to the coupling
proportional to

P
heavybi, which can be rewritten in terms of

the SM beta function coefficients using Eq. (4). The usual
SM particles also run in the loops and their contributions
have to be included in the computation of branching ratios
and cross section as we will show later. We thus obtain the
effective Lagrangian,

L ¼
�
�EM

8�
ð�bEMÞðF��Þ2 þ �s

8�
ð�bGÞðGa

��Þ2
�
��

f
; (5)

where we have used Eq. (4) to swap the heavy-particle beta
function coefficients for the familiar SM beta function
coefficients (including the top quark), bEM ¼ �11=3 and
bG ¼ 11� 2

3nf, with nf ¼ 6. Note the 1=f dependence of

the dilaton coupling in Eq. (5) in place of the 1=v depen-
dence of the corresponding SM Higgs coupling. We also
note that the argument given above makes it clear that in
models where the SM gauge groups are not part of the
conformal dynamics, but are instead a weak perturbation of
it, the coupling of the dilaton to gauge bosons will be
different.

B. Cross sections, decay widths, and branching ratios

The behavior of the dilaton couplings compared to those
of the SM Higgs is easy to understand. The partial widths
for the dilaton to decay into anymassive SM final state, and
the cross section for production of the dilaton from its
coupling to massive SM particles, are all equal to their
SM values times an overall scaling factor of v2=f2. The
partial width for the dilaton to decay to two gluons (or two
photons) and the cross section for production of the dilaton
via gluon fusion (or two-photon fusion) are equal to their
SM values times an overall scaling factor of Rgv

2=f2 (or

R�v
2=f2), where the function Rg (or R�) is the ratio of the

gluon (or photon) loop factor squared for the dilaton to that
of the SM Higgs,

Rg ¼ j�bG þ 1
2

P
i F1=2ð�iÞj2

j 12
P

i F1=2ð�iÞj2
;

R� ¼ j�bEM þP
i NciQ

2
i Fið�iÞj2

jPi NciQ
2
i Fið�iÞj2

;

(6)

where Nci is the number of colors and Qi is the electric
charge in units of e for particle i running in the loop.
The loop functions F1ð�Þ and F1=2ð�Þ, for vector bosons
and fermions, respectively, running in the loop, are given
by [16]

F1 ¼ 2þ 3�þ 3�ð2� �Þfð�Þ;
F1=2 ¼ �2�½1þ ð1� �Þfð�Þ�; (7)

where �i ¼ 4m2
i =M

2
� and

fð�Þ ¼
8<
:
½sin�1ð ffiffiffiffiffiffiffiffi

1=�
p Þ�2 if � � 1

�1
4½lnð	þ=	�Þ � i��2 if � < 1

; (8)

with 	� ¼ ð1� ffiffiffiffiffiffiffiffiffiffiffiffi
1� �

p Þ. The functions Rg and R� are

plotted in Fig. 1 as a function of the physical dilaton
mass M�. (From here on we drop the bar on the physical

dilaton and call it � for simplicity.) For dilaton masses
above 100 GeV, only the top quark and W boson loops
have a significant numerical effect in Eq. (6). For masses
below 100 GeV we include also the bottom, charm, and
tau loops.3 Note thatR� stays between 1.75 and 2.75 forM�

between 20 GeVand 200 GeV, while Rg varies between 40

and 160 forM� between 20 GeVand 1000 GeV.

Because of the close correspondence between the dila-
ton couplings and those of the SM Higgs, we can compute
the dilaton decay branching ratios and total width by
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FIG. 1. The scaling functions Rg and R� as a function of the dilaton mass. Note that Rg is divided by 100 in the plots to allow the two
functions to be displayed on the same axes.

3We use MW ¼ 80:4 GeV, mt ¼ 172 GeV, mb ¼ 4:2 GeV,
mc ¼ 1:4 GeV, and m� ¼ 1:777 GeV when evaluating Rg and
R�.
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rescaling the known SM Higgs partial widths to SM final
states.4 We compute the SM Higgs decay partial widths
using HDECAY 3.53 [17]. We find the dilaton partial widths
at the corresponding mass point by rescaling all the SM
Higgs partial widths by v2=f2, with an additional scaling
by Rg (R�), given in Eq. (6), for decays to gg (��). The

resulting dilaton branching ratios are plotted in Figs. 2
and 3 for dilaton masses below 200 GeV and up to
1000 GeV, respectively. These branching ratios are inde-
pendent of the conformal breaking scale f. The total

width of the dilaton, proportional to v2=f2, is plotted for
various f values in Fig. 4.
We observe the following features. A dilaton with mass

less than 2MW decays predominantly to a pair of gluons.
This is due to the dramatic enhancement of the �gg
coupling via the QCD beta function coefficient. In particu-
lar, this suppresses the dilaton branching ratios to b �b, ��,
and �� below the WW threshold compared to the corre-
sponding branching ratios of the SM Higgs. It also sup-
presses the branching ratio to off-shell WW and ZZ below
2MW . These features will have a significant impact on the
LEP and LHC dilaton exclusions below 2MW .
For dilaton masses above 2MW , the branching ratios

become essentially identical to those of the SM Higgs,
with the dilaton decaying predominantly to WW, ZZ, and
t�t. Decays to gluon pairs contribute at most 10% at M� ¼
200 GeV, falling to less than 2% atM� ¼ 1000 GeV. The

partial widths to the dominant WW, ZZ, and t�t decay
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FIG. 3. Dilaton branching ratios as a function of the dilaton
mass for masses up to 1000 GeV.
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FIG. 2 (color online). Dilaton branching ratios as a function of the dilaton mass for masses below 200 GeV. The right-hand plot
compares the dilaton branching ratios into final states important for LHC Higgs searches in inclusive production modes (solid lines) to
the corresponding SM Higgs branching ratios (dotted lines).

FIG. 4 (color online). Total decay width of the dilaton as a
function of the dilaton mass, for various values of the conformal
symmetry breaking scale f. We plot only M� < f. The corre-

sponding total width of the SM Higgs is shown for comparison
(solid line).

4This approach allows us to incorporate the known radiative
corrections to the SM Higgs partial widths. These radiative
corrections transfer over to the dilaton exactly except for
(i) electroweak radiative corrections that involve the triple-
Higgs vertex or more than one coupling of a Higgs to other
SM particles, and (ii) QCD and electroweak radiative corrections
to the Hgg and H�� vertices that resolve the top and/orW loops
rather than treating the coupling as a pointlike effective vertex.
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modes are equal to the corresponding SM Higgs partial
widths times a scaling factor v2=f2. This leads to a dra-
matic suppression of the dilaton total width at large f
values compared to that of the SM Higgs.

III. CONSTRAINTS FROM HIGGS SEARCHES

A. Constraints from LEP

The LEP experiments searched for Higgs production in
eþe� ! ZH via an intermediate off-shell Z boson. The
SM Higgs limits [18] are based on the SM Higgs decay
final states b �b and ��, which dominate in the SM Higgs
mass range to which LEP had kinematic access. LEP
presented these results as an exclusion in the parameter
space of MH and 
2, where 
 is a scaling factor on the
ZZH production coupling, assuming SM decay branching
ratios (BRs).

We translate the LEP combined SM Higgs limit of
Ref. [18] into a limit on the dilaton by identifying the
scaling factor 
2 as


2 ¼ �ðeþe� ! Z�Þ
�ðeþe� ! ZHSMÞ �

BRð� ! b �bþ ��Þ
BRðHSM ! b �bþ ��Þ : (9)

The cross-section ratio is equal to v2=f2, while we calcu-
late the ratio of branching ratios as described in Sec. II.
The double suppression—by v2=f2 on one hand and by the
suppressed dilaton branching ratios into b �b and �� on the
other—leads to a rather weak dilaton limit from the LEP
SM Higgs search. This is shown by the solid blue line in
Fig. 5.

The LEP experiments also performed a flavor-
independent search for eþe� ! ZH with the Higgs decay-
ing into hadrons, for Higgs masses above 60 GeV [19].
This search is more sensitive to dilaton production than the
SM Higgs search because it captures the dominant branch-
ing ratio to gluons. The limit was again presented as an
exclusion in the parameter space of MH and a scaling
factor 
2, defined for our purposes as


2 ¼ �ðeþe� ! Z�Þ
�ðeþe� ! ZHSMÞ � BRð� ! ggþ b �bþ c �cÞ:

(10)

This search leads to the strongest limit on the dilaton in the
mass range 60–110 GeV, shown by the dot-dashed blue line
in Fig. 5. Together, these LEP limits exclude values of f
below 400 GeV.5

B. Constraints from the LHC

The LHC experiments have placed strong exclusions on
the mass of the SM Higgs by combining various channels,
the most important of which are ��, WW ! ‘�‘�, and
ZZ ! 4‘, ‘‘��. The ATLAS and CMS Collaborations
together now exclude a Higgs with SM couplings in the
mass range 145–466 GeV, with a small window at 288–
296 GeV which is disfavored but not quite excluded at
95% confidence level [22,23]. The dilaton appears in the
same search channels as the SM Higgs, but with different
production rates and decay branching ratios due to the
modification of its couplings relative to those of the SM
Higgs. As we have seen, the dilaton coupling to gluon pairs
can be dramatically enhanced. This leads to enhanced
dilaton production in gluon fusion for a large range of f
values, allowing us to set strong limits, especially above
the WW threshold where the dilaton branching ratios to
final states used in the LHC searches are not suppressed.
We translate the current LHC exclusion on the SMHiggs

to an exclusion on the dilaton as follows. We compute the
inclusive dilaton production cross section by scaling the
SM Higgs cross sections from gluon fusion and vector
boson fusion (VBF) according to

�ðpp!�Þ
�ðpp!HSMÞ ¼

�ðgg!�Þþ�ðVBF!�Þ
�ðgg!HSMÞþ�ðVBF!HSMÞ

¼ v2

f2
Rg�ðgg!HSMÞþ�ðVBF!HSMÞ
�ðgg!HSMÞþ�ðVBF!HSMÞ :

(11)
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FIG. 5 (color online). Constraints on the dilaton mass and
conformal scale f from LEP and the LHC. Regions below the
solid and dot-dashed blue lines are excluded by the LEP SM
Higgs search and a flavor-independent LEP search for a hadroni-
cally decaying Higgs, respectively. Regions below the solid and
dot-dashed red lines are excluded by the combined LHC SM
Higgs search and the LHC Higgs search in the H ! �� channel,
respectively. For the LHC exclusion, we take the stronger of the
ATLAS and CMS limits at each mass point. The dotted black
lines show contours of �ðgg ! � ! ��Þ=�ðgg ! HSM ! ��Þ.

5A similar analysis of LEP constraints on the dilaton was done
in Ref. [20] using the public code HIGGSBOUNDS 1.0 [21],
resulting in constraints similar to what we obtain from the
LEP combined limit. Reference [20] also determined the dilaton
exclusion from the Tevatron H ! WW search data; this is now
superseded by the LHC results.
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We take the SM gluon fusion and VBF cross sections from
Ref. [24], which includes the current state-of-the-art radia-
tive corrections.6 We then multiply by the appropriate ratio
of branching ratios, BRð� ! XÞ=BRðHSM ! XÞ for final
state X, computed as in Sec. II.

For masses above 150 GeV, the Higgs limits from the
LHC rely exclusively on the WW and ZZ channels.
Because BRð�!WWÞ=BRðHSM!WWÞ¼BRð�!ZZÞ=
BRðHSM!ZZÞ, we can translate the combined SM Higgs
exclusion into a dilaton exclusion by multiplying the ratio
in Eq. (11) by BRð� ! WWÞ=BRðHSM ! WWÞ. Below
150 GeV, the �� channel plays a non-negligible role in the
combined Higgs exclusion from both ATLAS and CMS.
However, because BRð� ! ��Þ=BRðHSM ! ��Þ>
BRð� ! WWÞ=BRðHSM ! WWÞ, translating the com-
bined SM Higgs exclusion into a dilaton exclusion by
multiplying the ratio in Eq. (11) by BRð�!WWÞ=
BRðHSM!WWÞ is conservative in this mass range.7 The
excluded dilaton parameter space based on the combined
SM Higgs exclusion is shown (for masses below 200 GeV)
by the solid red line in Fig. 5. We also compute an exclu-
sion based on the ATLAS and CMS �� channel
alone [25,26] by multiplying the ratio in Eq. (11) by
BRð� ! ��Þ=BRðHSM ! ��Þ. This is shown by the dot-
dashed red line in Fig. 5. The �� channel provides a
stronger exclusion than the (conservative) combined
Higgs limit for dilaton masses below 134 GeV. The ex-
cluded dilaton parameter space for masses up to 1000 GeV
is shown in Fig. 6.

For dilaton masses above the turn-on ofWW decays, the
LHC limits are very constraining. For example, the con-
formal breaking scale f is constrained to be above 1 TeV
(2 TeV) for dilaton masses in the range 145–600 GeV
(155–420 GeV). Below the WW threshold, the LHC con-
straints are weaker due to the suppression of the detectable
dilaton decay branching ratios by the partial width to gg.
Nevertheless, f values below 600 GeVare excluded by the
current LHC limits, pushing the scale of conformal break-
ing more than a factor of 2 above the scale v of EWSB for
dilaton masses above 110 GeV. Below 110 GeV, the limits

on f come solely from LEP, yielding f > 400 GeV as
discussed above. Combined with the LHC limits, this
excludes the possibility that f� v, as would be expected
if the same operators break the conformal and electroweak
symmetries.

IV. LHC DISCOVERY POTENTIAL

A dilaton with relatively low conformal breaking scale f
is still allowed at low (below �150 GeV) and high (above
�400 GeV) masses. We now consider strategies for dis-
covery and characterization of the dilaton properties at the
LHC in these two mass ranges.

A. Low-mass dilaton

The most promising search channel for a low-mass
dilaton (below about 135 GeV) is in � ! ��. The current
LHC and LEP exclusions still allow significant regions of
parameter space in which the dilaton �� signature is
enhanced relative to the corresponding SM Higgs signal
due to the enhanced gluon-fusion production cross section.
Contours of the rate for gg ! � ! �� relative to the
corresponding SM process are shown by the dotted black
lines in Fig. 5. In particular, because of the weakening of
the LEP constraint, a signal in gg ! � ! �� as much as
10 times larger than the SM Higgs expectation is still
possible for masses between 40 and 110 GeV. While the
�� background increases with decreasing �� invariant
mass, the SM Higgs gluon fusion cross section increases
as well. We therefore encourage the LHC experiments to
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FIG. 6 (color online). Constraints on the dilaton mass and
conformal scale f from the LHC. The area below the solid
red line is excluded by the LHC SM Higgs search combined
limit or the limit from the �� channel alone; for each mass
value we take the stronger limit of ATLAS or CMS. The region
below the solid blue line has f <M� or f < v ¼ 246 GeV

and is thus theoretically unmotivated. We also show contours
of �ðinclusive � ! WWÞ=�ðinclusive HSM ! WWÞ (green
dashed lines) and �ðgg ! � ! WWÞ=�ðgg ! HSM ! WWÞ
(purple dotted lines).

6This approach again allows us to incorporate the full set of
currently known radiative corrections except as described in
footnote 4.

7The combined limit also includes small contributions from
(i) inclusive Higgs production with decays to �� below 150
(140) GeV for ATLAS (CMS), and (ii) associated WH produc-
tion with decays to b �b below 130 (135) GeV for ATLAS (CMS).
Applying the WW branching ratio scaling to the �� limit is
exact because BRð� ! ��Þ=BRðHSM ! ��Þ ¼ BRð� ! WWÞ=
BRðHSM ! WWÞ. The b �b contribution, however, comes from a
production mode that scales with v2=f2 and is thus significantly
suppressed for the dilaton compared to inclusive production, so
that scaling its contribution to the combined exclusion as we
have done is not strictly conservative. Fortunately, the dilaton
mass range in which this channel is included in the combined
limit will receive a stronger constraint from the �� channel
alone.
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extend the search for a bump in the �� invariant mass
spectrum down below 110 GeV to search for a dilaton in
this range. Pushing the LHC limit in the �� channel down
to the SM rate would exclude f values up to 1.3 TeV
(2.5 TeV) for M� � 120 GeV (40 GeV).

In the event of a discovery in the �� channel, we will
want to distinguish the newly discovered resonance from
the SM Higgs and characterize it as a dilaton. For masses
above �135 GeV, comparing the signal rate in �� to that
in WW would immediately indicate a departure from the
SM; the relative rates in these two channels differ by more
than a factor of 2 compared to the SM, as shown by the
contours in Fig. 7 [we use Eq. (11) for the inclusive
production cross-section scaling]. For lower masses, the
suppression of W�, Z�, vector boson fusion, or t�t� chan-
nels compared to the SM Higgs expectation would allow
the SM hypothesis to be excluded. For resonance masses
below 114.4 GeV, the SM Higgs possibility is of course
already excluded by LEP.

Characterizing a newly discovered resonance as the
dilaton is actually fairly straightforward if it is detectable
in a few additional channels. For M� * 135 GeV, com-

parison of the signal rates in �� and WW final states
provides a measurement of R�,

�ðinclusive ! � ! ��Þ=�ðinclusive ! � ! WWÞ
�ðinclusive ! HSM ! ��Þ=�ðinclusive ! HSM ! WWÞ

¼ R�: (12)

This provides a direct test of the QED beta function con-
tribution to the ��� coupling via Eq. (6). An identical
measurement can be made for lower dilaton masses by
replacing the WW final state with ��. Measuring Rg re-

quires detection of the dilaton in a production mode
other than gluon fusion. The most promising channels

are probably vector boson fusion and associated W�, Z�
production, with decays to ��. This yields

�ðgg ! � ! ��Þ=�ðW�;� ! ��Þ
�ðgg ! HSM ! ��Þ=�ðWHSM; HSM ! ��Þ ¼ Rg;

(13)

and similarly for the Z� and vector boson fusion produc-
tion modes (these modes could be combined for greater
statistical power). As before, this provides a direct test of
the QCD beta function contribution to the �gg coupling
via Eq. (6). The universality of the scaling of the dilaton
couplings to all SM particles other than gg and �� can be
checked by verifying that

�ðX ! � ! YÞ
�ðX ! � ! ZÞ ¼

�ðX ! HSM ! YÞ
�ðX ! HSM ! ZÞ for Y; Z � ��;

and
�ðX ! � ! ZÞ
�ðY ! � ! ZÞ ¼

�ðX ! HSM ! ZÞ
�ðY ! HSM ! ZÞ

for X; Y � gluon fusion: (14)

The measurement of Rg will be very challenging be-

cause the dilaton production cross sections in theW�, Z�,
and vector boson fusion channels are suppressed by v2=f2

compared to the corresponding SM Higgs cross sections;
combining this with the suppression of the visible decay
branching ratios and existing lower bounds on f yields
suppressions of these channels by at least a factor of 20
compared to the SM Higgs prediction. An upper bound on
the dilaton rate in the W�, Z�, and vector boson fusion
channels would set a lower bound on Rg.

The measurements of R� and Rg alone do not allow

one to calculate the new particle’s branching ratios in a
model-independent way; however, they should allow
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enough confidence in the dilaton nature of the new particle
for the branching ratios to be computed under this assump-
tion. With this theory assumption, the conformal breaking
scale f can be obtained using

�ðgg ! � ! ��Þ
�ðgg ! HSM ! ��Þ ¼ Rg

v2

f2
� BRð� ! ��Þ

BRðHSM ! ��Þ ;
(15)

or from the corresponding inclusive �� cross sections
by replacing Rgv

2=f2 above with the right-hand side of

Eq. (11).

B. High-mass dilaton

For a high-mass dilaton, the most sensitive search chan-
nels will involve decays to ZZ, just as for the SM Higgs.
The dilaton, however, has a much narrower total width in
this mass range than the SM Higgs, as illustrated in Fig. 8.
This will make the dilaton much easier to discover in the
ZZ ! 4‘ channel because the signal will form a narrow
peak, allowing backgrounds to be reduced through a
tighter invariant mass cut than in the SM Higgs case. It
will also make the dilaton easier to discover in that the
theoretical uncertainty due to interference between the
signal and SM backgrounds is dramatically reduced.
This theoretical uncertainty due to the large SM Higgs
width was parametrized as 150� ðMH½TeV�Þ3% for
MH � 300 GeV 8 in the ATLAS H ! ZZ ! ‘‘�� analy-
sis of Ref. [27]. Because the dilaton width is very closely
equal to v2=f2 times the SM Higgs width, this theoretical
uncertainty could be replaced in the dilaton case with
150� ðM�½TeV�Þ3 � v2=f2%.

To estimate the LHC discovery potential for a high-
mass, narrow-width dilaton in the ZZ ! 4‘ channel, we
studied the pp ! � ! ZZ ! 4‘ signal and corresponding
background using CALCHEP [28]. We added the dilaton
couplings to CALCHEP including the leading-order gg !
� effective coupling [proportional to the numerator of Rg

in Eq. (6)]. We generated 100,000 events in the
eþe��þ�� channel for the SM background9 and 3,000
events for the signal at each point in a grid ofM�, f for the

7 TeV LHC. We mimicked detector resolution by smearing

the lepton energies according to �E=E ¼ a � b=
ffiffiffiffi
E

p
,

where a and b are 5:5� 10�3 and 5� 10�2 for the elec-
trons and 1:3� 10�2 and 1:5� 10�4 for the muons. We do
not include any k factors.
We apply the following selection cuts:
(i) pT > 10 GeV and j	j< 2:5 for each of the four

leptons;
(ii) 80 GeV<M‘‘ < 100 GeV (this reduces the ee��

background not coming from two on-shell Z
bosons).

The resulting 4‘ invariant mass distributions for signal and
background are shown for a few dilaton masses and f
values in Fig. 9. We have incorporated the 4e and 4� final
states by multiplying the simulated signal and background
cross sections by 2. The dilaton signal peaks are quite
narrow and the cross section is appreciable. Compared to
the much wider SM Higgs, the narrowness of the dilaton
offers the additional benefit of being able to measure the
background from data using sidebands.
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FIG. 9 (color online). Distribution of the reconstructed 4‘ invariant mass after cuts for the SM background and dilaton signal, for
dilaton masses of 500 and 600 GeV and f values of 1.5 TeV (left) and 2 TeV (right). Event numbers are shown for a luminosity of
50 fb�1 at the 7 TeV LHC; the bin width is 20 GeV.

8For comparison, a 300 GeV SM Higgs boson has a width of
about 8.5 GeV [17]. The SM Higgs width grows with M3

H in the
high-mass range.

9The background to this process was calculated by generating
all diagrams contributing to a 4‘ final state except the Higgs
exchange ones. Also note that since the final state is 4‘, we do
not include vector boson fusion diagrams, as these come asso-
ciated with two additional hard jets.

COLEPPA, GRÉGOIRE, AND LOGAN PHYSICAL REVIEW D 85, 055001 (2012)

055001-8



To determine the discovery sensitivity, we finally apply a
tight cut on the four-lepton invariant mass,
(iii) M� � 10 GeV<M4‘ <M� þ 10 GeV.

The resulting luminosity required for a 3� or 5� dilaton
discovery sensitivity at the 7 TeV LHC is shown in Fig. 10.
The shaded regions show contours of the luminosity re-
quired for NS=

ffiffiffiffiffiffiffi
NB

p � 3 (left plot) or 5 (right plot), corre-
sponding to a Gaussian statistical sensitivity of 3� or 5�,
where NS and NB are the numbers of signal and back-
ground events that survive the cuts. For an observation or
discovery we also require at least five signal events; con-
tours of NS ¼ 5 are superimposed on Fig. 10 as thick
dashed lines—only the region of parameter space below
the corresponding dashed line should be considered ob-
servable for each luminosity. Dilaton masses up to
640 GeV should be discoverable at the 7 TeV LHC with
50 fb�1 for f ¼ 1:5 TeV. For the 14 TeV LHC, the entire
parameter space considered has NS=

ffiffiffiffiffiffiffi
NB

p � 5 for L �
20 fb�1, and the discovery sensitivity is only limited by
the availability of enough signal events. We show the five-
event luminosity contours for the 14 TeV machine in
Fig. 11—the region to the left of the contour is discover-
able for each particular luminosity.
We finally consider how to characterize a newly discov-

ered resonance as the dilaton in the high-mass range. First,

FIG. 11 (color online). Luminosity required for 5 signal events
for dilaton discovery in the ZZ channel at the 14 TeV LHC. The
region to the left of each contour is discoverable with the
specified luminosity in fb�1. Regions to the left of the solid
red line are already excluded by the LHC Higgs search.

FIG. 10 (color online). Luminosity required at the 7 TeV LHC for observing the dilaton in the pp ! 4‘ process as a 3� evidence
(left panel) or 5� discovery (right panel). The thick dashed lines are contours of 5 signal events for luminosities (from left to right) of
20, 50, and 75 fb�1. It is only the regions below these dashed lines that are truly observable at the LHC for the corresponding
luminosities—the regions above them do not have enough signal events. Regions to the left of the solid red line are already excluded
by the LHC Higgs search.
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the new state is easily distinguishable from a SM Higgs in
this mass range by its significantly narrower width and the
suppression of the vector boson fusion production mode. If
the total width of the dilaton is large enough to be resolved
experimentally in the 4‘ line shape, the conformal break-
ing scale f can be determined directly using10

�totð�Þ
�totðHSMÞ

’ v2

f2
; (16)

which holds to better than 5% for M� > 300 GeV. If the

rate for dilaton production via vector boson fusion is large
enough to be detected, f can also be obtained from

�ðVBF ! � ! ZZÞ
�ðVBF ! HSM ! ZZÞ ’ v2

f2
; (17)

where we have used the assumption that BRð� ! ZZÞ is
the same as that of the SM Higgs, which again holds to
better than 5% for M� > 300 GeV. Finally, if the rate for

dilaton production via vector boson fusion is large enough
to be detected, Rg can be measured using

�ðgg ! � ! ZZÞ=�ðVBF ! � ! ZZÞ
�ðgg ! HSM ! ZZÞ=�ðVBF ! HSM ! ZZÞ ¼ Rg:

(18)

As in the case of a light dilaton, this provides a direct test of
the QCD beta function contribution to the �gg coupling
via Eq. (6).

V. ILC PROSPECTS

The ILC [29] offers excellent prospects for measuring
the couplings and other properties of a light SM-like Higgs

boson. These can be applied to the dilaton as follows. The
total production cross section for eþe� ! Z� can be
measured independently of the � decay modes using the
recoil mass technique [30]. This directly determines v2=f2.
The dilaton branching ratios can then be measured in a
model-independent way using the event sample selected by
the recoil mass. Hadronic decays can be separated into b �b,
c �c, and gg samples using b- and charm-tagging. ForM� <

160 GeV, after determining that the largest decay branch-
ing ratio is to gg, a measurement of BRð� ! b �bÞ and/or
BRð� ! WWÞ will allow Rg to be extracted.11

Unfortunately, a major difficulty with this approach is
that the cross section for eþe� ! Z� is suppressed by a
factor of v2=f2 compared to the corresponding SM Higgs
cross section. The other ILC dilaton production modes,
eþe� ! ���� (via WW fusion), eþe� ! eþ�e� (via ZZ
fusion), and even eþe� ! t�t� at higher eþe� collision
energies, are suppressed by the same factor. Based on the
current LEP and LHC exclusions, ILC production of a
dilaton lighter than 120 GeV would be suppressed by a
factor of at least 5–10, while production of a dilaton
between 120 and 145 GeV would be suppressed by a factor
of at least 10–20 (see the left panel of Fig. 12), severely
reducing the signal statistics available for cross section and
branching ratio measurements.
The cross-section situation is better at a photon collider

because of the relative enhancement factor R� in the

�� ! � cross section; nevertheless, production rates
larger than about half the corresponding SM Higgs rate
are already excluded (see the right panel of Fig. 12). The
most interesting channels are b �b (for lower masses) [31]
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FIG. 12 (color online). Dilaton production cross sections relative to those of the SM Higgs at an eþe� collider (left panel) and
photon collider (right panel). The regions below the blue and red lines are excluded as in Fig. 5.

10Electroweak radiative corrections to the SM Higgs total width
become significant in the high-mass range; care must be taken
to separate out any corrections due to the large triple-Higgs
coupling.

11The measurement of a subdominant branching ratio is neces-
sary to measure Rg; a lower bound on BRð� ! ggÞ would allow
only a lower bound on Rg to be set. The larger of BRð� ! b �bÞ
and BRð� ! WWÞ is at least 4% over the whole mass range
being considered.
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and WW, ZZ (for higher masses) [32]. The significant
suppression of these final states by the gg decay below
2MW makes the situation even more difficult. Detection of
the gg final state itself is probably unfeasible at a photon
collider due to the large q �q background.

VI. CONCLUSIONS

The LHC should soon give us clues about the physics
responsible for electroweak symmetry breaking. Among
the various possibilities, EWSB through a strongly coupled
conformal dynamics is an interesting avenue from various
perspectives. If this conformal dynamics is broken sponta-
neously, a dilaton, the Goldstone boson associated with the
spontaneous breaking of scale invariance, could emerge in
the low-energy spectrum. Such a state is very interesting to
study from two points of view. First, its couplings are
similar to those of the Higgs (indeed the standard model
Higgs itself can be thought of as a dilaton [4]), so a
situation could arise in which a light scalar with properties
similar to a Higgs is discovered, while it is not in fact
responsible for electroweak symmetry breaking. Second,
the dilaton if identified properly could provide a hint to the
conformal nature of the strong sector which might other-
wise be difficult to establish.

In this paper, we recast the LEP and LHC exclusion
limits for a standard model Higgs into exclusion regions in

the two-dimensional M� � f dilaton parameter space. We

find that for low values of f, the dilaton is already excluded
by the LHC in a large portion of parameter space. This is
due to an enhancement in the coupling of the dilaton to two
gluons relative to the SM Higgs, which will always be
present if QCD is itself part of the conformal dynamics at
high energies. For large f and large M�, the dilaton is not

excluded but could be discovered at LHC with more lumi-
nosity. This dilaton would in fact be easier to find than a
standard model Higgs because it is much narrower, its
width being suppressed by ðv=fÞ2. A low-mass dilaton is
still allowed for relatively small values of f, and could still
yield a �� signature that is larger than that of the SM
Higgs. In fact, because the dilaton has a suppressed cross
section in the Z� mode, the LEP bound on the standard
model Higgs does not apply to the dilaton. Therefore a very
light dilaton is still allowed, and could be discovered at the
LHC in the �� channel if the standard model Higgs search
is extended below the LEP Higgs mass bound.

ACKNOWLEDGMENTS

This work was supported by the Natural Sciences and
Engineering Research Council of Canada.
Note added.—While we were finishing this paper,

Ref. [33] appeared which has significant overlap with our
results.

[1] S. Dimopoulos and H. Georgi, Nucl. Phys. B193, 150
(1981).

[2] N. Arkani-Hamed, A.G. Cohen, and H. Georgi, Phys.
Lett. B 513, 232 (2001); N. Arkani-Hamed, A. G.
Cohen, E. Katz, A. E. Nelson, T. Gregoire, and J. G.
Wacker, J. High Energy Phys. 08 (2002) 021; N.
Arkani-Hamed, A.G. Cohen, E. Katz, and A. E. Nelson,
J. High Energy Phys. 07 (2002) 034; M. Schmaltz and
D. Tucker-Smith, Annu. Rev. Nucl. Part. Sci. 55, 229
(2005).

[3] E. Gildener and S.Weinberg, Phys. Rev. D 13, 3333 (1976).
[4] W.D. Goldberger, B. Grinstein, and W. Skiba, Phys. Rev.

Lett. 100, 111802 (2008).
[5] K. Yamawaki, M. Bando, and K.-i. Matumoto, Phys. Rev.

Lett. 56, 1335 (1986); M. Bando, K. i. Matumoto, and K.
Yamawaki, Phys. Lett. B 178, 308 (1986); B. Holdom,
Phys. Lett. 150B, 301 (1985); T.W. Appelquist, D.
Karabali, and L. C. R. Wijewardhana, Phys. Rev. Lett.
57, 957 (1986); M.A. Luty and T. Okui, J. High Energy
Phys. 09 (2006) 070; R. Rattazzi, V. S. Rychkov, E. Tonni,
and A. Vichi, J. High Energy Phys. 12 (2008) 031; T.
Appelquist and Y. Bai, Phys. Rev. D 82, 071701 (2010).

[6] S. Dimopoulos and L. Susskind, Nucl. Phys. B155, 237
(1979); E. Eichten and K.D. Lane, Phys. Lett. 90B, 125
(1980).

[7] T. Appelquist and G. Triantaphyllou, Phys. Lett. B 278,
345 (1992); R. Sundrum and S. D.H. Hsu, Nucl. Phys.
B391, 127 (1993); T. Appelquist and F. Sannino, Phys.
Rev. D 59, 067702 (1999).

[8] K. Yamawaki, Prog. Theor. Phys. Suppl. 167, 127 (2007);
180, 1 (2009); Int. J. Mod. Phys. A 25, 5128 (2010);
S. Matsuzaki and K. Yamawaki, arXiv:1109.5448 [Prog.
Theor. Phys. (to be published)].

[9] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370
(1999).

[10] J.M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998);
Int. J. Theor. Phys. 38, 1113 (1999).

[11] C. Csaki, J. Hubisz, and S. J. Lee, Phys. Rev. D 76, 125015
(2007).

[12] V. Barger and M. Ishida, arXiv:1110.6452; H. de Sandes
and R. Rosenfeld, arXiv:1111.2006.

[13] J. Fan, W.D. Goldberger, A. Ross, and W. Skiba, Phys.
Rev. D 79, 035017 (2009).

[14] G. F. Giudice, C. Grojean, A. Pomarol, and R. Rattazzi,
J. High Energy Phys. 06 (2007) 045.

[15] L. Vecchi, Phys. Rev. D 82, 076009 (2010).
[16] J. F. Gunion, H. E. Haber, G. L. Kane, and S. Dawson, The

Higgs Hunter’s Guide (Westview, Boulder, 2000).
[17] A. Djouadi, J. Kalinowski, and M. Spira, Comput. Phys.

Commun. 108, 56 (1998); code available from Index of
Spira/HDECAY, http://people.web.psi.ch/spira/hdecay/.

DILATON CONSTRAINTS AND LHC PROSPECTS PHYSICAL REVIEW D 85, 055001 (2012)

055001-11

http://dx.doi.org/10.1016/0550-3213(81)90522-8
http://dx.doi.org/10.1016/0550-3213(81)90522-8
http://dx.doi.org/10.1016/S0370-2693(01)00741-9
http://dx.doi.org/10.1016/S0370-2693(01)00741-9
http://dx.doi.org/10.1088/1126-6708/2002/08/021
http://dx.doi.org/10.1088/1126-6708/2002/07/034
http://dx.doi.org/10.1146/annurev.nucl.55.090704.151502
http://dx.doi.org/10.1146/annurev.nucl.55.090704.151502
http://dx.doi.org/10.1103/PhysRevD.13.3333
http://dx.doi.org/10.1103/PhysRevLett.100.111802
http://dx.doi.org/10.1103/PhysRevLett.100.111802
http://dx.doi.org/10.1103/PhysRevLett.56.1335
http://dx.doi.org/10.1103/PhysRevLett.56.1335
http://dx.doi.org/10.1016/0370-2693(86)91516-9
http://dx.doi.org/10.1016/0370-2693(85)91015-9
http://dx.doi.org/10.1103/PhysRevLett.57.957
http://dx.doi.org/10.1103/PhysRevLett.57.957
http://dx.doi.org/10.1088/1126-6708/2006/09/070
http://dx.doi.org/10.1088/1126-6708/2006/09/070
http://dx.doi.org/10.1088/1126-6708/2008/12/031
http://dx.doi.org/10.1103/PhysRevD.82.071701
http://dx.doi.org/10.1016/0550-3213(79)90364-X
http://dx.doi.org/10.1016/0550-3213(79)90364-X
http://dx.doi.org/10.1016/0370-2693(80)90065-9
http://dx.doi.org/10.1016/0370-2693(80)90065-9
http://dx.doi.org/10.1016/0370-2693(92)90204-H
http://dx.doi.org/10.1016/0370-2693(92)90204-H
http://dx.doi.org/10.1016/0550-3213(93)90144-E
http://dx.doi.org/10.1016/0550-3213(93)90144-E
http://dx.doi.org/10.1103/PhysRevD.59.067702
http://dx.doi.org/10.1103/PhysRevD.59.067702
http://dx.doi.org/10.1143/PTPS.167.127
http://dx.doi.org/10.1143/PTPS.180.1
http://dx.doi.org/10.1142/S0217751X10050913
http://arXiv.org/abs/1109.5448
http://dx.doi.org/10.1103/PhysRevLett.83.3370
http://dx.doi.org/10.1103/PhysRevLett.83.3370
http://dx.doi.org/10.1023/A:1026654312961
http://dx.doi.org/10.1103/PhysRevD.76.125015
http://dx.doi.org/10.1103/PhysRevD.76.125015
http://arXiv.org/abs/1110.6452
http://arXiv.org/abs/1111.2006
http://dx.doi.org/10.1103/PhysRevD.79.035017
http://dx.doi.org/10.1103/PhysRevD.79.035017
http://dx.doi.org/10.1088/1126-6708/2007/06/045
http://dx.doi.org/10.1103/PhysRevD.82.076009
http://dx.doi.org/10.1016/S0010-4655(97)00123-9
http://dx.doi.org/10.1016/S0010-4655(97)00123-9
http://people.web.psi.ch/spira/hdecay/


[18] (ALEPH Collaboration, DELPHI Collaboration, L3
Collaboration, OPAL Collaboration, and LEP Working
Group for Higgs Boson Searches), Phys. Lett. B 565, 61
(2003).

[19] LEP Working Group for Higgs Boson Searches, arXiv:
hep-ex/0107034.

[20] Y. Bai, M. Carena, and J. Lykken, Phys. Rev. Lett. 103,
261803 (2009).

[21] P. Bechtle, O. Brein, S. Heinemeyer, G. Weiglein, and
K. E. Williams, Comput. Phys. Commun. 181, 138 (2010).

[22] ATLAS Collaboration, CERN Report No. ATLAS-CONF-
2011-135, 2011.

[23] CMS Collaboration, CERN Report No. CMS-PAS-HIG-
11-022, 2011.

[24] LHC Higgs Cross Section Working Group, https://twiki
.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReport
PageAt7TeV, 2011.

[25] ATLAS Collaboration, Phys. Lett. B 705, 452
(2011).

[26] CMS Collaboration, CERN Report No. CMS-PAS-HIG-
11-021, 2011.

[27] ATLAS Collaboration, CERN Report No. ATLAS-CONF-
2011-148, 2011.

[28] A. Pukhov et al., arXiv:hep-ph/9908288; A. Pukhov,
arXiv:hep-ph/0412191.

[29] G. Aarons et al. (ILC Collaboration), arXiv:0709.1893.
[30] P. Garcia-Abia and W. Lohmann, Eur. Phys. J. direct C 2, 1

(2000).
[31] P. Niezurawski, A. F. Zarnecki, and M. Krawczyk, arXiv:

hep-ph/0307183.
[32] P. Niezurawski, A. F. Zarnecki, and M. Krawczyk, J. High

Energy Phys. 02 (2005) 041.
[33] V. Barger, M. Ishida, and W.Y. Keung, Phys. Rev. D 85,

015024 (2012).
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