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Abstract: We explore the potential for the discovery of a dilatonO(200 ! 500) GeV in a
classical scale/conformal invariant extension of the Standard Model by investigating the size
of the corresponding breaking scale! at the LHC, extending a previous one-loop analysis.
In particular, we address the recent bounds on! derived from Higgs boson searches. We
investigate if such a light dilaton can be produced via gluon-gluon fusion at the LHC,
presenting rates for its decay either into a pair of Higgs bosons or into two heavy gauge
bosons, which can give rise to multi-leptonic Þnal states. A detailed analysis via PYTHIA-
FastJet has been carried out of the dominant Standard Model backgrounds at the LHC,
at a centre of mass energy of 14 TeV. We show that early data of" 20 fb! 1 can certainly
probe or rule out the region of parameter space where such a dilaton is allowed. We also
discuss the dependence of such bounds on the value of the minimal/non-minimal coupling
(! ).
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2 Classical scale invariant extensions of the Standard Model

A scale invariant extension of the SM, at tree level, can be trivially obtained by promoting all
the dimensionful couplings in the scalar potential, which now includes quartic and quadratic
Higgs terms, to dynamical Þelds. The new Þeld (! (x) = " e! (x)/ ! ) is accompanied by a
conformal scale (" ) and introduces a dilaton Þeld! (x), as a ßuctuation around the vacuum
expectation value (vev) of ! (x)

! (x) = " + ! (x), ! ! (x)" = " , ! ! (x)" = 0 . (2.1)

The inclusion of ! , via an exponential, provides a nonlinear realization of the dilataton
symmetry. There are several forms of the scalar potential which provide a scale invari-
ant extension of a non-scale invariant Higgs sector. As we have already mentioned, in a
ßat spacetime, the addition of a dimensionfull constant to the scalar Higgs sector is not
observable. For instance the two scale invariant extensionsV1 or V2, with

V1(H, H   ) = # µ2H   H + " (H   H )2 = "
!
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#
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(2.2)

are equivalent in the description of the mechanism of electroweak symmetry breaking
(EWSB), but describe two di! erent scale-invariant realizations after the introduction of
!

V1(H, H   , ! ) = #
µ2! 2

" 2 H   H + " (H   H )2

V2(H, H   , ! ) = "
!

H   H #
µ2! 2

2" " 2

" 2

, (2.3)

Here, H is the Higgs doublet, " is its dimensionless coupling constant, whileµ has the
dimension of a mass. A stable ßat direction is generated only in the case ofV2, with a line
of degenerate minima reached for

!H   H " =
µ2! ! "2

2" " 2 . (2.4)

It is then natural to envisage a possible connection between the mechanism of spontaneous
breaking of the gauge symmetry and the breaking of conformal invariance. Interestingly,
many SM extensions are characterized by an electroweak sector arising from a conformal
dynamics, broken at a scale" $ v. As a result, a light pseudo Nambu-Goldstone boson,
the dilaton, appears in the physical spectrum of the theory, whose massm! describes the
explicit deviation from the conformal limit. This mass, being protected by the conformal
symmetry, is therefore naturally small, with m! % " .
The potential V2 is characterised by a massless mode due to the existence of a ßat direction.
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The diagonalization of the corresponding mass matrix, which mixes the dilaton and the
Higgs Þeld, allows to deÞne the two mass eigenstates! 0 and h0, which are given by

!
! 0

h0

"

=

!
cos" sin"

! sin" cos"

" !
!
h

"

(2.5)

with
cos" =

1
#

1 + v2/ ! 2
sin" =

1
#

1 + ! 2/v 2
. (2.6)

! 0 is the massless dilaton, whileh0 will describe a massive scalar, a new Higgs Þeld, whose
mass is given by

m2
h0

= 2#v2
$

1 +
v2

! 2

%
with v2 =

µ2

#
, (2.7)

and with m2
h = 2#v2 being the mass of the SM Higgs. The Higgs mass is modiÞed by the

new scale! , which is treated as a free parameter in our phenomenological analysis. For a
" Þeld not conformally coupled, this mixing matrix gets renormalized at one loop by an
extra counterterm, unrelated to those of the electroweak sector, due to a renormalization
of the term of improvement in the coupling of the dilaton to the Higgs.

2.1 Dilaton interactions

In this section we will brießy review the structure of the coupling of a dilaton Þeld to the
mattter of the SM.

The leading interactions of the dilaton with the SM Þelds are obtained through the
divergence of the dilatation current. This corresponds to the trace of the energy-momentum
tensor Tµ

µ SM computed on the SM Þelds

L int = !
1
!

! Tµ
µ SM . (2.8)

The expression of the energy-momentum tensor can be derived by embedding the SM
Lagrangean on the background metricgµ!

S = SG + SSM + SI = !
1
$2

&
d4x

"
! g R+

&
d4x

"
! gL SM + %

&
d4x

"
! g R H   H , (2.9)

where $2 = 16&GN , with GN being the four dimensional NewtonÕs constant andH is the
Higgs doublet. We have deÞned

Tµ! (x) =
2

#
! g(x)

' [SSM + SI ]
' gµ! (x)

, (2.10)

or, in terms of the SM Lagrangian, as

1
2

"
! gTµ! #

( (
"

! gL )
( gµ! !

(
( x"

( (
"

! gL )
( (( " gµ! )

, (2.11)

satisfying the conservation equationgµ#Tµ! ;# = 0 , or ( µTµ! = 0 in ßat spacetime. The
complete expression of the energy-momentum tensor can be found in [9]. SI is responsible
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The diagonalization of the corresponding mass matrix, which mixes the dilaton and the
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An	economical	way	to	couple	the	dilaton	to	the	Standard	Model,	
and	to	address	issses	such	as	renormalization,	anomalies	and	so	on,	it	to	couple	it	to	gravity
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Figure 1 . Bilinear dilaton/Higgs vertex at tree level from the term of improvement.

for generating a term of improvement(I ), which induces a mixing between the Higgs and
the dilaton after tracing its indices. As usual we parameterize the vacuumH 0 in the scalar
sector in terms of the electroweak vevv as

H 0 =

!
0
v!
2

"

(2.12)

and we expand the Higgs doublet in terms of the physical Higgs bosonH and the two
Goldstone bosons! + , ! as

H =

!
! i ! +

1!
2
(v + H + i ! )

"

, (2.13)

obtaining from the term of improvement of the stress-energy tensor the expression
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1
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$
H   H = !

1
3

#
" µ" ! ! #µ! !

$%
H 2
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+ ! + ! " + v H

&
, (2.14)

which is responsible for a bilinear vertex shown in Fig.1

VI, " H (k) = !
i
!

12$ swM W

e
k2.

The trace takes contribution from the massive Þelds, the fermions and the electroweak
gauge bosons, and from the trace-anomaly in the massless gauge boson sector, through the
%functions of the corresponding coupling constants.
In a phenomenological context is is expected that both for a fundamental or for a composed
dilaton the interaction with the Þelds of SM should be characterised by these two terms.
This separation between the anomalous and the explicit mass-related terms in the expression
of the trace anomaly can be explicitly veriÞed in perturbation theory, in the computation
of basic correlators with one insertion of the stress energy tensor [1, 5]. As pointed out in
[1], one can check that in a mass-independent renormalization scheme, such as Dimensional
Regularization with minimal subtraction, this separation can be veriÞed at least at one loop
level and provides a realization of the (anomalous) scale Ward identity

" #$ (z, x, y) " #µ!

'
Tµ! (z)V # (x)V $(y)

(
=

&2A (z)
&A# (x)&A$(y)

+
'

Tµ
µ(z)V # (x)V $(y)

(
,

(2.15)
where we have denoted byA (z) the anomaly functional and with A# the gauge sources
coupled to the current V # . Here, " #$ denotes a generic dilaton/gauge/gauge vertex, which
is obtained form the T V V# vertex by tracing the spacetime indicesµ' . A (z) is derived
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is obtained form the T V V# vertex by tracing the spacetime indicesµ' . A (z) is derived
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from the renormalized expression of the vertex by tracing the gravitational counterterms in
4 ! ! dimensions

"Tµ
µ #= A (z), (2.16)

which in a curved background is given by the metric functional

A (z) !
1
8

!
2b C2 + 2b!

"
E !

2
3

! R
#

+ 2c F2
$

, (2.17)

whereb, b! and c are parameters. For the case of a single fermion in an abelian gauge theory
they are: b = 1 / 320" 2, b! = ! 11/ 5760" 2, and c = ! e2/ 24" 2. C2 is the square of the Weyl
tensor and E is the Euler density given by

C2 = C! µ"# C! µ"# = R! µ"# R! µ"# ! 2Rµ" Rµ" +
R2

3
(2.18)

E = "R! µ"#
"R! µ"# = R! µ"# R! µ"# ! 4Rµ" Rµ" + R2. (2.19)

In a ßat metric background the expression of such functional reduces to the simple form

A (z) =
%

i

#i

2gi
F $%

i (z)F i
$%(z), (2.20)

where #i are clearly the mass-independent# functions of the gauge Þelds andgi the cor-
responding coupling constants. For an extension which is quantum conformal invariant,
the #i vanish. In general, quantum conformal invariance requires that in the absence of all
external sources (metric and gauge sources)A vanishes.

The two terms on the right hand side of (2.15) are identiÞed by computing the renormal-
ized vertex "Tµ" V $ V !%# (i.e. the graviton/gauge/gauge vertex) and from its 4-dimensional
trace. It can be checked that the insertion of the trace ofTµ" (i.e. Tµ

µ )into a two point
function V V!, allows to identify the second term on the right-hand-side of the same equa-
tion, "Tµ

µ (z)V $ (x)V %(y)#. The di! erence between the trace of the lhs of (2.15)- which is
computed from the correlator with open indices - and the vertex obtained by the direct in-
sertion of Tµ

µ , corresponds to the anomaly, in this regularization scheme. It reproduces the
A -term, obtained di! erentiating twice the anomaly functional A respect to the external
source (the gauge Þeld) [6].
Beside the contribution from the anomaly, the remaining contributions are contained, for
each decay channel, into 2 additional form factors, denoted as! and " . ! and " terms
are related to the exchange of fermions, gauge bosons and scalars (Higgs/Goldstones). In a
mass independent regularization scheme, such as dimensional regularization, the contribu-
tion from the trace anomaly appears separately from the remaining contributions coming
from the massive terms, as one can explicitly verify by a direct computation. Explicit re-
sults starting for the $V V! vertices (V, V! = %, Z ), denoted as#$%

V V ! , are given in [1] which
are decomposed in momentum space in the form

#$%
V V ! (k, p, q) = (2 " )4 &4(k ! p ! q)

i
$

&
A $%(p, q) + ! $%(p, q) + " $%(p, q)

'
, (2.21)
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mass independent regularization scheme, such as dimensional regularization, the contribu-
tion from the trace anomaly appears separately from the remaining contributions coming
from the massive terms, as one can explicitly verify by a direct computation. Explicit re-
sults starting for the $V V! vertices (V, V! = %, Z ), denoted as#$%

V V ! , are given in [1] which
are decomposed in momentum space in the form

#$%
V V ! (k, p, q) = (2 " )4 &4(k ! p ! q)

i
$

&
A $%(p, q) + ! $%(p, q) + " $%(p, q)

'
, (2.21)
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and several STIÕ s whose expressions are rather involved. In the case of theT ZZ vertex,
for instance, in the R! gauge this takes the form

p" q#GZZ
µ$"# (p, q) ! i "M Z p" GZ %

µ$" (p, q) ! i "M Z q#G%Z
µ$#(p, q) ! " 2M 2

Z G%%
µ$(p, q) =

#
2

!
ipµ [! iq#PZZ

$# (q) ! "M Z PZ %
$ (q)] + ip$[! iq#PZZ

µ# (q) ! "M Z PZ %
µ (q)]

+ iqµ [! ip" PZZ
"$ (p) ! "M Z PZ %

$ (p)] + iq$[! ip" PZZ
" µ (p) ! "M Z PZ %

µ (p)]

! i$µ$k&[! iq#P&"
ZZ (q) ! "M Z P&

Z %(q)] ! i$µ$k&[! ip" P&"
ZZ (p) ! "M Z P&

Z %(p)] ! i " 2$µ$

"
.

(2.25)

2.2 The coupling to the anomaly and the breaking of quantum scale invariance

As we have mentioned above, for a classical scale invariant estension, the coupling of the
dilaton to the Þelds of the SM is characterised by two terms, the Þrst of them being pro-
portional to the anomaly. In the case of a quantum scale invariant extension [? ], this
term is obviously absent, due to a vanishing beta functions, but it reappears as an e! ective
interaction if the fermions of the high energy spectrum of the quantum conformal theory
are far heavier than the scale at which we probe the theory, which in this case is the LHC
scale. This simple phenomenon can be easily understood in perturbation theory by look-
ing at the fermion sector of the ! /gauge/gauge vertex, for on shell external gauge lines.
The corresponding triangle diagram is expressed from the standard one-loop scalar integral
C0(s, m2

f ), where s is of the order of the dilaton mass, andmi the mass of each particle
running in the loop. The corresponding interaction takes the form

! &V V "
g2

%2"
m2

i

#
1
s

!
1
2

C0(s, m2
i )

$
1 !

4m2
i

s

%&
"

g2

%2"
1
6

+ O
$

s
m2

i

%
(2.26)

where we have performed the large mass limit of the amplitude(mf # s) using

C0(s, m2
i ) " !

1
2m2

i

$
1 +

1
12

s
m2

i
+ O(

s2

m4
i
)
%

(2.27)

This shows that in the case of heavy fermions, the dependence on the fermion mass cancels,
with the appearance of a point-like coupling of the dilaton to the trace anomalyF F .
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from the renormalized expression of the vertex by tracing the gravitational counterterms in
4 ! ✏ dimensions

"Tµ
µ #= A(z), (2.16)

which in a curved background is given by the metric functional

A(z) !
1

8


2b C2

+ 2b!
✓

E !
2

3

⇤R
◆
+ 2c F2

�
, (2.17)

where b, b! and c are parameters. For the case of a single fermion in an abelian gauge theory
they are: b= 1/ 320⇡2, b!

= ! 11/ 5760⇡2, and c = ! e2/ 24⇡2. C2 is the square of the Weyl
tensor and E is the Euler density given by

C2
= C�µ⌫⇢C�µ⌫⇢

= R�µ⌫⇢R�µ⌫⇢ ! 2Rµ⌫Rµ⌫
+

R2

3

(2.18)

E =

"R�µ⌫⇢
"R�µ⌫⇢

= R�µ⌫⇢R�µ⌫⇢ ! 4Rµ⌫Rµ⌫
+ R2. (2.19)

In a flat metric background the expression of such functional reduces to the simple form

A(z) =

X

i

�i
2gi

F ↵�
i (z)F i

↵�(z), (2.20)

where �i are clearly the mass-independent � functions of the gauge fields and gi the cor-
responding coupling constants. For an extension which is quantum conformal invariant,
the �i vanish. In general, quantum conformal invariance requires that in the absence of all
external sources (metric and gauge sources) A vanishes.

The two terms on the right hand side of (2.15) are identified by computing the renormal-
ized vertex "Tµ⌫V↵V !�# (i.e. the graviton/gauge/gauge vertex) and from its 4-dimensional
trace. It can be checked that the insertion of the trace of Tµ⌫ (i.e. Tµ

µ )into a two point
function V V!, allows to identify the second term on the right-hand-side of the same equa-
tion, "Tµ

µ (z)V↵
(x)V �

(y)#. The di! erence between the trace of the lhs of (2.15)- which is
computed from the correlator with open indices - and the vertex obtained by the direct in-
sertion of Tµ

µ , corresponds to the anomaly, in this regularization scheme. It reproduces the
A-term, obtained di! erentiating twice the anomaly functional A respect to the external
source (the gauge field) [6].
Beside the contribution from the anomaly, the remaining contributions are contained, for
each decay channel, into 2 additional form factors, denoted as ! and " . ! and " terms
are related to the exchange of fermions, gauge bosons and scalars (Higgs/Goldstones). In a
mass independent regularization scheme, such as dimensional regularization, the contribu-
tion from the trace anomaly appears separately from the remaining contributions coming
from the massive terms, as one can explicitly verify by a direct computation. Explicit re-
sults starting for the ⇢V V! vertices (V, V!

= �, Z ), denoted as #↵�
V V ! , are given in [1] which

are decomposed in momentum space in the form

#↵�
V V ! (k, p, q) = (2⇡)4 �4(k ! p ! q)

i
$

⇣
A↵�

(p, q) + ! ↵�
(p, q) + " ↵�

(p, q)
⌘

, (2.21)
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Figure 2 . Typical amplitudes of triangle and bubble topologies contributing to the !"" , !" Z and
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of improvement (I). Diagrams (a)-(g) contribute to all the three channels while (h)-(k) only in the
! ZZ case.

where

A !" (p, q) =
!

d4x d4y eipáx+ iqáy #2A (0)
#A! (x)#A" (y)

(2.22)

and

! !" (p, q) + " !" (p, q) =
!

d4x d4y eipáx+ iqáy
"

Tµ
µ(0)V ! (x)V " (y)

#
. (2.23)

We have denoted with ! !" the cut vertex contribution to #!"
#V V ! , while " !" includes the

dilaton-Higgs mixing on the dilaton line, as shown in Fig. 3. The bilinear mixing " !"

does not appear in the decay amplitude, since this has to be cut on the external lines,
but it plays a role in the overal renormalization of the e! ective theory beyond one loop
order. If the dilaton is described by a conformally coupled scalar, then the renormaliza-
tion of the SM Lagrangean is su" cient for removing all the singularities present in this
vertex, and speciÞcally, in the bilinear mixing [1]. For a dilaton described by a generic non-
minimal/minimally coupled scalar, then this 2-point function contributions " requires an
extra counterterm, generated by the renormalization of the term of improvement. However,
if we diagonalize the Higgs/dilaton bilinear mixing at tree level, the contribution from the
renormalized" will appear in the radiative corrections, and needs to be taken into account.
It is a two-loop contribution which renormalizes the dilaton/Higgs mixing matrix, but in
our one-loop analysis it does not play any role. There are several Ward and Slavnov-Taylor
(STI) identities which can be used to secure the correctness of the complete perturbative
result [9]

kµ#V V !

µ$!" (p, q) = !
$
2

$
kµP! 1 V V !

! µ (p)%"$ + kµP! 1 V V !

" µ (q)%!$ ! q$P ! 1 V VÓ
!" (p) ! p$P ! 1 V V !

!" (q)
%

.

(2.24)
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where

A !" (p, q) =
!

d4x d4y eipáx+ iqáy #2A (0)
#A! (x)#A" (y)

(2.22)

and

! !" (p, q) + " !" (p, q) =
!

d4x d4y eipáx+ iqáy
"

Tµ
µ(0)V ! (x)V " (y)

#
. (2.23)

We have denoted with ! !" the cut vertex contribution to #!"
#V V ! , while " !" includes the

dilaton-Higgs mixing on the dilaton line, as shown in Fig. 3. The bilinear mixing " !"

does not appear in the decay amplitude, since this has to be cut on the external lines,
but it plays a role in the overal renormalization of the e! ective theory beyond one loop
order. If the dilaton is described by a conformally coupled scalar, then the renormaliza-
tion of the SM Lagrangean is su" cient for removing all the singularities present in this
vertex, and speciÞcally, in the bilinear mixing [1]. For a dilaton described by a generic non-
minimal/minimally coupled scalar, then this 2-point function contributions " requires an
extra counterterm, generated by the renormalization of the term of improvement. However,
if we diagonalize the Higgs/dilaton bilinear mixing at tree level, the contribution from the
renormalized" will appear in the radiative corrections, and needs to be taken into account.
It is a two-loop contribution which renormalizes the dilaton/Higgs mixing matrix, but in
our one-loop analysis it does not play any role. There are several Ward and Slavnov-Taylor
(STI) identities which can be used to secure the correctness of the complete perturbative
result [9]

kµ#V V !

µ$!" (p, q) = !
$
2

$
kµP! 1 V V !

! µ (p)%"$ + kµP! 1 V V !

" µ (q)%!$ ! q$P ! 1 V VÓ
!" (p) ! p$P ! 1 V V !

!" (q)
%

.

(2.24)
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and several STIÕ s whose expressions are rather involved. In the case of theT ZZ vertex,
for instance, in the R! gauge this takes the form

p" q#GZZ
µ$"# (p, q) ! i "M Z p" GZ %

µ$" (p, q) ! i "M Z q#G%Z
µ$#(p, q) ! " 2M 2

Z G%%
µ$(p, q) =

#
2

!
ipµ [! iq#PZZ

$# (q) ! "M Z PZ %
$ (q)] + ip$[! iq#PZZ

µ# (q) ! "M Z PZ %
µ (q)]

+ iqµ [! ip" PZZ
"$ (p) ! "M Z PZ %

$ (p)] + iq$[! ip" PZZ
" µ (p) ! "M Z PZ %

µ (p)]

! i$µ$k&[! iq#P&"
ZZ (q) ! "M Z P&

Z %(q)] ! i$µ$k&[! ip" P&"
ZZ (p) ! "M Z P&

Z %(p)] ! i " 2$µ$

"
.

(2.25)

2.2 The coupling to the anomaly and the breaking of quantum scale invariance

As we have mentioned above, for a classical scale invariant estension, the coupling of the
dilaton to the Þelds of the SM is characterised by two terms, the Þrst of them being pro-
portional to the anomaly. In the case of a quantum scale invariant extension [? ], this
term is obviously absent, due to a vanishing beta functions, but it reappears as an e! ective
interaction if the fermions of the high energy spectrum of the quantum conformal theory
are far heavier than the scale at which we probe the theory, which in this case is the LHC
scale. This simple phenomenon can be easily understood in perturbation theory by look-
ing at the fermion sector of the ! /gauge/gauge vertex, for on shell external gauge lines.
The corresponding triangle diagram is expressed from the standard one-loop scalar integral
C0(s, m2

f ), where s is of the order of the dilaton mass, andmi the mass of each particle
running in the loop. The corresponding interaction takes the form

! &V V "
g2

%2"
m2

i

#
1
s

!
1
2

C0(s, m2
i )

$
1 !

4m2
i

s

%&
"

g2

%2"
1
6

+ O
$

s
m2

i

%
(2.26)

where we have performed the large mass limit of the amplitude(mf # s) using

C0(s, m2
i ) " !

1
2m2

i

$
1 +

1
12

s
m2

i
+ O(

s2

m4
i
)
%

(2.27)

This shows that in the case of heavy fermions, the dependence on the fermion mass cancels,
with the appearance of a point-like coupling of the dilaton to the trace anomalyF F .
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Figure 4 . The mass dependence of the branching ratios of the dilaton (a) and of the Higgs boson
(b).

the production rates. Even in this less favourable situation, if confronted with the Higgs
production rates of the SM, the dilaton rates can still be studied al the LHC.
We calculate the dilaton production cross-section via gluon fusion by weighting the Higgs
boson to gluon-gluon decay widths with the corresponding dilaton decay width. The dilaton
production cross-section with the incoming gluons thus can be written as

! gg! ! = ! gg! h
! ! ! gg

! h! gg
, (4.1)

where we use the same factorization scale in the DGLAP evolution of the parton distribution
functions (PDF) of [22]. The width of " ! gg is given in Eq. (3.13) and we can use the
same expression to calculate the width ofh ! gg, replacing the breaking scale" with v
and setting #qcd " 0. The ratio of the two widths appearing in Eq. (4.1) is then given by

! ! ! gg

! h! gg
=

v2

" 2

|#qcd +
!

i xi [1 + (1 # xi ) f (xi )]|
2

|
!

i xi [1 + (1 # xi ) f (xi )]|
2 . (4.2)

In Figure 5 we present the production cross-section of the dilaton at the LHC at 14
TeV centre of mass energy mediated by (a) gluon fusion and (b) vector boson fusion, versus
m! . Shown are the variations of the same observables for three conformal breaking scales
with " = 1 , 5, 10 TeV. Notice that the contribution from the gluon fusion is about a factor
104 larger than the vector boson fusion.

4.1 Bounds on the dilaton from heavy Higgs searches at the LHC

Since the mass of the dilaton is a free parameter, and given the similarities with the main
production and decay channels of this particle with the Higgs boson, several features of the
production and decay channels in the Higgs sector, with the due modiÞcations, are shared
also by the dilaton case.
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written in the form (for a minimally coupled dilaton, with ! = 0 )

! ! ! øf f = N c
f

m!

8"

m2
f

" 2

!

1 ! 4
m2

f

m2
!

" 3/ 2

, (3.1)

! ! ! V V = #V
1

32"

m3
!

" 2

#
1 ! 4

m2
V

m2
!

+ 12
m4

V

m4
!

$ %

1 ! 4
m2

V

m2
!

, (3.2)

! ! ! hh =
1

32"

m3
!

" 2

#
1 + 2

m2
h

m2
!

$ 2
%

1 ! 4
m2

h

m2
!

. (3.3)

One loop expressions for decays into$$, $Z and ZZ pairs are expressed in terms of a set
of form factors whose explicit expressions can be found in [1].

! (%" $Z ) =
9m3

!

1024" 2 "

#
1 ! xZ

#
|# !

" Z |2(p, q) m4
! (xZ ! 4)2 + 48 Re

&
# !

" Z (p, q) $ ! "
" Z (p, q) m2

! (xZ ! 4)
'

! 192|$ !
" Z |2(p, q)

$
, (3.4)

! (%" ZZ ) =
m3

!

32" " 2

#
1 ! xZ

(
1 ! xZ +

3
4

x2
Z +

3
xZ

)
4Re{ $ !

ZZ (p, q)} (1 ! xZ +
3
4

x2
Z )

! Re{ # !
ZZ (p, q)} m2

!

#
3
4

x3
Z !

3
2

x2
Z

$ *+
. (3.5)

! (%" $$) =
&2 m3

!

256" 2 " 3

,
,
,
,' 2 + ' Y ! [2 + 3 xW + 3 xW (2 ! xW ) f (xW )] +

8
3

xt [1 + (1 ! xt ) f (xt )]

,
,
,
,

2

.

(3.6)

Here, the contributions to the decay, beside the anomaly term, come from theW and
the fermion (top) loops. ' 2(= 19 / 6) and ' Y (= ! 41/ 6) are the SU(2) and U(1) ' functions,
while the xi Õs are proportional to the ratios between the mass of each particle in the loops
mi and the %mass. In general, we have deÞned the variable

xi =
4m2

i

m2
!

, (3.7)

with the index " i " labelling the corresponding massive virtual particles. The leading
fermionic contribution in the loop comes from the top quark viaf (xt ), while f (xW ) denotes
the contribution of the W-loop. The function f (x) is given by

f (x) =

-
.

/

arcsin2( 1#
x ) , if x $ 1

! 1
4

0
ln 1+

#
1$ x

1$
#

1$ x
! i "

12
, if x < 1.

(3.8)

which originates from the scalar three-point master integral through the relation

C0(s, m2) = !
2
s

f (
4m2

s
) . (3.9)
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Figure 8 . The Feynman diagrams showing the dilaton production via gluon-gluon fusion and its
decay to (a) pair of Higgs boson which further decays into gauge boson pairs and (b) a pair of gauge
bosons.

Þnal states. When we demand that one of the SM Higgs bosonsh decays toZZ ! and the
other to W W ! , we gain a factor of two in multiplicity and generate a Þnal state of the form
6!+ !ET , 4!+ " 2j + !ET and 3! +4 j + !ET (i.e. 4 leptons, plus at least 2 jets (j) accompanied
by missing !ET ) as in

pp # " # HH !

# W W ! , ZZ !

# 6!+ !ET , 4!+ " 2j + !ET , 3! + 4 j + !ET . (4.5)

Though the SM Higgs boson decay branching ratios toZZ ! are relatively small $ 3%, when
the dilaton decays via an intermediateZZ ! , ZZ ! , Þnal states with large number leptons
are expected as in

pp # " # HH !

# ZZ ! , ZZ !

# 8! , 6! + 2 j, 4! + 4 j. (4.6)

From the last decay channel, Þnal states with multiple charged leptons and zero missing
energy are now allowed, a case which we will explore next.
The SM gauge boson branching ratios to charged leptons are very small, specially for
channels mediated by aZ , due to the small rates. Therefore leptonic Þnal states of higher
multiplicities will be suppressed compared to those of a low number. For this reason we will
restrict the choice of the leptonic Þnal states in our simulation to" 3! + X and " 4! + X .
The requirement of " 3! and " 4! already allow to reduce most of the SM backgrounds,
although not completely, due to some some irreducible components, as we are going to
discuss next.
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As we have already mentioned, the production cross-section depends sensitively on! ,
as shown in Eqs. (4.1) and (4.2). Bounds on this breaking scale has been imposed by the
experimental searches for a heavy, SM-like Higgs boson at the LHC, heavier than the125
GeV Higgs, h125.
We have investigated the bounds on! coming from the following datasets

¥ the 4.9 fb! 1 (at 7 TeV) and 19.7 fb! 1 (at 8 TeV) datasets for a heavy Higgs decaying
into Z Z [14], W ± W " [15], ø! ! [16];

¥ the 19.7 fb! 1 datasets (at 8 TeV) for the decay inh h [17] from [14] and

¥ the 20.3 fb! 1 at 8 TeV data from ATLAS for the decay of the heavy Higgs into Z Z
[18] and W ± W " [19].

The dotted line in each plots presents the upper bound on the cross-section, i.e. theµ
parameter in each given modes deÞnes as

µXY =
" gg# hBr (h ! XY )

" gg# hSM Br (h ! XY )SM
(4.3)

In Figure 6 we show the dependence of the 4-lepton (2l 2#) channel, on the mass of the$, at
its peak, assumingZ Z , W ± W " , ø! ! and h h intermediate states. The three continuous lines
in violet, green and brown correspond to 3 di! ferent values of the conformal scale, equal
to 1, 5 and 10 TeV respectively. The SM predictions are shown in red. The dashed blue
line separates the excluded and the admissible regions, above and below the blue curve
respectively, which sets an upper bound of exclusion obtained from a CMS analysis. A
similar study is shown in Fig. 7, limited to the Z Z and W ± W " channels, where we report
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Figure 8 . The Feynman diagrams showing the dilaton production via gluon-gluon fusion and its
decay to (a) pair of Higgs boson which further decays into gauge boson pairs and (b) a pair of gauge
bosons.

Þnal states. When we demand that one of the SM Higgs bosonsh decays toZZ ! and the
other to W W ! , we gain a factor of two in multiplicity and generate a Þnal state of the form
6!+ !ET , 4!+ " 2j + !ET and 3! +4j + !ET (i.e. 4 leptons, plus at least 2 jets (j) accompanied
by missing !ET ) as in

pp # " # HH !

# W W ! , ZZ !

# 6!+ !ET , 4!+ " 2j + !ET , 3! + 4j + !ET . (4.5)

Though the SM Higgs boson decay branching ratios toZZ ! are relatively small $ 3%, when
the dilaton decays via an intermediateZZ ! , ZZ ! , Þnal states with large number leptons
are expected as in

pp # " # HH !

# ZZ ! , ZZ !

# 8! , 6! + 2j, 4! + 4j. (4.6)

From the last decay channel, Þnal states with multiple charged leptons and zero missing
energy are now allowed, a case which we will explore next.
The SM gauge boson branching ratios to charged leptons are very small, specially for
channels mediated by aZ , due to the small rates. Therefore leptonic Þnal states of higher
multiplicities will be suppressed compared to those of a low number. For this reason we will
restrict the choice of the leptonic Þnal states in our simulation to" 3! + X and " 4! + X .
The requirement of " 3! and " 4! already allow to reduce most of the SM backgrounds,
although not completely, due to some some irreducible components, as we are going to
discuss next.
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Þnal states. When we demand that one of the SM Higgs bosonsh decays toZZ ! and the
other to WW ! , we gain a factor of two in multiplicity and generate a Þnal state of the form
6`+ 6ET , 4`+ � 2j+ 6ET and 3`+4 j+ 6ET (i.e. 4 leptons, plus at least 2 jets (j) accompanied
by missing 6ET ) as in

pp ! ⇢ ! HH !

! WW ! , ZZ !

! 6`+ 6ET , 4`+ � 2j+ 6ET , 3` + 4 j+ 6ET . (4.5)

Though the SM Higgs boson decay branching ratios toZZ ! are relatively small⇠ 3%, when
the dilaton decays via an intermediateZZ ! , ZZ ! , Þnal states with large number leptons
are expected as in

pp ! ⇢ ! HH !

! ZZ ! , ZZ !

! 8`, 6` + 2 j, 4` + 4 j. (4.6)

From the last decay channel, Þnal states with multiple charged leptons and zero missing
energy are now allowed, a case which we will explore next.
The SM gauge boson branching ratios to charged leptons are very small, specially for
channels mediated by aZ, due to the small rates. Therefore leptonic Þnal states of higher
multiplicities will be suppressed compared to those of a low number. For this reason we will
restrict the choice of the leptonic Þnal states in our simulation to� 3` + X and � 4` + X.
The requirement of � 3` and � 4` already allow to reduce most of the SM backgrounds,
although not completely, due to some some irreducible components, as we are going to
discuss next.
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Figure 4. The mass dependence of the branching ratios of the dilaton (a) and the Higgs boson
(b).

the production rates. Even in this less favourable situation, if confronted with the Higgs
production rates of the SM, the dilaton rates can still be studied al the LHC.
We calculate the dilaton production cross-section via gluon fusion by weighting the Higgs
boson to gluon-gluon decay widths with the corresponding dilaton decay width. The dilaton
production cross-section with the incoming gluons thus can be written as

�gg! ! = �gg! h
! ! ! gg

! h! gg
, (4.1)

where we use the same factorization scale in the DGLAP evolution of the parton distribution
functions (PDF) of [22]. The width of ⇢ ! gg is given in Eq. (3.13) and we can use the
same expression to calculate the width of h ! gg, replacing the breaking scale " with v
and setting �qcd " 0. The ratio of the two widths appearing in Eq. (4.1) is then given by

! ! ! gg

! h! gg
=

v2

" 2

|�qcd +
!

i xi [1 + (1 # xi) f (xi)]|
2

|
!

i xi [1 + (1 # xi) f (xi)]|
2 . (4.2)

In Figure 5 we present the production cross-section of the dilaton at the LHC at 14
TeV centre of mass energy mediated by (a) gluon fusion and (b) vector boson fusion, versus
m! . Shown are the variations of the same observables for three conformal breaking scale
" = 1 , 5, 10 TeV.

4.1 Bounds on the dilaton from heavy Higgs searches at the LHC

Since the mass of the dilaton is a free parameter, and given the similarities with the main
production and decay channels of this particle with the Higgs boson, several features of the
production and decay channels in the Higgs sector, with the due modifications, are shared
also by the dilaton case.
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As we have already mentioned, the production cross-section depends sensitively on! ,
as shown in Eqs. (4.1) and (4.2). Bounds on this breaking scale has been imposed by the
experimental searches for a heavy, SM-like Higgs boson at the LHC, heavier than the125
GeV Higgs, h125.
We have investigated the bounds on! coming from the following datasets

¥ the 4.9 fb! 1 (at 7 TeV) and 19.7 fb! 1 (at 8 TeV) datasets for a heavy Higgs decaying
into Z Z [14], W ± W " [15], ø! ! [16];

¥ the 19.7 fb! 1 datasets (at 8 TeV) for the decay inh h [17] from [14] and

¥ the 20.3 fb! 1 at 8 TeV data from ATLAS for the decay of the heavy Higgs into Z Z
[18] and W ± W " [19].

The dotted line in each plots presents the upper bound on the cross-section, i.e. theµ
parameter in each given modes deÞnes as

µXY =
" gg# hBr (h ! XY )

" gg# hSM Br (h ! XY )SM
(4.3)

In Figure 6 we show the dependence of the 4-lepton (2l 2#) channel, on the mass of the$,
at its peak, assumingZ Z , W ± W " , ø! ! and h h intermediate states. The three continuous
lines in violet, green and brown correspond to 3 di! ferent values of the conformal scale,
equal to 1, 5 and 10 TeV respectively. The SM predictions are shown in red. The dashed
blue line separates the excluded and the admissible regions, above and below the blue
curve respectively, which sets the an upper bound obtained from a CMS analysis. A similar
study is shown in Fig. 7, limited to the Z Z and W ± W " channels, where we report the
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the production rates. Even in this less favourable situation, if confronted with the Higgs
production rates of the SM, the dilaton rates can still be studied al the LHC.
We calculate the dilaton production cross-section via gluon fusion by weighting the Higgs
boson to gluon-gluon decay widths with the corresponding dilaton decay width. The dilaton
production cross-section with the incoming gluons thus can be written as

! gg! ! = ! gg! h
! ! ! gg

! h! gg
, (4.1)

where we use the same factorization scale in the DGLAP evolution of the parton distribution
functions (PDF) of [22]. The width of " ! gg is given in Eq. (3.13) and we can use the
same expression to calculate the width ofh ! gg, replacing the breaking scale" with v
and setting #qcd " 0. The ratio of the two widths appearing in Eq. (4.1) is then given by

! ! ! gg

! h! gg
=

v2

" 2

|#qcd +
!

i xi [1 + (1 # xi ) f (xi )]|
2

|
!

i xi [1 + (1 # xi ) f (xi )]|
2 . (4.2)

In Figure 5 we present the production cross-section of the dilaton at the LHC at 14
TeV centre of mass energy mediated by (a) gluon fusion and (b) vector boson fusion, versus
m! . Shown are the variations of the same observables for three conformal breaking scale
" = 1 , 5, 10 TeV.

4.1 Bounds on the dilaton from heavy Higgs searches at the LHC

Since the mass of the dilaton is a free parameter, and given the similarities with the main
production and decay channels of this particle with the Higgs boson, several features of the
production and decay channels in the Higgs sector, with the due modiÞcations, are shared
also by the dilaton case.
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One loop expressions for decays into��, �Z and ZZ pairs are expressed in terms of a set
of form factors whose explicit expressions can be found in [1].
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Here, the contributions to the decay, beside the anomaly term, come from theW and
the fermion (top) loops. �2(= 19 / 6) and �Y (= �41/ 6) are the SU(2) and U(1) � functions,
while the xi Õs are proportional to the ratios between the mass of each particle in the loops
mi and the ⇢ mass.

xi =
4m2

i

m2
!

, (3.7)

with the index " i " labelling the corresponding massive particle, andxt denoting the con-
tribution from the top quark, which is the only massive fermion running in the loop.
The function f (x) is given by

f (x) =

8
<

:
arcsin2( 1#

x ) , if x � 1
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4

h
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(3.8)

which originates from the scalar three-point master integral through the relation

C0(s, m2) = �2
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f (
4m2

s
) . (3.9)
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Figure 6 . The mass bounds on the dilaton from heavy scalar decays to (a)ZZ [14], (b) W ± W !

[15], (c) ø! ! [16] and (d) to h h [17] for three di! erent choices of conformal scale,! = 1 , 5, 10 TeV
respectively.

corresponding bound presented, in this case, by the ATLAS collaboration. Both the ATLAS
and CMS data completely exclude the! = 1 TeV case whereas the! = 5 TeV case has
only a small tension with the CMS analysis of theW ± W ! channel if m! ! 160 GeV. Any
value of ! " 5 TeV is not ruled out by the current data.
In Table 1 we report the values of the gluon fusion cross-section for three benchmark points
(BP) that we have used in our phenomenological analysis. We have chosen! = 5 TeV, and
the factorization in the evolution of the parton densities has been performed in concordance
with those of the Higgs working group [22]. In the following subsection we brießy discuss
some speciÞc features of the dilaton phenomenology at the LHC, which will be confronted
with a PYTHIA based simulation of the SM background.
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Figure 6 . The mass bounds on the dilaton from heavy scalar decays to (a) ZZ [14], (b) W ± W⌥

[15], (c) ⌧̄ ⌧ [16] and (d) to h h [17] for three di! erent choices of conformal scale, ⇤ = 1, 5, 10 TeV
respectively.

corresponding bound presented, in this case, by the ATLAS collaboration. Both the ATLAS
and CMS data completely exclude the ⇤ = 1 TeV case whereas the ⇤ = 5 TeV case has
only a small tension with the CMS analysis of the W ± W⌥ channel if m⇢ ! 160 GeV. Any
value of ⇤ " 5 TeV is not ruled out by the current data.
In Table 1 we report the values of the gluon fusion cross-section for three benchmark points
(BP) that we have used in our phenomenological analysis. We have chosen ⇤ = 5 TeV, and
the factorization in the evolution of the parton densities has been performed in concordance
with those of the Higgs working group [22]. In the following subsection we briefly discuss
some specific features of the dilaton phenomenology at the LHC, which will be confronted
with a PYTHIA based simulation of the SM background.
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Figure 8. The Feynman diagrams showing the dilaton production via gluon-gluon fusion and its
decay to (a) pair of Higgs boson which further decays into gauge boson pairs and (b) a pair of gauge
bosons.

Þnal states. When we demand that one of the SM Higgs bosonsh decays toZZ ! and the
other to W W ! , we gain a factor of two in multiplicity and generate a Þnal state of the form
6!+ !ET , 4!+ " 2j + !ET and 3! +4 j + !ET (i.e. 4 leptons, plus at least 2 jets (j) accompanied
by missing !ET ) as in

pp # " # HH !

# W W ! , ZZ !

# 6!+ !ET , 4!+ " 2j + !ET , 3! + 4 j + !ET . (4.5)

Though the SM Higgs boson decay branching ratios toZZ ! are relatively small $ 3%, when
the dilaton decays via an intermediateZZ ! , ZZ ! , Þnal states with large number leptons
are expected as in

pp # " # HH !

# ZZ ! , ZZ !

# 8! , 6! + 2 j, 4! + 4 j. (4.6)

From the last decay channel, Þnal states with multiple charged leptons and zero missing
energy are now allowed, a case which we will explore next.
The SM gauge boson branching ratios to charged leptons are very small, specially for
channels mediated by aZ , due to the small rates. Therefore leptonic Þnal states of higher
multiplicities will be suppressed compared to those of a low number. For this reason we will
restrict the choice of the leptonic Þnal states in our simulation to" 3! + X and " 4! + X .
The requirement of " 3! and " 4! already allow to reduce most of the SM backgrounds,
although not completely, due to some some irreducible components, as we are going to
discuss next.
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5 Collider simulation

We analyse dilaton production by gluon-gluon fusion, followed by its decay either to a pair
of discovered Higgs bosons around125 GeV in invariant mass (! ! h125h125) or to a pair
of gauge bosons (W W , ZZ ). The h125 thus produced will further decay into gauge boson
pairs, i.e. W ± W ! and ZZ , giving rise to mostly leptonic Þnal states, as discussed above.
When the intermediate decays into one or more gauge bosons in the hadronic modes are
considered, then we get leptons associated with extra jets in the Þnal states. For a dilaton
mass less than twice the SM Higgs mass (m! < 2mh125 ), the dilaton decays to two on-shell
h125 pair are not kinematically allowed. In that case we consider its direct decay into gauge
boson pairs,W ± W ! , ZZ . In the following subsections we consider the two case separately,
where we analyze Þnal states at the LHC at 14 TeV and simulate the contributions coming
from the SM backgrounds.
For this goal we have implemented the model in SARAH [23], generated the model Þles
for CalcHEP [24], later used to produce the decay Þle SLHA containing the decay rates
and the corresponding mass spectra. The generated events have then been simulated with
PYTHIA[25] via the the SLHA interface [26]. The simulation at hadronic level has been
performed using theFastjet-3.0.3 [27] with the CAMBRIDGE AACHENalgorithm with a jet
sizeR = 0 .5 for the jet formation, chosen according to the following criteria:

¥ the calorimeter coverage is|" | < 4.5

¥ minimum transverse momenta of the jetspjet
T,min = 20 GeV and the jets are ordered

in pT

¥ leptons (#= e, µ) are selected withpT " 20 GeV and |" | # 2.5

¥ no jet should be accompanied by a hard lepton in the event

¥ ! Rlj " 0.4 and ! Rll " 0.2

¥ Since an e! cient identiÞcation of the leptons is crucial for our study, we additionally
require a hadronic activity within a cone of ! R = 0 .3 between two isolated leptons.
This is deÞned by the condition on the transverse momentum# 0.15p"

T GeV in the
speciÞed cone.

5.1 Benchmark points

We have carried out a detailed analysis of the signal and of the background in a possible
search for a light dilaton. For this purpose we have selected three benchmark points as given
in Table 2. The decay branching ratios given in Table2 are independent of the conformal
scale. For the benchmark point 1 (BP1), the dilaton is assumed to be of light mass of200
GeV, and its decay to theh125 pair is not kinematically allowed. For this reason, as already
mentioned, we look for slightly di" erent Þnal states in the analysis of such points. From
Figure ?? it appears evident that the dilaton may decay into gauge boson pairs when they
are kinematically allowed. Such decays still remains dominant even after thetøt mode is
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Decay BP1 BP2 BP3
Modes m⇢ = 200 GeV m⇢ = 260 GeV m⇢ = 400 GeV

hh - 0.245 0.290

W±W⌥ 0.639 0.478 0.408

ZZ 0.227 0.205 0.191

! ! 2.54⇥ 10

�4
7.8⇥ 10

�5
2.05⇥ 10

�5

"" 9.28⇥ 10

�5
2.88⇥ 10

�5
4.33⇥ 10

�6

gg 0.131 0.0691 0.0390

Table 2. The benchmark points for a light dilaton with their mass-dependent decay branching
ratios. We have chosen a conformal scale ! = 5 TeV.

Decay Modes W±W⌥ Z Z ¯bb !̄ ! gg " "

h125 0.208 0.0259 0.597 0.0630 0.0776 2.30⇥ 10

�3

Table 3. The corresponding branching ratios of the SM Higgs boson with a mass of 125 GeV.

open. This prompts us to study dilaton decays into ZZ, WW via 3# and 4# final states. In
the alternative case in which the dilaton also decays into a SM Higgs pair (h125) along with
gauge boson pairs, we have additional jets or leptons in the final states. This is due to the
fact that the h125 Higgs decays to the WW and ZZ pairs with one of the two gauge bosons
o! -shell (see Table 3). We select two of such points when this occurs, denoted as BP2 and
BP3, which are shown in Table 2. Below we are going to present a separate analysis for
each of the two cases.
The leptons in the final state are produced from the decays of the gauge bosons, which

can come, in turn, either from the decay of the dilaton or from that of the h125. In such
cases, for a dilaton su" ciently heavy, the four lepton signature (4#) of the final state is
quite natural and their momentum configuration will be boosted. In Figure 9(a) we show
the multiplicity distribution of the leptons and in Figure 9(b) their pT distribution for
the chosen benchmark points. Here the lepton multiplicity has been subjected to some
basic cuts on their transverse momenta (pT � 20) GeV and isolation criteria given earlier
in this section. Thus soft and non-isolated leptons are automatically cut out from the
distribution. From Figure 9(b) it is clear that the leptons in BP3 can have a very hard
transverse momentum (pT ⇠ 200 GeV), as the corresponding dilaton is of 400 GeV. Notice
that the di-lepton invariant mass distribution in Figure 10 presents a mass peak around mZ

for the signal (BP2) but not for the dominant SM top/antitop (t¯t) background. This will
be used later as a potential selection cut in order to reduce some of the SM backgrounds.
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Figure 12 . The decay branching fractions of the dilaton (a) to gluon pair and (b)-(c) gauge boson
pais for di! erent ! parameters.

mass combinatorics can give us much earlier hint for such resonance peak. The results of
our analysis is can be easily extrapolated for higher conformal breaking scale! and higher
mass values of the dilaton. In section6 we also discuss the e! ect of the mixing between
dilaton and Higgs boson. Our results can be easily interpreted for any non-zero! case by
rescaling the decay bracning fraction of the dilaton. Finally we expect LHC run II will
unveil more data that will give more inside to this extension of SM.
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