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A higgs-like dilaton: viability and implications
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Abstract. We re-examine the feasibility of the higgs-like particle discovered at the LHC being a dilaton: the
Goldstone boson of spontaneous breaking of scale invariance. We review the expected phenomenological deviations from the SM higgs and compare with other Goldstone higgs scenarios, with particular emphasis on
double higgs production.

1 Introduction
The discovery of the long predicted higgs boson has
brought unprecedented opportunities to unravel the nature
of electroweak (EW) symmetry breaking. For the time
being we rely on the measurement of the new particle’s
mass and linear couplings to Standard Model (SM) fields.
With this information, it is mandatory to re-evaluate our
expectations for the physics giving rise to the EW scale,
and indeed already a great deal of repercussions have
fallen upon, for instance, minimal supersymmetric models. Likewise for models of strong dynamics, for which
such a low mass, ∼ 125 GeV, is an indication that the
scalar must be a composite Goldstone boson of some sort.
Two distinct candidates stand, either the one arising from
the spontaneous breaking of an internal global symmetry,
which we refer to as the composite higgs (taking [2] as reference), or the one from the spontaneous breaking of scale
invariance (SBSI), the dilaton. Here we focus on the latter,
following the analysis of [1].
The naturalness and hierarchy problems of the EW
scale are the guiding principles to postulate a new strongly
interacting sector at ΛIR ∼ TeV. As we learned from QCD,
strong dynamics is able to naturally generate a large hierarchy between two distinct physical scales ΛIR  ΛUV ,
while at the same time avoiding a large sensitivity of the
former to the latter. This is achieved by building a lagrangian with no relevant operators (unless protected by
symmetry), but only operators close to marginality or irrelevant. This is tantamount to an approximate scale invariant regime between the two scales, where scale transformations (we denote by d the scaling dimension of a
field/operator)
x → eα x ,

φ(x) → edφ α φ(eα x) ,

leave invariant the action,
Z
X
S = d4 x L , L =
gO O(φ, ∂µ φ) .
O
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(1)
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The lagrangian is written as a sum over operators with
dO = 4, while the coupling gO becomes irrelevant in the
infrared for those operators with dO  4.
It is further assumed that the lagrangian contains the
proper dynamics for SBSI, in the form of the vacuum condensate of a scalar field, hφi = f dφ , with ΛIR ∼ 4π f .?
Naively, such a breaking gives rise to one massless Goldstone boson, the dilaton, parametrized as χ ≡ f eσ(x)/ f
(χ → eα χ under scaling). However, a more careful treatment of SBSI must take into account that a non-trivial potential for χ is allowed by the symmetry,
V(χ) = F0 χ4 ,

(3)

which makes a natural realization of SBSI highly nontrivial. As Fubini showed [3], and we summarize in Table 1, the only way to obtain a Poincaré-4 invariant vacuum given Eq. (3) is to tune F0 = 0, in which case hχi = f
remains undetermined (a flat direction).
Table 1. Patterns of SBSI [3]. r is a spatial coordinate while t is
time-like.

F0 > 0
AdS-4
hχi ∝ 1/r

F0 = 0
Poincaré-4
hχi = f

F0 < 0
dS-4
hχi ∝ 1/t

This is indeed a tuning since naive dimensional analysis
yields F0 ∼ (4π)2 (unless supersymmetry is involved).
The problem is even more evident if we notice that F0
determines the size of the effective cosmological constant
associated to the SBSI, V(hχi) = F0 f 4 . The only way out
of this conclusion is the introduction of a perturbation that
explicit breaks scale invariance, since this allows for a stabilization mechanism that naturally produces V(hχi) ' 0.
However, this essential breaking of the symmetry automatically makes the presence of a light (pseudo-)Goldstone
from SBSI quite more involved than that of Goldstone’s
from global symmetries.
? It is understood that part or all of the composite fields that obtain a
VEV carry EW quantum numbers.
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The explicit breaking of scale invariance is introduced
by the (generic) perturbation
δL = λ Oλ ,

γλ ≡ 4 − dOλ =

8
F0

d log λ β(λ)
=
,
d log µ
λ

10

(4)

6
Λ

4
Β
2
Μ= f

where the operator’s anomalous dimension γλ is defined
at the quantum level, that is including loop contributions
to the β-function. As Coleman and Weinberg showed [4],
and as it can be derived from a spurious analysis based on
scale invariance, the new effective dilaton potential reads
V(χ) = F[λ(χ)] χ ,
4

0
0

The first question to address is if the dilaton can naturally
weight ∼ 125 GeV. Being a pseudo-Goldstone boson, one
should expect m2d  Λ2IR , but as outlined before, the very
same mechanism leading to SBSI imposes very particular
requirements on the dynamics. All the relevant physics
can be extracted from contrasting the minimization condition and the dilaton mass,

m2d =

d2 V
dχ2
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2 Dilaton mass

χ= f

15
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(5)

Given this picture, our goal is to understand if the dilaton could really mimic the 125 GeV higgs, Sec. 2 and 3,
and if so, what the differences with other higgs-like states
would be, Sec 4.

dV
dχ

10
log10 HΜGeVL

12

Μ= f

where a χ-dependent quartic coupling F has been generated through the scale dependence of the perturbation
λ. In order for the minimum of (5) to be hierarchical, the
perturbation must have a small β-function. Even more
important, in order for SBSI to be genuine, the β-function
must remain small at the minimum. Otherwise, the dilaton
and all its properties will be absent in the low energy
lagrangian.

0=

5


= f 3 4F + βF 0 ,

(6)

= 4 f 2 βF 0 + O(β2 ) ,

(7)

χ= f

where all functions on the r.h.s.’s, F, F 0 = dF/dλ, and β,
are evaluated at the scale f through their dependence on
λ( f ). As expected from symmetry arguments, m2d is proportional to the explicit breaking, that is the β-function.
The relevant question is then what is the natural value of
β at the scale f , taking into account that the minimization condition should be satisfied for natural values of the
parameters. This crucially relies on the quartic coupling,
F[λ] = F0 + F1 λ + O(λ2 ). At face value F ∼ F0 ∼ (4π)2 ,
thus β ∼ 4π and no light dilaton is expected. Scale invariance is badly broken at the condensation scale. Another
option is F0 ∼ (4π)2 /∆, with ∆ a parametrization of the
amount of tuning. The minimization condition Eq. (6)
can then be satisfied with perturbative values of λ, for
which β and thus m2d /Λ2IR are small. The minimum is
found at λ( f ) ' −F0 /F1 ' 4π/∆. The amount of finetuning required to reproduce md ' 125 GeV is approximately ∆ & 2ΛIR /md ' 50 for f = v = 246 GeV. There
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Figure 1. Evolution of the perturbation λ (solid blue) with
the energy scale µ (χ in the potential), and of its β-function
(dashed red), for the three different scenarios discussed in the
text: (up)
√ QCD type β-function, with the minimum found at
λ( f ) ∼ F 0 ∼ 4π, (middle) the same but for tuned F0 and thus
semi-perturbative λ( f ), and (down) Banks-Zaks √
type β-function
in the non-perturbative regime, allowing λ( f ) ∼ F 0 ∼ 4π while
small β( f ).

is however one last natural possibility, that is β/λ  1
even when λ becomes non-perturbative. If this non-trivial
dynamical property is present, the minimization condition
F ' 0 will be inevitably satisfied at some low-energy scale,
and the dilaton will be light.?? These three possibilities
for the perturbation and its running are sketched in Figure 1. The plots should be taken as simple representations
of the aforementioned behaviors. Besides, for the compelling case of λ growing strong but keeping a small β(λ),
we show (downmost figure) the instance of a coupling
evolving from a UV (trivial) fix point to an IR (strongly
coupled) fix point. This is certainly not the only realization of a parametrically suppressed β-function, generically
β(λ) =  b(λ), with   1.
It is worthwhile to notice that the AdS/CFT correspondence provides a calculable implementation of these
alternatives in the context of a warped extra-dimension
[6]. While the stabilization mechanism proposed by Goldberger and Wise in [7] tunes F0 = 0, it has been recently
showed in [8] that the more natural realization of SBSI
with large F0 is also attainable, where the perturbation
with small β-function is modeled by a bulk scalar Goldstone boson.
To conclude this section, let us point out that in the SM
there are already couplings which contribute to the dilaton
mass, the most relevant a priori being the top Yukawa, yt ,
?? This might involve the same dynamics aimed in walking technicolor
theories, originally proposed as a means to alleviate flavor problems [5].
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and gauge interactions, g0 , g, g s . A rough estimate for the
contribution of the former is
 m 2  γ 
Nc y2t m2T
T
t
,
(δm2d )top ∼ −8γt
' (110 GeV)2
2
2 TeV
−0.02
16π
(8)
where γt = β(yt )/yt and mT = gT f is the mass of the
composite resonances through which the top couples to
the strong sector. This is formally a two-loop contribution,
and has the right size.

ΓΨ =0
4

HEML
bH3L
UV =bUV 2

2

-2

3 Linear dilaton couplings
The other piece of information from the LHC regards the
linear couplings of the higgs to SM fields. To compare
with experiment and between theory predictions, it is convenient to use the effective lagrangian parametrization
L(0)
h =


h
cV m2V Vµ V µ − cψ m f ψψ ,
v

(9)


cγγ
cgg a aµν
h
cZγ Zµν γµν +
γµν γµν +
GµνG + . . . ,
v
2
2
(10)
where V = W ± , Z, and ψ = u, d, l, and where we have
split the O(∂0 ) couplings, Eq. (9), from the O(∂2 ) ones,
Eq. (10). The dots in the latter stand for operators at the
same order in derivatives but that contribute to subdominant effects, for instance 3-body Vψψ higgs decays [9].
The couplings of the dilaton are entirely dictated by
scale invariance and its breaking [1]. They depend on
ξ ≡ v2 / f 2 , the ratio between the EW scale and the Goldstone decay constant, and on the anomalous dimensions of
the SM operators, specifically of the Yukawa coupling for
the fermion ψ, γψ , and of the gauge field strength tensors,
(i) 2
2
γgi = (b(i)
UV − bIR )gi /(4π) . The dilaton predictions for the
different c-coefficients are shown in Table 2, along with
the SM ones and those of the minimal composite higgs
model (MCHM) [2].
L(2)
h =

Table 2. Coefficients of the linear higgs couplings in
Eqs. (9,10), for the SM, the dilaton, and the MCHM.

coefficient
cV
cψ

SM
1
1

cγγ

0

cZγ

0

cgg

0

dilaton
√
ξ
√
(1 + γψ ) ξ
√
(EM)
α
− b(EM)
UV ) ξ
4π (bIR
(2)
(2) √ †
α
4πtW (bIR − bUV ) ξ
(3) √
α s (3)
4π (bIR − bUV ) ξ

MCHM
p
1−ξ
1−(1+nψ )ξ ? ? ?
√
1−ξ

0
0
0

√
All dilaton coefficients carry a model independent ξ suppression, signal of the fact that the dilaton resembles the
SM higgs in the non-decoupling limit f → v, along with
small anomalous dimensions γ  1, a condition already
required to keep the dilaton light. This is in contrast with
composite higgs models, where all deviations from the SM
vanish for ξ = 0.
? ? ?n

comes from the h-dependence of the fermion mass, mψ (h) ∝
sin(h/ f ) cosnψ (h/ f ), with mW (h) = g f sin(h/ f )/2.
† O(t ) terms, with t ≡ tan θ , have been neglected.
W
W
W
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Figure 2. Contraints on dilaton parameters, ξ and gauge β(EM)
function coefficients b(3)
UV = bUV /2, from LHC7 data, at the 2σ
CL, and electroweak precision tests (EWPT), at 99% CL. The
IR contribution from composite states to the gauge β-functions,
b(i)
IR , have been fixed under the assumption that the Goldstone’s
eaten by the W and Z and the right-handed top are composite.
All Yukawa anomalous dimensions γψ have been fixed to zero.
The strongest constrain on ξ comes from EWPT, due to the modified coupling to EW gauge boson, cV , 1. It should be noticed
that constraints from LHC8 will be quite stronger, given the consistency of the data with a SM higgs. See also [10].

The constraints on the dilaton couplings from EWPT
and LHC7 data are shown in Figure 2, from where we
conclude that v/ f . 0.9 and γ  1 are experimentally
favored. The latter condition is generically satisfied since
the anomalous dimensions are formally of one-loop size.
However, the SM higgs effective interactions with gluons and photons arise at one loop as well, thus the dilaton could display O(1) deviations in such couplings. To
avoid it the strong sector should have modest SM central
charges. Finally, the requirement of a small separation between v and f seems to point towards non-trivial dynamics
generating VEV’s for EW-charged operators only (among
the dimensionful ones), in particular those with the quantum numbers of the SM Higgs doublet field.
We conclude this section by pointing out that the genuine effect of a composite EW scale would be the growth
of scattering amplitudes with energy. In this regard, notice
that the dilaton accidentally unitarizes WW scattering, the
better the closer is ξ to unity, e.g.
A(W + W − → ZZ) '

s
s
(1 − c2V ) = 2 (1 − ξ) .
2
v
v

(11)

Given ξ < 1, unitarity should ultimately be preserved by
the exchange of extra resonances, as in [11].

4 Double dilaton production
Since the dilaton is able to reproduce the observed higgslike behavior, the next question is if there are any unavoidable deviations from the SM higgs in other observables, to
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be studied at the LHC. The answer is yes, and the key process is double higgs production. Using again an effective
parametrization of the higgs couplings, the extra relevant
interactions are the double higgs couplings to SM fields,
!
h2 dV 2
(0)
µ
Lh2 = 2
m Vµ V − dψ mψ ψψ ,
(12)
2 V
v
!
h2 dgg a aµν
G
G
+
.
.
.
,
(13)
L(2)
=
h2
v2 2 µν
where the dots stand for terms involving EW gauge
bosons, and the trilinear higgs interaction term,


1  3m2h  3
(14)
Lh3 = −c3 
 h .
6 v
The corresponding predictions for the SM, the dilaton, and
the MCHM are shown in Table 3.
Table 3. Coefficients of the double and triple higgs couplings in
Eqs. (12,13) and (14), for the SM, the dilaton, and the MCHM.

coefficient
dV

SM
1

dψ

0

dgg

0

c3

1

dilaton
ξ

MCHM
1 − 2ξ

1
‡
2 γψ ξ
α s (3)
‡
(bIR − b(3)
− 8π
UV )ξ
√
1
§
3 (5 + dβ/dλ) ξ

−ξ(1+3nψ −(1+nψ )2 ξ)
2(1−ξ)

0
1−(1+ñψ )ξ ¶
√
1−ξ

s
(dV − c2V ) = 0 .
v2

In summary, a composite dilaton is a natural and viable candidate for the higgs-like state discovered at the
LHC. Its linear couplings are expected to deviate from the
SM, although not substantially. Thus double higgs phenomenology sets the path to test the higgs-like dilaton scenario.
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