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CMS -1 = 8 TeV, L = 5.3 fbs  -1 = 7 TeV, L = 5.1 fbs Technicolor

Higgsless



What is it?

The resonance is at ~126 GeV and it is SM-Higgs-like

Sizeable deviations still allowed



Non-discovery
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jjmColor octet scalar : dijet resonance, 
µµ

m)=1) : SS dimuon, µµ→
L
±± (DY prod., BR(HL

±±H
 (LRSM, no mixing) : 2-lep + jetsRW

Major. neutr. (LRSM, no mixing) : 2-lep + jets
,WZT

mlll), νTechni-hadrons (LSTC) : WZ resonance (
µµee/mTechni-hadrons (LSTC) : dilepton, 
γµ

m resonance, γ-µExcited muon : γe
m resonance, γExcited electron : e-

jjmExcited quarks : dijet resonance, 
jetγ

m-jet resonance, γExcited quarks : 
llqmVector-like quark : NC, 
qνlmVector-like quark : CC, 
)

T2
 (dilepton, M0A0 tt + A→Top partner : TT Zb

m Zb+X, →New quark b' : b'b'
 WtWt→)5/3T

5/3
 generation : b'b'(Tth4

 WbWb→ generation : t't'th4
jjνµjj, µµ=1) : kin. vars. in βScalar LQ pairs (
jjν=1) : kin. vars. in eejj, eβScalar LQ pairs (
µT,e/mW* : 
tb

m tb, SSM) : → (RW'
tqm=1) : 

R
 tq, g→W' (

µT,e/mW' (SSM) : 
ττmZ' (SSM) : 
µµee/mZ' (SSM) : 

,missTEuutt CI : SS dilepton + jets + ll
m combined, µµqqll CI : ee, 

)
jj

m(χqqqq contact interaction : 
)jjm(

χ
Quantum black hole : dijet, F T

pΣ=3) : leptons + jets, DM /THMADD BH (
ch. part.N=3) : SS dimuon, DM /THMADD BH (

tt,boosted
m l+jets, →tt)=0.925 : tt →

KK
RS with BR(g

νlν,lTm = 0.1 : WW resonance, PlM/kRS1 with 
llll / lljjm = 0.1 : ZZ resonance, PlM/kRS1 with 

llm = 0.1 : dilepton, PlM/kRS1 with 
γγm = 0.1 : diphoton, PlM/kRS1 with 

,missTEUED : diphoton + 
γγmLarge ED (ADD) : diphoton, 

,missTELarge ED (ADD) : monophoton + 
,missTELarge ED (ADD) : monojet + 

Scalar resonance mass1.94 TeV , 7 TeV [ATLAS-CONF-2012-038]-1=4.8 fbL

 massL
±±H355 GeV , 7 TeV [1201.1091]-1=1.6 fbL

(N) < 1.4 TeV)m mass (RW2.4 TeV , 7 TeV [1203.5420]-1=2.1 fbL

) = 2 TeV)
R

(WmN mass (1.5 TeV , 7 TeV [1203.5420]-1=2.1 fbL

))
T
ρ(m) = 1.1 

T
(am, Wm) + Tπ(m) = 

T
ρ(m mass (

T
ρ483 GeV , 7 TeV [1204.1648]-1=1.0 fbL

)
W

) = MTπ(m) - Tω/T
ρ(m mass (Tω/T

ρ850 GeV , 7 TeV [1209.2535]-1=4.9-5.0 fbL

*))µ = m(Λ* mass (µ1.9 TeV , 7 TeV [ATLAS-CONF-2012-008]-1=4.8 fbL

 = m(e*))Λe* mass (2.0 TeV , 7 TeV [ATLAS-CONF-2012-008]-1=4.9 fbL

q* mass3.66 TeV , 8 TeV [ATLAS-CONF-2012-088]-1=5.8 fbL

q* mass2.46 TeV , 7 TeV [1112.3580]-1=2.1 fbL

)Q/mν = qQκVLQ mass (charge 2/3, coupling 1.08 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

)Q/mν = qQκVLQ mass (charge -1/3, coupling 1.12 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

) < 100 GeV)
0

(AmT mass (483 GeV , 7 TeV [1209.4186]-1=4.7 fbL

b' mass400 GeV , 7 TeV [1204.1265]-1=2.0 fbL

) mass
5/3

b' (T670 GeV , 7 TeV [ATLAS-CONF-2012-130]-1=4.7 fbL

t' mass656 GeV , 7 TeV [Preliminary]-1=4.7 fbL

 gen. LQ massnd2685 GeV , 7 TeV [1203.3172]-1=1.0 fbL

 gen. LQ massst1660 GeV , 7 TeV [1112.4828]-1=1.0 fbL

W* mass2.42 TeV , 7 TeV [1209.4446]-1=4.7 fbL

W' mass1.13 TeV , 7 TeV [1205.1016]-1=1.0 fbL

W' mass350 GeV , 7 TeV [CONF-2012-096]-1=4.7 fbL

W' mass2.55 TeV , 7 TeV [1209.4446]-1=4.7 fbL

Z' mass1.3 TeV , 7 TeV [ATLAS-CONF-2012-067]-1=4.7 fbL

Z' mass2.49 TeV , 8 TeV [ATLAS-CONF-2012-129]-1=5.9-6.1 fbL

Λ1.7 TeV , 7 TeV [1202.5520]-1=1.0 fbL

 (constructive int.)Λ10.2 TeV , 7 TeV [1112.4462]-1=1.1-1.2 fbL

Λ7.8 TeV , 7 TeV [ATLAS-CONF-2012-038]-1=4.8 fbL

=6)δ (DM4.11 TeV , 7 TeV [ATLAS-CONF-2012-038]-1=4.7 fbL

=6)δ (DM1.5 TeV , 7 TeV [1204.4646]-1=1.0 fbL

=6)δ (DM1.25 TeV , 7 TeV [1111.0080]-1=1.3 fbL

KK gluon mass1.9 TeV , 7 TeV [ATLAS-CONF-2012-136]-1=4.7 fbL

Graviton mass1.23 TeV , 7 TeV [1208.2880]-1=4.7 fbL

Graviton mass845 GeV , 7 TeV [1203.0718]-1=1.0 fbL

Graviton mass2.16 TeV , 7 TeV [1209.2535]-1=4.9-5.0 fbL

Graviton mass2.06 TeV , 7 TeV [ATLAS-CONF-2012-087]-1=4.9 fbL

Compact. scale 1/R1.41 TeV , 7 TeV [ATLAS-CONF-2012-072]-1=4.8 fbL

 (GRW cut-off, NLO)SM3.29 TeV , 7 TeV [ATLAS-CONF-2012-087]-1=4.9 fbL

=2)δ (DM1.93 TeV , 7 TeV [1209.4625]-1=4.6 fbL

=2)δ (DM3.39 TeV , 7 TeV [ATLAS-CONF-2011-096]-1=1.0 fbL

Only a selection of the available mass limits on new states or phenomena shown*

-1 = (1.0 - 6.1) fbLdt∫
 = 7, 8 TeVs

ATLAS
Preliminary

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: LHCC, Sep 2012)
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Z’SSM ll
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Z’, dijet

Z’, ttbar, lep+jet, width=1.2%
Z’SSM ll (fbb=0.2)

G, dijet
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G jet+MET k/M = 0.2
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WR, MNR=MWR/2
WKK μ = 10 TeV
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Resonances
4th

Generation

Compositeness

Long
Lived

LeptoQuarks



Status of light scalars

MSSM

composite Higgs

color code

100 150 200 300 GeV

unnaturalnatural

other options?? H=Dilaton ?

 SM      valid up to Planck

unstable metastable trivial

All models seem to be under strain



Strongly coupled EWSB
• Higgsless and Technicolor models are dead

• Composite Higgs models fine tuned

• Give up on SC-EWSB?

The Higgs:

• Couplings determined by ~ conformal 
invariance of SM (e.g. low energy theorems)

• mH is only tree-level explicit breaking

• VEV breaks conformality spontaneously



Higgs-like dilaton
• Can envision a model of strong dynamics at 

at conformal fixed point

• To reproduce data need conformal 
symmetry spontaneously broken at f ~ v

Questions I will address:

• Can a dilaton fit the data? 

• Can a dilaton be light? (below Λ=4πf)



Scale Transformations
2 Scaling and Dilaton basics

In this section we summarize the basic properties of scale transformations and dilaton cou-
plings. Scale transformations [28] are given by (for x ! x0 = e�↵x)

O(x) ! O0(x) = e↵�O(e↵x) , (2.1)

where � is the matrix of dimensions (including classical and quantum e↵ects) for the oper-
ators O. The action changes under scale transformations as

S =
X

i

Z

d4x giOi(x) �! S 0 =
X

i

Z

d4xe↵(�i�4)giOi(x) , (2.2)

which implies the well-known result that all operators must have dimension �i = 4 for all
Oi in order for the action to be scale invariant. The linearized transformation of the action
is then

S �! S +
X

i

Z

d4x↵gi(�i � 4)Oi(x) . (2.3)

Let us assume that scale invariance is broken spontaneously by the VEV of a dimension-
ful operator hOi = fn where n is the classical dimension of O. The spontaneous breaking of
scale invariance will imply the existence of a Goldstone boson for scale transformations, the
dilaton, which transforms inhomogeneously under scale transformations:

�(x) ! �(e↵x) + ↵f . (2.4)

The low-energy e↵ective theory can be obtained by replacing the VEV with the non-linear
realization

f ! f � ⌘ f e�/f , (2.5)

and requiring that it is invariant under scale transformations:

Leff =
X

n,m>0

an,m
(4⇡)2(n�1) f 2(n�2)

@2n�m

�2n+m�4
(2.6)

= �a0,0 (4⇡)
2f 4�4 +

f 2

2
(@µ�)

2 +
a2,4
(4⇡)2

(@�)4

�4
+ . . . (2.7)

where an,m ⇠ O(1), and a1,1 = 1/2 corresponds to canonical normalization, and a2,4 is
determined by the proof of the a-theorem [29]. The complete set of dilaton couplings within
the scale-invariant sector can be obtained by the replacement in (2.5). However, a more
systematic way is to take advantage of the (approximate) scale invariance of the Lagrangian
at high energies, in order to build an e↵ective Lagrangian for energies below ⇤ ⇠ 4⇡f where
scale invariance is preserved by means of insertions of the dilaton field as defined in Eq. (2.5).

The general assumption we will be making is that there is a conformal sector which is
spontaneously broken, which we will refer to as the “composite sector”, and that there is

3

2 Scaling and Dilaton basics

In this section we summarize the basic properties of scale transformations and dilaton cou-
plings. Scale transformations [28] are given by (for x ! x0 = e�↵x)

O(x) ! O0(x) = e↵�O(e↵x) , (2.1)

where � is the matrix of dimensions (including classical and quantum e↵ects) for the oper-
ators O. The action changes under scale transformations as

S =
X

i

Z

d4x giOi(x) �! S 0 =
X

i

Z

d4xe↵(�i�4)giOi(x) , (2.2)

which implies the well-known result that all operators must have dimension �i = 4 for all
Oi in order for the action to be scale invariant. The linearized transformation of the action
is then

S �! S +
X

i

Z

d4x↵gi(�i � 4)Oi(x) . (2.3)

Let us assume that scale invariance is broken spontaneously by the VEV of a dimension-
ful operator hOi = fn where n is the classical dimension of O. The spontaneous breaking of
scale invariance will imply the existence of a Goldstone boson for scale transformations, the
dilaton, which transforms inhomogeneously under scale transformations:

�(x) ! �(e↵x) + ↵f . (2.4)

The low-energy e↵ective theory can be obtained by replacing the VEV with the non-linear
realization

f ! f � ⌘ f e�/f , (2.5)

and requiring that it is invariant under scale transformations:

Leff =
X

n,m>0

an,m
(4⇡)2(n�1) f 2(n�2)

@2n�m

�2n+m�4
(2.6)

= �a0,0 (4⇡)
2f 4�4 +

f 2

2
(@µ�)

2 +
a2,4
(4⇡)2

(@�)4

�4
+ . . . (2.7)

where an,m ⇠ O(1), and a1,1 = 1/2 corresponds to canonical normalization, and a2,4 is
determined by the proof of the a-theorem [29]. The complete set of dilaton couplings within
the scale-invariant sector can be obtained by the replacement in (2.5). However, a more
systematic way is to take advantage of the (approximate) scale invariance of the Lagrangian
at high energies, in order to build an e↵ective Lagrangian for energies below ⇤ ⇠ 4⇡f where
scale invariance is preserved by means of insertions of the dilaton field as defined in Eq. (2.5).

The general assumption we will be making is that there is a conformal sector which is
spontaneously broken, which we will refer to as the “composite sector”, and that there is

3

Dilatations:

Operators transform:

Δ is the full quantum operator dimension
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Linearized transformation of action:



Spontaneous breaking

hO(x)i = f

�
CFT operator gets VEV:
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Corresponding goldstone boson:

Non-linear realization in effective theory:

Restores symmetry to LEEFT
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The Dilaton Quartic

a > 0

a < 0

a = 0

f = 0

f =1

f =?
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ators O. The action changes under scale transformations as

S =
X

i

Z

d4x giOi(x) �! S 0 =
X

i

Z

d4xe↵(�i�4)giOi(x) , (2.2)

which implies the well-known result that all operators must have dimension �i = 4 for all
Oi in order for the action to be scale invariant. The linearized transformation of the action
is then

S �! S +
X

i

Z

d4x↵gi(�i � 4)Oi(x) . (2.3)

Let us assume that scale invariance is broken spontaneously by the VEV of a dimension-
ful operator hOi = fn where n is the classical dimension of O. The spontaneous breaking of
scale invariance will imply the existence of a Goldstone boson for scale transformations, the
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�(x) ! �(e↵x) + ↵f . (2.4)

The low-energy e↵ective theory can be obtained by replacing the VEV with the non-linear
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2f 4�4 +

f 2

2
(@µ�)

2 +
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(@�)4
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+ . . . (2.7)

where an,m ⇠ O(1), and a1,1 = 1/2 corresponds to canonical normalization, and a2,4 is
determined by the proof of the a-theorem [29]. The complete set of dilaton couplings within
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at high energies, in order to build an e↵ective Lagrangian for energies below ⇤ ⇠ 4⇡f where
scale invariance is preserved by means of insertions of the dilaton field as defined in Eq. (2.5).

The general assumption we will be making is that there is a conformal sector which is
spontaneously broken, which we will refer to as the “composite sector”, and that there is
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All the rates scale as v2/f 2, and the inclusive modes as well, since all coe�cients in Eq. (4.1)
for the dilaton are proportional to v/f , and likewise for |Ctot|. Paying attention to the
individual channels one can gain information on the anomalous dimensions. We show in
Fig. 1 the constraints from the present measurements of three di↵erent rates: inclusive higgs
production and decay to ZZ or to ��, Rincl.,ZZ andRincl.,�� respectively, and associated vector
boson production and decay to bb̄, RV h,bb. From the left panel one can see the preference of the
data for values of v/f very close to one, as was already suggested by EWPT (also shown as a
vertical strip). This is driven by the measurement of RV H,bb, since we assumed no deviations
in the coupling to the bottom except for the v/f factor. The inclusive measurements Rincl.,ZZ

and Rincl.,�� are instead sensitive to the �-function coe�cients. In particular, as shown in

the right panel of Fig. 1, Rincl.,ZZ delimits the preferred values for b
(3)
UV , while the overlap

with Rincl.,�� does this for b
(EM)
UV . We also show in Fig. 2 the prediction for these three

rates as a function of b
(3)
UV = b

(EM)
UV /2 (this choice correspond to the symmetric scenario

b
(1)
UV = b

(2)
UV = b

(3)
UV ), and its overlap with current measurements at 1� CL. Enhancement of

the ZZ and �� rates are easily obtained for both v/f = 1 (left panel) and v/f = 0.8 (right

panel). The di↵erence between negative and positive values of b(3)UV is due to the di↵erence
in sign of the SM contribution to ĉg and ĉ�. Finally, notice that the bb̄ rate from associated
production is generically suppressed, due to the lack of enhancement in the production cross
section. This conclusion would not be changed by turning on �b 6= 0, since the bb̄ channel
already dominates the decay of the higgs for �b = 0.

5 General considerations for the dilaton mass

The main di↵erence between a standard Goldstone boson arising from an internal global
symmetry and the dilaton is that scale invariance allows for a non-derivative quartic self
coupling, which plays a crucial role in the discussion of the SBSI:

S =

Z

d4x
f 2

2
(@�)2 � af 4�4 + higher derivatives (5.1)
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Obstruction to SBSI:
• a > 0 ⇾ f = 0 (no breaking)

• a < 0 ⇾ f =∞ (runaway)

• a = 0 ⇾ f = anything (flat direction)
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Figure 2: Dilaton predictions for the rates Rincl.,ZZ (green line), Rincl.,�� (orange), and RV H,bb

(blue) as a function of b(3)UV,CFT = b
(EM)
UV,CFT/2 for v/f = 1 (left panel) and v/f = 0.8 (right).

Also shown as horizontal bands the current experimental intervals at 1� CL (same color
code).

The presence of this term will make it very di�cult to achieve the SBSI. When a 6= 0 the
theory is either forced to f ! 1 for a < 0 (a runaway direction), or to f = 0 for a > 0.
Thus one needs to tune a = 0 in the e↵ective theory (as explained by Fubini [41]). In order
to achieve SBSI one needs to relax a = 0 to |a| ⌧ 1, so that the broken phase h�i = 1 is only
metastable. Adding an explicit breaking term to the CFT with an almost marginal operator

�S =

Z

d4x�(µ)O (5.2)

gives rise, in general, to an e↵ective potential for the dilaton of the form

V (�) = f 4F (�(f)) , (5.3)

where F is a function of � which parametrizes the explicit breaking of scale invariance as
a non-trivial function of �. This potential is of the Coleman-Weinberg type when � is
almost marginal. Then, as explained by Weinberg [42] and also stressed by Rattazzi and
Za↵aroni [27], a natural SBSI along with the generation of a large hierarchy of scales is
possible within naturalness. For this one needs a to be small (as assumed) and O to be a
marginally relevant deformation (as in QCD) while � remains perturbative over the relevant
range of renormalization group running. In this case F (�(f)) can have a minimum at a
scale f � ⇤s, where ⇤s is the scale where � would become non-perturbative. Because
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V (�) = a�4 �! V = �4F (�(�))

Quartic has dependence on near marginal coupling:

f

Deformation can stabilize f away from origin

slowly varying 
function of f

f � ⇤s, � stays perturbative and the dilaton remains light, that is scale invariance can be
spontaneously broken. The stationary condition of V is

V 0 = f 3 [4F (�(f)) + �F 0(�(f))] = 0 (5.4)

which results in a dilaton mass

m2
dil = f 2� [�F 00 + 4F 0 + �0F 0] ' 4f 2�F 0(�(f)) = �16f 2F (�(f)) (5.5)

where �0 = d�/d�. In the second equality we have also assumed that �0 ⌧ 1. An explicit
(supersymmetric) example illustrating how this mechanism can work will be presented in
the next section. The Goldberger-Wise stabilization mechanism for the RSI model is also
an example for this mechanism, as we will discuss in detail in Sec. 7.

The main questions related to the naturalness of this mechanism are then why is F ⌧ 1
at the minimum (or, for a perturbative expansion in �, a ⌧ 1) along with � ⌧ 1, and why
are we allowing only almost marginal perturbations. Let us start with F ⌧ 1. The case
F = 0 corresponds to a situation with no potential for the dilaton, and thus an arbitrary
value of f is allowed. This means that there is a flat direction in the theory. The presence of
flat directions is quite natural in supersymmetric theories, however no non-supersymmetric
example of physically inequivalent flat directions is known.7 The closest anyone has been able
to get to this situation were the so-called orbifold gauge theories obtained via projecting out
some of the fields and couplings of an N = 4 SUSY gauge theory [43]. In this case the large-
N limit of the �-functions agrees with those of the SUSY theories, however 1/N corrections
lift the flat directions [44].

The other question is why only close-to-marginal perturbations are allowed, as these are
the only ones that would allow for a light dilaton. This part of the naturalness problem is
thus rephrased in terms of what relevant deformations the CFT supports. If it turns out
that only marginal perturbations are possible then a light dilaton is a natural possibility
(once the flat direction is present). Do such theories exist? Again, SUSY theories (SCFT’s),
especially chiral ones, give a handle on this because of the non-renormalization theorem:
the relevant deformations (if there are any) can be made naturally small. For the case of
non-supersymmetric CFT’s one would expect that only chiral gauge theories might have a
chance of giving a naturally light dilaton, but even those face the question of the origin of a
flat direction.

Let’s try to estimate how much fine tuning is hidden in these assumptions. The mini-
mization condition (5.4) says that for � ⌧ 1 the quartic F must almost vanish. In turn this
ensures that the dilaton mass (5.5) can be made parametrically smaller than f . In other
words, if we start with an almost flat direction, F ⌧ 1, then we can easily stabilize it by a
small breaking controlled by �. However, the starting assumption of almost flatness is itself
plagued by fine-tuning unless a symmetry reason can be invoked. In fact, the NDA for the

7The only other known way of generating flat directions is via the Goldstone theorem, but that will not
generate physically inequivalent vacua as is required for the case with an arbitrary scale f .

18



The Dilaton Mass
f � ⇤s, � stays perturbative and the dilaton remains light, that is scale invariance can be
spontaneously broken. The stationary condition of V is

V 0 = f 3 [4F (�(f)) + �F 0(�(f))] = 0 (5.4)

which results in a dilaton mass

m2
dil = f 2� [�F 00 + 4F 0 + �0F 0] ' 4f 2�F 0(�(f)) = �16f 2F (�(f)) (5.5)

where �0 = d�/d�. In the second equality we have also assumed that �0 ⌧ 1. An explicit
(supersymmetric) example illustrating how this mechanism can work will be presented in
the next section. The Goldberger-Wise stabilization mechanism for the RSI model is also
an example for this mechanism, as we will discuss in detail in Sec. 7.

The main questions related to the naturalness of this mechanism are then why is F ⌧ 1
at the minimum (or, for a perturbative expansion in �, a ⌧ 1) along with � ⌧ 1, and why
are we allowing only almost marginal perturbations. Let us start with F ⌧ 1. The case
F = 0 corresponds to a situation with no potential for the dilaton, and thus an arbitrary
value of f is allowed. This means that there is a flat direction in the theory. The presence of
flat directions is quite natural in supersymmetric theories, however no non-supersymmetric
example of physically inequivalent flat directions is known.7 The closest anyone has been able
to get to this situation were the so-called orbifold gauge theories obtained via projecting out
some of the fields and couplings of an N = 4 SUSY gauge theory [43]. In this case the large-
N limit of the �-functions agrees with those of the SUSY theories, however 1/N corrections
lift the flat directions [44].

The other question is why only close-to-marginal perturbations are allowed, as these are
the only ones that would allow for a light dilaton. This part of the naturalness problem is
thus rephrased in terms of what relevant deformations the CFT supports. If it turns out
that only marginal perturbations are possible then a light dilaton is a natural possibility
(once the flat direction is present). Do such theories exist? Again, SUSY theories (SCFT’s),
especially chiral ones, give a handle on this because of the non-renormalization theorem:
the relevant deformations (if there are any) can be made naturally small. For the case of
non-supersymmetric CFT’s one would expect that only chiral gauge theories might have a
chance of giving a naturally light dilaton, but even those face the question of the origin of a
flat direction.

Let’s try to estimate how much fine tuning is hidden in these assumptions. The mini-
mization condition (5.4) says that for � ⌧ 1 the quartic F must almost vanish. In turn this
ensures that the dilaton mass (5.5) can be made parametrically smaller than f . In other
words, if we start with an almost flat direction, F ⌧ 1, then we can easily stabilize it by a
small breaking controlled by �. However, the starting assumption of almost flatness is itself
plagued by fine-tuning unless a symmetry reason can be invoked. In fact, the NDA for the

7The only other known way of generating flat directions is via the Goldstone theorem, but that will not
generate physically inequivalent vacua as is required for the case with an arbitrary scale f .

18

Expanding the potential:

small, so dilaton is light, right?

quartic is

FNDA ⇠ ⇤4

16⇡2f 4
⇠ 16⇡2 (5.6)

making the minimization condition (5.4) behind the flatness of the potential and the lightness
of the dilaton very unlikely to be realized in a generic theory. With such a large quartic the
dilaton mass would be at the cuto↵ m2

dil ⇠ ⇤2, and the explicit breaking of scale invariance
necessarily large,

� ⇠ 4FNDA

F 0
NDA

⇠ 4⇡. (5.7)

As we explain in more detail below, this is the situation realized in QCD-like or technicolor
theories, where the gauge coupling g2, to be identified with �, becomes non-perturbative.
No light scalar degree of freedom with the properties of the dilaton is expected to be present
in the spectrum.

The above naive estimates can be refined for theories where the explicit breaking of
scale invariance comes from a coupling external to the strong conformal sector. In general
its �-function will be given by

�(�) =
d�

d lnµ
= ✏�+

b1
4⇡

�2 +O(�3) (5.8)

which is under control (i.e. small) as long as � remains perturbative, � . 4⇡, for bn ⇠ O(1),
(✏ = b0). Here ✏ is identified as the deviation from marginality of the perturbing operator,
|✏| < 1, which is set by the strongly coupled CFT. The perturbativity of � is a necessary
condition to obtain a parametrically light dilaton, unless one is willing to accept that even in
the non-perturbative regime, the �-function remains small but non-zero over a large range
of values of the coupling constant, which is a very special dynamical assumption, and we
know of no examples of such theories.

The consistency of a perturbative expansion in � with the requirement of SBSI and the
generation of a large hierarchy is determined by the minimization condition (5.4), and can
only be achieved by reducing the intrinsic dilaton quartic a to values comparable with the
symmetry breaking contributions

F (�) = (4⇡)2
"

c0 +
X

n

cn

✓

�

4⇡

◆n
#

, c0 ⌧ cn ⇠ 1 , a = (4⇡)2c0 . (5.9)

Then the minimization condition (5.4), expanded in powers of � and ✏, yields �(f) '
4⇡c0/c1 ' 4⇡/�, where � is the amount of fine tuning. The coupling � is allowed to
remain perturbative at the minimum. From the dilaton mass formula (5.5)

m2
dil

⇤2
⇠ �

⇡
' ✏

�

⇡
(5.10)
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F is the cosmological constant in f units:

Need large β to find minimum 

OR we can tune away the quartic to get a nearly flat-direction

Theory not conformal at scale f - no light dilaton

m2
dil ⇠ 256⇡2f2 ⇠ ⇤2
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Light Dilaton?

• Generically, dilaton is not light unless the 
quartic is suppressed relative to NDA

• To get a light dilaton, need flat direction in 
vicinity of near-zero in β-function

• While this is natural in SUSY theories, it is 
not the case in non-supersymmetric ones
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Non-SUSY light dilaton:
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The 3-2 Model
SU(3) SU(2) U(1) U(1)R

Q 1/3 1
L 1 �1 �3
U 1 �4/3 �8
D 1 2/3 4

. (6.1)

together with a tree-level superpotential

W = �QD̄L , (6.2)

This theory is an ideal toy example because in the � ! 0 limit the theory has classical
flat directions that are parametrized by the invariants QD̄L, QŪL and det(Q̄Q), where
Q̄ = (Ū , D̄). All of these flat directions are lifted by the addition of the superpotential.
However in the limit when � ⌧ 1 this potential will be very shallow. In the limit when the
SU(3) group is much stronger than the SU(2) group, ⇤3 � ⇤2, the largest dynamical e↵ect
will be the presence of SU(3) instantons generating a dynamical A✏eck-Dine-Seiberg (ADS)
superpotential of the form

Wdyn =
⇤7

3

det(QQ)
, (6.3)

This superpotential will force the fields to large expectation values, and without the stabiliz-
ing tree-level superpotential term in (6.2) one would have a runaway direction. For � ⌧ 1 the
stabilized field values will be � ⇤3, and the gauge group will be completely broken. Thus for
su�ciently small � the gauge symmetry will be broken dynamically via the instanton e↵ects
before the gauge group becomes strongly coupled. The theory is approximately conformal,
only broken by the weak gauge couplings and the very weak �. This implies that there is
also a dynamical spontaneous breaking of the approximate conformal symmetry, and that
one expects a light dilaton field as long as the field VEVs satisfy f = h�i � ⇤3.

Since the theory is calculable for � ⌧ 1 one can explicitly verify this. The crude estimate
for the dilaton mass assumes that all field values are roughly of the same order h�i ⇠ f with
f � ⇤3 for � ⌧ 1. In this case the potential is of the order

V ⇡ ⇤14
3

f 10
+ �

⇤7
3

f 3
+ �2f 4 , (6.4)

Minimizing this potential one obtains the scaling of the VEV and of the vacuum energy:

f ⇡ ⇤3

�1/7
, V ⇡ �10/7⇤4

3. (6.5)

Thus using the usual parametrization � = fe�/f we find that the dilaton mass is of order

mdil ⇡ �f ⇡ �
6
7⇤3 . (6.6)
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lifted by non-perturbative ADS superpotential and 
tree level perturbative superpotential:
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light dilaton:
But SUSY played 
crucial role here



The EWSB line-up

MSSM

composite Higgs

 SM      valid up to Planck

color code

100 150 200 300 GeV

unnaturalnatural

dilaton

~few%

~few%

~0.1%

~0.000...%

dilaton and composite Higgs in a similar strained state



Dilaton Couplings

• Presume have a strongly coupled conformal sector 
coupled to weak fundamental sector

• Strong sector has SBSI

• derive interactions of mass eigenstates with dilaton



Dilaton-Composite Couplings

another sector weakly coupled to it that explicitly breaks the conformal invariance, which
we will refer to as the “elementary sector”. There could also be small explicit breaking terms
within the composite sector. The SM matter fields will be mostly elementary, but some of
them (for example the top) can be partly composite.

2.1 Composite sector couplings

Let us assume that in the UV the theory is determined by the Lagrangian

LUV
CFT =

X

i

giOUV
i , (2.8)

where the operators above include both scale invariant (�UV
i = 4) and small explicit break-

ing terms (�UV
i 6= 4). We treat the explicit breaking couplings as spurions under scale

transformations, and assign to them a fictitious scaling dimension

[gi] = 4��UV
i . (2.9)

The low-energy e↵ective theory, valid below the scale ⇤ ⇠ 4⇡f , might present a di↵erent
field content. The Lagrangian can be written as

LIR
CFT =

X

j

cj (⇧g
ni
i )OIR

j �mj , (2.10)

where cj is an unknown function of the scale invariant couplings and we have expanded in
the small explicit breakings. The power of � is determined by requiring scale invariance:

mj = 4��IR
j �

X

i

ni(4��UV
i ) . (2.11)

For terms with a single power of a symmetry breaking coupling and to leading order in the
dilaton field we have

LIR
breaking =

X

j

cj gi
�

�UV
i ��IR

j

�OIR
j

�

f
. (2.12)

For terms involving no explicit symmetry breaking we have

LIR
symmetric =

X

j

cj
�

4��IR
j

�OIR
j

�

f
. (2.13)

This is just the well-known special case that the dilaton couples to the trace of the energy-
momentum tensor

Leff = ��

f
T µ
µ . (2.14)
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In IR, different dof
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Dilaton couplings
Partial Compositeness

elementarycomposite

tR⇢ WL Aµ , quarks, leptons

y

spurion dimensions

LUV
CFT + Lelem +

X

i

yiOelem,iOUV
CFT,i

�UV
CFT,i�UV

elem,i

[yi] = 4��UV
CFT,i ��UV

elem,i

hO(x)i = f

� compensate

LIR
CFT + Lelem +

X

i

yiOelem,iOIR
CFT,i ⇥ �(�UV

CF T,i��IR
CF T,i+�UV

elem,i��IR
elem,i)

VEV:



Dilaton-Fermion Couplings

elementarycomposite y

⇥L , ⇥R  L ,  R

5/2 + �R

L
mix

= y
L

 
L

⇥
R

+ y
R

 
R

⇥
L

3/2[yR,L] = ��L,R

integrate out heavy composites and compensate:

L � m  L R


1 +

�

f
(1 + �L + �R)

�

Exponential running of y’s generates large mass hierarchies

Partially composite fermions

Consider the following interaction of the elementary fermions  L,  R with composite oper-
ators ⇥L, ⇥R at high energies

Lint = yL L⇥R + yR R⇥L + h.c. . (2.21)

These realize the paradigm of partial compositeness [21], in which the flavor structure of the
SM is reproduced at low energies by fixing the amount of mixing yL, yR and the dimensions
of ⇥L, ⇥R for each SM chiral fermion. The spurious scaling dimensions are

[yL] = 4��UV
 L

��UV
⇥R

, [yR] = 4��UV
 R

��UV
⇥L

. (2.22)

After integrating out the massive composite degrees of freedom, the following interaction is
generated

Leff = �M yL yR  L R�
m + h.c. , (2.23)

where

m = 4� �

4��UV
 L

��UV
⇥R

+ 4��UV
 R

��UV
⇥L

���IR
 L

��IR
 R

(2.24)

= �UV
 L

��IR
 L

+�UV
 R

��IR
 R

+�UV
⇥L

+�UV
⇥R

� 4 . (2.25)

Using the conventions of AdS/CFT and RS [30]

�UV
⇥L

= 2 + cL , �UV
⇥R

= 2� cR , (2.26)

where cL > �1/2 and cR < 1/2. Neglecting the perturbative anomalous dimensions of the
elementary fermions we have the dilaton coupling

Leff = �M yL yR  L R�
cL�cR . (2.27)

The same result can be obtained by following the dependence on the breaking scale f of the
low energy coupling y(µ). This follows the renormalization group equation [31]

dyL,R
d lnµ

= �L,R yL,R +O(y3L,R) , �L,R = ±cL,R � 1/2 , (2.28)

which determines the low-energy value of yL,R,

yL,R(µ) ' yL,R(µ0)

✓

f

µ0

◆�L,R

. (2.29)

In the low-energy theory the mass term  L R has a coe�cient MyL(µ)yR(µ) with M / f
and replacing f by fe�/f we find a linear dilaton coupling

�m (1 + �L + �R) L R
�

f
= �m (cL � cR) L R

�

f
. (2.30)

where we have identified m = MyLyR.
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Using the conventions of AdS/CFT and RS [30]

�UV
⇥L

= 2 + cL , �UV
⇥R

= 2� cR , (2.26)

where cL > �1/2 and cR < 1/2. Neglecting the perturbative anomalous dimensions of the
elementary fermions we have the dilaton coupling

Leff = �M yL yR  L R�
cL�cR . (2.27)

The same result can be obtained by following the dependence on the breaking scale f of the
low energy coupling y(µ). This follows the renormalization group equation [31]

dyL,R
d lnµ

= �L,R yL,R +O(y3L,R) , �L,R = ±cL,R � 1/2 , (2.28)

which determines the low-energy value of yL,R,

yL,R(µ) ' yL,R(µ0)

✓

f

µ0

◆�L,R

. (2.29)

In the low-energy theory the mass term  L R has a coe�cient MyL(µ)yR(µ) with M / f
and replacing f by fe�/f we find a linear dilaton coupling

�m (1 + �L + �R) L R
�

f
= �m (cL � cR) L R

�

f
. (2.30)

where we have identified m = MyLyR.
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Enhancement in couplings to partially composite fermions



Couplings to massless gauge fields
elementarycomposite

tR⇢ WL Aµ

y

L
mix

� � 1
4g2

F 2
µ⌫

+ A
µ

J µ

integrate out the CFT: � 1
4g2(µ)

F 2
µ⌫

1

g2
(µ)

=

1

g2
(⇤)

� bUV

8⇡2
log

⇤

f
� bIR

8⇡2
log

f

µ
� belem

8⇡2
log

⇤

µ

compensate:f �! f� = fe�/f L = �1
2

✓
�IR

g
� �UV

g

◆
�

v
F 2

µ⌫

Depends on UV contributions to β-function
UV completion - embedding of SM gauge group

coupling to CFT and fundamental currents



Couplings - Summary
elementarycomposite
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‘Fitting’ the data
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Figure 1: Left: Constraints on the v/f and b
(3)
UV,CFT = b

(EM)
UV,CFT/2 plane (shaded allowed

regions) from experimental measurement at the 1� CL of the rates Rincl.,ZZ (green), Rincl.,��

(orange), RV H,bb (blue), and EWPT at 99% CL (purple). The overlap region is shown in
red. We have assumed �i = 0, and we recall that cV,� = v/f . Right: Same constraints in the

b
(EM)
UV,CFT and b

(3)
UV,CFT plane fixing v/f = 1.

There is already an extensive literature on constraints for the coe�cients in Eq. (4.1) obtained
by fitting the Rij’s. The current errors on these are large, however strong correlations among
the actual multi-dimensional fit parameters are obscured if one considers only the limits on
individual coe�cients. For this reason, in this section we directly compare the results of
our theoretical predictions with the experimental values of the rates [38]. It is useful to
present the scaling of the di↵erent Rij with the dilaton parameters, that is v/f and the

anomalous dimensions �i, b
(J )
eff . The total decay rate of the dilaton compared to the SM can

be approximated (if the deviations of the couplings are small) by

|Ctot|2 =
�tot,�

�tot,SM

' v2

f 2

"

BRWW,SM + BRZZ,SM + (1 + �b)BRbb,SM +
(b(3)eff )

2

(b(3)t )2
BRgg,SM

#

⌘ v2

f 2
C2 . (4.18)

With this we can compute the rates as R ' (��)/(��)SM ⇥ |Ctot|�2, and one obtains for the

15

Clearly require v/f ~ 1

The generic predictions for the dilaton are then an overall suppression of all decay rates
by v2/f 2, which will then be required to be close to one, as expected by naturalness and
electroweak precision tests (EWPT) (see Section 4.1). The latter being so, enhancement of
some of the decay rates is plausible, if large anomalous dimensions are present, for instance
in the couplings to gluons and photons. An extra suppression of the coupling to fermions by
� < 0 is not unplausible.

The dilaton production cross sections will also di↵er from those of the SM higgs. At the
Tevatron and LHC, the relevant production channels are gluon fusion (GF), vector boson
fusion (VBF), and associated production with an electroweak vector boson (Vh). One can
express such cross section as,

�GF

�GF,SM

' |ĉg|2
|ĉg,SM |2 ,

�V BF

�V BF,SM

' |cV |2 , �V h

�V h,SM

' |cV |2 . (4.15)

Therefore, for the dilaton one can expect a reduction in any of the production channels,
unless the coupling to gluons is enhanced by a large b

(3)
UV , in which case the gluon fusion

process could be larger than in SM.

4.1 Constraints from EWPT and LHC data

Previous to the recent discovery at the LHC, indirect contraints on the higgs couplings, in
particular cV , were coming from EWPT. These arise from the higgs one-loop contribution
to the vector boson self energies. When compared to the SM prediction, the additional
contributions due to cV 6= 1 to the parameters T̂ , Ŝ [39] is

�T̂ = � 3↵

16⇡ cos2 ✓W
(1� c2V ) log

✓

⇤2

m2
h

◆

, �Ŝ = +
↵

48⇡ sin2 ✓W
(1� c2V ) log

✓

⇤2

m2
h

◆

, (4.16)

where we assume that the logarithmically divergent one-loop contribution is cut at ⇤. For our
dilaton scenario one expects ⇤ ' 4⇡f = 4⇡v/cV,�. The one parameter fit, for mh = 125GeV,
yields the 99% CL allowed region 0.86 . c2V . 1.41 and thus the constraint v/f > 0.93.
One must keep in mind that this bound is obtained under the assumption of no extra UV
contributions to T̂ and Ŝ. While a tree-level T̂UV can be forbidden by invoking custodial
symmetry, one typically expects tree-level contributions coming from (2.31) to ŜUV of order
m2

W/⇤2 ⇠ 7⇥ 10�4(v2/f 2).

Decay rates and production cross sections are the necessary ingredients to compare with
Tevatron and LHC higgs data. This is given in terms of the rates of each individual channel
j ! i (or combinations of) normalized to the SM prediction,

Rji ⌘ [�j!h ⇥ BRh!i]/[�j!h ⇥ BRh!i]SM . (4.17)
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Rates

-3 -2 -1 0 1 2 3
0.0

0.5

1.0

1.5

2.0

2.5

3.0

bUV
H3L =bUVHEMLê2

R
vê f=1, gi=0

incl. h Æ ZZ*
incl. h Æ gg
Vh h Æ bb

-3 -2 -1 0 1 2 3
0.0

0.5

1.0

1.5

2.0

2.5

3.0

bUV
H3L =bUVHEMLê2

R

vê f=0.8, gi=0
incl. h Æ ZZ*
incl. h Æ gg
Vh h Æ bb

Figure 2: Dilaton predictions for the rates Rincl.,ZZ (green line), Rincl.,�� (orange), and RV H,bb

(blue) as a function of b(3)UV,CFT = b
(EM)
UV,CFT/2 for v/f = 1 (left panel) and v/f = 0.8 (right).

Also shown as horizontal bands the current experimental intervals at 1� CL (same color
code).

The presence of this term will make it very di�cult to achieve the SBSI. When a 6= 0 the
theory is either forced to f ! 1 for a < 0 (a runaway direction), or to f = 0 for a > 0.
Thus one needs to tune a = 0 in the e↵ective theory (as explained by Fubini [41]). In order
to achieve SBSI one needs to relax a = 0 to |a| ⌧ 1, so that the broken phase h�i = 1 is only
metastable. Adding an explicit breaking term to the CFT with an almost marginal operator

�S =

Z

d4x�(µ)O (5.2)

gives rise, in general, to an e↵ective potential for the dilaton of the form

V (�) = f 4F (�(f)) , (5.3)

where F is a function of � which parametrizes the explicit breaking of scale invariance as
a non-trivial function of �. This potential is of the Coleman-Weinberg type when � is
almost marginal. Then, as explained by Weinberg [42] and also stressed by Rattazzi and
Za↵aroni [27], a natural SBSI along with the generation of a large hierarchy of scales is
possible within naturalness. For this one needs a to be small (as assumed) and O to be a
marginally relevant deformation (as in QCD) while � remains perturbative over the relevant
range of renormalization group running. In this case F (�(f)) can have a minimum at a
scale f � ⇤s, where ⇤s is the scale where � would become non-perturbative. Because
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New 2012 data will put stronger constraints on UV parameters

Enhanced diphoton may be telling us about matter content



Conclusions
• The 125 GeV resonance may be a dilaton - well motivated

• Large NDA quartic in non-SUSY theories

• hard to stabilize without raising mass - Fine tuning

• need flat direction in vicinity of near-marginality

• Once it is light, couplings fixed up to a few parameters 
associated with conformal dynamics and embedding

• v/f suppressed, β’s and γ’s fix the rest

• “Higgs” is a chance to probe strong sector!


