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Because a light Higgs can be thought of as a dilaton

• SM couplings above the EWSB are dimensionless, 
except for the Higgs mass term, and the beta 
functions are small due to the perturbativity

• Higgs mass term - explicit breaking 

• Higgs VEV - spontaneous breaking 



L =
h

v
Tµ

µ Tµ
µ =

∑

i

miψiψi + . . .

χ(x) =
√

H†H(x)

In the limit of small Higgs mass, its couplings 
are given by “soft Higgs theorems”

Shifman, Vainstein, 
Voloshin, Zakharov ‘79-80

This result is a consequence of Ward 
identities for the scale current applied 

to the electroweak singlet dilaton



ΛCFT ∼ 4πf

ΛEW ∼ 4πv ≤ ΛCFT

In general, conformal invariance can be broken 
at a higher scale than the EW symmetry

The breaking of conformal invariance triggers EWSB

The scales v and f are not the same,                   
except for the Higgs  



Dilaton couplings

∂µSµ =
∑

i

gi(µ)(di − 4)Oi(x) +
∑

i

βi(g)
∂

∂gi
L

L =
∑

i

gi(µ)Oi(x),

the divergence of the scale current is:

Given the Lagrangian 

gi(µ) → gi

(
µ

χ

f

) (
χ

f

)4−di

Including the dilaton field,        , makes 
the Lagrangian formally scale invariant

χ(x)



LEW = LχEW + Lψ + LY

The electroweak sector:

EW chiral 
Lagragian

kinetic terms 
for fermions

fermion 
masses

L =
(

2χ̄
f + χ̄2

f2

) [
m2

W W+
µ W−µ + 1

2m2
ZZµZµ

]

+ χ̄
f

∑
ψ mψψ̄ψ

χ(x) → f + χ̄(x)After replacing 

f > v

v

f
(The usual Higgs couplings rescaled by    . Note only partial 
restoration of unitarity if           .)           



E2

(
1 − v2

f2

)

Violation of unitarity in the gauge boson 
scattering is partially restored by the dilaton 

couplings to the massive gauge bosons 

Even with a light dilaton the scattering 
amplitude grows proportionally to 

However, other states, for example vector resonances, 
can contribute to the scattering amplitudes and further 

delay the onset of strong coupling. (See Higgsless)
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V (χ̄) =
1
2
m2χ̄2 +

λ

3!
m2

f
χ̄3 + · · ·

λ =






(∆O + 1) + O(λO) case (a)

5 + O (|∆O − 4|) case (b)
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λ =






(∆O + 1) + O(λO) when λO ! 1

5 + O (|∆O − 4|) when |∆O − 4| ! 1

λ = 3The Higgs case,              , checks out∆O = 2

Irrelevant perturbations should not break 
conformal symmetry which implies an upper 
bound on the cubic

saturated for nearly marginal operators

λ ≤ 5



LhGG =
αs

8π

∑

heavy

bi
0
h

v
(Ga

µν)2

Couplings to massless gauge bosons

At zero momentum the Higgs/dilaton couplings 
are related to the conformal anomaly

The magnitudes of the couplings to the gluons/photons 
are obviously crucial for the production/detection. 
A possible deviation from the SM values would not 
provide a clean dilaton signature since the Higgs 
couplings can be altered by heavy particles as well. 



Lhgg =
αs

16π

∑

i=heavy

bi
0 ln

(
H†H

v2

)
(Ga

µν)2

Lh−dim =
αs

4π

c

Λ2
H†H(Ga

µν)2

Couplings to massless gauge bosons

Even in the Standard Model, the Higgs 
coupling can differ from the classic result

Heavy particles with vector-like masses generate 
other higher-dimensional operators, for example

which can compete with the SM result. 



The dilaton at colliders
Branching ratios to fermions and WW, ZZ same as Higgs

λ, cG, cEM

The crucial parameters are f and m
complete Lagrangian also has three couplings: 

CMS 
projection:



4.2 The dominant production processes in e+e− collisions

4.2.1 The Higgs–strahlung mechanism

The production cross section

The production cross section for the Higgs strahlung process is given by

σ(e+e− → ZH) =
G2

µM4
Z

96πs
(v̂2

e + â2
e) λ1/2 λ + 12M2

Z/s

(1 − M2
Z/s)2

(4.18)

where, as usual, âe = −1 and v̂e = −1 + 4s2
W are the Z charges of the electron and λ1/2 the

usual two–particle phase–space function

λ = (1 − M2
H/s − M2

Z/s)2 − 4M2
HM2

Z/s2 (4.19)

The production cross section is shown in Fig. 4.3 as a function of the Higgs mass for the

values of the c.m energy
√

s = 0.5, 1 and 3 TeV. At
√

s = 500 GeV, σ(e+e− → HZ) ∼ 50

fb for MH ∼ 150 GeV, leading to a total of ∼ 25.000 Higgs particles that are created at an

integrated luminosity of
∫
L = 500 fb−1, as expected for future machines. The cross section

scales as the inverse of the c.m. energy, σ ∼ 1/s and, for moderate Higgs masses, it is larger

for smaller c.m. energies. The maximum value of the cross section for a given MH value is

at
√

s ∼ MZ +
√

2MH . An energy of the order of
√

s ∼ 800 GeV is needed to cover the

entire Higgs boson mass range allowed in the SM, MH <∼ 700 GeV.

Figure 4.3: Higgs boson production cross sections in the Higgs–strahlung mechanism in e+e−

collisions with c.m. energies
√

s = 0.5, 1 and 3 TeV as a function of MH .

219

4.2.2 The WW fusion process

The production cross section

The WW fusion process [112, 243–246, 503] is most important for small values of the ratio

MH/
√

s, i.e. high energies where the cross section grows ∼ M−2
W log(s/M2

H). The production

cross section, discussed in §3.3 at hadron colliders, can be more conveniently written as

σ =
G3

µM
4
V

64
√

2π3

∫ 1

κH

dx

∫ 1

x

dy

[1 + (y − x)/κV ]2
[
(v̂2

e + â2
e)

2f(x, y) + 4v̂2
e â

2
eg(x, y)

]
(4.32)

f(x, y) =

(
2x

y3
−

1 + 2x

y2
+

2 + x

2y
−

1

2

)[
z

1 + z
− log(1 + z)

]
+

x

y3

z2(1 − y)

1 + z

g(x, y) =

(
−

x

y2
+

2 + x

2y
−

1

2

) [
z

1 + z
− log(1 + z)

]

with κH = M2
H/s, κV = M2

V /s, z = y(x − κH)/(κV x) and v̂, â the electron couplings to the

massive gauge bosons, v̂e = âe =
√

2 for the W boson. [Note that in the effective longitudinal

W approximation, and as discussed in §3.3.5, one obtains a simple result for the cross section

of this process, but which is twice larger than the exact result for small Higgs boson masses.].

The production cross section is shown in Fig. 4.7 as a function of MH at c.m energies
√

s = 0.5, 1 and 3 TeV. For Higgs masses in the intermediate range, the cross section is

comparable to the one of the Higgs–strahlung process at
√

s = 500 GeV, leading to ∼ 25.000

events for the expected luminosity L = 500 fb−1, and is larger at higher energies.

Figure 4.7: The Higgs production cross section in the WW fusion mechanism in e+e− col-
lisions with c.m. energies

√
s = 0.5, 1 and 3 TeV as a function of MH .
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A. Djouadi
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ILC Higgs production 

(For the dilaton 
rescale by          )v2/f2



Quantity MH = 120 GeV MH = 140 GeV

∆MH ± 0.00033 ± 0.0005

ΓH ± 0.061 ± 0.045

∆CP ± 0.038 –

λHHH ± 0.22 ± 0.30

gHWW ± 0.012 ± 0.020

gHZZ ± 0.012 ± 0.013

gHtt ± 0.030 ± 0.061

gHbb ± 0.022 ± 0.022

gHcc ± 0.037 ± 0.102

gHττ ± 0.033 ± 0.048

Table 4.9: Relative accuracy on Higgs couplings obtained from a global fit. An integrated lu-
minosity of 500 fb−1 at

√
s = 500 GeV is assumed except for the measurement of gHtt(λHHH),

which assumes 1000 fb−1 at
√

s = 800 (500) GeV in addition. On top of the table we dis-
play the accuracies on the Higgs mass, the total width and its CP–component as obtained at√

s = 350 GeV with 500 fb−1.

be performed only at an e+e− collider. There is therefore a clear complementarity between

the LHC and the linear collider Higgs physics programs.

From the previous discussions, one can single out two physics points for which e+e−

colliders have some weakness: the determination of the total width is rather poor [without the

γγ option] for low mass Higgs bosons and the CP–quantum numbers cannot be determined

in a very convincing way for MH >∼ 140 GeV when the H → τ+τ− decay mode becomes

too rare. Unambiguous tests of the CP properties of the Higgs boson can be performed at

photon colliders in the loop induced process γγ → H or at muon colliders in the process

µ+µ− → H , if suitable polarization of the initial beams is available. The measurement of

ΓH can benefit from the precise determination of the Higgs photonic width at γγ colliders.

However, it is at the muon collider that extremely good accuracies on ΓH can be obtained

by simply performing a threshold scan around the Higgs resonance produced in µ+µ− → H .

These topics will be addressed in detail in the next section. Before that, we first briefly

summarize the benefits of raising and lowering the energy of the e+e− collider.
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If one assumes general Higgs couplings to top quarks compared to the SM, L(Htt) =

(a + ibγ5)gHtt [and also to the Z boson, L(HZZ) = cgHZZgµν , when the diagram e+e− →
HZ∗ with Z∗ → tt̄ is included, since its contribution needs not to be small relative to the

dominant ones in extensions of the SM], one would have a rather involved dependence of

the e+e− → tt̄H cross section on the phase space. The differential cross section can be

written in a general form as dσ/dΦ =
∑

i difi(Φ), where Φ is the final state phase–space

configuration and di are combinations of the Higgs coupling parameters a, b, c [in the SM,

only the combinations di =a2, ac and c2 will be present with a=c=1]. An optimal technique

has been proposed in Ref. [543] for determining the coefficients di of the cross section by

using appropriate weighting functions wi(Φ) such that
∫

ωi(dσ/dΦ) = di, with the additional

requirement that the statistical error in the extraction of the coefficients is minimized.

4.3.3 Higgs boson pair production

To establish the Higgs mechanism experimentally, once the Higgs particle is discovered, the

characteristic self–energy potential of the SM must be reconstructed. This task requires the

measurement of the trilinear and quartic self–couplings of the Higgs boson, λHHH = 3M2
H/v

and λHHHH = 3M2
H/v2. The trilinear Higgs coupling can be measured directly in pair

production of Higgs particles in e+e− collisions and several mechanisms can be exploited.

Higgs pairs can be produced through double Higgs–strahlung off Z bosons [257,507,508,544]

e+e− → Z∗ −→ ZHH (4.47)

and vector boson [mostly W boson] fusion into two Higgs bosons [255,257,508]

e+e− → V ∗V ∗ −→ %%HH (4.48)

The Feynman diagrams for the two processes are shown in Fig. 4.19 and, as can be seen,

one of them involves the triple Higgs interaction. The other diagrams are generated by the

gauge interactions familiar from single Higgs production in the dominant processes.

(a)

•
•

e+

e− Z∗

Z

H

H • • •

(b)

• •
e+

e−

e+

e−

W ∗

W ∗

H

H

•
•

•

Figure 4.19: Higgs pair production in the bremsstrahlung and WW fusion processes.
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mediated by Z–boson exchange, the cross section is doubled if oppositely polarized electron

and positron beams are used. The cross section for the ZHH final state is rather sensitive

to the λHHH coupling: for
√

s=500 GeV and MH =120 GeV for instance, it varies by about

20% for a 50% variation of the trilinear coupling as shown in the figure.

Figure 4.20: The cross section for double Higgs–strahlung in e+e− collisions, e+e− → HHZ,
at c.m. energies

√
s = 0.5, 1 and 3 TeV as a function of MH . Shown for

√
s = 500 GeV are

the effects of a variation of the trilinear coupling by 50% from its SM value.

The one–loop radiative corrections to the double Higgs–strahlung process are also very

involved to calculate since, already at the tree–level, one has to deal with three massive

particle in the final state and, thus, one has to consider pentagonal diagrams and four–

body finals states at NLO. They have again been calculated recently by two independent

groups [527,528], with results that agree reasonably, in particular at low energies. The QED

corrections follow the same trend as what has been observed in the case of the e+e− → tt̄H

process for MH = 150 GeV: they are very large and negative for c.m. energies near the

production threshold, ∼ −40% at
√

s ∼ 400 GeV, and decrease in absolute value to reach

the level of a few percent above
√

s ∼ 600 GeV, ∼ +5% at 1.5 TeV; see the left panel of

Fig. 4.21. For the pure weak corrections, when calculated using α in the Born term, they

are rather small not exceeding ∼ +5% near the threshold and at moderate c.m. energies

when the cross section is maximal; see the right panel of Fig. 4.21. At higher energies, the

weak corrections turn negative and increase in size to reach ∼ −10% at
√

s = 1.5 TeV.

The weak corrections calculated in the IBA are also shown (dotted lines). As in the case of

the e+e− → HZ parent process, this approximation fails to reproduce the magnitude of the

weak corrections, especially at high energies. The approximate top quark mass correction

to the Higgs self–coupling does also not reproduce the bulk of the weak correction.
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ILC 2 Higgs production 

relative accuracy
(500@500)



Strongly-interacting theories  
and                                

precision electroweak results

Conformal theories at the TeV scale

Classic example: walking technicolor
(it is not known if the dilaton is light in such theories)

Things changed with AdS/CFT and RS model,
where there are plenty of examples of CFT’s 

that are spontaneously broken 



S ≈ NTF NTC

12π

S = 2πNTF [Π�
V V (0)−Π�

AA(0)]

=
NT F

6π

� ∞

0

ds

s
[RV (s)−RA(s)]

The usual problem with technicolor is the S parameter, 
which in QCD-like theories tends to be too large:

There is no reason to expect this estimate to hold in 
theories with dynamics that does not resemble QCD.
Arguments based on parity-doubling suggest smaller 

values of S are possible



S ∝ NTF

Recent results from the Lattice Strong Dynamics 
collaboration indicate slower scaling than

in theories near the critical number of flavors

LSD collab, PRL 
106 (2011) 231601



Dilaton mass
We don’t have tools to compute the dilaton mass in 
strongly interacting theories. For years, people have 
argued both for and against a light dilaton in walking 

technicolor theories. 

It is clear based on the RS setup that a light dilaton can 
exist, but may require some fine tuning of parameters. It 

is an open question. 
Some recent work: 
Appelquist, Bai (Phys.Rev. D82, 2010, 071701): a proposal for 
computing dilaton mass on the lattice
Grinstein, Uttayarat (1105.2370): a perturbative 
model with scalars near the Banks-Zaks fixed point. 



Models with similar signatures

Many recent proposals with scalars with Higgs-like
decays and branching ratios, for example

Electroweak singlet scalar mixing with the Higgs
Fox, Tucker-Smith, Weiner, 1104.5450  “Higgs counterfeits”
Low, Lykken,  Shaughnessy,  1105.4587 “Higgs imposters”

Models with more complicated Higgs sectors.



Conclusions

• Light dilaton could be present in theories in which 
EWSB is triggered by a nearly conformal sector 

• Dominant features are governed by few parameters

•  One can make different assumptions about the UV 
physics and introduce model-dependent variations

• LHC can discover the dilaton, but unlikely to test its 
properties in any meaningful detail 

• ILC is the best place to distinguish Higgs/dilaton 
scenarios



The end. 


