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OVERTURE
The first message from the LHC and latest news 
from EWPTs  
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M ≈ gHv ≈ 4πv
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The message from the LHC

 Higgs couplings agree with SM prediction 
within ~20-30%

 This is a natural region to live in if:

1. The new boson is part of an SU(2)L doublet

2. There is a gap between the NP scale and mH

gH
δc

cSM

∼ g2
H
v2

M2
= Higgs coupling strength

Theories w/o a Higgs boson or with strong 
dynamics at low scale are now excluded

Ex:   TC and CH with 



cV

4

Most recent EW fit much more 
stringent than before due to:

- mH now precisely known from the LHC

- new mW from Tevatron

Precision on cV at the level of ~5% !

M. Ciuchini, E. Franco, L. Silvestrini, 
S. Mishima, arXiv:1306.4644[ Assuming no extra contribution to

  EWPO from new particles ] 

Latest News from EWPTs (LEP+Tevatron)

Z

h
Limitation: 1. evidence is indirect (through loops)

2. only hVV coupling constrained
Z
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Figure 7. Left: Probability distribution for the coupling a. Center: Indirect determinations of

the coupling a, excluding the observables MW , ΓZ , P
pol
τ , A

0
l and A

0,b
FB, except for the one specified

in each row. The vertical blue band represents the one obtained from the the fit with all the

observables. Right: Probability regions in the a–Λ plane. In all plots, the large-mt expansion is

adopted to the two-loop fermionic EW corrections to ρfZ .

3.5 General bounds on the New Physics scale

Before concluding, let us take a more general approach and consider the contributions to

the EW fit of arbitrary dimension-six NP-induced operators [11, 20, 112]:

Leff = LSM +

�

i

Ci

Λ2
Oi . (3.22)

For concreteness, let us use the same operator basis of ref. [11]:

OWB = (H
†τaH)W

a

µνB
µν
, OH = |H

†
DµH|

2
,

OLL =
1

2
(Lγµτ

a
L)

2
, O

�
HL = i(H

†
Dµτ

a
H)(LγµτaL) ,

O
�
HQ = i(H

†
Dµτ

a
H)(QγµτaQ) , OHL = i(H

†
DµH)(LγµL) ,

OHQ = i(H
†
DµH)(QγµQ) , OHE = i(H

†
DµH)(EγµE) ,

OHU = i(H
†
DµH)(UγµU) , OHD = i(H

†
DµH)(DγµD) , (3.23)

where we add the contribution of the Hermitian conjugate for operators O�
HL

to OHD.

The Higgs field gets a vev �H� = (0, v/
√
2)

T
. For fermions, we do not consider generation

mixing, and assume lepton-flavour universality: C
�
HL

= C
�
HLi

, CHL = CHLi and CHE =

CHEi for i = 1, 2, 3.

The first two operators contribute to the oblique parameters S and T :

S =
4sW cW CWB

α(M2
Z
)

�
v

Λ

�2
, (3.24)

T = − CH

2α(M2
Z
)

�
v

Λ

�2
, (3.25)

where OH violates the custodial symmetry, since it gives a correction to the mass of the

Z boson, but not to that of the W boson. The next two operators yield non-oblique

– 20 –



W,Z, h

m∗g∗≡g(m∗)

ΛSg(ΛS) = 4π

5

strong scale New states are probably heavier than what 
naturalness would suggest

 At the end of its programme the LHC might 
have only partial access to the spectrum of 
new particles
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m∗g∗≡g(m∗)

ΛSg(ΛS) = 4π

5

loop effects

tails in scattering

strong scale New states are probably heavier than what 
naturalness would suggest

 At the end of its programme the LHC might 
have only partial access to the spectrum of 
new particles

Precision measurement of low-energy quantities 
can give an appraisal of the strength of the 
underlying interactions
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m∗g∗≡g(m∗)

ΛSg(ΛS) = 4π strong scale

energy growth in 
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naturalness would suggest

 At the end of its programme the LHC might 
have only partial access to the spectrum of 
new particles

Precision measurement of low-energy quantities 
can give an appraisal of the strength of the 
underlying interactions

suppose we 
can bound

hence
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PART 1
Testing Higgs compositeness with high luminosity 
at the LHC
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Strategy: Focus on loop effects of pure composites

 no suppression from breaking of Goldstone symmetry

 enhanced by multiplicity of states in the strong sector

Framework: composite NG boson Higgs + partial compositeness



g γ

h

A ∼ ASM ×O

�
λ2v2

m2
∗

�
λ < g∗

H
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G
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µνH

†
H B
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µνH

†
H
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Strategy: Focus on loop effects of pure composites

 no suppression from breaking of Goldstone symmetry

 enhanced by multiplicity of states in the strong sector

Framework: composite NG boson Higgs + partial compositeness

Ex:
g γ

h

Amplitudes vanish for pure composite 
loops by Goldstone invariance

Effective operators violate the 
Higgs shift symmetry:



ASM × ct δA =
g2s

16π2
×O

�
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m2
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�

ASM × F (ξ)

det
�
M†(h)M(h)

�
∝ λL(h)λR(h)

+

11

Sum Rule:  

Partial compositeness

=

A(gg → h) ∝ ∂

∂h
log det

�
M†(h)M(h)

� ���
h=v

relies on: Low Energy Theorem
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h → Zγ
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Dµπ ∼ ∂µh Dνπ ∼ gvZµ

ψ1

ψ2

12

Example: γ

Relevant operator is

1.  Invariant under Higgs shift symmetry

ψ1

2.  Odd under LR exchange

[ Azatov, R.C. , Di Iura, Galloway,  to appear ]
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Example: γ

Relevant operator is

1.  Invariant under Higgs shift symmetry

ψ1

2.  Odd under LR exchange

Strong dynamics MUST break LR

shift of tree-level 
Higgs couplings

multiplicity of 
composite states

[ Azatov, R.C. , Di Iura, Galloway,  to appear ]
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SO(5)/SO(4) model:
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[ Azatov, R.C. , Di Iura, Galloway,  to appear ]
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IR contribution from NG bosons

tree-level (rho) 1-loop (fermions)
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Example: S parameter

IR contribution from NG bosons

tree-level (rho) 1-loop (fermions)

1-loop contribution from fermions can be large (!)

First discussed by:    Barbieri, Isidori, Pappadopulo  arXiv:0811.2888

[ Azatov, R.C. , Di Iura, Galloway,  to appear ]

Recently reconsidered by:   Grojean, Matsedonskyi, Panico  arXiv:1306.4655
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g2

4
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�
ds
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[ρLL(s) + ρRR(s)− 2ρBB(s)]

i

�
d4x eiq·(x−y)�0|T (Jµ(x)Jν(y))|0� = (q2ηµν − qµqν)Π(q2) ρ(s) =

1

π
Im(Π(s))

15

fermion contribution can be negative Best seen using a dispertion relation:

[ Orgogozo and Rychkov, JHEP 1306 (2013) 014]
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ψ5 = (1, 1)2/3 + (2, 2)2/3

ψ10 = (2, 2)−1/3 + (1, 3)−1/3 + (3, 1)−1/3

SO(5)/SO(4) model:

Some tuning needed to go back 
into the ellipse

SUV from fermions can lead to such 
tuning (even w/o T)
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ζ = 0

ζ = 1
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ψ5 = (1, 1)2/3 + (2, 2)2/3

ψ10 = (2, 2)−1/3 + (1, 3)−1/3 + (3, 1)−1/3

SO(5)/SO(4) model:

Some tuning needed to go back 
into the ellipse

Ex:   for

SUV from fermions can lead to such 
tuning (even w/o T)

tuning ~ 10%

ζ = 1.1

ζ = 0

ζ = 1



PART 2
Testing Higgs compositeness with high precision at 
an e+e- (linear) collider
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precision studies of scattering 
amplitudes

Example:

[ R.C. , Grojean, Pappadopulo, Rattazzi, Thamm, to appear ]
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dim 6:

dim 8:
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In PNGB Higgs theories the whole 
series in H/f can be resummed:

Ex:  SO(5)/SO(4)

At dimension-6 level:
∆b ≡ 1− b

∆a2 ≡ 1− a2
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In PNGB Higgs theories the whole 
series in H/f can be resummed:

Ex:  SO(5)/SO(4)

At dimension-6 level:

Scenario 2: size of dim-8 
corrections

dilaton

1.  SILH proved

2.  SILH (i.e. Higgs doublet) disproved

PN
GB
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measured       with L = 1ab−1/a4

δb = 1− b/a2

δd3 = 1− d3/a

e+e− → νν̄ hh → νν̄ bb̄bb̄

δb
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Table 5: Statistical errors on the measured value of δb as a function of the true values δb and δd3
for

√
s = 3TeV, L = 1ab−1

/a
4 and mh = 125GeV. The sensitivities are calculated according to

the procedure described in the text. The best fit value does not always coincide with the true one
since the likelihood is not approximately gaussian for small values of δb.
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Table 6: Statistical errors on the measured value of δd3 as a function of the true values δb and δd3
for

√
s = 3TeV, L = 1ab−1

/a
4 and mh = 125GeV. The sensitivities are calculated according to

the procedure described in the text. The best fit value does not always coincide with the true one
since the likelihood is not approximately gaussian for small values of δb.

in order to isolate the energy growing behavior. We thus select those events for which HT is
bigger than 400GeV and construct the following χ2 function

χ2(ξ) =
(σ(ξ)|HT>400GeV − σ(ξ̄)|HT>400GeV)2

∆2
. (51)

As before,∆ denotes the statistical error on the cross section after the cut: ∆ =
�
L/σ(ξ̄)|HT>400GeV.

The results are shown in Table 8 for L = 1ab−1.

minimum and use the simple formulas which hold for gaussian variables

∆δb =

�
2H22

detH
and ∆δd3 =

�
2H11

detH
. (50)

H is the hessian matrix of χ2 evaluated at its minimum. We will not make this approximation as it does
not apply for small values of δb and our choice of L.
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An e+e- collider with sqrt[s]=3TeV can reach 
a precision of a few% on the coupling b

R.C. , Grojean, Pappadopulo, Rattazzi, Thamm, to appear

see also:  Barger et al.   PRD 67 (2003) 115001
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vanishes for a PNGB (with symmetric 
coset) due to Z2 parity

For               detectable for 
a SILH  (PNGB disproved)

WW → hhh
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+ crossings++

Figure 2: Leading diagrams contributing to the χχ → hhh amplitude. Dashed lines represent the

NG bosons χ, while solid lines denote the Higgs boson h. The sum of these diagrams with their

crossings cancels out exactly in the gaugeless limit for a symmetric coset and at the O(p2) level for

any coset. See text.

σ ξ
[ab] 0 0.05 0.1 0.2 0.3 0.5 0.99

PNGB 0.32 0.46 0.71 1.47 2.41 4.13 0.30

SILH 0.32 0.71 0.87 7.56 42.89 407.9 7808

Table 2: Cross section for the process e+e− → νν̄hhh for mh = 125 GeV at
√
s = 3 TeV. The first

line shows the cross sections obtained in the symmetric SO(5)/SO(4) coset for various values of ξ.
The cross sections in the second line are obtained from the SILH with dimension 6 and 8 operators

for cH = 1 and c�
H

= 0.

the relations of eq. (11) into eq. (24) we find

A(χχ → hhh) = 2i (c�
H
− 2cH)

ŝ

v3

�
v4

f 4

�
. (25)

As expected, the coefficient of the energy-growing term is of order v4/f 4
and proportional to

the linear combination (c�
H
−2cH). This latter must vanish if the Higgs lives on a symmetric

coset G/H.
10

At CLIC, triple Higgs production proceeds through the process e+e− → νν̄V V → νν̄hhh,
where V = W±, Z. Some typical values of the cross section are shown in Table 2 for the

case of a PNGB and a SILH with cH = 1 and c�
H
= 0. While the cross section for a PNGB

is in the range of a few ab, in the case of a generic SILH it grows like ξ4, with the dominant

contribution coming from the subprocess VLVL → hhh. This makes it measurable for ξ not

too small. We find that for ξ ∼> 0.2 this process should be detectable for a generic SILH,

thus allowing one to distinguish it from a PNGB Higgs. Notice that this is the same range

of ξ where we can distinguish SILH and PNGB using single and double Higgs production.

Yet it would be an independent test.

The dominant contribution to triple Higgs production in the case of a PNGB Higgs

comes from the subprocess W±
L
W∓

T
→ hhh, whose cross section is expected to grow as

ŝ log ŝ. The leading logarithmic behavior can be extracted by using the equivalence theorem

and arises from the subset of diagrams shown in Fig. 3. In the limit in which the intermediate

PNGB line is nearly on-shell, the total cross section factorizes into the product of a collinear

10
This shows that the relation c�

H
= 2cH holds true in any symmetric coset, and not only in SO(5)/SO(4).

14

ξ � 0.2
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Conclusions

 Era of Higgs precision has started

 Tests of Higgs compositeness can be done by precisely measuring low-
energy quantities

 With high luminosity

   Loop effects of pure composites:  h→Zγ  (not h→γγ,gg), S parameter (!)

 With high precision (ex: e+e- linear collider at 3TeV)
    tests of Higgs effective Lagrangian at dim-8 level:  PNBG vs SILH


