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I WILL ASSUME:

2)  h(x) is a scalar (CP even) and is part of an SU(2)L doublet H(x)

3)  The EWSB dynamics has an (approximate) custodial symmetry

global symmetry includes:   SU(2)LxSU(2)R→SU(2)V

1)  SU(2)LxU(1)Y is linearly realized at high energies 
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g∗/Λ ≡ 1/f

1
f
� 1

Λ

1/Λ

POWER COUNTING:

 each extra derivative costs a factor 

 each extra power of H(x) costs a factor 

For a strongly-interacting light Higgs (SILH):
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probe Higgs strong coupling g∗
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 Absence of FCNC from tree-level exchange of the Higgs requires flavor alignment 
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NDA estimate:

 Absence of FCNC from tree-level exchange of the Higgs requires flavor alignment 
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∆L = ∆LB + ∆LF

NDA estimate:

 To generate these operator New Physics must couple directly to SM fermions
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Figure 4: Fits for 2-parameter benchmark models probing different coupling strength scale factors for

fermions and vector bosons: (a) Correlation of the coupling scale factors κF and κV , assuming no non-

SM contribution to the total width; (b) Correlation of the coupling scale factors λFV = κF/κV and

κVV = κV · κV/κH without assumptions on the total width.

The confidence intervals on κV and κF are reduced by approximately 20% when removing all theoretical

systematic uncertainties and further reduced by approximately 5% when removing the experimental

systematic uncertainties on the signal. The (2D) compatibility of the SM hypothesis with the best fit

point is 21%.

6.1.2 Relaxing the assumption on the total width

Without the assumption on the total width, only ratios of coupling scale factors can be measured. Hence

there are now the following free parameters:

λFV = κF/κV (28)

κVV = κV · κV/κH (29)

λFV is the ratio of the fermion and vector coupling scale factors, and κVV an overall scale that includes

the total width and applies to all rates. Figure 4(b) shows the results of this fit. The 68% confidence

interval of λFV when profiling over κVV yields:

λFV ∈ [−1.1,−0.7] ∪ [0.6, 1.1] (30)

(31)

The 95% confidence intervals are:

λFV ∈ [−1.8,−0.5] ∪ [0.5, 1.5] (32)

(33)

The confidence interval on λFV is reduced by approximately 10% when removing all theoretical system-

atic uncertainties and further reduced by 10% when removing the experimental systematic uncertainties

on the signal. The (2D) compatibility of the SM hypothesis with the best fit point is 21%. It should

be noted that the assumption on the total width gives a strong constraint on the fermion coupling scale

factor κF , since it is dominated in the SM by the b-decay width. The measurement of κVV , profiling the

λFV parameter yields: κVV = 1.2+0.3
−0.6

.
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one linear 
combination 

starts at dim=8

cγZh ∝ (cHW − cHB)

(g − 2)W ∝ (cHW + cHB)

These operators imply couplings of photon 
and gluons to neutral particles and give 
corrections to the gyromagnetic ratios
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combination 

starts at dim=8

cγZh ∝ (cHW − cHB)

(g − 2)W ∝ (cHW + cHB)

[ Giudice, Grojean, Pomarol, Rattazzi,  JHEP 0706 (2007) 045 ]

These operators imply couplings of photon 
and gluons to neutral particles and give 
corrections to the gyromagnetic ratios
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Corrections to h→WW, ZZ rates: too small
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In principle h→γγ, gg rates also probe 
strong dynamics ... 
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Fermionic operators

In principle they probe the strength of 
the Higgs coupling to SM fermions:



In practice fermion compositeness is already strongly constrained: 
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Fermionic operators

In principle they probe the strength of 
the Higgs coupling to SM fermions:

EWPT at 
Z pole
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Effective Lagrangian in the unitary basis
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Effective Lagrangian in the unitary basis

Each term can be dressed up with Nambu-Goldstone bosons and made 
manifestly SU(2)LxU(1)Y invariant

 The same effective Lagrangian describes a generic scalar h (custodial singlet) 
with SU(2)LxU(1)Y non-linearly realized 

RC, Grojean, Moretti, Piccinini, Rattazzi JHEP 1005 (2010) 089
Azatov, RC, Galloway JHEP 04 (2012) 127                              
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Effective Lagrangian in the unitary basis

 The only predictions of SILH (for single Higgs processes) are:

(1)  The deviation of each coupling from its SM value must be small 

ex:

(2)  The following relation holds:
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Effective Lagrangian in the unitary basis

 Large deviations from SM couplings do not necessarily disprove a Higgs 
doublet (e.g. non-linearities can be large)

In that case a test of doublet/pNGB Higgs can come from double (and triple)
Higgs processes

RC, Grojean, Moretti, Piccinini, Rattazzi, JHEP 1005 (2010) 089
RC, Grojean, Pappadopulo, Rattazzi, Thamm,  work in progress
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Nambu-Goldstone boson composite Higgs

[ Agashe, RC, Pomarol,  NPB 719 (2005) 165 ] 

Suppose the strong dynamics has a global 
invariance SO(5)→SO(4)

 four NG bosons form an SU(2)L doublet H(x): the Higgs 



 resummation of powers of         (Higgs non-linearities), 
while still assuming expansion in 
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Nambu-Goldstone boson composite Higgs

[ Agashe, RC, Pomarol,  NPB 719 (2005) 165 ] 

Suppose the strong dynamics has a global 
invariance SO(5)→SO(4)

H/f

∂/Λ

 four NG bosons form an SU(2)L doublet H(x): the Higgs 

Invariance under the Goldstone symmetry implies: 

 some operators forbidden if SO(5) unbroken
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Operators that require explicit breaking of SO(5):
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Figure 4: Fits for 2-parameter benchmark models probing different coupling strength scale factors for

fermions and vector bosons: (a) Correlation of the coupling scale factors κF and κV , assuming no non-

SM contribution to the total width; (b) Correlation of the coupling scale factors λFV = κF/κV and

κVV = κV · κV/κH without assumptions on the total width.

The confidence intervals on κV and κF are reduced by approximately 20% when removing all theoretical

systematic uncertainties and further reduced by approximately 5% when removing the experimental

systematic uncertainties on the signal. The (2D) compatibility of the SM hypothesis with the best fit

point is 21%.

6.1.2 Relaxing the assumption on the total width

Without the assumption on the total width, only ratios of coupling scale factors can be measured. Hence

there are now the following free parameters:

λFV = κF/κV (28)

κVV = κV · κV/κH (29)

λFV is the ratio of the fermion and vector coupling scale factors, and κVV an overall scale that includes

the total width and applies to all rates. Figure 4(b) shows the results of this fit. The 68% confidence

interval of λFV when profiling over κVV yields:

λFV ∈ [−1.1,−0.7] ∪ [0.6, 1.1] (30)

(31)

The 95% confidence intervals are:

λFV ∈ [−1.8,−0.5] ∪ [0.5, 1.5] (32)

(33)

The confidence interval on λFV is reduced by approximately 10% when removing all theoretical system-

atic uncertainties and further reduced by 10% when removing the experimental systematic uncertainties

on the signal. The (2D) compatibility of the SM hypothesis with the best fit point is 21%. It should

be noted that the assumption on the total width gives a strong constraint on the fermion coupling scale

factor κF , since it is dominated in the SM by the b-decay width. The measurement of κVV , profiling the

λFV parameter yields: κVV = 1.2+0.3
−0.6

.

10

 couplings           predicted functions of    in a given model 
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Ex: MCHM5
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           ,            in composite Higgs modelsh→ γγ

A(gg → h) = A(gg → h)SM × ct(ξ)

A(h→ γγ) = A(h→ γγ)(t)SM × ct(ξ) + A(h→ γγ)(W )
SM × cV (ξ)

25

gg → h

 Rates modified because of shift in tree-level Higgs couplings

 Contribution from heavy states encoded in local operator
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The contribution of heavy fermions to the rates
                                      vanishes identicallyΓ(gg → h) ,Γ(h→ γγ)
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 A stronger result holds in (minimal) models with partial compositeness:

ct
m2

h

v

g2
s

16π2
F

�
m2

h

m2
t

�

+



The contribution of heavy fermions to the rates
                                      vanishes identicallyΓ(gg → h) ,Γ(h→ γγ)

c̄g
m2

h

v

g2
s

m2
W

26

 A stronger result holds in (minimal) models with partial compositeness:

ct
m2

h

v

g2
s

16π2
F

�
m2

h

m2
t

�

+

ct = 1 + O(ξ) + O

��
g2
∗v

2

M2

� �
λ2

g2
∗

��



The contribution of heavy fermions to the rates
                                      vanishes identicallyΓ(gg → h) ,Γ(h→ γγ)

c̄g
m2

h

v

g2
s

m2
W

26

 A stronger result holds in (minimal) models with partial compositeness:

ct
m2

h

v

g2
s

16π2
F

�
m2

h

m2
t

�

+

from Higgs
non-linearities

ct = 1 + O(ξ) + O

��
g2
∗v

2

M2

� �
λ2

g2
∗

��



The contribution of heavy fermions to the rates
                                      vanishes identicallyΓ(gg → h) ,Γ(h→ γγ)

c̄g
m2

h

v

g2
s

m2
W

26

 A stronger result holds in (minimal) models with partial compositeness:

from corrections to 
wave-function

ct
m2

h

v

g2
s

16π2
F

�
m2

h

m2
t

�

+

from Higgs
non-linearities

ct = 1 + O(ξ) + O

��
g2
∗v

2

M2

� �
λ2

g2
∗

��



The contribution of heavy fermions to the rates
                                      vanishes identicallyΓ(gg → h) ,Γ(h→ γγ)

c̄g
m2

h

v

g2
s

m2
W

c̄g ∼
m2

W

16π2

g2
∗

M2

�
λ2

g2
∗

�

26

 A stronger result holds in (minimal) models with partial compositeness:

from corrections to 
wave-function

ct
m2

h

v

g2
s

16π2
F

�
m2

h

m2
t

�

+

from Higgs
non-linearities

ct = 1 + O(ξ) + O

��
g2
∗v

2

M2

� �
λ2

g2
∗

��



The contribution of heavy fermions to the rates
                                      vanishes identicallyΓ(gg → h) ,Γ(h→ γγ)

c̄g
m2

h

v

g2
s

m2
W

c̄g ∼
m2

W

16π2

g2
∗

M2

�
λ2

g2
∗

�

26

 A stronger result holds in (minimal) models with partial compositeness:

from corrections to 
wave-function

ct
m2

h

v

g2
s

16π2
F

�
m2

h

m2
t

�

+

from Higgs
non-linearities

ct = 1 + O(ξ) + O

��
g2
∗v

2

M2

� �
λ2

g2
∗

��



A(gg → hn) ∝
�

∂n

∂hn
log det

�
M†(h)M(h)

��

h=v

�

n

n

27

 proof relies on Low Energy theorems for ggh and γγh: Ellis, Gaillard, Nanopoulos, NPB 106 (1976) 292
Shifman et al., Sov. J. Nucl. Phys. 30 (1979) 711

...
Kniehl, Spira Z. Phys. C69 (1995) 77

Gillioz et al. arXiv:1206.7120

In the limit of soft Higgs emissions

(soft Higgs = vanishing Higgs mass and momentum )



A(gg → hn) ∝
�

∂n

∂hn
log det

�
M†(h)M(h)

��

h=v

�

n

n

det
�
M†(h)M(h)

�
∝ λL(h)λR(h) A(gg → hn) = A(gg → hn)SM × F (ξ)

27

 proof relies on Low Energy theorems for ggh and γγh: Ellis, Gaillard, Nanopoulos, NPB 106 (1976) 292
Shifman et al., Sov. J. Nucl. Phys. 30 (1979) 711

...
Kniehl, Spira Z. Phys. C69 (1995) 77

Gillioz et al. arXiv:1206.7120

In the limit of soft Higgs emissions

(soft Higgs = vanishing Higgs mass and momentum )

In minimal composite Higgs models with partial compositeness

Falkowski,  PRD 77 (2008) 055018 
Rattazzi, Vichi,  JHEP 1004 (2010) 126 

Azatov, Galloway,  PRD 85 (2012) 055013

Contribution of heavy fermions cancels out



28

Conclusions

 Effective Lagrangian for a light Higgs useful to interpret current data and 
guide future searches 



28

Conclusions

 Effective Lagrangian for a light Higgs useful to interpret current data and 
guide future searches 

 Most important is to have power counting rules to estimate impact of new 
operators on physical observables



28

Conclusions

 Effective Lagrangian for a light Higgs useful to interpret current data and 
guide future searches 

 Most important is to have power counting rules to estimate impact of new 
operators on physical observables

 For a composite Higgs, largest new physics effect expected to show up in 
tree-level Higgs couplings 



28

Conclusions

 Effective Lagrangian for a light Higgs useful to interpret current data and 
guide future searches 

 Most important is to have power counting rules to estimate impact of new 
operators on physical observables

 For a composite Higgs, largest new physics effect expected to show up in 
tree-level Higgs couplings 

 h→γγ and gg→h protected by Goldstone symmetry: contribution from 
heavy states (ex: top partners) are expected to be very small


