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Fundamental Question raised by the SM

How and why is the Electroweak Symmetry broken?

Prejudice 1: a full physical answer demands establishing the nature of the microscopic
dynamics that results in such an outcome... 

... and an understanding of the EW scale vis à vis other likely physical scales

(flavor, neutrino masses, baryogenesis, Planck scale,...)

Prejudice 2: the most likely place for the relevant new physics, the EW scale itself

QFT framework provides a sharp formulation for this intuition:

Naturalness and the Hierarchy Problem
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The Higgs Boson: A Milestone

To do: mapping the Higgs potential from Higgs self-interactions

a non-trivial test of the Higgs Mechanism and Spontaneous Symmetry Breaking

• SM Higgs sector may turn out to be an excellent description of this physics

• Or perhaps the Higgs sector is more complicated (multi-doublets or other)

Neither possibility would be particularly surprising...

... but could it be taken as more than a phenomenological description
    of the physics of EWSB?

New particle associated to EWSB?  All indications are positive (from observed decay rates)
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- Is it elementary (up to scales parametrically larger than the weak scale)?

- Or rather a composite scalar state of some underlying dynamics?

The Higgs Boson: A Milestone

would be the first elementary scalar we know of!

unlike other examples (e.g. pions), here inherits dynamics that gives it a vev,
also a first...
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L = (DµH)†DµH +m2H†H � �(H†H)2 + · · ·

m2

⇤

A Composite Higgs

⇤

If indeed the Higgs is a bound state of more fundamental degrees of freedom,
described at low energies by

then the virtual corrections are cutoff at the compositeness scale

(or other multi-field
generalization, e.g. 2HDM)

The scale of strong dynamics, ⇤ , can itself be understood from dimensional transmutation

Requirement: the new strongly interacting sector must generate

- scalar parametrically lighter than

- weakly interacting

- appropriate SM quantum numbers

- correct sign for
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The Higgs as a pNGB

Natural to interpret the composite Higgs as a (pseudo) Nambu-Goldstone boson

The strong sector has a (large) global symmetry, spontaneously broken by its dynamics

(à la chiral symmetry breaking in QCD)

New strong sector:
resonances +
Higgs bound state

SM gauge bosons,
quarks & leptons

Elementary sector: SM gauge interactions

Mixing

G �! H⇢SU(3)C ⇥ SU(2)L ⇥ U(1)Y G/HHiggs in

Global symmetry explicitly broken by SM gauge interactions and other terms
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SO(5)/SO(4)

⇢ =

m2
W

m2
Z cos ✓W

⇡ 1

SU(2)L ⇥ SU(2)R ' SO(4)

SO(6)/SO(5) SO(6)/SO(4)⇥ SO(2) SU(5)/SO(5)

SU(2)L ⇥ SU(2)R ⇢ H

The Higgs as a pNGB

L = (DµH)†DµH +m2H†H � �(H†H)2 + · · ·The dots in

should give sufficiently suppressed effects.

An important constraint from EW precision tests: new physics sector should preserve

a custodial symmetry, i.e.

Minimal model:

4 NGB’s, (2,2) under

Extended Higgs sectors, e.g.:

(1 doublet + 1 singlet) (2HDM) (3,3) + (2,2) + (1,1)

. . .

Gripaios, Pomarol, Riva, Serra ’09 Mrazek et al. ’11 Vecchi ’13

Agashe, Contino, Pomarol ’04; Contino, da Rold, Pomarol ’06
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✏ ⌘ sin(h/fh) ⌧ 1

✏ V (✏) ⇠ ✏2 + ✏4 + · · ·

⌃ = ei⇧/fh

Higgs Potential

In many of these constructions, the (1-loop) induced Higgs potential is calculable

• Gauge contributions: favor alignment (no EWSB)

• Fermionic contributions (e.g. top) can induce EWSB
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pNGB’s parametrized by

For SM-likeness, need to stabilize at

Need non-trivial dependence on :

typically, need to arrange for some degree 
of cancellation, e.g. gauge vs top

Dependence on details of fermionic sector: representations under G
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⇤̄2
qiqjQmQn

1

⇤̄2
qiqjqkql

sin ✓f = yffh/m 

Partial Compositeness

Recall in `technicolor-type’ constructions:

but also

yfLfh fLOR + yfRfh fROL

f 0 ⇠ cos ✓ff + sin ✓f 

Recent emphasis on linear couplings between SM and strong sector:

in some G representation
SM do not fill G multiplets

(explicit breaking of global symm.)

Physical states:

Ostrong resonances excited by

D.B. Kaplan, ’91

Contino, Kramer, Son, Sundrum, 2011
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yf ⇠ sin ✓L Y⇤ sin ✓R

+ Y⇤HORO0
L + · · ·

Partial Compositeness

yfLfh fLOR + yfRfh fROL

f 0 ⇠ cos ✓ff + sin ✓f 

Recent emphasis on linear couplings between SM and strong sector:

in some G representation
SM do not fill G multiplets

(explicit breaking of global symm.)

Physical states:

Ostrong resonances excited by

SM Yukawa couplings: SM fermion masses controlled by 
compositeness content in L and/or R

CKM mixing determined by ratios of L mixing angles (when hierarchical)
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Warped XDim Realizations

• Compelling solution to the hierarchy problem (different from SUSY)

• Non-trivial understanding of SM flavor structure

• ``A viable theory of flavor at the TeV scale” (almost)

Warped extra dimensions provide an appealing playground for these ideas

Requires Higgs to be localized near IR brane:

y = 0

y = L

k is the spacetime curvature

UV brane
IR brane

0-5

• Via AdS/CFT correspondence, interpret as 
   composite in the dual 4D theory

• In general, requires tuning for light Higgs

• Implementing pNGB framework requires more structure

ds

2 = e

�2A(y)
⌘µ⌫dx

µ
dx

⌫ � dy

2

(

``Bulk RS Models”

(a.k.a. Gauge-Higgs Unification)

Monday, June 3, 13



UV IR

Light fermions
top quark

Higgs

UV IR

SU(2)⇥ U(1)

G
H

Warped XDim Realizations

Bulk gauge symmetry Global symmetry of composite sector

Breaking by boundary conditions:

• To SM on UV brane

H• To on IR brane

Aâ
5 G/Hcomponents in have physical 0-mode

Identify as Higgs field

(no tree-level potential due to 5D gauge symmetry, but induced non-locally at 1-loop)

Localization of fermion 0-modes (controlled by 5D 
 Dirac masses)

• UV localized: mostly elementary

• IR localized: mostly composite
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UV IR

Light fermions
top quark

Higgs

Warped XDim Realizations

Flavor structure and ``anarchy”:

• When Higgs ``fundamental” 5D scalar

All 5D Yukawa couplings of similar, natural, size

• Gauge-Higgs Unification

Yukawa interactions from 5D gauge interactions

Get non-trivial flavor structure from IR localized mass terms (all of same order)

Pure anarchy: SM flavor only from localization of 0-modes (controlled by order one parameters)

Some consequences:

• Production of gauge resonances: controlled by gauge elementary/composite mixing angle

~ 1/5 of SM strength when Planck/weak hierarchy solved

• FCNC’s from KK gluon exchange, effectively suppressed by >> TeV

• Important constraints remain, mostly from CP-odd observables (Kaon system)
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Warped XDim Realizations

In this framework, one would expect:

• Challenging direct detection: heavy resonances with reduced production XS

• Flavor and CP-violating observables a powerful probe

But should remember that ``flavor anarchy” not a must:

Potentially large deviations in Higgs processes

May implement versions of MFV
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Figure 2: a) Production cross-section for pp ! ⇢ of the gluon resonance at LHC7 (dashed) and LHC14

(solid) for g
⇢

= 3 obtained with MG/ME4 [?]. The gray line corresponds to the anarchic scenario

and the red line to the scenario with fully composite right handed fermions. b) Cross-section for

pp ! ⇢ ! q
i

q
i

with i = u, d, c, s, b as a function of the ⇢-mass and the right-handed mixing angles. We

show the constraint from compositeness (blue) and the region excluded by the dijet resonance search

(red). See text for details.

in the region of interest to soon improve, and scale approximately as ⇠ (L
new

/L
old

)
1
2 .

Even if the right-handed fermions are not fully composite cross-sections larger than in the anarchic

scenario are generically obtained. At LHC 14 where the resonances will be mostly produced on-shell

a rough estimate of the total cross-section can be obtained rescaling the production cross-section of

the anarchic scenario. For a 3 TeV gluon resonance we have approximately,

�
MFV

⇠
h
(gMFV

⇢ ̄uL uL
)2 + (gMFV

⇢ ̄uR uR
)2 + .5(gMFV

⇢ ̄dL dL
)2 + .5(gMFV

⇢ ̄dR dR
)2
i

pb (3.29)

At LHC7 the resonances are mostly o↵-shell and the production cross-sections will be smaller than the

total cross-section, see Fig. 2. In table 1 we collect the production cross-sections of 3 TeV gluon reso-

nances at LHC14 for various choices of couplings and mixings obtained with Madgraph/Madevent [38]

using the CTEQ6L1 PDFs [39].

In the anarchic scenario the resonances are mostly coupled to the third generation. In particular

if the top right is part of the strong sector the decay into tops is dominant. As we already mentioned

this is not necessarily true in our scenario. The width of gluon resonances is given by,

� ' m
⇢

48⇡

X

i

g2
⇢ ̄

i
' 

i
'

(3.30)

21

Redi, Weiler, ’11

``Right-handed compositeness”

Sensitivity in dijet resonance searches

• Final states with tops, W, Z, h

See talks in previous session...
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m⇢ = g⇢fh

Strongly Interacting Light Higgs
Giudice, Grojean, Pomarol, Rattazzi ’07

Resonances in multi-TeV range, from EW (and flavor) constraints

Simplification: heavy sector characterized by two parameters

to establish if the new particles indeed belong to a strongly-interacting sector ultimately

responsible for electroweak symmetry breaking. If no new states are observed, or if the

resonances are too broad to be identified, then our tests can be used to investigate whether

the Higgs is weakly coupled or is an effective particle emerging from a strongly-interacting

sector, whose discovery has been barely missed by direct searches at the LHC.

This paper is organized as follows. In sect. 2, we define the SILH and construct the

low-energy effective theory that describes its interactions with the SM fields. In sect. 3, we

discuss how this effective Lagrangian is related to specific models previously proposed in the

literature, like the Holographic Higgs and the Little Higgs. Then we describe in sect. 4, how

the SILH can be tested in collider experiments. In sect. 5, we extend our analysis to the case

of a composite top quark and finally we summarize our results and draw our conclusions in

sect. 6.

2 The structure of SILH

2.1 Definition of SILH

The structure of the theories we want to consider is the following. In addition to the vector

bosons and fermions of the SM, there exists a new sector responsible for EW symmetry

breaking, which is broadly characterized by two parameters, a coupling gρ and a scale mρ

describing the mass of heavy physical states. Collectively indicating by gSM the SM gauge

and Yukawa couplings (basically the weak gauge coupling and the top quark Yukawa), we

assume gSM
<∼ gρ

<∼ 4π. The upper bound on gρ ensures that the loop expansion parameter

∼ (gρ/4π)2 is less than unity, while the limit gρ ∼ 4π corresponds to a maximally strongly-

coupled theory in the spirit of naive dimensional analysis (NDA) [10]. Because of the first

inequality, by a slight abuse of language, we shall refer to the new sector as “the strong

sector”. The Higgs multiplet is assumed to belong to the strong sector. The SM vector bosons

and fermions are weakly coupled to the strong sector by means of the SU(3)×SU(2)×U(1)Y

gauge coupling and by means of proto-Yukawa interactions, namely interactions that in the

low-energy effective field theory will give rise to the SM Yukawas.

A second crucial assumption we are going to make is that in the limit gSM = 0, gρ #=
0 the Higgs doublet H is an exact Goldstone boson, living in the G/H coset space of a

spontaneously broken symmetry of the strong sector. Two minimal possibilities in which

the complex Higgs doublet spans the whole coset space are SU(3)/SU(2) × U(1) and the

custodially symmetric SO(5)/SO(4).

2

(may have to treat ``top partners” separately)

EFT below scale of strong resonances:

are the two most compelling scenarios put forward to solve the hierarchy problem of the

Standard Model. We conclude the section by discussing how the assumption of a Higgs

doublet and linearly-realized SU(2)L ⇥ U(1)Y can be relaxed. We illustrate the non-linear

e↵ective Lagrangian valid for the case of a generic CP-even scalar h and discuss the impli-

cations of custodial invariance. Section 4 is devoted to clarify a few issues related to the use

of the e↵ective Lagrangian beyond the tree level. We present our concluding discussion in

Section 5. In the Appendices A-C we collect useful formulas and give further details on the

construction of the e↵ective Lagrangian. The details of how we derived the bounds on the

dimension-6 operators are reported in Appendix D. As an illustration of our analysis and to

better demonstrate how the e↵ective Lagrangian can be implemented into automatic tools

for the computation of physical quantities like Higgs production cross sections and decay

rates, in Appendix E we present eHDECAY 1, a modified version of the program HDECAY which

includes the full list of leading bosonic operators.

2 E↵ective Lagrangian for a light Higgs doublet

The most general SU(3)C⇥SU(2)L⇥U(1)Y -invariant Lagrangian for a weak doubletH at the

level of dimension-6 operators was first classified in a systematic way in Refs. [8]. Subsequent

analyses [9, 10] pointed out the presence of some redundant operators, and a minimal and

complete list of operators was finally provided in Ref. [11]. As recently discussed in Ref. [4],

a convenient basis of operators relevant for Higgs physics is the following:

L = LSM +
X

i

c̄iOi ⌘ LSM +�LSILH +�LF1 +�LF2 (2.1)

1eHDECAY is available at the following URL: http://www-itp.particle.uni-karlsruhe.de/~maggie/

eHDECAY/

2

with e.g. with

�LSILH =
c̄H
2v2

@µ
�

H†H
�

@µ
�

H†H
�

+
c̄T
2v2

⇣

H† !DµH
⌘⇣

H† !D µH
⌘

� c̄6 �

v2
�

H†H
�3

+
⇣ c̄u
v2

yu H
†H q̄LH

cuR +
c̄d
v2

yd H
†H q̄LHdR +

c̄l
v2

yl H
†H L̄LHlR + h.c.

⌘

+
ic̄W g

2m2
W

⇣

H†�i !DµH
⌘

(D⌫Wµ⌫)
i +

ic̄B g0

2m2
W

⇣

H† !DµH
⌘

(@⌫Bµ⌫)

+
ic̄HW g

m2
W

(DµH)†�i(D⌫H)W i
µ⌫ +

ic̄HB g0

m2
W

(DµH)†(D⌫H)Bµ⌫

+
c̄� g0

2

m2
W

H†HBµ⌫B
µ⌫ +

c̄g g2S
m2

W

H†HGa
µ⌫G

aµ⌫ ,

(2.2)

�LF1 =
ic̄Hq

v2
(q̄L�

µqL)
�

H† !D µH
�

+
ic̄0Hq

v2
�

q̄L�
µ�iqL

� �

H†�i !D µH
�

+
ic̄Hu

v2
(ūR�

µuR)
�

H† !D µH
�

+
ic̄Hd

v2
�

d̄R�
µdR

� �

H† !D µH
�

+

✓

ic̄Hud

v2
(ūR�

µdR)
�

Hc † !D µH
�

+ h.c.

◆

+
ic̄HL

v2
�

L̄L�
µLL

� �

H† !D µH
�

+
ic̄0HL

v2
�

L̄L�
µ�iLL

� �

H†�i !D µH
�

+
ic̄Hl

v2
�

l̄R�
µlR

� �

H† !D µH
�

,

(2.3)

�LF2 =
c̄uB g0

m2
W

yu q̄LH
c�µ⌫uR Bµ⌫ +

c̄uW g

m2
W

yu q̄L�
iHc�µ⌫uR W i

µ⌫ +
c̄uG gS
m2

W

yu q̄LH
c�µ⌫�auR Ga

µ⌫

+
c̄dB g0

m2
W

yd q̄LH�µ⌫dR Bµ⌫ +
c̄dW g

m2
W

yd q̄L�
iH�µ⌫dR W i

µ⌫ +
c̄dG gS
m2

W

yd q̄LH�µ⌫�adR Ga
µ⌫

+
c̄lB g0

m2
W

yl L̄LH�µ⌫lR Bµ⌫ +
c̄lW g

m2
W

yl L̄L�
iH�µ⌫lR W i

µ⌫ + h.c.

(2.4)

The SM Lagrangian LSM and our convention for the covariant derivatives and the gauge

field strengths are reported for completeness in Appendix A. In particular, � is the Higgs

quartic coupling and the weak scale is defined to be

v ⌘ 1

(
p
2GF )1/2

= 246GeV . (2.5)

3
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m⇢ ⇠ fhg⇢ ⇠ 1

m⇢ � fh

c̄H , c̄u, c̄d, c̄6 c̄W , c̄B (g/g⇤)
2

c̄g, c̄�

Strongly Interacting Light Higgs

Telling weakly coupled ... from strongly coupled ...from pNGB apart?

• Familiar weakly coupled example: MSSM with R-parity

Contino, Ghezzi, Grojean, Mühleitner, Spira ’13

tan�

Corrections induced at loop-level, or suppressed in decoupling limit,

potential large enhancement in down-type couplings

c̄H , c̄W , c̄B , c̄u c̄dSmall but enhancement due to

• Strongly interacting case:

quarks read, respectively,

cu =+
cos↵

sin �
= 1 + 2

m2
Z

m2
H

cos2� cos 2� +O

✓

m4
Z

m4
H

◆

cd =� sin↵

cos �
= 1� 2

m2
Z

m2
H

sin2� cos 2� +O

✓

m4
Z

m4
H

◆

.

(5.79)

For moderately large tan� this implies c̄d ⇠ m2
Z/m

2
H , while c̄u is further suppressed by a

factor ⇠ 1/ tan2 � (see for example Refs. [75, 76] and the recent discussion in Ref. [77]). A

pattern with small values of c̄H , c̄W , c̄B and c̄u but with a ⇠ 15% enhancement of the Higgs

coupling to down-type quarks due to c̄d, for example, would be indicative of the MSSM with

large tan � and the additional Higgs bosons around 300GeV. Generic two-Higgs doublet

models lead to a similar pattern of couplings, while models where the Higgs boson mixes

with a scalar that is singlet under the SM gauge group can generate c̄H at the tree level. In the

MSSM, loops of light stops or staus as well as charginos can also give sizable contributions to

the e↵ective couplings of the light Higgs boson to photons and gluons, with c̄g, c̄� satisfying

the naive estimates (2.9). For example, loops of stops lead to c̄g ⇠ (g2⇤/16⇡
2)(m2

W/m2
t̃
),

where g⇤ = yt or At/mt̃.

This situation has to be contrasted with the case of strongly coupled theories. There, our

power counting (2.9) singles out c̄H , c̄u,d as the dominant Wilson coe�cients (c̄6 controls only

the Higgs self-interaction and measuring it at the LHC will be challenging), while c̄W and c̄B

are suppressed by the ratio (g/g⇤)2. Furthermore, a composite Higgs boson can be naturally

light if it is the pseudo Nambu-Goldstone boson associated to the dynamical breaking of a

global symmetry of the strong dynamics. This implies that the coe�cients c̄g and c̄� will also

be suppressed by a factor (g 6G/g⇤)2, where g 6G is some weak spurion breaking the Goldstone

symmetry. The modifications in the gluon-fusion production cross section and in the decay

rate to photons are thus controlled by c̄H and c̄u.

The harvest of data collected by the LHC certainly calls for a definite theoretical frame-

work to describe the Higgs-like resonance and compute production and decay rates accurately

in perturbation theory without restricting to the SM hypothesis. E↵ective Lagrangians are

one of the tools at our disposal to achieve this goal. Elaborating on the operator classifi-

cation of Ref. [4], we estimated the present bounds on the Wilson coe�cients and provided

accurate expressions for the Higgs decay rates including various e↵ects that were previously

38

Dominant while suppressed by

• pNGB:

In addition, suppressed by
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Higgs sector. In fact, as already anticipated, one of the main results of Ref. [4] is that

of identifying which operators, hence which observables, are sensitive to the strength of

the Higgs interactions, rather than merely to the value of the New Physics scale M . In

what follows we will discuss this point in greater detail and, starting from the analysis of

Refs. [4, 33], we will try to highlight a possible strategy to determine whether the dynamics

behind the electroweak breaking is weak or strong. Our analysis will be based on the naive

estimates of the Wilson coe�cients at the matching scale. In the next Section, we will discuss

how the running from the matching scale to the weak scale a↵ects these estimates.

3.1 Operators sensitive to a strongly-interacting Higgs boson

Let us start by considering the e↵ects of the operators OH , OT , Ou,d,l and O6: they modify

the tree-level couplings of the Higgs boson to fermions, vector bosons and to itself. In the

unitary gauge and upon canonical normalization of the Higgs kinetic term, the Lagrangian

reads [34]

L =
1

2
@µh @

µh� 1

2
m2

hh
2 � c3

1

6

✓

3m2
h

v

◆

h3 + . . .

+m2
W W+

µ W�µ

✓

1 + 2cW
h

v
+ . . .

◆

+
1

2
m2

Z ZµZ
µ

✓

1 + 2cZ
h

v
+ . . .

◆

�
X

 =u,d,l

m (i)  ̄(i) (i)

✓

1 + c 
h

v
+ . . .

◆

+ . . .

(3.24)

where the Higgs couplings ci=W,Z, ,3, have been defined such that ci = 1 in the SM, and

v is defined by Eq. (2.5). Their expressions as functions of the coe�cients of the e↵ective

Lagrangian (2.2) are given in Table 1. The shifts from the SM value are of order

�ci ⇠
g2⇤v

2

M2
=

v2

f 2
. (3.25)

Hence, measuring the Higgs couplings probes the strength of its interactions to the new

dynamics. Notice that the e↵ective description given by �L neglects higher powers of (H/f),

and is thus valid only if the shifts in the Higgs couplings are small: �ci ⇠ (v/f)2 ⌧ 1. If the

Higgs doublet is the NG boson of a spontaneously broken symmetry G ! H, on the other

12

In unitary gauge and after canonical normalization:

Strongly Interacting Light Higgs

decays into Z� and �� (while OB does not). We find:

�(h ! Z�)

�(h ! Z�)SM
' 1 + 4.2 c̄W ,

�(h ! ��)

�(h ! ��)SM
' 1 + 5.0 c̄W , (3.35)

which agree with Eqs. (82) and (83) of Ref. [4]. 15 For c̄W,B ⇠ 10�3 the above approximate

formulas imply corrections too small to be observed at the LHC. On the other hand, one

could try to take advantage of the di↵erent predictions in terms of angular and invariant

mass distributions which are implied by the dimension-6 operators compared to the tree-level

SM prediction. The most promising strategy could be in fact that based on the analysis of

the angular distributions of the final fermions [36–38]. In the ideal case in which one is able

to kill completely the SM tree-level contribution by means of appropriate kinematic cuts,

the relative e↵ect of NP becomes of order

d�(h ! V V )

d⌦

.

✓

d�(h ! V V )

d⌦

◆

SM

. 1 + c̄W,B
16⇡2

g2
, (3.36)

which might leave room for observable e↵ects even for c̄W,B ⇠ O(10�3). Clearly, a more

precise assessment of the e�ciency of such a strategy requires a dedicated analysis [39].

3.3 Operators generated at the one-loop level

Let us now focus on the operators OHW , OHB, O� and Og, which are generated at the one-loop

level. In the unitary gauge, OHW,HB,� are rewritten in terms of

W+
µ⌫W

�µ⌫h , Zµ⌫Z
µ⌫h , �µ⌫�

µ⌫h , Zµ⌫�
µ⌫h (3.37)

plus other terms with zero or two Higgs fields. Since the coe�cients of the above four

operators are functions of c̄HW , c̄HB and c̄�, they are related by one identity, see Eq. (3.47).

We will discuss this point in greater detail in Section 3.6.

As implied from the naive estimates (2.9), the contribution of OHW,HB,� to the WW and

ZZ inclusive rates is of order (V V = WW,ZZ)

��(h ! V V )

�(h ! V V )

�

�

�

�

O� ,OHW ,OHB

⇠ O

✓

m2
W

16⇡2f 2

◆

. (3.38)

15The easiest way to compute the one-loop contribution of OW to the Z� and �� rates is by using Eq. (3.28)

to rewrite this operator in terms of the others. Among the operators generated in this way, only OH gives

a contribution. Notice that if Eq. (3.31) is used instead, one has to take into account also the contribution

of (Ou +Od +Ol) and the shift to the Fermi constant induced by O0
Hq +O0

HL.
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Strongly Interacting Light Higgs

We will later discuss the Lagrangian terms that purely involve the vector bosons. The

coupling constants ci are pure numbers of order unity. For phenomenological applications,

we have switched to a notation in which gauge fields are canonically normalized, and gauge

couplings explicitly appear in covariant derivatives. Also, we recall the definition H†←→D µH ≡
H†DµH − (DµH†)H .

In what follows, we will comment on the operators in eq. (15). Let us start with the

operators involving more than two Higgs fields. As previously discussed, by using the Fierz

identities for the Pauli matrices, one can write three independent operators involving four

H fields and two covariant derivatives. Two are shown in our Lagrangian with coefficients

cH and cT . The third operator H†H|DµH|2, can be written in terms of a combination of

cH , cT , c6, cy by a Higgs field redefinition Hα → Hα + (H†H)Hα/f 2, or, which is equivalent,

by using the leading order equations of motion. The operator with coefficient cH , as we will

show in sect. 4, plays a crucial role in testing the SILH in Higgs and vector boson scattering

at high-energy colliders. The operator proportional to cT violates custodial symmetry and

gives a contribution T̂ to the ρ parameter

∆ρ ≡ T̂ = cT ξ, (16)

ξ ≡
v2

f 2
, v =

(√
2GF

)−1/2
= 246 GeV. (17)

From the SM fit of electroweak data [16], we find −1.1 × 10−3 < cT ξ < 1.3 × 10−3 at 95%

CL (letting also Ŝ to vary one finds instead −1.7 × 10−3 < cT ξ < 1.9 × 10−3 at 95% CL).

Because of this strong limit, we will neglect new effects from this operator and set cT to zero.

Indeed, the bound on cT suggests that new physics relevant for electroweak breaking must

be approximately custodial-invariant. In our Goldstone Higgs scenario this corresponds to

assuming the coset SO(5)/SO(4). When gSM is turned on, cT receives a model dependent

contribution, which should be small enough to make the model acceptable. In the next

section, we will briefly discuss the size of cT in various models.

The coefficient cy is universal at leading order in the Yukawa couplings, and non-universal

effects will appear at order y2
f/g

2
ρ. This is because this term purely originates from the

non linearity in H of the σ-model matrices. Indeed, the field redefinition mentioned above

precisely generates this universal cy.

The operators proportional to cW and cB are generated respectively by tree-level exchange

of a massive triplet and singlet vector field as explained in the previous section (see also

eq. (117) in appendix A). Their relative importance in 2-to-2 scattering amplitudes with

respect to the operator proportional to cH is (g2/g2
ρ)(cW,B/cH). Therefore, in weakly-coupled

10

Higgs couplings �LSILH MCHM4 MCHM5

cW 1� c̄H/2
p
1� ⇠

p
1� ⇠

cZ 1� c̄H/2� 2c̄T
p
1� ⇠

p
1� ⇠

c ( = u, d, l) 1� (c̄H/2 + c̄ )
p
1� ⇠

1� 2⇠p
1� ⇠

c3 1 + c̄6 � 3c̄H/2
p
1� ⇠

1� 2⇠p
1� ⇠

cgg 8 (↵s/↵2) c̄g 0 0

c�� 8 sin2✓W c̄� 0 0

cZ�
�

c̄HB � c̄HW � 8 c̄� sin
2✓W

�

tan ✓W 0 0

cWW �2 c̄HW 0 0

cZZ �2
�

c̄HW + c̄HB tan2✓W � 4c̄� tan2✓W sin2✓W
�

0 0

cW@W �2(c̄W + c̄HW ) 0 0

cZ@Z �2(c̄W + c̄HW )� 2 (c̄B + c̄HB) tan
2✓W 0 0

cZ@� 2 (c̄B + c̄HB � c̄W � c̄HW ) tan ✓W 0 0

Table 1: The second column reports the values of the Higgs couplings ci defined in Eq. (3.46) in

terms of the coe�cients c̄i of the e↵ective Lagrangian �LSILH . The last two columns show the

predictions of the MCHM4 and MCHM5 models in terms of ⇠ = (v/f)2; the e↵ects of the heavy

resonances have been neglected for simplicity, so that only the couplings cW,Z, ,3 are non-vanishing.

The auxiliary parameter ↵2 is defined by Eq. (3.43).13

from Contino, Ghezzi, Grojean, Mühleitner, Spira ’13

Including only the effects from pNGB non-linearities:
(G symmetry allows resummation to all orders)

Effects of resonances (e.g. top partners) should also be included!
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• Energy Frontier:

Resonances starting at few TeV (+ tower) at the edge of LHC reach

• Intensity Frontier:

Flavor and CP-violation can play a crucial role in elucidating the structure of the 
composite sector

• Cosmic Frontier:

EW baryogenesis in the context of pNGB scenarios?

Dark Matter and connection to Higgs sector?

Elucidation across Frontiers
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VLVL ! VLVL/hh

Questions

• Program of Higgs precision measurements, interpreted within EFT approach:

What will it take to establish underlying strong dynamics?

Compared to growth with energy in scattering?

• If (indirect) evidence for strong interactions: can we point to the scale of resonances?

• If (eventually) new resonances are discovered directly, what would it take to establish an
   ``extra-dimensional” origin, as opposed to a more general 4D description?

What about distinguishing different models (fermion representations)?

pNGB versus ``tuned composite scalar”?

Monday, June 3, 13


