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Where are we? 
“We have found a new particle”

we are living a privileged moment in the history of HEP

 Symmetry breaking? ground state doesn’t share the full symmetry of interactions

CMS

http://arXiv.org/abs/1002.1011
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 Triumph of QM+SR that predict (anti)particles of spin 0, 1/2, 1, (3/2 ?), 2
2

Where are we? 
“We have found a new particle”

28 8 Conclusions

are allowed to vary independently. Thus the expected event yields in these channels are scaled
by independent factors, while the signal is assumed to be due to a particle with a unique mass
mX. The combined best-fit mass is mX = 125.3 ± 0.4 (stat.)± 0.5 (syst.)GeV.

7.3 Compatibility with the SM Higgs boson hypothesis

A first test of the compatibility of the observed boson with the SM Higgs boson is provided
by examination of the best-fit value for the common signal strength s/sSM, obtained in a com-
bination of all search channels. Figure 18 shows a scan of the overall s/sSM obtained in the
combination of all channels versus a hypothesised Higgs boson mass mH. The band corre-
sponds to the ±1 s uncertainty (statistical and systematic). The excesses seen in the 7 TeV and
8 TeV data, and in their combination, around 125 GeV are consistent with unity within the ±1 s
uncertainties. The observed s/sSM value for an excess at 125.5 GeV in a combination of all
data is 0.87 ± 0.23. The different decay channels and data sets have been examined for self-
consistency. Figure 19 shows the measured values of s/sSM results obtained for the different
decay modes. These results are consistent, within uncertainties, with the expectations for a SM
Higgs boson.
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Figure 17: The 68% CL contours for the signal strength s/sSM versus the boson mass mX for the
untagged gg, gg with VBF-like dijet, 4`, and their combination. The symbol s/sSM denotes the
production cross section times the relevant branching fractions, relative to the SM expectation.
In this combination, the relative signal strengths for the three decay modes are constrained by
the expectations for the SM Higgs boson.

8 Conclusions
Results are presented from searches for the standard model Higgs boson in proton-proton col-
lisions at

p
s = 7 and 8 TeV in the CMS experiment at the LHC, using data samples corre-

sponding to integrated luminosities of up to 5.1 fb�1 at 7 TeV and 5.3 fb�1 at 8 TeV. The search

“this discovery came at half the LHC design energy, much more severe pileup, and one-
third of the integrated luminosity that was originally judged necessary” ATLAS

 Spin 0? Against naturalness: small mass only if protected by symmetry

 Couplings not dictated by gauge symmetry? Against gauge principle 
(elegance, predictivity, robustness, variety) which used to rule the world (gravity, 
QCD, QED, weak interactions)

What’s next?

Higgs is the most exotic particle of the “SM”
its discovery has profound implications

we are living a privileged moment in the history of HEP

 Symmetry breaking? ground state doesn’t share the full symmetry of interactions

CMS

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
https://indico.cern.ch/contributionDisplay.py?contribId=141&confId=175067
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Now what? What’s next?
“With great power comes great responsibility”

Voltaire & Spider-Man

“With great discoveries come great measurements”
BSMers desperately looking for anomalies 

(true credit: F. Maltoni
actually, first google hit gives a link to an article of 

the Guardian on... the Higgs boson!) 

which, in particle physics, really means

Higgs properties
1

JPC
Important & nice to see progresses but 
“this question carries a similar potential 
for surprise as a football game between 

Brazil and Tonga” Resonaances

Higgs couplings
2

BSM implications
3

LBSM =?

http://resonaances.blogspot.jp/2012/10/higgs-new-deal.html
http://resonaances.blogspot.jp/2012/10/higgs-new-deal.html
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Which New Physics?
What about other options?

➥ similar physics at the LHC

2) Large extra dimensions: 
MP  not a new fundamental scale: 

        Large because gravity propagates 
in δ extra dim of radii R:

1) Warped extra dimensions
                ≈ Strongly coupled theories 
                           (by the AdS/CFT correspondence)
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➥ Both give New Physics at the LHC

New Physics

SM

Anthropic

A. Pomarol, lecture @ CERN, ’13

unlikely
still plausible

but may be not in their
minimal/simplest incarnations

Will we 
ever 

know?

natural unnatural

(can the Nature be unnatural?)

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://indico.cern.ch/conferenceDisplay.py?confId=240954
http://indico.cern.ch/conferenceDisplay.py?confId=240954
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Higgs couplings = test of Naturalness?

SM + Higgs
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Generically, natural scenarios come with deviations of the Higgs coupling

nice to be able to measure Γ
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Higgs couplings = test of Naturalness?
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Figure 4: Fine-tuning as a function of the fractional deviation of the Higgs coupling to gluons

(left panel) and photons (right panel) from the SM value, and the energy scale ⇤ (in GeV) where

the logarithmic divergence in the Higgs mass renormalization is cut o↵. Top row: Spin-0 top

partner. Bottom row: Spin-1/2 top partner. Regions currently allowed by the LHC and Tevatron

data are shown in green (68 % c.l.) and yellow (95 % c.l.).

sum rule is imposed. We expect that throughout most of the parameter space of a given model,

the correlation between Higgs couplings and fine-tuning studied in Section 3 continues to hold.

However, there could be special regions of parameter space where it can fail, due to cancellations

9

simple toy model: a single spin-½ top partner
deviations in the couplings ⬄ amount of fine-tuning  Δ=δmH2/mH2
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allowed by LHC/Tevatron
at 95%CL

Λ cutoff scale of log. divergences to the Higgs mass

Lo
g(

Λ/
Ge

V)

Lo
g(

Λ/
Ge

V)

High scale models (Λ ~1016GeV) come with a generic fine-tuning O(1/30)

Δ~30

Δ~3

Farina, Perelstein, Rey-Le Noisier, ’13

level. We focus on the couplings of the Higgs to gluons and photons. At the one-loop order,

the contributions of particles with masses � m
h

to these couplings are described by e↵ective

operators,
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where the first term is the contribution of the SM top loops, the sum runs over the top partners,

and N
c,i

and Q
i

are the dimension of the SU(3)
c

representation and the electric charge (in units

of electron charge) of the particle i. Note that the exact same objects, the Higgs-dependent

masses of top partners m
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(h), enter the CW potential and the Higgs couplings, providing a very

general and robust connection between these quantities. In the approximation of Eq. (6), we
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The set of coe�cients {m0,i, ci} determines both the fine-tuning � and the Wilson coe�cients,

generically resulting in a correlation between these quantities. Assuming that there are no other

non-SM contributions to the Higgs couplings to photons and gluons, the deviations of these

couplings from the SM in the presence of top partners are given by

R
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where the contribution of the W loop has been taken into account in the photon coupling.

It should be noted that in the above discussion, we assumed that the top loop contribution to

the Higgs couplings is exactly equal to its value in the SM. In some relevant models of new physics,

this assumption is not valid, due to deviations of the top Yukawa from its SM value. Little Higgs

models provide an example. In Little Higgs, the shift in the top loop contribution to hgg and

h�� couplings is of the same order as the top partner loop contributions to these couplings [10];

moreover, a cancellation between these e↵ects may occur due to the specific structure of the top
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The set of coe�cients {m0,i, ci} determines both the fine-tuning � and the Wilson coe�cients,

generically resulting in a correlation between these quantities. Assuming that there are no other

non-SM contributions to the Higgs couplings to photons and gluons, the deviations of these

couplings from the SM in the presence of top partners are given by
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where the contribution of the W loop has been taken into account in the photon coupling.

It should be noted that in the above discussion, we assumed that the top loop contribution to

the Higgs couplings is exactly equal to its value in the SM. In some relevant models of new physics,

this assumption is not valid, due to deviations of the top Yukawa from its SM value. Little Higgs

models provide an example. In Little Higgs, the shift in the top loop contribution to hgg and

h�� couplings is of the same order as the top partner loop contributions to these couplings [10];

moreover, a cancellation between these e↵ects may occur due to the specific structure of the top
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 increasing the couplings measurement to 1% precision will raise the fine-tuning to O(1/400)

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1305.6068
http://arXiv.org/abs/1305.6068
http://arXiv.org/abs/1305.6068
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Higgs couplings = test of Naturalness?
MSSM: more complicated situation: 2 (spin-0) stops w/ mixing
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no direct measure of fine-tuning but Higgs couplings can teach us about stops 
which are the key players in naturalness�(h ! ��)

SUSY (MSSM and beyond)
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Higgs couplings = test of Naturalness?
�g

gSM
⇡ g2⇤v

2
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to which level of precision do we need to measure the Higgs couplings 
to probe the naturalness of the theory?

Models where the Higgs mass is UV insensitive
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~ 1 for strongly coupled models

~ 1% for weakly coupled models

Models where the Higgs mass has a UV logarithmic insensitivity
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e.g. high scale susy breaking

 O(1%) precision Higgs physics could be as important as direct searches for new physics
to probe the naturalness of EWSB



Christophe Grojean BSM after the Higgs discovery LAL, .Jan. 8-10 2o149

Weakly c!pled models
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Higgs & SUSY/MSSM
no new super-particles � decoupling limit?

1 Introduction

The ATLAS and CMS Collaborations have recently presented the first evidence for a Higgs boson

with a mass of ⇠ 126 GeV [1, 2]. The �� channel yields excesses at the 2–3 � level for ATLAS

and CMS, insu�cient for a clear discovery. Yet the concordance between the ATLAS and CMS

excesses increases the likelihood that this is indeed the Higgs boson, and motivates us to study

the implications for natural electroweak breaking in the context of weak-scale supersymmetry.

In the Minimal Supersymmetric Standard Model (MSSM) the lightest Higgs boson is lighter

than about 135 GeV, depending on top squark parameters (for a review with original references,

see [3]), and heavier than 114 GeV, the LEP bound on the Standard Model Higgs [4]. A Higgs

mass of 126 GeV naively seems perfect, lying midway between the experimental lower bound and

the theoretical upper limit. The key motivation for weak-scale supersymmetry is the naturalness

problem of the weak scale and therefore we take the degree of fine-tuning [5, 6, 7, 8, 9] as a

crucial tool in guiding us to the most likely implementation of a 126 GeV Higgs. In this regard

we find that increasing the Higgs mass from its present bound to 126 GeV has highly significant

consequences. In the limit of decoupling one Higgs doublet the light Higgs mass is given by

m2

h = M2

Z cos2 2� + �2t (1)

where �2t arises from loops of heavy top quarks and top squarks and tan � is the ratio of elec-

troweak vacuum expectation values. At large tan �, we require �t ⇡ 87 GeV which means that

a very substantial loop contribution, nearly as large as the tree-level mass, is required to raise

the Higgs mass to 126 GeV.

The Higgs mass calculated at two loops in the MSSM is shown in Figure 1 as a function of

the lightest top squark mass for two values of the top squark mixing parameter Xt. The red/blue

contours are computed using the Suspect [10] and FeynHiggs [11] packages, which have di↵ering

renormalization prescriptions and the spread between them, highlighted by the shading, may

be taken as a rough measure of the current uncertainty in the calculation. For a given Higgs

mass, such as 126 GeV, large top squark mixing leads to lower and more natural top squark

masses, although the mixing itself contributes to the fine-tuning, as we will discuss. In fact,

stop mixing is required to raise the Higgs mass to 126 GeV without multi-TeV stops. Even at

maximal mixing, we must have
p
mQ3mu3 � 700 GeV (which, for degenerate soft masses, results

in squark masses hundreds of GeV heavier than have been directly probed by existing LHC

searches [12, 13]) and, as we will discuss in the next section, this implies that fine-tuning of at

least 1% is required in the MSSM, even for the extreme case of an ultra-low messenger scale of

10 TeV. Hence we seek an alternative, more natural setting for a 126 GeV Higgs.

In the next-to-minimal model (NMSSM, for a review with references, see [14]) the supersym-

metric Higgs mass parameter µ is promoted to a gauge-singlet superfield, S, with a coupling to

1

(125 GeV)2 (≥ 87GeV)2

substantial loop contribution 
from stops
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90

100

110

120

130

140

mt1
⇥ �GeV⇥

m
h
�GeV

⇥

MSSM Higgs Mass

Xt � 0
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FeynHiggs

Figure 1: The Higgs mass in the MSSM as a function of the lightest top squark mass, m
˜t1 , with

red/blue solid lines computed using Suspect/FeynHiggs. The two upper lines are for maximal
top squark mixing assuming degenerate stop soft masses and yield a 126 GeV Higgs mass for
m

˜t1 in the range of 500–800 GeV, while the two lower lines are for zero top squark mixing and
do not yield a 126 GeV Higgs mass for m

˜t1 below 3 TeV. Here we have taken tan � = 20. The
shaded regions highlight the di↵erence between the Suspect and FeynHiggs results, and may be
taken as an estimate of the uncertainties in the two-loop calculation.

the Higgs doublets, �SHuHd, that is perturbative to unified scales, thereby constraining � ⇥ 0.7

(everywhere in this paper � refers to the weak scale value of the coupling). The maximum mass

of the lightest Higgs boson is

m2

h = M2

Z cos2 2� + �2v2 sin2 2� + �2t , (2)

where here and throughout the paper we use v = 174 GeV. For �v > MZ , the tree-level

contributions to mh are maximized for tan � = 1, as shown by the solid lines in Figure 2,

rather than by large values of tan � as in the MSSM. However, even for � taking its maximal

value of 0.7, these tree-level contributions cannot raise the Higgs mass above 122 GeV, and

�t � 32 GeV is required. Adding the top loop contributions allows the Higgs mass to reach

126 GeV, as shown by the shaded bands of Figure 2, at least for low values of tan � in the region

of 1 – 2. In this case, unlike the MSSM, maximal stop mixing is not required to get the Higgs

heavy enough. In section 3 we demonstrate that, for a 126 GeV Higgs mass, the fine-tuning of

the NMSSM is significantly improved relative to the MSSM, but is still of concern.

2

large mixing 
heavy stops

1 Introduction

The ATLAS and CMS Collaborations have recently presented the first evidence for a Higgs boson

with a mass of ⇠ 126 GeV [1, 2]. The �� channel yields excesses at the 2–3 � level for ATLAS

and CMS, insu�cient for a clear discovery. Yet the concordance between the ATLAS and CMS

excesses increases the likelihood that this is indeed the Higgs boson, and motivates us to study

the implications for natural electroweak breaking in the context of weak-scale supersymmetry.

In the Minimal Supersymmetric Standard Model (MSSM) the lightest Higgs boson is lighter

than about 135 GeV, depending on top squark parameters (for a review with original references,

see [3]), and heavier than 114 GeV, the LEP bound on the Standard Model Higgs [4]. A Higgs

mass of 126 GeV naively seems perfect, lying midway between the experimental lower bound and

the theoretical upper limit. The key motivation for weak-scale supersymmetry is the naturalness

problem of the weak scale and therefore we take the degree of fine-tuning [5, 6, 7, 8, 9] as a

crucial tool in guiding us to the most likely implementation of a 126 GeV Higgs. In this regard

we find that increasing the Higgs mass from its present bound to 126 GeV has highly significant

consequences. In the limit of decoupling one Higgs doublet the light Higgs mass is given by

m2

h = M2

Z cos2 2� + �2t (1)

where �2t arises from loops of heavy top quarks and top squarks and tan � is the ratio of elec-

troweak vacuum expectation values. At large tan �, we require �t ⇡ 87 GeV which means that

a very substantial loop contribution, nearly as large as the tree-level mass, is required to raise

the Higgs mass to 126 GeV.

The Higgs mass calculated at two loops in the MSSM is shown in Figure 1 as a function of

the lightest top squark mass for two values of the top squark mixing parameter Xt. The red/blue

contours are computed using the Suspect [10] and FeynHiggs [11] packages, which have di↵ering

renormalization prescriptions and the spread between them, highlighted by the shading, may

be taken as a rough measure of the current uncertainty in the calculation. For a given Higgs

mass, such as 126 GeV, large top squark mixing leads to lower and more natural top squark

masses, although the mixing itself contributes to the fine-tuning, as we will discuss. In fact,

stop mixing is required to raise the Higgs mass to 126 GeV without multi-TeV stops. Even at

maximal mixing, we must have
p
mQ3mu3 � 700 GeV (which, for degenerate soft masses, results

in squark masses hundreds of GeV heavier than have been directly probed by existing LHC

searches [12, 13]) and, as we will discuss in the next section, this implies that fine-tuning of at

least 1% is required in the MSSM, even for the extreme case of an ultra-low messenger scale of

10 TeV. Hence we seek an alternative, more natural setting for a 126 GeV Higgs.

In the next-to-minimal model (NMSSM, for a review with references, see [14]) the supersym-

metric Higgs mass parameter µ is promoted to a gauge-singlet superfield, S, with a coupling to

1

irreducible 
fine-tuning ~ O(1%)

➾ ➾

Hall, Pinner, Ruderman ’11
+ many similar analyses

high Higgs mass
implies 

susy is badly broken

http://arXiv.org/abs/arXiv:1112.2703
http://arXiv.org/abs/arXiv:1112.2703
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DESY
LC2013 G. Dissertori

Interpretations of generic searches

24

in the context of a concrete model, here MSUGRA/cMSSM

ATLA
S

-C
O

N
F-2013-047

here: example of scenario compatible with a low-mass Higgs as recently discovered 

in the context of a simplified MSSM scenario

eg. for m(squark) = m(gluino), exclude below ~1800 GeV

these searches typically target large Meff and large 

difference m(SUSY) - m(LSP)

the very inclusive searches keep sensitivity even for m(LSP) 

up to several hundreds of GeV (at some stage trigger-

constrained) 

recently also targeting more compressed 

spectra and higher jet multiplicities

ATLA
S

-C
O

N
F-2013-047

Cornering SUSY parameter space

Dissertori, ECFA ’13

These bounds are not “robust” and don’t exclude weak scale SUSY 
but call for non-minimal models

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
https://ilcagenda.linearcollider.org/getFile.py/access?contribId=18&sessionId=30&resId=0&materialId=slides&confId=5840
https://ilcagenda.linearcollider.org/getFile.py/access?contribId=18&sessionId=30&resId=0&materialId=slides&confId=5840
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Saving SUSY

SUSY is Natural
but not plain vanilla

 CMSSM
 pMSSM
 NMSSM
 Hide SUSY

 reduce production (eg. split families)

 reduce MET (e.g. R-parity,   compressed 
spectrum)

 Split SUSY: 
susy scalars @ msusy, susy fermions @ mZ

 high scale SUSY: 
susy scalars & susy fermions @ msusy

unification etc...

string etc...

Giudice, Strumia ’11

SUSY solves the big hierarchy 
(or not even that)

but not the little hierarchy

Mahbubani et al

Csaki et al

Should be 
priority #1

ILC can complement LHC

http://arXiv.org/abs/arXiv:1108.6077
http://arXiv.org/abs/arXiv:1108.6077
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Strongly c!pled models

but it looks already dead and buried
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Composite Higgs Models 
Higgs anomalous couplings ➲ 

triple Higgs production ➲ 

strong scatterings ➲ 
resonances production ➲ 
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What is the SM Higgs?
A single scalar degree of freedom neutral under SU(2)LxSU(2)R/SU(2)V 

15

For b = a2: perturbative unitarity in inelastic channels WW → hh

‘a’, ‘b’ and ‘c’ are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW → WW

LEWSB =
v2

4
Tr

�
Dµ�

†Dµ�
⇥⇤

1 + 2a
h

v
+ b

h2

v2

⌅
� �⇥̄L�⇥R

⇤
1 + c

h

v

⌅

For ac=1: perturbative unitarity in inelastic WW → ψ ψ 

‘a=1’, ‘b=1’ & ‘c=1’ define the SM Higgs

Higgs properties depend on a single unknown parameter (mH)

can be rewritten as 

h and πa (ie WL andZL) combine to form a linear representation of SU(2)LxU(1)Y

LEWSB DµH
†DµH

H =
1�
2
ei⇥

a�a/v

�
0

v + h

⇥
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The New Physics Mass Gap

Higgs=Pseudo-Goldstone boson (PGB) 

One solution to the hierarchy pb: 
Higgs transforms non-linearly under some global symmetry

Examples:SO(5)/SO(4): 4 PGBs=W±L, ZL, h
Minimal Composite Higgs Model

Agashe, Contino, Pomarol  ’04SO(6)/SO(5): 5 PGBs=H, a
Next MCHM

Gripaios, Pomarol, Riva, Serra  ’09
SU(4)/Sp(4,�): 5 PGBs=H, s

16

SO(6)/SO(4)xSO(2): 8 PGBs=H1+H2
Minimal Composite 

Two Higgs Doublets
Mrazek, Pomarol, Rattazzi, Serra,  Wulzer  ’11

G
H

W±L & ZL & h

BSMSO(4)
SO(3)

W±L & ZL

SM

http://arxiv.org/abs/0902.1483
http://arxiv.org/abs/0902.1483
http://arXiv.org/abs/arXiv:1105.5403
http://arXiv.org/abs/arXiv:1105.5403
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Higgs as a PGB: a natural extension of SM
One solution to the hierarchy pb: 

Higgs transforms non-linearly under some global symmetry

17

How can we tell the difference with the SM Higgs?
Two scale dynamics:

✗ f=scale of strong dynamics=compositeness scale of the Higgs
✗ v=246GeV radiatively generated

f~v: Technicolor   ---   f>>v: SM

Higgs=Pseudo-Goldstone boson (PGB) 

G
H

W±L & ZL & h

BSMSO(4)
SO(3)

W±L & ZL

SM

Two scale dynamics:
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Composite Higgs vs. Technicolor?

18

f
g⇢

m⇢ ⇡ g⇢f

scale of strong interactions

coupling of the strong sector

mass scale of 
resonances of strong sector

technicolor strong sector with a single scale f ⇠ v

composite 
Higgs strong sector with two scales f � v

 mass gap is welcome and  allows to pass EW precision constraints

 EW scale is radiatively generated by SM interactions

Two different models of strong interactions
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1. Anomal!s Higgs c!plings

19

How to probe # composite nature of # Higgs?
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p

p

How to probe the compositeness of the Higgs?

q

q

Rosenbluth-type cross-section 

d⇤

d�
=

�2

16m2
H sin4 ⇥/2

E�

E3

�
2K̃1q

2 sin2 ⇥/2 + K̃2 cos
2 ⇥/2

⇥

20
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How to probe the compositeness of the Higgs?

q

q

Rosenbluth-type cross-section 
H

H

elementary Higgs

SM Higgs

composite Higgs

q2

Ki
~

anomalous couplings
(accessible @ LHC with 20-40% accuracy)

{

LHC reach ?

Need to develop tools to understand the physics of a composite Higgs
use effective theory approach
rely on symmetries of the problem {identify interesting processes

d⇤

d�
=

�2

16m2
H sin4 ⇥/2

E�

E3

�
2K̃1q

2 sin2 ⇥/2 + K̃2 cos
2 ⇥/2

⇥

20
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Non-linear Higgs
the SM connection between masses and Higgs couplings

is lost in the presence of non-renormalisable higgs interactions

X X X

X

g2 2g2v g2v2

λ λv

➪

➪

X

cn ➪Σ
1

2
n

X

n cn v

X
X

 n(n-1)/2 cn v2

a=b=1

c=1
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Minimal Composite Higgs Examples
The SILH Lagrangian is an expansion for small v/f

5D MCHM give a completion for large v/f

Fermions embedded in spinorial of SO(5) Fermions embedded in 5+10 of SO(5)

➾

➾ ➾

universal shift of the couplings
no modifications of BRs

BRs now depends on v/f

MCHM4 MCHM5

22

m2
W =

1

4
g2f2 sin2 v/f ghWW =

�
1� � gSMhWW

mf = M sin v/f mf = M sin 2v/f

ghff =
�

1� � gSMhff ghff =
1� 2�⇥
1� �

gSMhff

�
� = v2/f2

⇥

➾
a =

�
1� �

b = 1� 2�

c =
1� 2�⇥
1� �

c =
�

1� �

➾ ➾
{
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Higgs Fits

a =
�
1� � b = 1� 2� c =

1� 2�⇥
1� �

a =
p

1� ⇠ b = 1� 2⇠ c =
p
1� ⇠

MCHM5 MCHM4

M
CH

M
5

MCHM4
f = 1

f = 500 GeV

f = 300 GeV
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Higgs Fits

a =
�
1� � b = 1� 2� c =

1� 2�⇥
1� �

a =
p

1� ⇠ b = 1� 2⇠ c =
p
1� ⇠

MCHM5 MCHM4

M
CH

M
5

MCHM4
f = 1

f = 500 GeV

f = 300 GeV

best fit point
= 

MCHM4 with f=500GeV?
but pb with EWPT!

Conclusions?

f >≈ 500GeV
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Higgs power counting
extra derivative: extra Higgs leg:  

custodial breaking

loop-suppressed strong dynamicsminimal coupling: 

Genuine strong operators (sensitive to the scale f)

Form factor operators (sensitive to the scale mρ = gρ f) (gSM factors in V)

24

cH
2f2

�
�µ |H|2

⇥2 cT
2f2

�
H†�⇥DµH

⇥2 c6�

f2
|H|6

cyyf
f2

|H|2f̄LHfR + h.c.

H/f ⇥/m�

h � �Z

icW
2m2

⇤

�
H†�i�⇥DµH

⇥
(D⇥Wµ⇥)

i icB
2m2

⇤

�
H†�⇥DµH

⇥
(�⇥Bµ⇥)

icHW

m2
⇤

g2⇤
16�2

(DµH)†⇥i(D⇥H)W i
µ⇥

icHB

m2
⇤

g2⇤
16�2

(DµH)†(D⇥H)Bµ⇥

c�
m2

⌅

g2⌅
16�2

g2

g2⌅
H†HBµ⇤B

µ⇤ cg
m2

⇤

g2⇤
16�2

y2t
g2⇤

H†HGa
µ⇥G

aµ⇥

Giudice, Grojean, Pomarol, Rattazzi ‘07

Goldstone sym.
(PGB Higgs)

http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
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Anomalous Higgs Couplings

Modified 
Higgs propagator

Higgs couplings 
rescaled by ~

Giudice, Grojean, Pomarol, Rattazzi ‘07

25

cH � O(1)L � cH
2f2

�µ
�
|H|2

⇥
�µ

�
|H|2

⇥

1�
1 + cH

v2

f2

⇤ 1� cH
v2

2f2
⇥ 1� �/2

H =

�
0

v+h�
2

⇥

L =
1

2

�
1 + cH

v2

f2

⇥
(⇥µh)2 + . . .

  a = 1-ξ/2      b = 1-2ξ     c = 1-ξ/2

ξ = v2/f2

http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
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Higgs anomalous couplings @ LHC

observable @ LHC?

Duhrssen ‘03

LHC can measure

up to 0.2-0.4

ATLAS∫
Ldt = 300 fb

−1

cHv2/f2 = 1/4
cyv2/f2 = 1/4

i.e.

26

Figure 1: The deviations from the SM predictions of Higgs production cross sections (σ) and
decay branching ratios (BR) defined as ∆(σ BR)/(σ BR) = (σ BR)SILH/(σ BR)SM − 1.
The predictions are shown for some of the main Higgs discovery channels at the LHC with
production via vector-boson fusion (VBF), gluon fusion (h), and topstrahlung (tth). The
SILH Lagrangian parameters are set by cHξ = 1/4, cy/cH = 1 and we have included also the
terms quadratic in ξ, not explicitly shown in eqs. (78)–(83).

a pseudo-Goldstone boson, and therefore relatively light. However, for a light Higgs, LHC

experiments can measure the product σh × BRh in many different channels: production

through gluon, gauge-boson fusion, and top-strahlung; decay into b, τ , γ and (virtual) weak

gauge bosons. At the LHC with about 300 fb−1, it is possible to measure Higgs production

rate times branching ratio in the various channels with 20–40 % precision [27], although a

determination of the b coupling is quite challenging [28]. This will translate into a sensitivity

on |cHξ| and |cyξ| up to 0.2–0.4.

In fig. 1, we show our prediction for the relative deviation from the SM expectation in

the main channels for Higgs discovery at the LHC, in the case cHξ = 1/4 and cy/cH = 1

(as in the Holographic Higgs). For cy/cH = 0, the deviation is universal in every production

channel and is given by ∆(σ BR)/(σ BR) = −cHξ.

Cleaner experimental information can be extracted from ratios between the rates of

processes with the same Higgs production mechanism, but different decay modes. In mea-

surements of these ratios of decay rates, many systematic uncertainties drop out. Our

27
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Figure 1: Relative error for the measurement of rates σ · BR for those channels
that can be seen only for Higgs boson masses below 150 GeV.
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�
�
h ⇥ ff̄

⇥
SILH

= �
�
h ⇥ ff̄

⇥
SM

⇤
1� v2

f2
(2cy + cH)

⌅

� (h ⇥ gg)SILH = � (h ⇥ gg)SM

�
1� v2

f2
(2cy + cH)

⇥

cH
v2

f2
, cy

v2

f2

4�f � 5 – 7 TeV

(ILC/CLIC could go to few %, ie, test 
composite Higgs up to 4πf ~ 30/60 TeV)

Giudice, Grojean, Pomarol, Rattazzi ‘07

http://cdsweb.cern.ch/record/685538
http://cdsweb.cern.ch/record/685538
http://cdsweb.cern.ch/record/685538
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
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EWPT constraints
removed 

by custodial symmetry

27

T̂ = cT
v2

f2

Ŝ = (cW + cB)
m2

W

m2
�

|cT
v2

f2
| < 2� 10�3

m� � (cW + cB)
1/2 2.5TeV

LEPII, for mh~115 GeV:  

IR effects can be cancelled by heavy fermions (model dependent)

There are also some 1-loop IR effects

modified Higgs couplings to matter

effective 
Higgs mass

Ŝ, T̂ = a logmh + b

Ŝ, T̂ = a ((1� cH�) logmh + cH� log�) + b

me�
h = mh

�
�

mh

⇥cHv2/f2

> mh

cHv2/f2 < 1/3÷ 1/2

Barbieri, Bellazzini, Rychkov, Varagnolo ’07

http://arxiv.org/abs/arXiv:0706.0432
http://arxiv.org/abs/arXiv:0706.0432
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Flavor Constraints

SILH: cy is flavor universal

mass terms

Higgs fermion interactions

mass and interaction matrices are not diagonalizable simultaneously
if cij are arbitrary

➾ FCNC

Minimal flavor violation built in➾

28

�
1 +

cij |H|2

f2

⇥
yij f̄LiHfRj =

�
1 +

cijv2

2f2

⇥
yijv⇥

2
f̄LifRj

�
1 +

3cijv2

2f2

⇥
yijv�

2
hf̄LifRj
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2.Probing $rong sca%e&ngs

29

How to probe # composite nature of # Higgs?
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How to probe the strong dynamics?
pair production of light states beloging to the strong sector

Giudice, Grojean, Pomarol, Rattazzi ‘07

large Lint needed 
not competitive with the measurement of ‘a’ via anomalous couplings

 strong WW scattering 

h
W W

W W no exact cancellation 
of the growing amplitudes= �(1� �)g2
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M2
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�
W a
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b
L � W c
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d
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= A(s, t, u)�ab�cd +A(t, s, u)�ac�bd +A(u, t, s)�ad�bc A =

�
1� a2

⇥ s

v2

Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10

access to a new interaction, ‘b’

distinction between ‘active’ (higgs) and ‘passive’ (dilaton) scalar in EWSB dynamics

 strong double Higgs production 

A
�
Z0
LZ

0
L ⇥ hh

⇥
= (W+

L W�
L ⇥ hh) =

�
b� a2

⇥ s

v2
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NDA estimates

Scale of Strong WW scattering? 

f is a rational fct
expected O(1) for t~-s/2 

onset of strong scattering at the weak scale

hard cross-section ‘inclusive’ cross-section

31

ATT�TT � g2f(t/s) ALL�LL � s

v2

d�LL⇤LL/dt

d�TT⇤TT /dt

���
t⇥�s/2

= Nh
s2

M4
W

�LL�LL(Qmin)

�TT�TT (Qmin)
= Ns

sQ2
min

M4
W

Nh � 1 Ns � 1

(�s+Q2
min < t < �Q2

min)(t~-s/2)
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Total cross sections
disentangling L from T polarization is hard

The onset of strong scattering is delayed to larger energies due to 
the dominance of TT → TT background

The dominance of T background will be further enhanced by the pdfs
since the luminosity of WT inside the proton is log(E/MW) enhanced 
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Coulomb enhancement (SM)
the total cross section is dominated by the poles 

in the exchange of γ and Z in the t- and u-channels

= regulateur  of Coulomb singularity=off-shellness of W ~

different for T and L
W+

W -
Z

π+

π+

Z

universal for T and L

γ

W+

W -

π+

π+
γ

T-dominance is the result of multiplicity and  larger SU(2) charges➾ ➾

eïkonal limit

SM

33
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Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10
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Hard scattering (central region)
we need to look at the central region, i.e. large scattering angle, 

to be sensitive to strong EWSB
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-3/4 < t/s < -1/4

 hard cross-section = faster growth with energy

 onset of strong scattering still at high  scale

34
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EW bckg for WW���hh

no T polarization pollution,
neither in the total cross section, 

nor in the central region
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Double Higgs production (VBF)

asymptotic behavior
sensitive to strong interaction

}
threshold effect

‘anomalous coupling’

}
SM: a=b=d3=d4=1

A ⇥
�
b� a2

⇥ 4m2
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Strong Higgs production: (3L+jets) analysis

l+

l+

l-h

h

W+

W-

W+

W+

W-

W-

ν

ν

ν

jets leptons
acceptance cutsfermions in spinorial

cH=1

strong boson scattering ⇔ strong Higgs production

Dominant backgrounds: Wll4j, ttW2j, tt2W(j), 3W4j...
forward jet-tag, back-to-back lepton, central jet-veto

good motivation to HL-LHC➾
37
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�Rjj > 0.7

|�j | � 5

pT � 20 GeV
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v/f 1
�
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�
0.5

significance @ 300 fb�1 4.0 2.9 1.3

luminisity for 5� (fb�1) 450 850 3500

Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10
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0 500 1000 1500 2000 2500
0

10

20

30

40

mhh  [GeV]

40 TeV

28 TeV

�LL
W (m2

hh/s, Q2)
�LL

W ((mhh/14 TeV)2, Q2)

in
cr

ea
se

 in
 #

 s
ig

na
l e

ve
nt

s 

10 x lum ≈ 10 x events

2 x √s = 10 x events
iif mhh>1.6TeV

Dependence on Collider Energy

HL-LHC vs. HE-LHC
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⇥̂(s0)
�(ŝ/s)

increase collider energy √s = sensitive to PDFs at smaller x
bigger cross-sections
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3. Strong sector resonances

39

How to probe # composite nature of # Higgs?
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Resonances Effects in WW Scattering
Contino, Marzocca, Pappadopulo, Rattazzi ’11

500 1500 2500 3500
0

0.5

1.0

1.5

2.0

mcut  [GeV]

R

Δ

LMCHM4  m!= 1.5 TeV

LMCHM5  m!= 1.5 TeV

500 1500 2500 3500
-0.2
-0.1

0
0.1
0.2
0.3

Figure 12: Upper panel: Ratio R(�, ⇥ = 0.5,mcut) for the process pp ⇥ hhjj as a function
of the cut on mhh. Empty (filled) green circles correspond to the LMCHM4 (LMCHM5) with
m� = 1.5TeV. The continuous curve denotes the analytic result. Lower panel: relative di⇥erence
between the Montecarlo and the analytic prediction, � = (R(MC) � R(analytic))/R(analytic),
as a function of the cut on mhh. The vertical bars report the statistical theoretical error in each
point.
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Figure 13: Upper panel: Ratio R(�, ⇥ = 0.5,mcut) for the process pp ⇥ hhjj as a function
of the cut on mhh. Empty (filled) blue squares correspond to the LMCHM4 (LMCHM5) with
m� = 2.0TeV. The continuous curve denotes the analytic result. Lower panel: relative di⇥erence
between the Montecarlo and the analytic prediction, � = (R(MC) � R(analytic))/R(analytic),
as a function of the cut on mhh. The vertical bars report the statistical theoretical error in each
point.
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[ similar results for
]

Results for           [ spin=1,  (3,1) of SU(2)L x SU(2)R,  isospin=1 ]⇢L
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COMPLEMENTARITY  OF  CHANNELS 

The contribution of a resonance enhances (depletes) those 
processes where it can exchanged in s-channel (t- and u-channels)

W+W� W+Z W+W+ hh

⇥ (1,3)

� (1,1)

� (3,3)

From the analysis of the different processes one can infer the 
quantum numbers of the resonance

 channel complementary 
to pin down the nature of the resonance

40

 @ high energy
 need performant forward tagging efficiencies                       
 fight large pile-up...

Difficult measurements: Precision physics 
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Resonance Searches: di-boson final states

41

Observing a tower of resonances would a direct evidence of the strong interactions
However, in the best configuration, LHC will have access to a few ones only
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Figure 6: Cross section for the production of a single neutral (solid) and charged (dashed)

resonance at the LHC with
⇤
s = 7 TeV (on the left) and

⇤
s = 14 TeV (on the right) in the

Drell-Yan (red), VBF (orange) and �-strahlung (brown) channels. We set g⇥ = 4; for di�erent

coupling these cross section scale as 1/g2⇥.

This mixing arises due to non-diagonal entries in the gauge boson mass matrix implied by

the lagrangian Eq. (2.3). At the leading order in 1/g⇥ the mass eigenstates are reached by

the rotation of the SM gauge bosons (see Appendix A)

W±
µ ⇥ W±

µ � g

2g⇥
⇥±µ ,

Zµ ⇥ Zµ �
g2 � g⇥2

2g⇥
⇤
g2 + g⇥2

⇥0µ,

Aµ ⇥ Aµ �
e

2g⇥
⇥0µ, (4.1)

and the corresponding rotation of ⇥. As a result, the heavy mass eigenstates ⇥0, ⇥± couple

to the SM fermions,

� g2

2
⇤
2g⇥

⇥±µ fL�µT
±fL � 1

2g⇥
⇥0µf�µ

�
(g2 � g⇥2)T 3 + g⇥2Q

⇥
f. (4.2)

fraction for the decay of the resonances into these fermions, see e.g. Ref. [34]. Alternatively, a suppressed

coupling can also be achieved and which can improve electroweak precision fits [19].
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DY
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ρ-strahlung

gρ=4
σ α 1/gρ

2

gρ=4
σ α 1/gρ

2

Z’
W’

Falkowski, Grojean, Kaminska, Pokorski and Weiler  ’11  

VBF vs. DY:  3-body final state
 qq initiated process ➪ PDFs become more dominant at large x

(NB: DY can be enhanced by larger direct couplings of resonances to light quarks but severe dijet constraints)
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Resonance Decays

42

Dominant decays into longitudinal SM gauge bosons

where T± = (⌃1 ± i⌃2)/2.

Furthermore, the SM gauge boson self interactions after the rotation produce the cou-

plings of ⇧ to the electroweak gauge bosons. In particular, the cubic gauge boson vertices

with one ⇧ are given by

� g2

4g⌅

�
 µW

+
⇥ W�

µ �  µW
�
⇥ W+

µ

⇥
⇧0⇥�

g
⇧
g2 + g⇤2

4g⌅

⇤
( µW

�
⇥ Zµ �  µZ⇥W

�
µ )⇧+⇥ + h.c.

⌅
+. . . (4.3)

where the dots stand for cyclic permutations of the fields in each vertex.

4.2 Decays

The cubic gauge vertices in Eq. (4.3) induce the dominant decay of ⇧ is into a pair of

longitudinally polarized electroweak gauge bosons. The leading order decay widths can be

computed using the Goldstone boson equivalence theorem,

�(⇧0 ⌃ W+W�) ⌅ �(⇧± ⌃ ZW±) ⌅
m⌅g2⌅⇤⇤
48⌅

=
m5

⌅

192⌅g2⌅v
4
. (4.4)

In our numerical analysis below we use the full ⇧ ⌃ V V matrix element that also takes into

account decays into transversely polarized gauge bosons. These correct the leading order

widths by ⇤ 50% for m⌅ ⇤ 350 GeV, and by ⇤ 10% for m⌅ ⇤ 1 TeV. In Eq. (4.3) the

charged resonances couple to WZ and not to W�. This is a consequence of our assumption

that the strength of the ⇧3 vertex in the original lagrangian is set by the hidden SU(2) gauge

coupling g⌅. Departure from the gauge coupling, g3⌅ = g⌅ + ⇥, would result in the ⇧W�

vertex suppressed by ⇥g2/g2⌅ which would allow for subleading decays ⇧± ⌃ W±�, as studied

in Ref. [35].

The heavy resonances also decay to the SM fermions via the couplings in Eq. (4.2),

however, these decays are strongly suppressed in the interesting parameter space (for m⌅ ⇧
2mW ). For example, the leptonic branching fractions are given by

Br(⇧± ⌃ e±⇤) ⌅ 2Br(⇧0 ⌃ e+e�) ⌅ 16m4
W

m4
⌅

(4.5)

For m⌅ ⇤ TeV this is already less than 10�3. Conversely, the branching fraction into the

electroweak gauge bosons is practically equal to 1 throughout the interesting parameter

space. Thus, the main discovery channel at the Tevatron and LHC is the search for resonant

production of W+W� and W±Z pairs.

16

corrections 30%-10% from transverse SM gauge bosons

Suppressed decays to SM quarks and leptons

where T± = (⌃1 ± i⌃2)/2.

Furthermore, the SM gauge boson self interactions after the rotation produce the cou-

plings of ⇧ to the electroweak gauge bosons. In particular, the cubic gauge boson vertices
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where the dots stand for cyclic permutations of the fields in each vertex.

4.2 Decays

The cubic gauge vertices in Eq. (4.3) induce the dominant decay of ⇧ is into a pair of

longitudinally polarized electroweak gauge bosons. The leading order decay widths can be

computed using the Goldstone boson equivalence theorem,

�(⇧0 ⌃ W+W�) ⌅ �(⇧± ⌃ ZW±) ⌅
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In our numerical analysis below we use the full ⇧ ⌃ V V matrix element that also takes into

account decays into transversely polarized gauge bosons. These correct the leading order

widths by ⇤ 50% for m⌅ ⇤ 350 GeV, and by ⇤ 10% for m⌅ ⇤ 1 TeV. In Eq. (4.3) the

charged resonances couple to WZ and not to W�. This is a consequence of our assumption

that the strength of the ⇧3 vertex in the original lagrangian is set by the hidden SU(2) gauge

coupling g⌅. Departure from the gauge coupling, g3⌅ = g⌅ + ⇥, would result in the ⇧W�

vertex suppressed by ⇥g2/g2⌅ which would allow for subleading decays ⇧± ⌃ W±�, as studied

in Ref. [35].

The heavy resonances also decay to the SM fermions via the couplings in Eq. (4.2),

however, these decays are strongly suppressed in the interesting parameter space (for m⌅ ⇧
2mW ). For example, the leptonic branching fractions are given by

Br(⇧± ⌃ e±⇤) ⌅ 2Br(⇧0 ⌃ e+e�) ⌅ 16m4
W

m4
⌅

(4.5)

For m⌅ ⇤ TeV this is already less than 10�3. Conversely, the branching fraction into the

electroweak gauge bosons is practically equal to 1 throughout the interesting parameter

space. Thus, the main discovery channel at the Tevatron and LHC is the search for resonant

production of W+W� and W±Z pairs.

16
searches in WW, WZ channels in DY processes

➾ ➾ ➾
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⇠ = (v/f)2 ⇤ = 4⇡f

LHC 14TeV L = 300 fb�1 0.5 (double Higgs [15, 14]) 4.5 TeV

0.1 (single Higgs [53, 54]) 10 TeV

ILC 250GeV L = 250 fb�1

0.6-1.2⇥10�2 (single Higgs [5, 67]) 30-40TeV
+ 500GeV L = 500 fb�1

CLIC 3TeV L = 1ab�1 2-5⇥10�2 (double Higgs [this work]) 15-20 TeV

CLIC 350GeV L = 500 fb�1

1.1-2.4⇥10�3 (single Higgs [66]) 60-90TeV+ 1.4TeV L = 1.5 ab�1

+ 3.0TeV L = 2ab�1

Table 13: Summary of the precision on ⇠ and the corresponding reach on the compositeness scale
at various experiments from the study of single and double Higgs processes.

For all those interested in the structure of the Higgs the message is then very clear. The
parameter b not only encodes more robust information than d3 about the nature of h, whether
an impostor, a composite or a PNGB, but it also a↵ords better sensitivity.

In the absence of direct production of new particles at the LHC, precision measurements
in the sector of the newly discovered Higgs boson can play a key role in the search for New
Physics. The time has come to establish a clear strategy to extract the information on the
origin of electroweak symmetry breaking encoded in the Higgs measurements and to pave
the way for a future experimental program.
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Light composite Higgs from “light” resonances

Impossible to compute the details of the potential from first principles 
but using general properties on the asymptotic behavior of correlators

 (saturation of Weinberg sum rules with the first few lightest resonances)
it is possible to estimate the Higgs mass  

The interactions 
between the strong 
sector and the SM 

generate a potential 
for the Higgs
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where we have used the fact that the physical top mass is given by
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The convergence of Eq. (19) requires the Weinberg sum-rule lim
p!1 M t

1(p) = 0. This can be

achieved with just one resonance, ����
M t
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where Q represents here the lightest resonance, that can either be a 4 or a 1 of SO(4), since this

procedure does not depend on its quantum numbers. We then have
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that provides an upper bound for the resonance mass:
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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),

we must impose the two pairs of Weinberg sum-rules, lim
p!1 pn⇧

tL,R

1 (p) = 0 (n = 0, 2), that require

at least two resonances, Q(1)
1 ⌘ Q1 and Q

(4)
1 ⌘ Q4. We obtain
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where we have defined FL
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= ei✓|FL

Q4
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| and set by a field redefinition FL

Q1
FR

Q1
to be real.

Eq. (24) together with Eq. (20) gives 3
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where �F 2 = |FL

Q4
|2 � 2|FR

Q4
|2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for m
Q4 ! m

Q1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F 2, meaning that the condition ↵ < �

requires small values for �F 2. In this limit, the Higgs mass comes entirely from the first term

of Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].

6

fermionic resonances below ~ 1 TeV
vector resonances ~ few TeV (EW precision constraints)

~ for a natural (<20% fine-tuning) set-up ~

Pomarol, Riva ’12 Marzocca, Serone, Shu ’12
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Light composite Higgs from “light” resonances

5 of SO(5)

Contino, Da Rold, Pomarol  ’06 De Curtis, Redi, Tesi ’11

Matsedonskyi, Panico, Wulzer ’12 Marzocca, Serone, Shu ’12

for similar results, see also

&

true spectrum in explicit realizations

Nice AdS/CFT interpretation

M = 1/2 $ dim[O ] = 3/2 $ light free field decoupled from CFT
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Rich phenomenology of the top partners

[Contino, Servant ’08]Search in same-sign di-lepton events

T5/3

T̄5/3

W+
W+

l+ � �l+

q
q̄

t

t̄

b

b̄W�

W�
discovery potential (LHC14TeV) 

M5/3=500 GeV (σxBR≈100/fb) → 56 pb-1

M5/3=1 TeV (σxBR≈2/fb) → 15 fb-1

 tt+jets is not a background [except for charge mis-ID and fake e-]
 the resonant (tW) invariant mass can be reconstructed

        

















 














Figure 3: Production cross sections at the LHC for T5/3 as functions of its mass. The dashed line
refers to pair-production; the solid and the two dotted curves refer to single production for the
three values of the coupling (from highest to lowest) λT5/3

= Y∗ sin ϕR = 4, 3, 2. Cross sections for
B are given by the same curves for the same values of λB = Y∗ cos ϕL sinϕR.

and M = MT5/3
(M = MB), λ = λT5/3

= Y∗ sin ϕR (λ = λB = Y∗ cos ϕL sin ϕR) in the case
of T5/3 (B). For example, setting λ = 3 gives Γ = 31 (82) GeV for M = 0.5 (1) TeV. Single
production proceeds via the diagram of Fig. 2, and becomes dominant for heavier masses,
see Fig. 3. For simplicity, although it is likely to be important for extending the discovery
reach to larger masses, we will neglect single production in the present work. We will argue
that this should not affect significantly our final results, and that it is in fact a conservative
assumption.

Finally, it is worth mentioning that no direct bounds on the heavy quark masses MT5/3
,

MB exist from Tevatron, as no searches have been pursued for new heavy quarks decaying
to tW . The CDF bound on heavy bottom quarks b′, Mb′ > 268 GeV, is derived assuming
that b′ decays exclusively to bZ [25]. We estimate that for M = 300 GeV (500 GeV), the
pair-production cross section of T5/3 or B at Tevatron is 201 fb (1 fb). For M = 300 GeV
this corresponds to ∼ 35 events in the same-sign dilepton channel, before any cut, with an
integrated luminosity of 4 fb−1, suggesting that, although challenging, a dedicated analysis
at CDF and D0 could lead to interesting bounds on MT5/3

, MB.

3 Signal and Background Simulation

We want to study the pair production of B and T5/3 at the LHC focussing on decay channels
with two same-sign leptons. We consider two values of the heavy fermion masses, M =
500 GeV and M = 1 TeV, and set λT5/3

= λB = 3. As explained in the previous section,
such large values of the couplings are naturally expected if the heavy fermions are bound

5
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pair prod.
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Fermionic Resonances

The T5/3 and the B can be pair or singly produced
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Single production (model dependent)

Fermionic Resonances

The T5/3 and the B can be pair or singly produced
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Pair production (model independent)

[Mrazek, Wulzer ’09]

Dissertori, Furlan, Moortgat, Nef ‘09]
4

[Dissertori et al ’10]

ATLAS & CMS searches 
ongoing

already str
ingent bounds
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Rich phenomenology of the top partners

Aguilar-Saavedra ’09
l± + 4b final state

Aguilar-Saavedra ’09
l± + 6b final state

γγ final state
Azatov et al ’12

l± + 4b final state
Vignaroli ‘12
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Top partners & Higgs physics
~ current single higgs processes are insensitive to top partners ~

two competing effects that cancel:
 T’s run in the loops
 T’s modify top Yukawa coupling

Falkowski ’07
Azatov, Galloway ’11

Delaunay, Grojean, Perez, ’13

~ sensitivity in double Higgs production ~
Gillioz, Grober, Grojean, Muhlleitner, Salvioni ’12 

�SM
14TeV = 17.9fb

�SM
14TeV ⇡ 50 pb
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Top partners & EWPT
Grojean, Matsedonskyi, Panico ’13
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Figure 2: Constraints on the oblique EW parameters bS and bT [43]. The gray ellipses correspond
to the 68%, 95% and 99% confidence level contours for mh = 126 GeV and mt = 173 GeV.
The red lines show the contributions which arise in composite Higgs models as explained in the
main text. The IR contribution corresponds to the corrections due to non-linear Higgs dynamics,
approximately given in eqs. (3.2) and (3.7), and is obtained fixingm⇤ ⇠ 3 TeV. The UV contribution
is due to the EW gauge resonances (see eq. (3.1)).

ysis. As we will see, these corrections are typically large and including them is essential in order to
obtain a reliable fit of the EW parameters. Although these e↵ects have been already considered in
the literature, most of the previous analyses did not take into account the full non-linear structure
of the composite Higgs Lagrangian. Our analysis will show that the non-linearities are relevant and
their inclusion can significantly a↵ect the result and lead to new important e↵ects.

The

bS parameter

At tree level the bS parameter receives a correction due to the mixing of the elementary gauge fields
with the composite vector bosons. An estimate of this correction is given by [11]

�bS ' g2

g2⇤
⇠ ' m2

w

m2
⇤
. (3.1)

The UV dynamics can lead to deviations with respect to the above formula. However those devia-
tions are typically small and eq. (3.1) is usually in good agreement with the predictions of explicit
models. Assuming that the correction in eq. (3.1) is the dominant contribution to bS (or at least
that the other contributions to bS are positive), a rather strong upper bound on the mass of the
EW gauge resonances is found, m⇤ & 2 TeV (see the fit of the oblique parameters in fig. 2).

The other contributions to the bS parameter arise at loop level due to the non-linear Higgs
dynamics and to the presence of fermion resonances. The leading contribution due to the non-
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Figure 6: Constraints on the corrections to the Z boson couplings to the bottom quark. The ellipses
show the exclusion contours at 68% and 95% confidence level [49]. The vertical band shows the
expected size of the corrections to the gbR coupling.

at zero momentum [50]. The tree-level corrections induced at non-zero momentum are related to
operators of the form DµF

µ⌫qL�⌫qL and their size can be estimated as

�gbL
gSMbL

⇠ y2Lf
2

m2

m2
z

m2
⇤
' 8 · 10�4 f

m

✓
4⇡

g⇤

◆2

⇠ , (3.14)

where m is the mass scale of the composite fields mixed with the bottom, which in our scenario
correspond to the charge �1/3 state inside the 4-plet  4.

Notice that in our e↵ective Lagrangian we did not include an elementary bR state. For this reason
the bottom is massless in our theory. In a more complete scenario a chiral field corresponding to
the bR will be present together extra composite fermions which are needed to generate the bottom
mass. In this case the elementary qL doublet has additional mixing terms with the new resonances
and a tree-level correction to the ZbLbL vertex could be generated. For instance this happens in
the case in which the additional bottom partners are contained in a 5 of SO(5) with U(1)X charge
�1/3. The contribution to the ZbLbL vertex coming from these states can be estimated as

�gbL
gSMbL

' (ybLf)
2

m2
B

⇠ , (3.15)

where we denoted by ybL the mixing of qL to the new multiplet and by mB the typical mass scale
of the new bottom partners. We can relate ybL to the bottom Yukawa by assuming that ybL ' ybR,
in this case (ybL)

2 ' (ybR)
2 ' ybmB/f . The correction in eq. (3.15) becomes

�gbL
gSMbL

' yb
f

mB
⇠ ' 2 · 10�2 f

mB
⇠ . (3.16)
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at zero momentum [50]. The tree-level corrections induced at non-zero momentum are related to
operators of the form DµF

µ⌫qL�⌫qL and their size can be estimated as
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where m is the mass scale of the composite fields mixed with the bottom, which in our scenario
correspond to the charge �1/3 state inside the 4-plet  4.

Notice that in our e↵ective Lagrangian we did not include an elementary bR state. For this reason
the bottom is massless in our theory. In a more complete scenario a chiral field corresponding to
the bR will be present together extra composite fermions which are needed to generate the bottom
mass. In this case the elementary qL doublet has additional mixing terms with the new resonances
and a tree-level correction to the ZbLbL vertex could be generated. For instance this happens in
the case in which the additional bottom partners are contained in a 5 of SO(5) with U(1)X charge
�1/3. The contribution to the ZbLbL vertex coming from these states can be estimated as
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where we denoted by ybL the mixing of qL to the new multiplet and by mB the typical mass scale
of the new bottom partners. We can relate ybL to the bottom Yukawa by assuming that ybL ' ybR,
in this case (ybL)

2 ' (ybR)
2 ' ybmB/f . The correction in eq. (3.15) becomes
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15

higher-order mixing gives an extra power of the momentum). However the coe�cient of the kinetic
mixing, following our power counting in eq. (2.5), is suppressed by the UV cut-o↵, m⇤, so that the
final contribution is finite. Even though these diagrams can not give a logarithmically divergent
contribution, they induce a correction which is not suppressed by powers of the cut-o↵, thus they
can contribute at leading order to the ZbLbL vertex.

Notice that the presence of unsuppressed contributions of this kind also implies a non-decoupling
of the fermionic resonances. Even if we send the mass of a resonance to the cut-o↵, it can generate
a higher-order e↵ective operator in the low-energy Lagrangian which breaks the selection rule and
gives a sizable contribution to the ZbLbL vertex. We will discuss an example of this e↵ect in the
next section.

The above discussion clearly shows that, even in the absence of logarithmically divergent contri-
butions, the ZbLbL vertex is highly sensitive to the UV dynamics of the theory and can be reliably
computed in a low-energy e↵ective approach only if the logarithmically divergent contributions
dominate or if we assume that the contributions coming from the UV dynamics are (accidentally)
suppressed.

To conclude the general analysis of the ZbLbL vertex corrections we derive an estimate of the
size of the contribution due to the fermion loops. The logarithmically divergent contribution can
be estimated as

�gbL
gSMbL

' y2L
16⇡2

y2L4f
2

m2
4 + y2L4f

2
⇠ log

✓
m2

⇤
m2

4

◆
. (3.19)

Notice that we explicitly included a factor y2L4f
2/(m2

4 + y2L4f
2) which corresponds to the mixings

between the bL and the BL which appears in the external legs of the logarithmically divergent
diagrams. Using the relation between yL,R and the top Yukawa we get

�gbL
gSMbL

' y2t
16⇡2

⇠ log

✓
m2

⇤
m2

4

◆
' 2 · 10�2 ⇠ , (3.20)

where for the numerical estimate we set m⇤ ' 3 TeV and m4 ' 700 GeV. In the case in which the
logarithmically divergent contribution is not present or is suppressed the estimate becomes

�gbL
gSMbL

' y2L
16⇡2

y2Lf
2

m2
⇠ ' y2t

16⇡2
⇠ ' 6 · 10�3 ⇠ , (3.21)

with m the mass of the lightest top partner.
The corrections in eqs. (3.19) and (3.21) are typically larger than the tree-level contribution

generated at non zero momentum given in eq. (3.14). This is especially true if the mass of the
resonances is not too small, m & f , and the strong coupling is large, g⇤ & 5. The corrections due
to the bottom partners estimated in eq. (3.16) can in principle be comparable to the ones coming
from fermion loops if the scale of the bottom partner is relatively small mB ⇠ f . These corrections
crucially depend on the quantum numbers of the bottom partners. In minimal scenarios (bottom
partners in the fundamental representation of SO(5)) they are positive and some cancellation seems
required to pass the present bounds. For simplicity, in our explicit analysis we will neglect both
tree-level corrections.
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Figure 2: Constraints on the oblique EW parameters bS and bT [43]. The gray ellipses correspond
to the 68%, 95% and 99% confidence level contours for mh = 126 GeV and mt = 173 GeV.
The red lines show the contributions which arise in composite Higgs models as explained in the
main text. The IR contribution corresponds to the corrections due to non-linear Higgs dynamics,
approximately given in eqs. (3.2) and (3.7), and is obtained fixingm⇤ ⇠ 3 TeV. The UV contribution
is due to the EW gauge resonances (see eq. (3.1)).

ysis. As we will see, these corrections are typically large and including them is essential in order to
obtain a reliable fit of the EW parameters. Although these e↵ects have been already considered in
the literature, most of the previous analyses did not take into account the full non-linear structure
of the composite Higgs Lagrangian. Our analysis will show that the non-linearities are relevant and
their inclusion can significantly a↵ect the result and lead to new important e↵ects.

The

bS parameter

At tree level the bS parameter receives a correction due to the mixing of the elementary gauge fields
with the composite vector bosons. An estimate of this correction is given by [11]

�bS ' g2

g2⇤
⇠ ' m2

w

m2
⇤
. (3.1)

The UV dynamics can lead to deviations with respect to the above formula. However those devia-
tions are typically small and eq. (3.1) is usually in good agreement with the predictions of explicit
models. Assuming that the correction in eq. (3.1) is the dominant contribution to bS (or at least
that the other contributions to bS are positive), a rather strong upper bound on the mass of the
EW gauge resonances is found, m⇤ & 2 TeV (see the fit of the oblique parameters in fig. 2).

The other contributions to the bS parameter arise at loop level due to the non-linear Higgs
dynamics and to the presence of fermion resonances. The leading contribution due to the non-

8

tree-level contribution

linear Higgs dynamics is given by [22]

�bS =
g2

192⇡2
⇠ log

✓
m2

⇤
m2

h

◆
' 1.4 · 10�3 ⇠ . (3.2)

where g denotes the SM SU(2)L gauge coupling. In the above formulae we identified the cut-o↵
with the mass scale of the EW gauge resonances and we chose m⇤ ⇠ 3 TeV and mh = 126 GeV to
derive the numerical estimate.

The contribution in eq. (3.2) arises from one-loop diagrams with gauge bosons and Goldstone
virtual states. The diagrams contributing to bS are superficially logarithmically divergent. However,
in the SM the logaritmic divergence exactly cancels due to the physical Higgs contribution. This
is no longer true when the Higgs couplings are modified and in composite Higgs models a residual
logarithmic dependence on the cut-o↵ scale is present. 3 As can be seen from the numerical estimate
the contribution in eq. (3.2) is much smaller than the absolute bounds on bS (compare fig. 2) and
is typically negligible.

Let us finally consider the contribution due to loops of fermionic resonances. The general
expression for the corrections to bS due to an arbitrary set of new vector-like fermion multiplets has
been derived in Ref. [45]. The final formula contains a divergent contribution to bS given by

�bSdiv
ferm =

Ncg
2

96⇡2
Tr

h
U †
LYL + U †

RYR

i
log(m2

⇤) , (3.3)

where UL,R and YL,R are the matrices of the couplings of left- and right-handed fermions to the W 3
µ

and to the Bµ gauge bosons respectively and Nc is the number of QCD colors. In a renormalizable
theory in which the couplings of the gauge bosons to the fermions are just given by the usual
covariant derivatives it is easy to see that the trace appearing in eq. (3.3) vanishes, so that no
logarithmically divergent contribution to bS is present. 4 This is no longer true when the Higgs
is a Goldstone boson. In this case higher order interactions of the gauge bosons mediated by the
Higgs are present in the Lagrangian. Interactions of this kind are contained in the eµ term in the
covariant derivative of the composite 4-plet  4 and in the dµ-symbol term. After EWSB a distortion
of the gauge couplings to the fermions is induced by these operators and a logarithmically divergent
contribution to bS is generated. The presence of a logarithmically enhanced contribution can be also
understood in simple terms as a running of the operators related to the bS parameter. We postpone
a discussion of this aspect to the end of this subsection.

The logarithmically divergent correction can be straightforwardly computed:

�bSdiv
ferm =

g2

8⇡2
(1� 2c2) ⇠ log

✓
m2

⇤
m2

4

◆
. (3.4)

It is important to notice that this contribution is there only if at least one SO(4) 4-plet is present in
the e↵ective theory. In fact, as we said, the only terms in the e↵ective Lagrangian that can lead to

3A more detailed analysis of the corrections to the bS parameter related to the Goldstone nature of the Higgs has
been presented in Ref. [44].

4To prove this one can notice that the sum of the W 3
µ couplings to the fermions in each SU(2)L multiplet is zero.

After EWSB the gauge couplings of the fermion mass eigenstates are obtained by unitary rotations of the initial
coupling matrices. These rotation clearly cancel out in the trace in eq. (3.3), so that the divergent term vanishes.
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Higgs loop

yLyL

yL yL

WaWa

Figure 5: Schematic structure of a fermion loop diagram contributing to the bT parameter at leading
order in the y expansion.

the mixings yL4,1 of the qL elementary doublet with the composite fermions.
The main correction due to the hypercharge coupling breaking comes from the IR contribution

associated to the Goldstone nature of the Higgs. This e↵ect is analogous to the one we already
discussed for the bS parameter. The leading logarithmically enhanced contribution is given by [22]

� bT = � 3g02

64⇡2
⇠ log

✓
m2

⇤
m2

h

◆
' �3.8 · 10�3 ⇠ . (3.7)

Di↵erently from the analogous contribution to bS which was negligible due to accidental suppression
factors, the contribution in eq. (3.7) gives a sizable correction to bT . In particular, if we assume
that this is the dominant correction to bT and that the shift in bS is non negative, a very stringent
bound on ⇠ is obtained, ⇠ . 0.1 (see fig. 2). 8

The second correction comes from fermion loops. As already noticed, in order to induce a con-
tribution to bT the corresponding diagrams must contain some insertions of the symmetry breaking
couplings yL4,1. Under SU(2)L ⇥ SU(2)R the yL4,1 mixings transform in the (1,2) representation,

thus at least 4 insertions are needed to generate a shift in bT [11]. This minimal number of insertions
guarantees that the fermion one-loop corrections to bT are finite. A typical diagram contributing at
leading order in the y expansion is shown in fig. 5.

It is straightforward to estimate the corrections to bT at leading order in the elementary–
composite mixing [11]:

� bT ' Nc

16⇡2

y4Lf
2

m2
⇠ , (3.8)

where we denoted by m the mass scale of the lightest top partners in our e↵ective Lagrangian. To
get a quantitative estimate we can extract the value of the yL mixing from the top mass. If we
assume that the elementary–composite mixings have comparable sizes, yL4 ' yL1 ' yR4 ' yR1 ' y,
the top Yukawa can be estimated as yt ' y2f/m. By using this expression we get the estimate

� bT ' Nc

16⇡2
y2t ⇠ ' 2 · 10�2 ⇠ . (3.9)

Notice that this contribution is usually dominant with respect to the one given in eq. (3.7). More-
over, as we will see in the next section with an explicit calculation, the sign of the fermion contri-
bution can be positive, so that it can compensate the negative shift in eq. (3.7). Notice that, if bS

8A similar bound has been derived in Ref. [24], where the phenomenological impact of the IR corrections to bS and
bT on the fit of the Higgs couplings has been analyzed.
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fermion loop

linear Higgs dynamics is given by [22]

�bS =
g2
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⇠ log
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' 1.4 · 10�3 ⇠ . (3.2)

where g denotes the SM SU(2)L gauge coupling. In the above formulae we identified the cut-o↵
with the mass scale of the EW gauge resonances and we chose m⇤ ⇠ 3 TeV and mh = 126 GeV to
derive the numerical estimate.

The contribution in eq. (3.2) arises from one-loop diagrams with gauge bosons and Goldstone
virtual states. The diagrams contributing to bS are superficially logarithmically divergent. However,
in the SM the logaritmic divergence exactly cancels due to the physical Higgs contribution. This
is no longer true when the Higgs couplings are modified and in composite Higgs models a residual
logarithmic dependence on the cut-o↵ scale is present. 3 As can be seen from the numerical estimate
the contribution in eq. (3.2) is much smaller than the absolute bounds on bS (compare fig. 2) and
is typically negligible.

Let us finally consider the contribution due to loops of fermionic resonances. The general
expression for the corrections to bS due to an arbitrary set of new vector-like fermion multiplets has
been derived in Ref. [45]. The final formula contains a divergent contribution to bS given by

�bSdiv
ferm =

Ncg
2
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Tr

h
U †
LYL + U †

RYR

i
log(m2

⇤) , (3.3)

where UL,R and YL,R are the matrices of the couplings of left- and right-handed fermions to the W 3
µ

and to the Bµ gauge bosons respectively and Nc is the number of QCD colors. In a renormalizable
theory in which the couplings of the gauge bosons to the fermions are just given by the usual
covariant derivatives it is easy to see that the trace appearing in eq. (3.3) vanishes, so that no
logarithmically divergent contribution to bS is present. 4 This is no longer true when the Higgs
is a Goldstone boson. In this case higher order interactions of the gauge bosons mediated by the
Higgs are present in the Lagrangian. Interactions of this kind are contained in the eµ term in the
covariant derivative of the composite 4-plet  4 and in the dµ-symbol term. After EWSB a distortion
of the gauge couplings to the fermions is induced by these operators and a logarithmically divergent
contribution to bS is generated. The presence of a logarithmically enhanced contribution can be also
understood in simple terms as a running of the operators related to the bS parameter. We postpone
a discussion of this aspect to the end of this subsection.

The logarithmically divergent correction can be straightforwardly computed:
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◆
. (3.4)

It is important to notice that this contribution is there only if at least one SO(4) 4-plet is present in
the e↵ective theory. In fact, as we said, the only terms in the e↵ective Lagrangian that can lead to

3A more detailed analysis of the corrections to the bS parameter related to the Goldstone nature of the Higgs has
been presented in Ref. [44].

4To prove this one can notice that the sum of the W 3
µ couplings to the fermions in each SU(2)L multiplet is zero.

After EWSB the gauge couplings of the fermion mass eigenstates are obtained by unitary rotations of the initial
coupling matrices. These rotation clearly cancel out in the trace in eq. (3.3), so that the divergent term vanishes.
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Figure 5: Schematic structure of a fermion loop diagram contributing to the bT parameter at leading
order in the y expansion.

the mixings yL4,1 of the qL elementary doublet with the composite fermions.
The main correction due to the hypercharge coupling breaking comes from the IR contribution
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Di↵erently from the analogous contribution to bS which was negligible due to accidental suppression
factors, the contribution in eq. (3.7) gives a sizable correction to bT . In particular, if we assume
that this is the dominant correction to bT and that the shift in bS is non negative, a very stringent
bound on ⇠ is obtained, ⇠ . 0.1 (see fig. 2). 8

The second correction comes from fermion loops. As already noticed, in order to induce a con-
tribution to bT the corresponding diagrams must contain some insertions of the symmetry breaking
couplings yL4,1. Under SU(2)L ⇥ SU(2)R the yL4,1 mixings transform in the (1,2) representation,

thus at least 4 insertions are needed to generate a shift in bT [11]. This minimal number of insertions
guarantees that the fermion one-loop corrections to bT are finite. A typical diagram contributing at
leading order in the y expansion is shown in fig. 5.

It is straightforward to estimate the corrections to bT at leading order in the elementary–
composite mixing [11]:

� bT ' Nc
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⇠ , (3.8)

where we denoted by m the mass scale of the lightest top partners in our e↵ective Lagrangian. To
get a quantitative estimate we can extract the value of the yL mixing from the top mass. If we
assume that the elementary–composite mixings have comparable sizes, yL4 ' yL1 ' yR4 ' yR1 ' y,
the top Yukawa can be estimated as yt ' y2f/m. By using this expression we get the estimate

� bT ' Nc

16⇡2
y2t ⇠ ' 2 · 10�2 ⇠ . (3.9)

Notice that this contribution is usually dominant with respect to the one given in eq. (3.7). More-
over, as we will see in the next section with an explicit calculation, the sign of the fermion contri-
bution can be positive, so that it can compensate the negative shift in eq. (3.7). Notice that, if bS

8A similar bound has been derived in Ref. [24], where the phenomenological impact of the IR corrections to bS and
bT on the fit of the Higgs couplings has been analyzed.
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ξ<0.1 ➪ we might have to wait LHC-HL to 
see any new physics in Higgs data
BSM Higgs precision era


