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Outline

 Monday I
General introduction
Higgs physics as a door to BSM

 Monday II
Naturalness
Supersymmetry
Grand unification, proton decay

 Tuesday
Composite Higgs
Extra dimensions � postponed till tomorrow
Effective field theory

 Wednesday
Cosmological relaxation
Quantum gravity
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Composite Higgs
Light scalars exist in Nature but all the ones observed before the Higgs 

boson discovery were composite bounds states

�/M ⇠ 0.06 is typical of QCD resonances
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Franceschini et al. ’15

Could the Higgs be a “hadron” of a new strong force? 

Composite Higgs

Composite Higgs scenario:
1. Higgs is hadron of new strong force 
                                  Corrections to       screened above 
                              The Hierarchy Problem is solved 

2. Higgs is a Goldstone Boson, this is why it is light
3. Partial Fermion Compositeness: linear coupling to strong sector
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Higgs Br. Ratios

Higgs Production c    

�
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⇥A) Corrections to SM: B) New Non-ren. Couplings:

e.g. Double Hisgg � hh

Indirect effects from sigma-model couplings

Indirect, but “direct” (robust) signature of compositeness
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At energy above 1/lH, the 
Higgs dissolves, the 

integrals are smoothed out
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Higgs as a bound stateThe R-ratio: comparison to data

Renormalisation group

QCD beta function

Short-distance observables

Comparison of R̂ to experimental data
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Andrea Banfi Lecture 2

The Higgs discovery would be the 
first step of rich physics ahead of us:

 discover a new SU(NC) force 
 access to the fundamental constituents 
 rich spectrum of bound states

But how come we haven’t seen 
anything of these yet?
➾ The Higgs has to be lighter than 
the other bound states
➾ pions are lighter than nucleons, 
hadrons and other mesons

➾ The Higgs has to be lighter than 
the other bound states
➾ pions are lighter than nucleons, 
hadrons and other mesons
➾ let the Higgs be the pions of the 
new strong interaction, i.e., the 
Goldstone boson associated to the 
breaking of some global symmetry

➾ let the Higgs be the pions of the 
new strong interaction, i.e., the 
Goldstone boson associated to the 
breaking of some global symmetry
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The Higgs, the lightest of the new strong resonances, 
as pions in QCD: they are Pseudo-Goldstone Bosons (PGB)
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Higgs as a Goldstone boson

SO(4)
SO(3)

W±L & ZL

SM G
H

W±L & ZL & h

BSM

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

SO(6)/SO(4)xSO(2): 8 PGBs=H1+H2
Mrazek, Pomarol, Rattazzi, Serra,  Wulzer  ’??

Minimal Composite 
Two Higgs Doublets
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How to probe the compositeness of the Higgs?

q

q

H

H

Rosenbluth-type cross-section 

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
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Anomalous Couplings for a Goldstone Higgs
Giudice, Grojean, Pomarol, Rattazzi ‘07
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Higgs propagator

Higgs couplings 
rescaled by ~
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Higgs anomalous coupling: a = √1-ξ≈ 1-ξ/2

� = v2/f2

69

f=compositeness scale of the Higgs boson
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SILH Effective Lagrangian
extra derivative: extra Higgs leg:  

(strongly-interacting light Higgs)

custodial breaking

loop-suppressed strong dynamicsminimal coupling: 

Goldstone sym.

Genuine strong operators (sensitive to the scale f)

Form factor operators (sensitive to the scale mρ)
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Giudice, Grojean, Pomarol, Rattazzi ‘07
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Higgs anomalous couplings

The Higgs couplings deviates from SM ones (a=b=c=1) 
and the deviations are controlled by  cH and cy

Anomalous couplings  are related to the coset symmetry and not the spectrum of resonances

Composite Higgs 
vs. 

SM Higgs

Goldstone Higgs 
for large f

a=1-v2/2f2  b=1-2 v2/f2

Uniqueness of Goldstone models
 in the SM vicinity

(a single operator at dimension-6 level 
controls the amplitudes)
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Higgs couplings fit
Composite Higgs

A rough comparison with data: courtesy of R.Torre

Higher order effects, from resonances exchange, should 
be also taken into account

72

Fit of Higgs couplings

Current fit of Higgs couplings to gauge boson and fermions

✦ assumption

✦ bounds
• MCHM4

�
��

��

ATLAS

CMS

68% CL
95% CL

� Standard Model
� Best fit

LHC (7 TeV + 8 TeV)
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• same coupling to t and b
kb = kt = kF

⇠ < 0.10 at 95%CL

⇠ < 0.12 at 95%CL
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Potentially new BSM-effects in h physics 
could have been already tested in the vacuum

SM Scalar is the excitation around the EWSB vacuum: 

! = v+h

H†DµHf̄�µf

=
1

2v
⇥

Modifications in h→Zff  related to Z→ff      

vacuum

e.g.

(assuming that the Higgs boson
is part of a doublet)
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Higgs couplings vs BSM 
Several deformations
 away from the SM 

affecting Higgs properties 
are already probed in the 

vacuum

One can use h→ZZ→4l to probe this deformation 
but hard time to compete with LEP bounds

consistency check
not discovery mode
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e.g.
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Effects that on the vacuum, H = v, give only !
a redefinition of the SM couplings:
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Not physical!

But can affect h physics:
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operator
is not visible in 

the vacuum
(redefinition of input parameter)

Higgs/BSM Primaries
There are others deformations away from the SM that are harmless 

in the vacuum and need a Higgs field to be probed
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Higgs/BSM Primaries

(f=t,b,!)

htt, hbb, h!!

GGh coupling

hγγ coupling

hVV*

In the third class of operators, Oi3 , we have the CP-even operators

OBB = g02|H|2Bµ⌫B
µ⌫ , OGG = g2s |H|2GA

µ⌫G
Aµ⌫ , (6)

OHW = ig(DµH)†�a(D⌫H)W a
µ⌫ , OHB = ig0(DµH)†(D⌫H)Bµ⌫ , (7)

O
3W =

1

3!
g✏abcW

a ⌫
µ W b

⌫⇢W
c ⇢µ , O

3G =
1

3!
gsfABCG

A ⌫
µ GB

⌫⇢G
C ⇢µ , (8)

and the CP-odd operators

OB eB = g02|H|2Bµ⌫
eBµ⌫ , OG eG = g2s |H|2GA

µ⌫
eGAµ⌫ , (9)

OHfW = ig(DµH)†�a(D⌫H)fW a
µ⌫ , OH eB = ig0(DµH)†(D⌫H) eBµ⌫ , (10)

O
3

fW =
1

3!
g✏abcfW

a ⌫
µ W b

⌫⇢W
c ⇢µ , O

3

eG =
1

3!
gsfABC

eGA ⌫
µ GB

⌫⇢G
C ⇢µ , (11)

where eF µ⌫ = ✏µ⌫⇢�F⇢�/2. There are two more CP-even operators involving two Higgs fields and
gauge bosons, OWB = g0gH†�aHW a

µ⌫B
µ⌫ and OWW = g2|H|2W a

µ⌫W
µ⌫ a (and the equivalent

CP-odd ones), but these can be eliminated using the identities 5

OB = OHB +
1

4
OBB +

1

4
OWB , (12)

OW = OHW +
1

4
OWW +

1

4
OWB . (13)

The operators O
3W and O

3G (and the corresponding CP-odd ones) have three field-strengths
and then their corresponding coe�cients should scale as c

3W ⇠ g2/g2⇤ and c
3G ⇠ g2s/g

2

⇤ respec-
tively.

Let us now examine d = 6 operators involving SM fermions, considering a single family to
begin with. Operators of the first class involving the up-type quark are

Oyu = yu|H|2Q̄L
eHuR ,

Ou
R = (iH†

$
DµH)(ūR�

µuR) ,

Oq
L = (iH†

$
DµH)(Q̄L�

µQL) ,

O(3) q
L = (iH†�a

$
DµH)(Q̄L�

µ�aQL) , (14)

where eH = i�
2

H⇤, and in operators / Q̄LuR we include a Yukawa coupling yu (mu = yuv/
p
2)

as an order parameter of the chirality-flip. We also understand, here and in the following,
that when needed the Hermitian conjugate of a given operator is included in the analysis. In
the first class we have, in addition, the four-fermion operators:

Oq
LL = (Q̄L�

µQL)(Q̄L�
µQL) , O(8) q

LL = (Q̄L�
µTAQL)(Q̄L�

µTAQL) ,

Ou
LR = (Q̄L�

µQL)(ūR�
µuR) , O(8)u

LR = (Q̄L�
µTAQL)(ūR�

µTAuR) ,

Ou
RR = (ūR�

µuR)(ūR�
µuR) , (15)

5For CP-odd operators the identities are 4OH eB + OB eB + OW eB = 0 and 4O
HfW + O

WfW + OW eB = 0.
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|H|2|DµH|2

|H|6

|H|2f̄LHfR + h.c.

How many of these effects can we have? 

 As many as parameters in the SM: 8
(assuming CP-conservation)

g

g0

mW

gs

mh

mf

(custodial invariant)

for one family

hZγ coupling

h3 coupling
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Higgs/BSM Primaries

(f=t,b,!)

htt, hbb, h!!

GGh coupling

hγγ coupling

hVV*

In the third class of operators, Oi3 , we have the CP-even operators

OBB = g02|H|2Bµ⌫B
µ⌫ , OGG = g2s |H|2GA

µ⌫G
Aµ⌫ , (6)

OHW = ig(DµH)†�a(D⌫H)W a
µ⌫ , OHB = ig0(DµH)†(D⌫H)Bµ⌫ , (7)

O
3W =

1

3!
g✏abcW

a ⌫
µ W b

⌫⇢W
c ⇢µ , O

3G =
1

3!
gsfABCG

A ⌫
µ GB

⌫⇢G
C ⇢µ , (8)

and the CP-odd operators

OB eB = g02|H|2Bµ⌫
eBµ⌫ , OG eG = g2s |H|2GA

µ⌫
eGAµ⌫ , (9)

OHfW = ig(DµH)†�a(D⌫H)fW a
µ⌫ , OH eB = ig0(DµH)†(D⌫H) eBµ⌫ , (10)

O
3

fW =
1

3!
g✏abcfW

a ⌫
µ W b

⌫⇢W
c ⇢µ , O

3

eG =
1

3!
gsfABC

eGA ⌫
µ GB

⌫⇢G
C ⇢µ , (11)

where eF µ⌫ = ✏µ⌫⇢�F⇢�/2. There are two more CP-even operators involving two Higgs fields and
gauge bosons, OWB = g0gH†�aHW a

µ⌫B
µ⌫ and OWW = g2|H|2W a

µ⌫W
µ⌫ a (and the equivalent

CP-odd ones), but these can be eliminated using the identities 5

OB = OHB +
1

4
OBB +

1

4
OWB , (12)

OW = OHW +
1

4
OWW +

1

4
OWB . (13)

The operators O
3W and O

3G (and the corresponding CP-odd ones) have three field-strengths
and then their corresponding coe�cients should scale as c

3W ⇠ g2/g2⇤ and c
3G ⇠ g2s/g

2

⇤ respec-
tively.

Let us now examine d = 6 operators involving SM fermions, considering a single family to
begin with. Operators of the first class involving the up-type quark are

Oyu = yu|H|2Q̄L
eHuR ,

Ou
R = (iH†

$
DµH)(ūR�

µuR) ,

Oq
L = (iH†

$
DµH)(Q̄L�

µQL) ,

O(3) q
L = (iH†�a

$
DµH)(Q̄L�

µ�aQL) , (14)

where eH = i�
2

H⇤, and in operators / Q̄LuR we include a Yukawa coupling yu (mu = yuv/
p
2)

as an order parameter of the chirality-flip. We also understand, here and in the following,
that when needed the Hermitian conjugate of a given operator is included in the analysis. In
the first class we have, in addition, the four-fermion operators:

Oq
LL = (Q̄L�

µQL)(Q̄L�
µQL) , O(8) q

LL = (Q̄L�
µTAQL)(Q̄L�

µTAQL) ,

Ou
LR = (Q̄L�

µQL)(ūR�
µuR) , O(8)u

LR = (Q̄L�
µTAQL)(ūR�

µTAuR) ,

Ou
RR = (ūR�

µuR)(ūR�
µuR) , (15)

5For CP-odd operators the identities are 4OH eB + OB eB + OW eB = 0 and 4O
HfW + O

WfW + OW eB = 0.
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the 6 others have been measured (~15%)
up to a flat direction between between the 

top/gluon/photon couplings

Combination with on-shell constraints
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(f=t,b,!)

htt, hbb, h!!

GGh coupling

hγγ coupling

hVV*
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the 6 others have been measured (~15%)

Almost a 1-to-1 correspondence
with the 8 κ‘s in the Higgs fit
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Scenario!2!

!
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Atlas projection

With some important differences:
1) width hypothesis built-in

2) κW/κZ is not a primary 
(constrained by ∆ρ and TGC)

3) κg, κγ, κZγ do not separate UV and IR 
contributions up to a flat direction between between the 

top/gluon/photon couplings

Combination with on-shell constraints
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Figure 6: Two examples of models of new physics and their predicted e↵ects on the pattern
of Higgs boson couplings. Left: a supersymmetric model. Right: a model with Higgs boson
compositeness. The error bars indicate the 1� uncertainties expected from the model-
independent fit to the full ILC data set.

the Higgs field. The value of this coupling gives evidence on the nature of the phase
transition in the early universe from the symmetric state of the weak interaction
theory to the state of broken symmetry with a nonzero value of the Higgs field.

In the Standard Model, this transition is predicted to be continuous [21]. However,
if the transition were first-order, it would put the universe out of thermal equilibrium
and, through possible CP violating interactions in the Higgs sector, it would allow the
generation of a nonzero baryon-antibaryon asymmetry. This is not the only theory
for the baryon-antibaryon asymmetry, but it is the only theory in which all relevant
parameters can potentially be measured at accelerators, setting up a quantitative
experimental test.

The first step would be to test the nature of the phase transition. Models in
which the phase transition is first-order typically require the Higgs self-coupling to
di↵er from the value predicted by the Standard Model [22]. The Higgs self-coupling
can be a factor of 2 larger in some models [23].

At the High-Luminosity LHC, double Higgs production can be detected in well-
chosen final states, for example, the state in which one Higgs boson decays to ��, pro-
viding a clean signal, while the other decays to bb, providing the maximum rate. This
process should eventually be observed at the LHC, though current fast-simulation
studies are rather pessimistic [24].

At the ILC at 500 GeV, pairs of Higgs bosons are produced through e+e� ! Zhh.
All Higgs decay modes are observable and will contribute to the measurement. The
modes hh ! bbbb and hh ! bbWW have been studied in full simulation at the center
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Figure 6: Two examples of models of new physics and their predicted e↵ects on the pattern
of Higgs boson couplings. Left: a supersymmetric model. Right: a model with Higgs boson
compositeness. The error bars indicate the 1� uncertainties expected from the model-
independent fit to the full ILC data set.

the Higgs field. The value of this coupling gives evidence on the nature of the phase
transition in the early universe from the symmetric state of the weak interaction
theory to the state of broken symmetry with a nonzero value of the Higgs field.

In the Standard Model, this transition is predicted to be continuous [21]. However,
if the transition were first-order, it would put the universe out of thermal equilibrium
and, through possible CP violating interactions in the Higgs sector, it would allow the
generation of a nonzero baryon-antibaryon asymmetry. This is not the only theory
for the baryon-antibaryon asymmetry, but it is the only theory in which all relevant
parameters can potentially be measured at accelerators, setting up a quantitative
experimental test.

The first step would be to test the nature of the phase transition. Models in
which the phase transition is first-order typically require the Higgs self-coupling to
di↵er from the value predicted by the Standard Model [22]. The Higgs self-coupling
can be a factor of 2 larger in some models [23].

At the High-Luminosity LHC, double Higgs production can be detected in well-
chosen final states, for example, the state in which one Higgs boson decays to ��, pro-
viding a clean signal, while the other decays to bb, providing the maximum rate. This
process should eventually be observed at the LHC, though current fast-simulation
studies are rather pessimistic [24].

At the ILC at 500 GeV, pairs of Higgs bosons are produced through e+e� ! Zhh.
All Higgs decay modes are observable and will contribute to the measurement. The
modes hh ! bbbb and hh ! bbWW have been studied in full simulation at the center
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Supersymmetry 
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Higgs boson: elementary or composite? 

ILC 250+550 LumiUp�

Δ�hhh Coupling�   ~30%  at 500 GeV       ~10%   at 1 TeV�
���

hff hVV hγγ hγZ hGG h

MSSM √ √ √ √
NMSSM √ √ √ √ √

PGB Composite √ √ √ √
SUSY Composite √ √ √ √ √ √

SUSY partly-composite √ √ √ √
“Bosonic TC” √

Higgs as a dilaton √ √ √ √

Expected largest corrections to Higgs couplings:
~~ expected largest relative deviations ~~ 
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The other resonances

2 3 Signal and Background Modeling

ℓ

W

Z

νℓ

ℓ′

ℓ′

q′

q
W∗ ρT

Figure 1: The ⌃TC (and aTC) production in pp collisions at the LHC occurs primarily through
quark annihilation into an intermediate W⇥ boson.

tem is composed of a pixel detector with three barrel layers at radii between 4.4 and 10.2 cm
and a silicon strip tracker with 10 barrel detection layers extending outwards to a radius of
1.1 m. Each system is completed by two end caps, extending the acceptance up to |⇥| < 2.5.
A lead tungstate crystal electromagnetic calorimeter with fine transverse (D⇥, D�) granular-
ity and a brass-scintillator hadronic calorimeter surround the tracking volume and cover the
region |⇥| < 3. The steel return yoke outside the solenoid is in turn instrumented with gas
detectors which are used to identify muons in the range |⇥| < 2.4. The barrel region is covered
by drift tube chambers and the end cap region by cathode strip chambers, each complemented
by resistive plate chambers.

3 Signal and Background Modeling
The signal and background samples have been obtained using detailed Monte Carlo simula-
tions. The Monte Carlo event generator PYTHIA 6.4 [20] has been used for producing the W ⌅ and
⌃TC [21] samples. Fully leptonic decays W ⇤ `⌅ and Z ⇤ `+`� with ` = e, µ are considered
in this analysis. The contribution of the leptonic decays of ⌥’s from W or Z is considered as a
background.

The W ⌅ samples have been generated in steps of 100 GeV ranging from 300 to 900 GeV. For TC,
we concentrate on three LSTC mass points not excluded by other experiments which cover
a phase space region accessible with less than 5 fb�1. These masses along with the pro-
duction cross sections for signal (⌃TC/ aTC) convoluted with the decay branching fractions
to WZ and their subsequent leptonic decays are listed in Table 1. The implementation in
PYTHIA includes both the vector and axial-vector resonances, ⌃TC and aTC respectively, with
M(aTC) = 1.1M(⌃TC). This helps to naturally suppress the electroweak parameter S, since the
first set of vector resonances (⌃TC) and the first set of axial-vector resonances (aTC) are nearly
degenerate. In addition, the TC parameters, MV (for techni-vectors) and MA (for aTC), were set
to be equal to M(⌃TC) and M(�TC), where M(�TC) is the mass of the �TC particle.

The relationship between M(⌃TC) and M(⇧TC) significantly affects the BR(⌃TC ⇤ WZ). If
M(⌃TC) > 2M(⇧TC), the WZ branching ratio is reduced by approximately ten times, while the
WZ branching ratio approaches 100% if M(⌃TC) < M(⇧TC) + MW . For this study we assume
a parameter set used in the Les Houches study [21] (M(⇧TC) =

3
4 M(⌃TC)� 25 GeV) and also

investigate the dependence of the results on the relative values of the ⌃TC and ⇧TC masses.

Some of the background processes have been generated using PYTHIA, while the others have
been generated using the ALPGEN [22], MADGRAPH [23] and POWHEG [24] generators. These
backgrounds can be divided into physics and instrumental. The physics backgrounds include
ZZ production in which one of the leptons is either outside the detector acceptance or mis-

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
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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.
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Suppressed decays to SM quarks and leptons
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Fig. 3. Natural expectations for the mass spectrum in supersymmetric models (left) and com-
posite Higgs models (right).

in most natural scenarios is the Higgsino, or the Gravitino for the case of GMSB
models. For composite Higgs models, the top partners are color fermionic resonances
with electric charges Q = 5/3, 2/3, �1/3 [15], and a phenomenology described in
detail in [50]. This is depicted in Fig. 3 where it is shown the mass spectrum of a
natural supersymmetric and composite Higgs model. Present limits on top partners
from the LHC Run 1 are around 500�800 GeV [51], scratching at present the most
natural region of the parameter space of the MSSM and MCHM. Nevertheless, it
will not be until the LHC Run 2 where the naturalness of these BSM will be really
at stake.

Clues for cosmological conundrums

Could TeV physics be behind other fundamental questions in particle physics and
cosmology, such as the origin of Dark Matter (DM), the abundance of matter
over anti-matter in our universe (Baryogenesis), the origin of inflation or neutrino
masses? Though not necessary the case, as the mandatory new-physics at the
Planck scale could be the true responsible for these phenomena, it is well possible
that some of these questions are addressed by TeV physics, opening an exciting
possibility of resolving these mysteries in well controlled experiments, such as TeV
colliders. The most likely of the above important questions to be addressed by TeV
new-physics is the DM origin. This hope arises from the so-called ”WIMP miracle”:
A stable particle with mass of order the electroweak scale and O(1) renormalizable-
interactions is in the ballpark of the needed relic abundance for a DM candidate.
In the MSSM, as well as in the MCHM, we find many DM candidates [52]. For in-
stance, the lightest superpartner, if neutral, as the neutralinos (superpartners of the
Z, photon or Higgs), can be a good candidate for DM in certain ”well-tempered”
region of the parameter space [53]. Similarly, DM can arise in composite Higgs mod-

Expected spectrum in Composite Higgs Scenarios
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for the W0 ! WLZL and Gbulk ! WLWL signal hypotheses is found in the mass range to
1.9 < mX < 2.1 TeV, while the excess extends down to mX = 1.8 TeV for the ZLZL sig-
nal hypothesis. In these mass ranges, the ATLAS data prefer a production cross section of
⇡ 10 fb, while the CMS data favour smaller values (⇡ 3 fb) and are more consistent with the
no-signal hypothesis. The maximum-likelihood (ML) combined cross section is essentially
identical to the corresponding ATLAS value. The scan of the profiled likelihood functions
are compared in Figure 10 for mX = 2 TeV, corresponding to the largest signal significance.
Due to the large uncertainties on the signal strength, the best-fit cross-section values by
ATLAS and CMS are compatible within ±1� for W0 ! WLZL and Gbulk ! WLWL. The
compatibility is slightly reduced under the Gbulk ! ZLZL hypothesis.

In conclusion, the mild CMS excess reduce slightly the large ATLAS excess, but the
global significance stays well above 3 � for Gbulk ! WLWL and Gbulk ! ZLZL hypotheses
and close to 3 � for W0 ! WLZL. The preferred mass range for the excess after the
combination is for mX between ⇡ 1.9 and ⇡ 2 TeV.

Figure 7. Full hadronic CMS + ATLAS combined limits (black). The green (yellow) bands
represent the two sigma (one sigma) limits from our fit with the fudge factors. The read and blue
lines correspond to the observed and expected limits respectively of ATLAS-only and CMS-only.
From left to right we show respectively the results for Gbulk ! WLWL, W0 ! WLZL and
Gbulk ! ZLZL selections and signal hypotheses.

Figure 11 shows the evolution of observed and expected limits when the signal is com-
posed by ZLZL and WLWL components.

– 12 –

Figure 8. The p-values from full hadronic CMS + ATLAS combination (black). The green (yellow)
bands represent the two sigma (one sigma) limits from our fit with the fudge factors. The red and
blue lines correspond to the observed and expected limits respectively of ATLAS-only and CMS-
only. We also show the result of the combination without use of the fudge factors in dashed. From

left to right we show respectively the results for Gbulk ! WLWL, W0 ! WLZL and Gbulk ! ZLZL

selections and signal hypotheses.

Figure 9. Best fitted cross section for ATLAS and CMS combination in the VV ! JJ channel,
compared with the best fitted cross section from the individual results for ATLAS-only (red) and
CMS-only (blue). The green (yellow) bands represent the two sigma (one sigma) limits from our fit
with the fudge factors. From left to right we show respectively the results for Gbulk ! WLWL,
W0 ! WLZL and Gbulk ! ZLZL selections and signal hypotheses.
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Figure 19. Combination of ATLAS and CMS in semi-leptonic channels: Top: Gbulk ! ZLZL,
Middle: Gbulk ! WLWL. The results of the combination (black) are compared with individual
ATLAS-only (red) and CMS-only (blue). Bottom: W’. Left: Expected (dashed) and observed
(continuous) limits. The green (yellow) bands represent the two sigma (one sigma) limits for the
ATLAS and CMS combination when the fudge factors are included in limits setting. Right p-value
to the ATLAS and CMS combination including the fudge factors in limits setting (continuous), and
not including them (dashed).
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Figure 19. Combination of ATLAS and CMS in semi-leptonic channels: Top: Gbulk ! ZLZL,
Middle: Gbulk ! WLWL. The results of the combination (black) are compared with individual
ATLAS-only (red) and CMS-only (blue). Bottom: W’. Left: Expected (dashed) and observed
(continuous) limits. The green (yellow) bands represent the two sigma (one sigma) limits for the
ATLAS and CMS combination when the fudge factors are included in limits setting. Right p-value
to the ATLAS and CMS combination including the fudge factors in limits setting (continuous), and
not including them (dashed).
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ATLAS-only (red) and CMS-only (blue). Bottom: W’. Left: Expected (dashed) and observed
(continuous) limits. The green (yellow) bands represent the two sigma (one sigma) limits for the
ATLAS and CMS combination when the fudge factors are included in limits setting. Right p-value
to the ATLAS and CMS combination including the fudge factors in limits setting (continuous), and
not including them (dashed).
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F. Dias et al. http://arxiv.org/abs/1512.03371
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At 8 TeV, some excess in ZW decays (in jets) mostly in ATLAS:
The ATLAS Dijet Diboson excess  
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• ATLAS reported an excess in the Run I all-jet Diboson search 

• Excess seen at ≈2 TeV in three overlapping analyses (i.e., not 
independent results)


• 3.4� in the WZ channel, 2.6� in WW, 2.9� in ZZ


• Global significance evaluated to 2.5� after Look Elsewhere effect
ATLAS arXiv:1506.00962 
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Spin-1 resonance searches: enhanced by large 
couplings from the 
composite sector

Glimpses at the LHC? suppressed by large couplings from the 
composite sector

Higgs couplings vs searches for W’,Z’
Precision /indirect searches (high lumi.) vs. direct searches (high energy)

 Precision Higgs study: 

 Direct searches for resonances:

DY production xs of resonances decreases as 1/gρ2
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Figure 3.2: Comparison of direct and indirect searches in the (m⇢, g⇢) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

kink in the limits originates from the superposition of the di-lepton and di-boson searches we

considered which, as already mentioned, is more sensitive to weak and strong g⇢, respectively.

This is due to the fact that, while the coupling to fermions decreases, the one to (longitudinal)

gauge bosons increases like g⇢ and the di-boson BR rapidly becomes dominant.

The global message which emerges from these pictures is rather simple and expected. An

increase of the collider energy improves the mass reach dramatically, and in particular only

the 100TeV FCC can access the multi–TeV region. An increase in luminosity, instead, has a

marginal e↵ect on the mass reach but considerably extends the sensitivity in the large g⇢ (i.e.,

small rate) direction. In particular we see that the impact of the high luminosity extension of

the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in

the CH scenario (see the Conclusions for a more detailed discussion).

Let us now turn to the indirect constraints from the measurement of the Higgs coupling to

vector bosons. The 1� (68%CL) error on ⇠ (i.e., twice the one on kV ' 1 � ⇠/2) obtainable

for di↵erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95%CL limits on ⇠, are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, ⇠) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.
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Collider Energy Luminosity ⇠ [1�] References

LHC 14TeV 300 fb�1 6.6� 11.4⇥ 10�2 [60–62]

LHC 14TeV 3 ab�1 4� 10⇥ 10�2 [60–62]

ILC 250GeV 250 fb�1

4.8-7.8⇥10�3 [1, 62]
+ 500GeV 500 fb�1

CLIC 350GeV 500 fb�1

2.2 ⇥10�3 [62, 63]+ 1.4TeV 1.5 ab�1

+ 3.0TeV 2 ab�1

TLEP 240GeV 10 ab�1

2⇥10�3 [62]
+ 350GeV 2.6 ab�1

Table 3.1: Summary of the reach on ⇠ (see the text for the definition) for various collider options.

4 EWPT reassessment

As mentioned in the Introduction, EWPT, and in particular the oblique parameters Ŝ and T̂ ,

set some of the strongest constraints on CH models. However, as we stressed before, they su↵er

from an unavoidable model dependence, so that incalculable UV contributions can substantially

relax these constraints [19]. We believe that presenting the corresponding exclusion contours

in the previous plots without taking into account any possible UV contribution would lead to a

wrong and too pessimistic conclusion. Therefore we parametrize the new physics contributions

to Ŝ and T̂ as

�Ŝ =
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16⇡2
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(4.1)

where the first terms represent the IR contributions due to the Higgs coupling modifications

[11], the second term in �Ŝ comes from tree-level exchange of vector resonances and the last

terms parametrize short distance e↵ects. The scale ⇤ in eq. (4) represents the scale of new

physics, which we set to ⇤ = 4⇡f . We could instead use m⇢ to parametrize this scale, however,

here we have the situation in mind where m⇢ could be lighter than the typical resonances scale,

or the cut-o↵ scale, and our choice maximises the NP e↵ect, leading to a more conservative

bound. Moreover, being the sensitivity to this scale logarithmic, the final result only has a

mild sensitivity on this choice. The coe�cients ↵ and � are of order one and could have either

sign [19]. In the literature, a constant positive contribution to �T̂ has often been assumed to

relax the constraints from EWPT [53, 64]. However, the finite UV contributions of the form

of the last terms in eq. (4.1) arising from loops of heavy fermionic resonances always depend

on ⇠, significantly changing the EW fit compared to a constant contribution. In order to show

realistic constraints from EWPT, we define a �2 as a function of ⇠, m⇢, ↵, �, i.e. �2(⇠, m⇢, ↵, �),

and compute 95%CL exclusion contours in the (m⇢, ⇠) plane marginalising over ↵ and �. In

order to control the level of cancellation in the �2 due to the contribution of the UV terms, we
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considered which, as already mentioned, is more sensitive to weak and strong g⇢, respectively.

This is due to the fact that, while the coupling to fermions decreases, the one to (longitudinal)

gauge bosons increases like g⇢ and the di-boson BR rapidly becomes dominant.

The global message which emerges from these pictures is rather simple and expected. An

increase of the collider energy improves the mass reach dramatically, and in particular only

the 100TeV FCC can access the multi–TeV region. An increase in luminosity, instead, has a

marginal e↵ect on the mass reach but considerably extends the sensitivity in the large g⇢ (i.e.,

small rate) direction. In particular we see that the impact of the high luminosity extension of

the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in

the CH scenario (see the Conclusions for a more detailed discussion).

Let us now turn to the indirect constraints from the measurement of the Higgs coupling to

vector bosons. The 1� (68%CL) error on ⇠ (i.e., twice the one on kV ' 1 � ⇠/2) obtainable

for di↵erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95%CL limits on ⇠, are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, ⇠) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.
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The other resonances

May 17, 2015 9:39 World Scientific Review Volume - 9.75in x 6.5in Future page 12
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Fig. 3. Natural expectations for the mass spectrum in supersymmetric models (left) and com-
posite Higgs models (right).

in most natural scenarios is the Higgsino, or the Gravitino for the case of GMSB
models. For composite Higgs models, the top partners are color fermionic resonances
with electric charges Q = 5/3, 2/3, �1/3 [15], and a phenomenology described in
detail in [50]. This is depicted in Fig. 3 where it is shown the mass spectrum of a
natural supersymmetric and composite Higgs model. Present limits on top partners
from the LHC Run 1 are around 500�800 GeV [51], scratching at present the most
natural region of the parameter space of the MSSM and MCHM. Nevertheless, it
will not be until the LHC Run 2 where the naturalness of these BSM will be really
at stake.

Clues for cosmological conundrums

Could TeV physics be behind other fundamental questions in particle physics and
cosmology, such as the origin of Dark Matter (DM), the abundance of matter
over anti-matter in our universe (Baryogenesis), the origin of inflation or neutrino
masses? Though not necessary the case, as the mandatory new-physics at the
Planck scale could be the true responsible for these phenomena, it is well possible
that some of these questions are addressed by TeV physics, opening an exciting
possibility of resolving these mysteries in well controlled experiments, such as TeV
colliders. The most likely of the above important questions to be addressed by TeV
new-physics is the DM origin. This hope arises from the so-called ”WIMP miracle”:
A stable particle with mass of order the electroweak scale and O(1) renormalizable-
interactions is in the ballpark of the needed relic abundance for a DM candidate.
In the MSSM, as well as in the MCHM, we find many DM candidates [52]. For in-
stance, the lightest superpartner, if neutral, as the neutralinos (superpartners of the
Z, photon or Higgs), can be a good candidate for DM in certain ”well-tempered”
region of the parameter space [53]. Similarly, DM can arise in composite Higgs mod-

Expected spectrum in Composite Higgs Scenarios
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Top partners

Fermionic Resonances

Custodial invariance SO(4) ⇥ SU(2)L � SU(2)R implies the
presence of extended multiplets with exotic states
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I Light resonances are related to the presence of a light Higgs
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Searching for the top partners

Search in same-sign dilepton events

Pair production
 (model independent)

Fermionic Resonances

The T5/3 and the B can be pair or singly produced
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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

single prod.
pair prod.

[Contino, Servant ’08]

 tt+jets is not a background [except for charge mis-ID and 
fake e-]

 the resonant (tW) invariant mass can be reconstructed



Christophe Grojean BSM CERN, July 201681

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

Aguilar-Saavedra ’09

Azatov et al ’12

Vignaroli ‘12

Searching for the top partners

๏ l± + 6b final state

๏ γγ final state

b

๏ l± + 4b final state

Vector-Like Top Summary  

Vector-like T  
BR Hypothesis 

95% CL Limit on mT (GeV)  
obs (exp) 

95% CL Limit on mT (GeV)  
obs (exp) 

100% Wb (chiral, Y) 770 (795) 920 (890) 

100% Zt 810 (810) 790 (830) 

100% Ht 950 (885) 770 (840) 

T singlet 800 (755) 740 (800) 

T in (T, B) doublet 855 (820) 760 (820) 

arXiv:1509.04177 

ATLAS (*) CMS 

arXiv:1505.04306 

Vector-like top masses below ~720 GeV excluded for any possible combination of BRs. 

Combined limits 

15 

(*) Not a combination. Only most restrictive  
individual bounds shown. 

1505.04306 1509.04177

bounds on 
charge 2/3 states

from pair production
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obs (exp) 

95% CL Limit on mT (GeV)  
obs (exp) 

100% Wb (chiral, Y) 770 (795) 920 (890) 

100% Zt 810 (810) 790 (830) 

100% Ht 950 (885) 770 (840) 

T singlet 800 (755) 740 (800) 

T in (T, B) doublet 855 (820) 760 (820) 

arXiv:1509.04177 

ATLAS (*) CMS 

arXiv:1505.04306 

Vector-like top masses below ~720 GeV excluded for any possible combination of BRs. 

Combined limits 

15 

(*) Not a combination. Only most restrictive  
individual bounds shown. 
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Figure 7: (a) Observed and expected limit (95% CL) on the coupling of the vector-like quark to the SM W boson
and b-quark as a function of the Q mass, where the BR(T ! Wb) is assumed to be 50%. The excluded region is
given by the area above the solid black line. (b) Observed and expected limit (95% CL) on the mixing of a singlet
vector-like T quark to the SM sector, where the BR(T ! Wb) is assumed to be that of a singlet. The excluded
region is given by the area above the solid black line. The limits are shown compared to the indirect electroweak
constraints from Ref. [19] (green and red line). In addition, the observed limits from pair-production searches by
ATLAS [23] (olive) and CMS [27] (blue) are shown.

approximation is used in the production of the signal samples. To test the validity of the limits shown in
Figure 7, the limits were recalculated for signal samples with �/m values up to 0.46, using the same the-
oretical cross-section prediction. For all masses and �/m the observed limit is found to be more stringent
than, or equal to, the value obtained for the narrow-width approximation. For m(Q) = 0.9 TeV the cross-
section times BR limit decreases by 15% (20%) for �/m = 0.3 (�/m = 0.46) and for m(Q) = 1.2 TeV
the limit decreases by 13% (21%) for �/m = 0.3 (�/m = 0.46). Hence, the limits presented in this paper
constitute a conservative estimate regarding the assumptions about the width of vector-like quarks.

9.2 Interpretation for a vector-like Y quark from a doublet

The limits on cross-section times BR are used to set limits on the couplings cWb
L and cWb

R for a vector-
like Y quark. Using the theoretical cross-section and the general vector-like quark model discussed in

Ref. [21] as well as the BR(Y ! Wb) = 1, a limit on
q

cWb
L

2
+ cWb

R
2 is set. Due to the higher BR of

the vector-like Y quark, this limit as shown in Figure 8(a) is more stringent, by a factor of 1/
p

2, than
the limit on |cWb

L | for single T production. The cross-section limit is also translated into a limit on the
mixing parameter | sin ✓R| in a (Y, B) doublet model. This is done as a function of the Y mass as discussed
in Ref. [19]. Figure 8(b) shows the resulting limit on | sin ✓R| for the (Y, B) doublet as a function of m(Y),
including also the limit on | sin ✓R| for a (Y, B) doublet model from electroweak precision observables
taken from Ref. [19].
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Figure 5: The expected and observed limits on the scaling factors |cbW
L | (left) and |ctZ

R | (right)
of the Simplest Simplified Model of Ref. [21, 22], which predict the existence of a left and right
handed coupling for a singlet and double T quark, respectively. The left (right) plots are for a
singlet (doublet) T quark.

Table 4: The observed and expected 95% CL upper limits on the cross sections times the branch-
ing ratio s(pp ! Tbq) B(T ! tH) and s(pp ! Ttq) B(T ! tH), for different masses of the T
quark.

Mass (GeV)
pp ! Tbq (LH) pp ! Tbq (RH) pp ! Ttq (LH) pp ! Ttq (RH)

Limits in pb
Obs. Exp. Obs. Exp. Obs. Exp. Obs. Exp.

1000 0.93 1.36 0.66 0.96 0.40 0.57 0.37 0.57
1100 0.44 0.60 0.42 0.59 0.35 0.48 0.31 0.45
1200 0.47 0.41 0.38 0.32 0.42 0.44 0.42 0.44
1300 0.44 0.35 0.35 0.28 0.45 0.37 0.44 0.35
1400 0.37 0.32 0.32 0.26 0.44 0.39 0.44 0.39
1500 0.39 0.33 0.38 0.31 0.47 0.28 0.38 0.25
1700 0.52 0.24 0.46 0.20 0.51 0.19 0.51 0.20
1800 0.51 0.23 0.39 0.19 0.49 0.20 0.44 0.18

CL upper limits on s B(T ! tH) are set varying between 0.31 � 0.93 pb for T quark masses
ranging from 1000 GeV to 1800 GeV in the pp ! Tbq and pp ! Ttq production channels with
left and right handed couplings to the SM third generation quarks.
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