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Where are these Goldstone’s coming from?

 Are they fundamental scalar degrees of freedom?
     ➾  require at least one additional degree of freedom (the Higgs boson!)
                                ... but the Higgs boson is only one possible UV completion

At which scale should we expect to see something?

 Are they composite fields? What are made of then?
      ➾ require new strong interactions that are likely to produce other bound states

 Are they components of gauge fields in higher dimensions?
     ➾ require new space dimensions
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Higgs transforms non-linearly under some global symmetry
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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,ℂ): 5 PGBs=H, s

SO(6)/SO(4)xSO(2): 8 PGBs=H1+H2
Mrazek, Pomarol, Rattazzi, Serra,  Wulzer  ’11

Minimal Composite 
Two Higgs Doublets

Higgs as a PGB: a natural extension of SM

3 Goldstone’s

G
H

W±L & ZL & h

BSM

at least a 4th Goldstone

Chacko, Batra  ’08

http://arXiv.org/abs/arXiv:1105.5403
http://arXiv.org/abs/arXiv:1105.5403
http://arxiv.org/abs/0902.1483
http://arxiv.org/abs/0902.1483
http://arXiv.org/abs/hep-ph/0412089
http://arXiv.org/abs/hep-ph/0412089
http://arxiv.org/abs/0811.0394v1
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How to probe % composite nature of % Higgs?
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What is the SM Higgs?
A single scalar degree of freedom neutral under SU(2)LxSU(2)R/SU(2)L 

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

growth cancelled for 
a = 1

restoration of 
perturbative unitarity

6

LEWSB =
v2

4
Tr

�
DµΣ

†DµΣ
��

1 + 2a
h

v
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h2

v2

�
− λψ̄LΣψR

�
1 + c

h

v

�

A =
1

v2

�
s− a2s2

s−m2
h

�

h
W+ W+

W- W-

Cornwall, Levin, Tiktopoulos  ’73 Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10

http://link.aps.org/abstract/PRL/V30/P1268
http://link.aps.org/abstract/PRL/V30/P1268
http://arXiv.org/abs/1002.1011
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a

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
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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

�
DµΣ
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v
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�
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�
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a c

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

Cornwall, Levin, Tiktopoulos  ’73 Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
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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
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1 + 2a
h
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h2

v2

�
− λψ̄LΣψR

�
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�

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
e
iσaπa/v

�
0

v + h
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Modified 
Higgs propagator

Higgs couplings 

rescaled by ~

Giudice, Grojean, Pomarol, Rattazzi ‘07

8

cH ∼ O(1)L ⊃ cH

2f2
∂
µ
�
|H|2

�
∂µ

�
|H|2

�

1�
1 + cH

v2

f2

∼ 1− cH
v2

2f2
≡ 1− ξ/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

Anomalous composite-Higgs couplings

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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PGB Higgs: Strong EWSB with 2 Scales

SM limit Technicolor limit
all resonances of strong sector,

except the Higgs, decouple
Higgs decouple from SM;

vector resonances like in TC

Composite Higgs 
vs. 

SM Higgs
a

1

1
SM

Composite Higgs
universal behavior for large f

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

b

9

ξ =
v2

f2
=

(weak scale)2

(strong coupling scale)2

LEWSB =

�
a
v

2
h + b

1

4
h2

�
Tr

�
DµΣ

†DµΣ
�

ξ = 0 ξ = 1
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 Composite Higgs vs generic anomalous couplings
generic anomalous couplings can be quite complicated, e.g.

Lh−Z = mZh
�
c1ZµZ

µ +
c2
m2

ZµνZ
µν +

c3
m2

�µνρσZ
µνZρσ

�

...many coefficients, various possible origins
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generic anomalous couplings can be quite complicated, e.g.

Lh−Z = mZh
�
c1ZµZ

µ +
c2
m2

ZµνZ
µν +

c3
m2

�µνρσZ
µνZρσ

�

...many coefficients, various possible origins

if Higgs emerges as a bound state of strongly interacting theory

a few coefficients only and related to symmetries of the coset space

custodial breaking

cH

2f2

�
∂
µ |H|2

�2 cT

2f2

�
H

†←→
D

µ
H

�2 c6λ

f2
|H|6

cyyf

f2
|H|2f̄LHfR + h.c.

(other resonances etc give subleading contributions)

very predictive models: 
given the coset space, the Higgs couplings depend only on ξ

(plus a few subdominant corrections)
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Higgs searches at the LHC

LHC is now a Higgs exploring machine 
(and it has quickly surpassed Tevatron)

EPS

LP

EPS

LP
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Higgs searches at the LHC

LHC is now a Higgs exploring machine 
(and it has quickly surpassed Tevatron)

EPS

LP
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d aft

er to
day’s

 talk
s

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-112/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-112/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-112/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-112/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-112/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-112/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-112/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-112/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-112/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-112/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-112/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-112/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-112/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-112/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-112/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-135/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-135/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-135/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig11022TWiki
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig11022TWiki
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig11011TWiki
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig11011TWiki


1-
a2
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a2

SM limits

MCHM4 MCHM5 c=(2a2-1)/ac=a

Espinosa, Grojean, Muehlleitner ’11

the SM exclusion bounds are easily rescaled in the (mH,a) plane

the LHC can do much more than simply excluding the SM Higgs

12

Deformation of the SM Higgs
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Higgs anomalous couplings @ LHC

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

a=7/8
c=5/8

LHC can probe

Δa & Δc
up to ~ 0.1÷0.2

i.e. 4πf ~ 5÷7 TeV

compositeness scale of the Higgs

Minimal composite Higgs model (MCHM): SO(5)/SO(4)

Γ(h → ff̄) = (2c− 1)Γ(h → ff̄)SM Γ(h → ZZ) = (2a− 1)Γ(h → ZZ)SM

a =
�

1− ξ b = 1− 2ξ b3 = −4

3
ξ
�
1− ξ c =

��
1− ξ,

1− 2ξ√
1− ξ

�
c2 = −(ξ, 4ξ)

LEWSB =
v2

4
Tr

�
DµΣ

†DµΣ
��
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v
+ b
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v2
+ b3

h3

v3
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�
− λψ̄LΣψR

�
1 + c

h

v
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h2

v2
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�

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

➲

14

How to probe the composite nature of the Higgs?
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How to probe the strong dynamics?
Look at pair production of strong states

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− ξ)g2

E2

M2
W

A
�
W a

LW
b
L → W c

LW
d
L

�
= A(s, t, u)δabδcd +A(t, s, u)δacδbd +A(u, t, s)δadδbc A =

�
1− a2

� s

v2
s

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
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164


Christophe Grojean EWSB without a SM Higgs HCP’11, 16th Nov. 2o11

How to probe the strong dynamics?
Look at pair production of strong states

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− ξ)g2

E2

M2
W

A
�
W a

LW
b
L → W c

LW
d
L

�
= A(s, t, u)δabδcd +A(t, s, u)δacδbd +A(u, t, s)δadδbc A =

�
1− a2

� s

v2

Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10

access to a new interaction, ‘b’, which measures Higgs non-linearities

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
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s

f2

}
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Double Higgs production: ‘b’ and ‘d3’ couplings

asymptotic behavior
sensitive to strong interaction

}
threshold effect

‘anomalous coupling’

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

A ∼
�
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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 cuts

Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10

fermions 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 
SLHC or CLIC➾
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A
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L
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L
→ hh

�
=

cHs

f2

mh = 180 GeV

pT ≥ 30 GeV
δRjj > 0.7

|ηj | ≤ 5

pT ≥ 20 GeV
δRlj(ll) > 0.4(0.2)

|ηj | ≤ 2.4

v/f 1
√
0.8

√
0.5

significance @ 300 fb−1 4.0 2.9 1.3

luminisity for 5σ (fb−1) 450 850 3500
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Measuring Higgs Non-Linearities
Contino, Grojean, Pappadopoulo, Rattazzi, Thamm ‘in progress
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 (S)LHC is barely sensitive to d3 and b
 ILC has a sensitivity on d3 but not on b
 CLIC can probe both d3 and b

H
ig

gs
 s

el
f-

co
up

lin
gs

Higgs strong-interactions

Which probe of strong dynamics?

 Higgs self-couplings controls the 
dynamics of EWSB ➪ red herring 
(various weak states can modify h3)

 to learn about strong interactions 
triggering EWSB ➪ need to measure 
quadratic coupling b to Goldstones!
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3. Detecting heavy resonances

➲

19

How to probe strong EW symmetry breaking?



Resonances Effects in WW Scatterings
Contino, Marzocca, Pappadopulo, Rattazzi ’11
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Figure 12: Upper panel: Ratio R(η, ξ = 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

mη = 1.5TeV. The continuous curve denotes the analytic result. Lower panel: relative difference
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(η, ξ = 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

mη = 2.0TeV. The continuous curve denotes the analytic result. Lower panel: relative difference
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 ]ρL
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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

ρ (1,3)

η (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

http://arXiv.org/abs/arXiv:1109.1570
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Resonance Production
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 ρ-strahlung (brown) channels. We set gρ = 4; for different

coupling these cross section scale as 1/g2ρ.

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/gρ the mass eigenstates are reached by

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

W±
µ → W±

µ − g

2gρ
ρ±µ ,

Zµ → Zµ −
g2 − g�2

2gρ
�
g2 + g�2

ρ0µ,

Aµ → Aµ −
e

2gρ
ρ0µ, (4.1)

and the corresponding rotation of ρ. As a result, the heavy mass eigenstates ρ0, ρ± couple

to the SM fermions,

− g2

2
√
2gρ

ρ±µ fLγµT
±fL − 1

2gρ
ρ0µfγµ

�
(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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Falkowski, Grojean, Kaminska, Pokorski and Weiler  ’11  

VBF vs. DY:  3-body vs 2-body final state
 qq (more important at large x) vs qq initiated process
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VBF vs. DY:  3-body vs 2-body final state
 qq (more important at large x) vs qq initiated process
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Figure 1: Total cross sections for pair production of heavy vectors by vector boson fusion in a gauge
model (1.a) and a composite model (1.b) as functions of the heavy vectors masses. See text for the
choice of parameters and acceptance cuts.

6 Pair production cross sections by vector boson fusion

In this Section we compute the LHC production cross section at
√
S = 14 TeV from VBF of two

heavy vectors in the different charge configurations

pp → W+W−, ZZ, γγ, γZ + qq → V +V −
+ qq (→ W+Z W−Z + qq), (6.1)

pp → W+W−, ZZ + qq → V 0V 0
+ qq (→ W+W−W+W−

+ qq), (6.2)

pp → W±W±
+ qq → V ±V ±

+ qq (→ W±Z W±Z + qq), (6.3)

pp → W±Z,W±γ + qq → V ±V 0
+ qq (→ W±Z W+W−

+ qq). (6.4)

In the last step of these equations we have indicated the final state due to the largely dominant

decay modes of the heavy vectors into WW or WZ (See e.g. [9]). The cross sections are summed

over all the polarizations of the heavy spin-1 fields. In the calculation of the cross sections we

reintroduce the hypercharge coupling g� �= 0 and we make standard acceptance cuts for the forward

quark jets,

pT > 30 GeV, |η| < 5. (6.5)

These cross sections depend in general on a number of parameters. Fig. 1.a shows the total

cross sections for the different charge channels with all the parameters fixed as in the minimal

gauge model, eq. (3.27), and GV = gVMV = 200 GeV. A value of GV between 150 and 200

GeV keeps the elastic WLWL-scattering amplitude from saturating the unitarity bound below Λ,
almost independently from MV < 1.5 TeV [1, 9]. MV is taken to range from 400 to 800 GeV.

A value of MV above 800 GeV would lead to a threshold for the vector-boson-fusion subprocess

dangerously close to the cut-off scale of the effective Lagrangian. We have checked that the typical

centre-of-mass energy of WW → V V is on average well below 2.5 TeV, even for the highest MV

that we consider.
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Resonance Decays
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Dominant decays into longitudinal SM gauge bosons

where T±
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plings of ρ to the electroweak gauge bosons. In particular, the cubic gauge boson vertices

with one ρ are given by

− g2

4gρ

�
∂µW

+
ν W−

µ − ∂µW
−
ν W+

µ

�
ρ0ν−

g
�
g2 + g�2

4gρ

�
(∂µW

−
ν Zµ − ∂µZνW

−
µ )ρ+ν + 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 ρ is into a pair of

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

computed using the Goldstone boson equivalence theorem,

Γ(ρ0 → W+W−
) ≈ Γ(ρ± → ZW±

) ≈
mρg2ρππ
48π

=
m5

ρ

192πg2ρv
4
. (4.4)

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

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

widths by ∼ 50% for mρ ∼ 350 GeV, and by ∼ 10% for mρ ∼ 1 TeV. In Eq. (4.3) the

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

that the strength of the ρ3 vertex in the original lagrangian is set by the hidden SU(2) gauge

coupling gρ. Departure from the gauge coupling, g3ρ = gρ + δ, would result in the ρWγ

vertex suppressed by δg2/g2ρ which would allow for subleading decays ρ± → W±γ, 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 mρ �
2mW ). For example, the leptonic branching fractions are given by

Br(ρ± → e±ν) ≈ 2Br(ρ0 → e+e−) ≈ 16m4
W

m4
ρ

(4.5)

For mρ ∼ 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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large integrated luminosities (or an improved analysis). For larger coupling gρ = 6, the

cross-sections are smaller due to the reduced mixing (σ ∼ 1/g2ρ) and the required integrated

luminosities increase by roughly a factor of four. Further, the heavier the resonances the

broader they generically are, see Table 2, complicating the searches even more. One easily

enters the asymptotic regime of LHC and a discovery of the degree of freedom unitarizing

WLWL scattering can not be guaranteed. This would truly constitute a nightmare scenario.
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Figure 7: The viable parameter space of our model in the gρ − gρππ plane (left) and mρ − gρππ

plane (right). The light orange area is allowed by the unitarity constraints on longitudinal gauge

boson scattering in elastic and inelastic channels. The orange area is excluded by the D0 search for

resonant WW and WZ production [36]. The most recent constraints from the LHC searches for

leptonically decaying Z �
and W �

provide less stringent constraints on our parameter space (brown

area). We also give the contours of the total cross section for the inclusive production of ρ0, ρ±

(dashed, dotted) at the LHC with
√
s = 7 TeV which we computed at tree level using the MSTW

2008 PDFs [44]. The Drell-Yan cross section is computed in the narrow width approximation which

becomes less reliable for gρππ >∼ 6 .
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Figure 1: The ρTC (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 |η| < 2.5.
A lead tungstate crystal electromagnetic calorimeter with fine transverse (∆η, ∆φ) granular-
ity and a brass-scintillator hadronic calorimeter surround the tracking volume and cover the
region |η| < 3. The steel return yoke outside the solenoid is in turn instrumented with gas
detectors which are used to identify muons in the range |η| < 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
ρTC [21] samples. Fully leptonic decays W → �ν and Z → �+�− with � = e, µ are considered
in this analysis. The contribution of the leptonic decays of τ’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 (ρTC/ 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, ρTC and aTC respectively, with
M(aTC) = 1.1M(ρTC). This helps to naturally suppress the electroweak parameter S, since the
first set of vector resonances (ρTC) 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(ρTC) and M(ωTC), where M(ωTC) is the mass of the ωTC particle.

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

3
4 M(ρTC)− 25 GeV) and also

investigate the dependence of the results on the relative values of the ρTC and πTC 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-
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Figure 7: The viable parameter space of our model in the gρ − gρππ plane (left) and mρ − gρππ

plane (right). We give the contours of the total cross section for the inclusive production of ρ0, ρ±

(dashed, dotted) at the LHC with
√
s = 7 TeV which we computed at tree level using the MSTW

2008 PDFs [45]. The Drell-Yan cross section is computed in the narrow width approximation which

becomes less reliable for gρππ >∼ 6. The light orange area is allowed by the unitarity constraints

on longitudinal gauge boson scattering in elastic and inelastic channels. The CMS search for WZ

resonant production [36] excludes the region with mρ ≤ 900 GeV (deep purple). We also show the

approximate exclusion range of the CMS search if their limits are extrapolated to mρ > 900 GeV

(light purple).

oblique corrections [46, 47] to the SM gauge boson propagators. The T parameter is zero at

the tree level thanks to the custodial symmetry imposed on the strong sector. The W and Y

parameters of Ref. [47] are suppressed by g4/g4ρ and are not important. For the S parameter

one finds

∆S =
4π

g2ρ
(4.6)

This contribution is much larger than the LEP limit of S <∼ 0.2 unless gρ is near the perturba-

tivity limit. However one can envisage the strong sector producing additional contributions

to S that cancel against Eq. (4.6) [18]. One possibility is adding an axial resonance with ap-
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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 |η| < 2.5.
A lead tungstate crystal electromagnetic calorimeter with fine transverse (∆η, ∆φ) granular-
ity and a brass-scintillator hadronic calorimeter surround the tracking volume and cover the
region |η| < 3. The steel return yoke outside the solenoid is in turn instrumented with gas
detectors which are used to identify muons in the range |η| < 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
ρTC [21] samples. Fully leptonic decays W → �ν and Z → �+�− with � = e, µ are considered
in this analysis. The contribution of the leptonic decays of τ’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 (ρTC/ 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, ρTC and aTC respectively, with
M(aTC) = 1.1M(ρTC). This helps to naturally suppress the electroweak parameter S, since the
first set of vector resonances (ρTC) 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(ρTC) and M(ωTC), where M(ωTC) is the mass of the ωTC particle.

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

3
4 M(ρTC)− 25 GeV) and also

investigate the dependence of the results on the relative values of the ρTC and πTC 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-
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Resonance vs Heavy Gauge Boson
Grojean, Salvioni, Torre   ’11

How can we tell the difference between a massive gauge field 
and a resonance  from a strong sector?

g=2   ⇔  Λ >> M/e    ⇔   W’➙Wγ highly suppressed
elementary spin-1

gyromagnetic ratio of any elementary particle of mass M 
coupled to photon must be g=2 at tree-level to maintain 
perturbative unitarity up to energy Λ >> M/e

Ferrara, Porrati, Telegdi ’92

g≠2   &  Λ > 5÷10 M    ⇔   W’➙Wγ  allowed and potentially large

composite spin-1

(g − 1)BµνW �+
µ W �−

ν dimension-4 operator mediating W’ ➙Wγ after W-W’ mixing
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Fermionic Resonances
[Agashe, Contino, Da Rold, Pomarol ‘06]

Custodial symmetry: exotic top partners

SU(2)LxSU(2)R 
embedding

QL =




t2/3L t5/3L

b−1/3
L b2/3L



 ≡ (2, 2̄)2/3

tR ≡ (1, 1)2/3

bR ≡ (1, 1)−1/3

➪ δZbLbL=0

the heavier the SM quark,
the lighter its resonances and partners

partial compositness

Fermionic Resonances

Custodial invariance SO(4) � SU(2)L × SU(2)R implies the

presence of extended multiplets with exotic states

(2, 2) =

�
Q =

�
T

B

�
Q

�
=

�
T5/3

T2/3

��

The top resonances and

the exotic custodians are

typically light

t'
t''
t'''
b'
t5�3

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

m�MStrong

G. P. and Wulzer

arXiv:1106.2719

� Light resonances are related to the presence of a light HiggsPanico, Wulzer ’11

➾ ➾

the top sector is 
a promizing place to look 

for strong dynamics
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Searching for Exotic Top Partners

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

T5/3

T̄5/3

W+
W+

l+ ν νl+

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
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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
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single prod.
pair prod.

[Contino, Servant ’08]

Fermionic Resonances

The T5/3 and the B can be pair or singly produced
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2≤λ≤4

Single production (model dependent)

Fermionic Resonances

The T5/3 and the B can be pair or singly produced
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2≤λ≤4

Pair production (model independent)

[Mrazek, Wulzer ’09]
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Conclusions
EW interactions need Goldstone bosons to provide mass to W, Z

EW interactions also need a UV moderator/new physics 
to unitarize WW scattering amplitude

➾ ➾➾ ➾➾ ➾

weak NC ⇔ gauge principle
Higgs NC ⇔ ?

We’ll need another Gargamelle experiment
to discover the still missing neutral current of the SM: the Higgs

30

Strong EWSB w/o an elementary Higgs can be very similar to SM
it might take some time to decipher the true dynamics of EWSB!


