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Outline
Lecture #1
• Where are we now and where do we go from here?
• Did it have to be a Higgs?
• EFT for beyond the SM
• Composite Higgs (Higgs as a Goldstone Boson)

Lecture #2
• more Composite Higgs (Higgs as a Goldstone Boson)
• where & how to look at LHC
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Where are we now?

• massive W±/Z0 fermions, massless γ, g:       
                 ‘electroweak symmetry is broken’
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Where are we now?

•As of July 4th, 2012...

we have a new boson X, 
with mass ~125 GeV

likely spin-0,
likely CP-even

X is observed in channels and with rates similar 
to what we expect for a SM Higgs boson
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Figure 9: The observed (solid) local p0 as a function of mH in the
low mass range. The dashed curve shows the expected local p0 under
the hypothesis of a SM Higgs boson signal at that mass with its ±1σ
band. The horizontal dashed lines indicate the p-values corresponding
to significances of 1 to 6 σ.

110–150GeV, which is approximately the mass range
not excluded at the 99% CL by the LHC combined SM
Higgs boson search [139] and the indirect constraints
from the global fit to precision electroweak measure-
ments [12].

9.3. Characterising the excess
The mass of the observed new particle is esti-

mated using the profile likelihood ratio λ(mH) for
H→ZZ(∗)→ 4# and H→ γγ, the two channels with the
highest mass resolution. The signal strength is al-
lowed to vary independently in the two channels, al-
though the result is essentially unchanged when re-
stricted to the SM hypothesis µ = 1. The leading
sources of systematic uncertainty come from the elec-
tron and photon energy scales and resolutions. The re-
sulting estimate for the mass of the observed particle is
126.0 ± 0.4 (stat) ± 0.4 (sys) GeV.
The best-fit signal strength µ̂ is shown in Fig. 7(c) as

a function of mH . The observed excess corresponds to
µ̂ = 1.4 ± 0.3 for mH = 126GeV, which is consistent
with the SM Higgs boson hypothesis µ = 1. A sum-
mary of the individual and combined best-fit values of
the strength parameter for a SM Higgs boson mass hy-
pothesis of 126GeV is shown in Fig. 10, while more
information about the three main channels is provided
in Table 7.
In order to test which values of the strength and

mass of a signal hypothesis are simultaneously consis-
tent with the data, the profile likelihood ratio λ(µ,mH) is
used. In the presence of a strong signal, it will produce
closed contours around the best-fit point (µ̂, m̂H), while
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Figure 10: Measurements of the signal strength parameter µ for
mH=126GeV for the individual channels and their combination.

in the absence of a signal the contours will be upper
limits on µ for all values of mH .
Asymptotically, the test statistic −2 lnλ(µ,mH) is dis-

tributed as a χ2 distribution with two degrees of free-
dom. The resulting 68% and 95% CL contours for the
H→ γγ and H→WW (∗)→ #ν#ν channels are shown in
Fig. 11, where the asymptotic approximations have been
validated with ensembles of pseudo-experiments. Sim-
ilar contours for the H→ ZZ(∗)→ 4# channel are also
shown in Fig. 11, although they are only approximate
confidence intervals due to the smaller number of can-
didates in this channel. These contours in the (µ,mH)
plane take into account uncertainties in the energy scale
and resolution.
The probability for a single Higgs boson-like particle

to produce resonant mass peaks in the H→ ZZ(∗)→ 4#
and H→ γγ channels separated by more than the ob-
served mass difference, allowing the signal strengths to
vary independently, is about 8%.
The contributions from the different production

modes in the H→ γγ channel have been studied in order
to assess any tension between the data and the ratios of
the production cross sections predicted in the Standard
Model. A new signal strength parameter µi is introduced
for each production mode, defined by µi = σi/σi,SM. In
order to determine the values of (µi, µ j) that are simul-
taneously consistent with the data, the profile likelihood
ratio λ(µi, µ j) is used with the measured mass treated as
a nuisance parameter.
Since there are four Higgs boson productionmodes at

the LHC, two-dimensional contours require either some
µi to be fixed, or multiple µi to be related in some way.
Here, µggF and µtt̄H have been grouped together as they
scale with the tt̄H coupling in the SM, and are denoted
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• massive W±/Z0 fermions, massless γ, g:       
                 ‘electroweak symmetry is broken’
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What now?

• To what extent are EWSB and X related?
 
Meaning what are the similarities & 
differences between X and SM Higgs?

• What is the bigger picture?
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Is there a bigger picture?
• LOTS we don’t know.. many things we observe are 

not in the SM.

Dark Matter
baryon vs. anti-baryon asymmetry

neutrino masses

# generations, charge assignments

• Scale/properties of these other phenomena is 
unknown. 

• Hope that understanding EWSB ( & connection w/ X 
boson) will shed some light on these other topics 
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Did it have to be Higgs?
Was finding a Higgs-like boson inevitable? Is that 

the only path in nature for what we see?
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Did it have to be Higgs?
Was finding a Higgs-like boson inevitable? Is that 

the only path in nature for what we see?

NOPE

we know how Higgs works 

|DµH|2 − λ(H†
H − v

2

2
)2

H ∈ (2, 1/2) of SU(2)w ⊗ U(1)Y

(see lectures by Mück,Englert,Duehrssen)
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Did it have to be Higgs?
Instead lets add a field Σ(x):

Pauli matrices

3 “pion” fields EW scale

Σ(x) = exp
� i 2πa τa

v

�
= 12×2 + 2 i

πa τa

v
− 2

πaπb τaτ b

v2
+ · · ·

Wednesday, January 9, 2013



Did it have to be Higgs?
Instead lets add a field Σ(x):

Pauli matrices

3 “pion” fields EW scale

Σ =

�
cos (π̂/v) + iπ̂3 sin (π̂/v) i(π̂1 − iπ̂2) sin (π̂/v)
i(π̂1 + iπ̂2) sin (π̂/v) cos (π̂/v)− iπ̂3 sin (π̂/v)

�
expanding out, we get a (2x2) matrix

π̂ =
�

π2
a, π̂a = πa/π̂

remember, the SM Higgs doublet

has 4 fields, our 
Σ has 3

H(x) =
1√
2

�
h1 + i h2

h0 + i h3

�

Σ(x) = exp
� i 2πa τa

v

�
= 12×2 + 2 i

πa τa

v
− 2

πaπb τaτ b

v2
+ · · ·
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Did it have to be Higgs?
under SU(2)w x U(1)Y: UL Σ U†R

DµΣ = ∂µΣ− ig �Wµ Σ+ ig� ΣBµτ3

how is this different than H?  (forget U(1)Y for now..)

UL is a 2 x 2 matrix: UL = exp (iαa(x)τ
a)

acting on the Higgs vs. on Σ:

UL H(x) : 

UL Σ(x) : 

mixes up the 4 components hi

ex.) h3 → h3 + i h0 α₃- i h1 α₁ + i h2 α₂

shifts the πₐ fields, π3 → π3 + α3
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Did it have to be Higgs?

LΣ =
v2

4
tr(DµΣDµΣ

†) + · · ·

out of Σ, we have:

by a gauge transformation:

iDµ Σ = (g �Wµ − g� Bµ)UL = Σ†, Σ → Σ†Σ = 1 ,

LΣ =
v2

4
(g �Wµ − g� Bµ)

2 = m2
W W+

µ Wµ− +m2
Z ZµZµ

so with only 3 degrees of freedom, we can give 
mass to W±/Z (fermions too:                   , etc.). 

‘Higgsless’ EWSB
yt v QΣu∗

R

we haven’t explained what dynamics gives Σ ... 
but no explanation for V(H) in SM.

more derivatives, 
etc.
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So what’s the difference?
Look at WL WL → WL WL scattering in the H & Σ theories

in the SM:

in the Σ theory:

A ∼ s

v2

A ∼ m2
H

s

(at tree level)

amplitude grows 
with energy

extra contributions coming from Higgs 
exchange. amplitude → constant

hW+W-, etc. couplings set by gauge invariance
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So what?
Unitarity imposes relations on QM amplitudes

Re(A)

Im(A)

½

Re(A)2 + (Im(A)-1/2)2 = 1/4

tree level amplitude is real, at loop level A gets an imaginary part

log(s/m2
h)

Σ theory:  A ~s/v2 , Re(A) grows with energy 

bigger Re(A) is, bigger Im(A) must get to keep unitary relation. 

If Im(A) = Re(A) then 1-loop is same size as tree level 
    = loss of perturbativity = theory is strongly coupled

SM theory:  A ~ m2
H/s, perturbativity retained for all s

Wednesday, January 9, 2013



So what?
Unitarity imposes relations on QM amplitudes

Re(A)

Im(A)

½

Re(A)2 + (Im(A)-1/2)2 = 1/4

tree level amplitude is real, at loop level A gets an imaginary part

log(s/m2
h)

Σ theory:  A ~s/v2 , Re(A) grows with energy 

bigger Re(A) is, bigger Im(A) must get to keep unitary relation. 

If Im(A) = Re(A) then 1-loop is same size as tree level 
    = loss of perturbativity = theory is strongly coupled

SM theory:  A ~ m2
H/s, perturbativity retained for all s

Wednesday, January 9, 2013



So what?
Unitarity imposes relations on QM amplitudes

Re(A)
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So what?

π π → π π scattering

in QCD, strong coupling tells us that above a certain 
energy there is a transition and quarks & gluons are the 

right degrees of freedom

ρ-meson

we’ve seen strong coupling before: QCD in the 
~ 100 MeV - 1 GeV range

strong coupling manifests in 
exchange of resonances: 

ρ, a₁, ρ’, etc., other q̅q bound 
states

πi

πj

πk

πl
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But...
     has massive particles, but no new scalar state (X, 
or h) ... so it needs to be augmented

LΣ

+ yijv Qi Σu∗
R j

�
1 + c

h

v
+ · · ·

�
+ h.c.

+ analogous terms for other fermions, + terms with more derivatives

Looks familiar? a = b = c = 1 → SM Higgs Lagrangian, 
where three πₐ fields + h combine to the H doublet

but that is just a special case, LΣ is more general: 
triplet of states eaten by W±/Z0 + real scalar 

= EFT for LHC Higgs

−m2
H

2
h2

LΣ =
1

2
(∂µh)

2 +
v2

4
tr(DµΣDµΣ†)

�
1 + a

2h

v
+ b

h2

v2
+ · · ·

�
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Higgs EFT
What is the meaning of a, b, c ≠ 1?

A ∼ (s+ t)

v2
(1− a) +O

�
m2

H

s

�

for a ≅ 1, energy growth 
in A is suppressed

 pert. lost when Re(A) ≈ 1/2

A0 =
E2 (1− a)

32π v2
=

1

2

partial 
wave Al

above this scale (& without other terms), strong dynamics

• a=0, strong dynamics ~ TeV scale (Technicolor)
• a=1, theory stays perturbative (SM Higgs)
• a≅1, strong dynamics scale pushed higher

Elim =
4
√
πv√

1− a
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Higgs EFT
there are processes other than WLWL → WLWL that can grow 

with energy

order in h [12]:

LH =
1

2
(∂µh)

2
+ V (h) +

v2

4
Tr

�
(DµΣ)

†
(DµΣ)

��
1 + 2a

h

v
+ b

h2

v2
+ . . .

�

− v√
2

�

i,j

�
ū
(i)
L
d
(i)
L

�
Σ

�
1 + c

h

v
+ · · ·

��
λu

ij
u
(j)
R

λd

ij
d
(j)
R

�
+ h.c.

(16)

Here V (h) denotes the potential, including a mass term, for h. Each of these parame-

ters controls the unitarization of a different sector of the theory. For a = 1 the exchange

of the scalar unitarizes the χχ → χχ scattering
4

A(χ+χ− → χ+χ−
) =

1

v2

�
s− a

2 s2

s−m2
h

+ (s ↔ t)

�

=
s+ t

v2

�
1− a

2
�
+O

�
m2

h

E2

�
.

Since we have introduced a new particle in the theory, we have to check that also the

inelastic channels involving h are unitarized. The χχ → hh scattering (equivalent to

WLWL → hh at high energy), is perturbatively unitarized for b = a2:

A(χ+χ− → hh) =
s

v2

�
b− a

2
�
+O

�
m2

h

E2

�
.

Finally, the χχ → ψψ̄ scattering (equivalent to WLWL → ψψ̄ at high energy) is unita-

rized for ac = 1

4In the diagrams showed in present section, dashed and solid lines denote respectively the fields χ
and h, whereas solid lines with an arrow denote fermions.

9

W+
L W+

L

W-
L W-

Lh

hh

h

A(W+
L
W

−
L

→ hh) ∼ s

v2
(b− a

2) +O

�
m2

H

s

�

A(χ+χ− → ψψ̄) =
mψ

√
s

v2
(1− ac) +O

�
m2

h

E2

�
.

Only for a = b = c = 1 the EWSB sector is weakly interacting (provided the scalar h
is light), as for example a �= 1 implies a strong WW → WW scattering with violation
of perturbative unitarity at energies

√
s ≈ 4πv/

√
1− a2, and similarly for the other

channels.
The point a = b = c = 1 in fact defines what I will call the “Higgs model”: LH (with

vanishing higher-order terms in h) can be rewritten in terms of the SU(2)L doublet

H(x) =
1√
2
eiσ

aχa(x)/v

�
0

v + h(x)

�
(17)

and gets the usual form of the Standard Model Higgs Lagrangian. In other words, χa

and h together form a linear representation of SU(2)L × SU(2)R. The unitarity of the
model can be thus traced back to its renormalizability. In terms of the Higgs doublet
H, the custodial invariance of the Lagrangian appears like an accidental symmetry:
at the renormalizable level, all the (SU(2)L×U(1)Y )-invariant operators are functions
of H†H =

�
i
ω2
i
, where ωi are the four real components parametrizing the complex

doublet H. This implies that the theory is invariant under an SO(4) ∼ SU(2)L ×
SU(2)R invariance, broken down to SO(3) ∼ SU(2)c in the vacuum �H†H� = v2,
under which the ωi components are rotated.

The weakly-interacting Higgs model has two main virtues: it is theoretically at-
tractive because of its calculability, and it is insofar phenomenologically successful, as
it satisfies the LEP and SLD electroweak precision tests [13]. Both calculability (which
stems from perturbativity) and the success in passing the precision tests follow from
the Higgs boson being light. It is however well known that an elementary light scalar,
such as h, is unstable under radiative corrections: its mass receives quadratically diver-
gent corrections, which makes a light Higgs scalar highly unnatural in absence of some
symmetry protection. In this sense, the Higgs model should perhaps be regarded as
a parametrization rather than a dynamical explanation of the electroweak symmetry
breaking.

2.2 Technicolor models

The Higgs model is an extremely economical way to perturbatively unitarize the theory
and parametrize the symmetry breaking, but we know that it is not the solution that
Nature has chosen in another similar physical system: QCD. At low energy the con-
densation of the color force dynamically breaks the SU(2)L×SU(2)R chiral symmetry

10

W+
L W+

L

W-
L W-

Lψ ̅ ψ ̅

ψ ψ
b≠1, c≠1 also lead to 
ill-behaved amplitudes

A(W+
L
W

−
L

→ ψ̄ψ) ∼ mψ
√
s

v2
(1− a c) +O

�
m2

H

s

�
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Higgs EFT
there are existing, indirect constraints on a,b,c

ex.) loop level contributions 
to

 S,T parameters

χ1

χ2

W 3 B

χ2 (χ1)

χ1 (χ2) χ1 (χ2)

B

h

χ3

W 3 B

h

χ3 χ3

B

Figure 8: Logarithmically divergent contributions to S (left diagrams) and T (right dia-

grams) from loops of would-be NG Goldstones χ’s (upper row) and of the Higgs boson (lower

row). In the SM the Higgs divergent contribution exactly matches that from the χ’s to give

a finite result. At scales below mh, the upper left diagram contributes to the running of the

coefficient of the operator Tr
�
Σ†WµνΣBµν

�
, see eq.(32). Similarly, the upper right diagram

contributes to the running of the coefficient of
�
Tr

�
T 3Σ†DµΣ

��2
. See Ref. [18].

which leads to a constraint on the mass of the lightest spin-1 resonance mρ.
11

Concerning ∆ρ (or equivalently the Peskin-Takeuchi T parameter), the tree-level

correction due to the exchange of heavy spin-1 resonances identically vanishes in the

SO(5)/SO(4) model as a consequence of the custodial symmetry of the strong sector.

In fact, the absence of this otherwise large correction to ∆ρ is the main reason to

consider this symmetry breaking pattern instead of more minimal ones (like for example

SU(3) → SU(2) × U(1), see Ref.[43]), where no custodial symmetry is present. Non-

vanishing corrections to ∆ρ will follow in general from loops of heavy fermions and

vectors. We do not discuss these effects here, referring to the literature [44–46] for

more details.

There is another important correction to both the S and T parameters, calculable

within the low-energy effective theory, that follows from the modified couplings of the

composite Higgs to the SM gauge bosons, see eq.(56). In the Standard Model the

1-loop contribution of the Higgs boson to the vector self energy exactly cancels the

logarithmic divergence arising from loops of would-be NG bosons χa
(see for example

Ref. [18]). The relevant diagrams are shown in Fig. 8. The cancellation follows from the

11
Notice that resumming the effect of the whole tower of resonances, without assuming vector

meson dominance, will in general make the bound stronger. For example, the calculation of S in the

5-dimensional models of Refs. [34, 35] leads to a formula analogous to eq.(99) where the coefficient

1.36 is replaced by 2.08, see [34].

33

here χa = Wa
L

a
∆S = +

1

12π
(1− a2) log

� Λ2

m2
H

�

∆T = − 3

16π cos2 θW
(1− a2) log

� Λ2

m2
H

�
roughly constrains
 0.75 ≤ a ≤ 1.5,

 depending on assumptions

similarly, off-diagonal cij strongly constrained by flavor physics 

diagonal cii, b are less constrained 
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Higgs EFT in action

several groups (theory & experiment) are already 
looking at LHC Higgs data in the a,b,c space

UPDATED SANITY CHECK

��

��

mh � 125 GeV
68� CL
90� CL
95� CL

� SM
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CMS Preliminary

-1 = 7 TeV, L = 5.1 fbs
-1 = 8 TeV, L = 5.3 fbs

To notice:{o  Best fit well captured (as should be anticipated)

o  Errs on the conservative side (as advertised)
 by <1sigma or so

c =

= a

many subtleties! care 
required in 

interpretation
(talk by Duehrssen) 
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Recap
• to fit observation, we need massive W±/Z0/fermions 

+ extra scalar

• general setup: LΣ .. contains LSM in special
  a = b = c = 1 limit

• for a,b,c≠1, LΣ becomes strongly coupled at some 
energy Elim ... expect (from QCD experience) some 
new dynamics to enter at that scale 

• BUT: What UV dynamics actually leads to LΣ? What 
else (other states, couplings) is present in those 
scenarios?

• useful framework for LHC Higgs data
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Light scalar fields

          masses of scalar fields are sensitive to  the highest 
scales of a theory: δm²H ∼ Λ²

Having a scalar mass << theory cutoff requires delicate 
‘unnatural’ cancellations = “hierarchy problem”. Many BSM 

scenarios try to address this problem

m2
H

2
h2
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who cares about natural?

UK, lead by new player Higgs,
defeats Germany in World Cup Final

1000 - 0

theoretically possible, but 
hard to imagine within the

rules we trust...

either Higgs is unlike the other 
particles/players we know, or 

there is more going on
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Light scalar fields

          masses of scalar fields are sensitive to  the highest 
scales of a theory: δm²H ∼ Λ²

Having a scalar mass << theory cutoff requires delicate 
‘unnatural’ cancellations = “hierarchy problem”. Many BSM 

scenarios try to address this problem

m2
H

2
h2

making these symmetries approximate, rather than exact 
-> light scalar (Higgs)

• links scalars to fermions via a symmetry. chiral
symmetry protects mass = SUSY

• shift symmetry: h → h + c, then h2 forbidden
= Higgs as a Goldstone boson

(lectures by Slavich)
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Higgs as a pseudo-Goldstone Boson
For starters: let’s study a simpler setup, 2 flavor QCD. As 

we’ll see, the pion of QCD is a pNGB, so many lessons from 
Lπ will carry over to LH.

At high energy, QCD is quarks and gluons

this theory is invariant under rotations of LH, 
RH quarks among themselves

�
u�
L

d�L

�
= UL

�
uL

dL

� �
u�
R

d�L

�
= UR

�
uR

dR

�

global symmetry is SU(2)L ⊗ SU(2)R
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Higgs as a pseudo-Goldstone Boson
at E ~ 1 GeV, the strong force becomes confining, 

quarks & antiquarks get bound together.. only color 
singlet states allowed

color-singlet condensates form: �Q̄LQR� �= 0

under global symmetry: �Q̄LQR� → �Q̄L U †
LUR QR�

only invariant when UL = UR, the ‘vectorial’ subgroup

so, as a result of the strong dynamics, symmetry has 
been broken: SU(2)L ⊗ SU(2)R → SU(2)V

Goldstone’s theorem: for each generator of a spontaneously  
                broken, continuous, global symmetry 
                      → a massless scalar (a Goldstone boson)
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Higgs as a pseudo-Goldstone Boson
at E ~ 1 GeV, the strong force becomes confining, 

quarks & antiquarks get bound together.. only color 
singlet states allowed

color-singlet condensates form: �Q̄LQR� �= 0

under global symmetry: �Q̄LQR� → �Q̄L U †
LUR QR�

only invariant when UL = UR, the ‘vectorial’ subgroup

so, as a result of the strong dynamics, symmetry has 
been broken: SU(2)L ⊗ SU(2)R → SU(2)V

Goldstone’s theorem: for each generator of a spontaneously  
                broken, continuous, global symmetry 
                      → a massless scalar (a Goldstone boson)

+3 NGB
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Higgs as a pseudo-Goldstone Boson
the interactions of the NGB can be described by the 

‘chiral lagrangian’

introduce: U = exp
�2 i�π

fπ

� �π = πa τa

fix U → UL U U†R

pion decay constant = 93 MeV

then U has the same transformation 
properties as <QLQ̅R>

UU† = 1, so terms in Lπ must involve derivatives

Lπ =
f2
π

4
tr(∂µU ∂µU †) + c1 tr(∂µU ∂µU †)2 + · · ·

other 4-deriv. terms

expanded out:

Lπ =
1

2
(∂µπa)

2 + · · ·
multiple-π interactions

(π ∂µπ)², etc.
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Higgs as a pseudo-Goldstone Boson
Look familiar? it should! same setup as triplet of fields in 

LΣ, but with v → fπ. Setup is the same because the 
symmetry (& symmetry breaking) is the same

but remember: our goal is to have a setup where 
triplet PLUS h are ALL NGBs.. needs more work

First, some more observations of Lπ & QCD:

• number of πₐ is set by the amount of symmetry broken

• the transformation properties of πₐ under unbroken 
symmetry (SU(2)V) also set by pattern of symmetry 
breaking

• all interactions of πₐ involve ∂μ
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Higgs as a pseudo-Goldstone Boson
more observations of Lπ & QCD:

• there is more to QCD than just πₐ...

 There are other bound states of quarks = resonances like ρ, 
a₁, ω. These resonances have various JPC, & interact strongly 
with the πₐ.

...

Mρ = 770MeV, JPC = 1−−

Mω = 782MeV, JPC = 1−−

Ma1 = 1230MeV, JPC = 1++

Mη = 539MeV, JPC = 0−+

They are not contained in Lπ.. no first-principles way to 
include them, instead must use phenomenological models
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Higgs as a pseudo-Goldstone Boson
adding electromagnetism:

• U(1)em is part of the SU(2)V that remains unbroken (LH, 
RH quarks have the same EM charge). What if we turn 
on this gauge interaction?

∂µU → DµU, DµU = ∂µU + ieAµQ̂ U Q̂ =

�
2
3

− 1
3

�

we get new interactions of pions and photons, some of 
which have no derivatives

loops of photons generate V(π) 

+ + + · · ·

Figure 7: 1-loop contribution of the SM gauge fields to the Higgs potential. A grey blob

represents the strong dynamics encoded by the form factor Π1.

section 3.3, as we are now ready to derive the Coleman-Weinberg potential for the

composite Higgs.

We will concentrate on the contribution from the SU(2)L gauge fields, neglecting the

smaller correction from hypercharge. The contribution from fermions will be derived

in section 3.4. The 1-loop Coleman-Weinberg potential resums the class of diagrams

in Fig. 7. From the effective action (48), after the addition of the gauge-fixing term

LGF = − 1

2g2ζ

�
∂µ

A
aL
µ

�2
, (58)

it is easy to derive the Feynman rules for the gauge propagator and vertex:

Gµν =
i

Π0(q
2)
(PT )µν − ζ

ig2

q2
(PL)µν

iΓµν =
iΠ1(q

2
)

4
sin

2
(h/f)(PT )µν

where (PL)µν = qµqν/q
2
is the longitudinal projector. Resumming the series of 1-loop

diagrams of Fig. 7 then leads to the potential:

V (h) =
9

2

�
d4Q

(2π)4
log

�
1 +

1

4

Π1(Q
2
)

Π0(Q
2)

sin
2
(h/f)

�
(59)

where Q2
= −q2 is the Euclidean momentum. The factor 9 originates from the sum

over three Lorentz polarizations and three SU(2)L flavors.

Let us argue on the behavior of the form factors at large Euclidean momentum and

on the convergence of the integral. We have seen that Π0 is related to the product of

two SO(4) currents

�Ja
µ(q)J

a
ν (−q)� = Π0(q

2
)(PT )µν (60)

where, we recall, the notation �O1O2� denotes the vacuum expectation of the time-

ordered product of the operators O1 and O2. The form factor Π1, on the other hand,

24

A

A A

Wednesday, January 9, 2013



Higgs as a pseudo-Goldstone Boson

+ + + · · ·

Figure 7: 1-loop contribution of the SM gauge fields to the Higgs potential. A grey blob

represents the strong dynamics encoded by the form factor Π1.

section 3.3, as we are now ready to derive the Coleman-Weinberg potential for the

composite Higgs.

We will concentrate on the contribution from the SU(2)L gauge fields, neglecting the

smaller correction from hypercharge. The contribution from fermions will be derived

in section 3.4. The 1-loop Coleman-Weinberg potential resums the class of diagrams

in Fig. 7. From the effective action (48), after the addition of the gauge-fixing term

LGF = − 1

2g2ζ

�
∂µ

A
aL
µ

�2
, (58)

it is easy to derive the Feynman rules for the gauge propagator and vertex:

Gµν =
i

Π0(q
2)
(PT )µν − ζ

ig2

q2
(PL)µν

iΓµν =
iΠ1(q

2
)

4
sin

2
(h/f)(PT )µν

where (PL)µν = qµqν/q
2
is the longitudinal projector. Resumming the series of 1-loop

diagrams of Fig. 7 then leads to the potential:

V (h) =
9

2

�
d4Q

(2π)4
log

�
1 +

1

4

Π1(Q
2
)

Π0(Q
2)

sin
2
(h/f)

�
(59)

where Q2
= −q2 is the Euclidean momentum. The factor 9 originates from the sum

over three Lorentz polarizations and three SU(2)L flavors.

Let us argue on the behavior of the form factors at large Euclidean momentum and

on the convergence of the integral. We have seen that Π0 is related to the product of

two SO(4) currents

�Ja
µ(q)J

a
ν (−q)� = Π0(q

2
)(PT )µν (60)

where, we recall, the notation �O1O2� denotes the vacuum expectation of the time-

ordered product of the operators O1 and O2. The form factor Π1, on the other hand,

24

cutoff: typically Λ = O(4πf)

coeff.

mass term:
loop factor

other terms in V(π) generated similarly.

Above is just an estimate... loops of strongly coupled 
particles involved. For more rigorous calculation, see: 

Contino 1005.4269 + ref. therein

With full calculation, can show V(π) has a min at π = 0 
V(π)

π

π+, π- get mass, π0, γ stay 
massless

∼ c2
e2

16π2
Λ2 π2

a
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Higgs as a pseudo-Goldstone Boson

+ + + · · ·

Figure 7: 1-loop contribution of the SM gauge fields to the Higgs potential. A grey blob

represents the strong dynamics encoded by the form factor Π1.

section 3.3, as we are now ready to derive the Coleman-Weinberg potential for the

composite Higgs.

We will concentrate on the contribution from the SU(2)L gauge fields, neglecting the

smaller correction from hypercharge. The contribution from fermions will be derived

in section 3.4. The 1-loop Coleman-Weinberg potential resums the class of diagrams

in Fig. 7. From the effective action (48), after the addition of the gauge-fixing term

LGF = − 1

2g2ζ

�
∂µ

A
aL
µ

�2
, (58)

it is easy to derive the Feynman rules for the gauge propagator and vertex:

Gµν =
i

Π0(q
2)
(PT )µν − ζ

ig2

q2
(PL)µν

iΓµν =
iΠ1(q

2
)

4
sin

2
(h/f)(PT )µν

where (PL)µν = qµqν/q
2
is the longitudinal projector. Resumming the series of 1-loop

diagrams of Fig. 7 then leads to the potential:

V (h) =
9

2

�
d4Q

(2π)4
log

�
1 +

1

4

Π1(Q
2
)

Π0(Q
2)

sin
2
(h/f)

�
(59)

where Q2
= −q2 is the Euclidean momentum. The factor 9 originates from the sum

over three Lorentz polarizations and three SU(2)L flavors.

Let us argue on the behavior of the form factors at large Euclidean momentum and

on the convergence of the integral. We have seen that Π0 is related to the product of

two SO(4) currents

�Ja
µ(q)J

a
ν (−q)� = Π0(q

2
)(PT )µν (60)

where, we recall, the notation �O1O2� denotes the vacuum expectation of the time-

ordered product of the operators O1 and O2. The form factor Π1, on the other hand,

24

cutoff: typically Λ = O(4πf)

coeff.

mass term:
loop factor

 is there a mπ “hierarchy problem”: unnatural for mπ ≪ Λ ?

above a certain scale, π description no longer 
makes sense, the π falls apart into its quark 

constituents

∼ c2
e2

16π2
Λ2 π2

a

NO...we can’t take Λ  arbitrarily high
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Higgs as a pseudo-Goldstone Boson
thought experiment: what if π interacted with fields other 
than the photon (some fermions, other gauge interactions, 

etc.)? 

these other interactions would also affect V(π). Shape of V(π) 
no longer set... 

What if V(π) developed a non-trivial minima?

V(π)

π
fπ

vπ

potential minimized at 
<π> = vπ 
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V(π)

πfπ
vπ

potential minimized 
at <π> = vπ 

Higgs as a pseudo-Goldstone Boson

e2 AµAµ π
+π− → e2v2π A

µAµ

then <π> ≠ 0 breaks U(1)em

photon gets a mass
scale of the breaking is vπ < fπ

clearly this is not a situation we want for QCD!
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V(π)

πfπ
vπ

potential minimized 
at <π> = vπ 

Higgs as a pseudo-Goldstone Boson

e2 AµAµ π
+π− → e2v2π A

µAµ

then <π> ≠ 0 breaks U(1)em

photon gets a mass
scale of the breaking is vπ < fπ

clearly this is not a situation we want for QCD!

BUT: shows that NGB interactions lead to a potential, 
and can lead to breaking of symmetries the strong 

dynamics respected. New scale vπ develops
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Higgs as a pseudo-Goldstone Boson
based on our QCD analogy, we have a recipe for a Goldstone 

Higgs scenario:

• assume some strong dynamics at a high scale f. 
EWS should remain unbroken: G → H ⊃ SU(2)w ⊗ U(1)Y

• that dynamics generates a bunch of Goldstone bosons, 
including the Higgs (4-plet of particles), as a doublet.

• interactions exterior to strong dynamics lead to V(h). 
Choose interactions such that V(h)min is at h ≠ 0. 
Instead hmin = v

• Higgs is a composite particle → no hierarchy problem

• v < f means EWSB happens at a scale lower than the 
strong dynamics

Wednesday, January 9, 2013
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Higgs scenario:
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strong dynamics
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Higgs as a pseudo-Goldstone Boson
based on our QCD analogy, we have a recipe for a Goldstone 

Higgs scenario:

• assume some strong dynamics at a high scale f. 
EWS should remain unbroken: G → H ⊃ SU(2)w ⊗ U(1)Y

• that dynamics generates a bunch of Goldstone bosons, 
including the Higgs (4-plet of particles), as a doublet.

• interactions exterior to strong dynamics lead to V(h). 
Choose interactions such that V(h)min is at h ≠ 0. 
Instead hmin = v

• Higgs is a composite particle → no hierarchy problem

step 1:

step 2:

• v < f means EWSB happens at a scale lower than the 
strong dynamics
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Outline
Lecture #1
• Where are we now and where do we go from here?
• Did it have to be a Higgs?
• EFT for beyond the SM
• Composite Higgs (Higgs as a Goldstone Boson)

Lecture #2
• more Composite Higgs (Higgs as a Goldstone Boson)
• where & how to look at LHC
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recap from yesterday:
idea behind composite Higgs scenario:

assume there exists some new strong 
dynamics in the multi-TeV range

composite objects, 
including H, are formed

electroweak symmetry unbroken

mH = 0 at tree level. Potential V(h) generated by loops 
involving gauge/Yukawa interactions

V(π)

πfvπ

H

V(h) minimized 
at h = v ≪ f

electroweak symmetry broken

SU(2)⊗U(1)
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recap from yesterday:

CH setup will get us:

• a naturally light Higgs: no hierarchy problem since the 
Higgs falls apart into constituents above some scale

• separation of EW physics (W/Z/h, etc.) from the strong 
dynamics by f/v

pions of QCD are a well-known example of similar physics:
SU(2)L ⊗ SU(2)R → SU(2)V + 3 NGB

U(1)em ∈ SU(2)V generates mπ (more generally, V(π))

• Higgs couplings in the LΣ (a,b,c) form

U = 12×2 exp
�2 i�π

fπ

�
pions in U: , U → UL U U†R
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Higgs as a pseudo-Goldstone Boson
based on our QCD analogy, we have a recipe for a Goldstone 

Higgs scenario:

• assume some strong dynamics at a high scale f. 
EWS should remain unbroken: G → H ⊃ SU(2)w ⊗ U(1)Y

• that dynamics generates a bunch of Goldstone bosons, 
including the Higgs (4-plet of particles), as a doublet.

• interactions exterior to strong dynamics lead to V(h). 
Choose interactions such that V(h)min is at h ≠ 0. 
Instead hmin = v

• Higgs is a composite particle → no hierarchy problem

• v < f means EWSB happens at a scale lower than the 
strong dynamics
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Higgs as a pseudo-Goldstone Boson
based on our QCD analogy, we have a recipe for a Goldstone 

Higgs scenario:

• assume some strong dynamics at a high scale f. 
EWS should remain unbroken: G → H ⊃ SU(2)w ⊗ U(1)Y

• that dynamics generates a bunch of Goldstone bosons, 
including the Higgs (4-plet of particles), as a doublet.

• interactions exterior to strong dynamics lead to V(h). 
Choose interactions such that V(h)min is at h ≠ 0. 
Instead hmin = v

• Higgs is a composite particle → no hierarchy problem

step 1:

step 2:

• v < f means EWSB happens at a scale lower than the 
strong dynamics
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Higgs as a pseudo-Goldstone Boson
step 1: the art in these models is picking the right 

pattern of symmetry breaking...

the (global) group left unbroken by the strong dynamics:

• must contain SU(2) ⊗ U(1)...
• actually SU(2)⊗ SU(2) ≅ SO(4) works better (T parameter)
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Higgs as a pseudo-Goldstone Boson
step 1: the art in these models is picking the right 

pattern of symmetry breaking...

the (global) group left unbroken by the strong dynamics:

• must contain SU(2) ⊗ U(1)...
• actually SU(2)⊗ SU(2) ≅ SO(4) works better (T parameter)

starting group must be bigger than ending group: 
choice that works: SO(5) 

SO(5)
SO(4)

10 generators → 6 generators
= 4 broken generators = 4 NGB : just enough!
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Higgs as a pseudo-Goldstone Boson
step 1: the art in these models is picking the right 

pattern of symmetry breaking...

the (global) group left unbroken by the strong dynamics:

• must contain SU(2) ⊗ U(1)...
• actually SU(2)⊗ SU(2) ≅ SO(4) works better (T parameter)

starting group must be bigger than ending group: 
choice that works: SO(5) 

SO(5)
SO(4)

10 generators → 6 generators
= 4 broken generators = 4 NGB : just enough!

assemble: Σ = exp
�2iχaT a

f

� broken generator

strong scale NGB

Σ0 symmetry-
breaking ‘vev’
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Higgs as a pseudo-Goldstone Boson
 use SU(3)/(SU(2)⊗U(1)) as an explicit example:Huh?

Σex = exp
i

f




χ4 − iχ5

χ6 − iχ7

χ4 + iχ5 χ6 + iχ7





� �


0
0
1





Σ0
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SU(2)⊗ U(1) correspond to these (unbroken) generators

Higgs as a pseudo-Goldstone Boson
 use SU(3)/(SU(2)⊗U(1)) as an explicit example:Huh?

Σex = exp
i

f




χ4 − iχ5

χ6 − iχ7

χ4 + iχ5 χ6 + iχ7





� �


0
0
1





Σ0
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NGB come with broken generators. 

The set of 4: χ₄,₅,₆,₇  form a doublet under the SU(2)w ⊗ U(1)Y

SU(2)⊗ U(1) correspond to these (unbroken) generators

Higgs as a pseudo-Goldstone Boson
 use SU(3)/(SU(2)⊗U(1)) as an explicit example:Huh?

Σex = exp
i

f




χ4 − iχ5

χ6 − iχ7

χ4 + iχ5 χ6 + iχ7





� �


0
0
1





Σ0
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NGB come with broken generators. 

The set of 4: χ₄,₅,₆,₇  form a doublet under the SU(2)w ⊗ U(1)Y

SU(2)⊗ U(1) correspond to these (unbroken) generators

Higgs as a pseudo-Goldstone Boson
 use SU(3)/(SU(2)⊗U(1)) as an explicit example:Huh?

Σex = exp
i

f




χ4 − iχ5

χ6 − iχ7

χ4 + iχ5 χ6 + iχ7





� �

contains interactions of χ₄,₅,₆,₇ with 
W/Z/γ and each otherLΣ =

f2

4
tr(DµΣex DµΣ

†
ex) + · · ·




0
0
1





Σ0
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Higgs as a pseudo-Goldstone Boson
Now for the real thing: SO(5)/SO(4)

LΣ =
f2

4
tr(DµΣDµΣ

T ) + · · ·

after LOTS of ugly group theory & algebra

LΣ =
(∂µh)2

2
+

g2 f2

4
sin2

�h
f

�
W+

µ W−µ +
g2 f2

8 cos2 θ
sin2

�h
f

�
Z0
µZ

0µ
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Higgs as a pseudo-Goldstone Boson
Now for the real thing: SO(5)/SO(4)

LΣ =
f2

4
tr(DµΣDµΣ

T ) + · · ·

after LOTS of ugly group theory & algebra

LΣ =
(∂µh)2

2
+

g2 f2

4
sin2

�h
f

�
W+

µ W−µ +
g2 f2

8 cos2 θ
sin2

�h
f

�
Z0
µZ

0µ

ASSUMING: <h>≠0 (have to justify later with V(h) )
set h → h + <h> in above, and expand 

v = f sin
�< h >

f

�
define: EW scale v < scale of 

strong dynamics f 
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Higgs as a pseudo-Goldstone Boson

Keep expanding:LΣ =
(∂µh)2

2
+

g2 f2

4
sin2

�h
f

�
W+

µ W−µ +
g2 f2

8 cos2 θ
sin2

�h
f

�
Z0
µZ

0µ

recall our Higgs EFT: m2
W

�
1 + a

2h

v
+ b

h2

v2
+ · · ·

�

∴ in the SO(5)/SO(4) composite Higgs model

where: ξ =
v2

f2

f2 sin2
�h
f

�
= v2 + 2 v h

�
1− ξ + h2 (1− 2ξ) + · · ·

a =

�

1− v2

f2
b = 1− 2

v2

f2,
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Higgs as a pseudo-Goldstone Boson
bad behavior in WLWL amplitudes delayed by a factor of

other patterns of symmetry breaking would have different 
values for a,b,c, as well as more states

ex.) SO(6)/SO(5) has 5 NGBs,
                  4 ∈ H + 1 extra scalar η

many other 
possibilities

(1− a)−1/2 ∼ f2

v2

recall: precision EW bounds a require  
v

f
� 0.5

so strong coupling scale pushed to ~ 10 TeV (at least)

eventual strong dynamics... 
∴ expect resonances at scale ~f 

in analogy with to QCD
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Higgs potential
How do we get <h> ≠ 0 in the first place?

right now our hi interact with gauge fields, but we 
know from QCD experience that V(h) generated from 

these interactions alone has a minimum at h = 0

Solution: Yukawa couplings

even forgetting V(h), our theory was incomplete, 
because it did not explain how fermion masses arise

we can write y f QL Σu∗
R + h.c.

but why does such a term exist? for gauge bosons, 
gauge invariant demanded W, Z talk to h. No such reason 

for the fermion mass term
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Higgs potential
Also: If we imagine Σ is a bound state of  more 

fundamental fermions (the things that the composite Higgs 
is made of), analogous to QCD pion = <q ̅γ₅q>

y f QL Σu∗
R → y

(QLu∗
R)(ψ̄ψ)

Λ2

previous term is dimension-6, 
suppressed by some scale

need Λ low to make fermion masses big enough 
(mt!), but low Λ would cause large flavor 

problems 

(QLd∗R)
2

Λ2
i.e.)

So, try a different approach: ‘partial compositeness’

leads to large K0 - K ̅0, 
B0-B̅0 mixing, etc.
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Partial Compositeness

• new strong dynamics makes mesons (including the h), so it 
can make ‘baryons’ = composite fermions too

• composite baryons are massive even without EWSB, just as 
proton would have mass even without quark masses. 

• proton interacts strongly with QCD pion ∴ composite 
fermions will interact strongly with composite higgs.
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Partial Compositeness

• new strong dynamics makes mesons (including the h), so it 
can make ‘baryons’ = composite fermions too

• composite baryons are massive even without EWSB, just as 
proton would have mass even without quark masses. 

• proton interacts strongly with QCD pion ∴ composite 
fermions will interact strongly with composite higgs.

• by mixing the SM fermions with the composite fermions, 
the SM fermions can acquire mass

• the price we pay for massive SM fermions is new states, 
the composite fermions. New states -> new LHC signals
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Partial Compositeness

in practice (schematically)

composite fermions mass terms for composites

composite + higgs couplings

blue terms: come from strong sector & therefore obey 
same SO(5) symmetry

there are several choices for what representations 
composite fermions sit in (4, 5, 10, etc.), leading to slightly 

different structure of the interactions

LF = ∆LQLQR +∆RtRTL +MQQLQR +MTTLTR + YT QL Σ TR + h.c.

Note:                etc. must be colored particles QL, QR,

SM fields
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Partial Compositeness
Undo the mixing

LF = ∆LQLQR +∆RtRTL +MQQLQR +MTTLTR + YT QL Σ TR + h.c.

�
QH

qL

�
=

�
∆L MQ

0 0

��
QL

QL

�
+ similar for tR TL,R

QL = cos (φL)QH + sin (φL) qL

QL = − sin (φL)QH + cos (φL) qL

(qL h t∗R)YT sin (φL) sin (φR)

+ similar for tR TL,R

yields

h

QL tR
SM fermions get mass by 
mixing with composites 

expanding h about 
vev, find c*:

c =

�

1− v2

f2

*depends on 
representation of
               etc. QL, QR,
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About that potential

+ + + · · ·

t R

t L

+

t L

t Rt L

t R

+ · · ·

Figure 12: 1-loop contribution of the SM top and bottom quark to the Higgs potential.

Upper row: diagrams where the same elementary field, either qL = (tL, bL) or tR, circulates
in the loop with a propagator i/(�pΠ0). A grey blob denotes the form factor �pΠ1. Lower row:

diagrams where both tL and tR circulate in the loop with a Higgs-dependent propagator (see

text). In this case a grey blob denotes the form factor Mu
1 .

where this time the first two terms in the integral can be thought of as due to the

resummation of 1-loop diagrams where only qL or tR are exchanged, see Fig. 12 (upper

row). The last term, instead, comes from resumming the diagrams where both tL and

tR circulate in the loop with a Higgs-dependent propagator, respectively

i

�p (Πq
0 + Πq

1 cos(h/f))
, and

i

�p (Πu
0 − Πu

1 cos(h/f))
,

see Fig. 12 (lower row). As for the case of the gauge fields, the finiteness of the integral

is guaranteed by the convergence of the form factors Mu
1 and Πu,q

1 at large Euclidean

momenta. Provided these decrease fast enough, the potential can be reasonably well

approximated by expanding the logarithms at first order. This gives:

V (h) � α cos
h

f
− β sin

2 h

f
, (125)

where the coefficients α and β are defined in terms of integrals of the form factors.

Including the contribution of the gauge potential (59) to β, one has:

α =2Nc

�
d4p

(2π)4

�
Πu

1

Πu
0

− 2
Πq

1

Πq
0

�

β =

�
d4p

(2π)4

�
2Nc

(Mu
1 )

2

(−p2) (Πq
0 + Πq

1)(Π
u
0 − Πu

1)
− 9

8

Π1

Π0

�
.

(126)

44

within this setup, we can calculate the V(h) from loops of 
fermions, in same fashion as done before 

Vg(h) ∼= c1 sin
2 h/f

Vt(h) ∼= −c2 cosh/f − c3 sin
2 h/f

from gauge interactions

from top interactions

∼f
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About that potential

Vmin at h≠0 is possible, requires delicate balance 
between +ve and -ve contributions to obtain v ≪ f = 

requires some ‘tuning’ of parameters

what’s in these blobs?

+ + + · · ·

Figure 7: 1-loop contribution of the SM gauge fields to the Higgs potential. A grey blob

represents the strong dynamics encoded by the form factor Π1.

section 3.3, as we are now ready to derive the Coleman-Weinberg potential for the

composite Higgs.

We will concentrate on the contribution from the SU(2)L gauge fields, neglecting the

smaller correction from hypercharge. The contribution from fermions will be derived

in section 3.4. The 1-loop Coleman-Weinberg potential resums the class of diagrams

in Fig. 7. From the effective action (48), after the addition of the gauge-fixing term

LGF = − 1

2g2ζ

�
∂µ

A
aL
µ

�2
, (58)

it is easy to derive the Feynman rules for the gauge propagator and vertex:

Gµν =
i

Π0(q
2)
(PT )µν − ζ

ig2

q2
(PL)µν

iΓµν =
iΠ1(q

2
)

4
sin

2
(h/f)(PT )µν

where (PL)µν = qµqν/q
2
is the longitudinal projector. Resumming the series of 1-loop

diagrams of Fig. 7 then leads to the potential:

V (h) =
9

2

�
d4Q

(2π)4
log

�
1 +

1

4

Π1(Q
2
)

Π0(Q
2)

sin
2
(h/f)

�
(59)

where Q2
= −q2 is the Euclidean momentum. The factor 9 originates from the sum

over three Lorentz polarizations and three SU(2)L flavors.

Let us argue on the behavior of the form factors at large Euclidean momentum and

on the convergence of the integral. We have seen that Π0 is related to the product of

two SO(4) currents

�Ja
µ(q)J

a
ν (−q)� = Π0(q

2
)(PT )µν (60)

where, we recall, the notation �O1O2� denotes the vacuum expectation of the time-

ordered product of the operators O1 and O2. The form factor Π1, on the other hand,

24

= + + ...

know π 
become strongly 
coupled at high 
energy (A ∼ s)

parameterize as L ⊃ Πµν(q2)AµAνπ
2
a

Πμν encodes all the strong dynamics effects. Some aspects like Π(0), Π(∞) 
are set by symmetries, details require model  

ex.) large N, extra dimensions
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Review

O(f)-O(4πf)

v

high energies: constituents rather than composites are 
relevant d.o.f, analog of q, g of QCD
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strong dynamics kick in, constituents confined, breaks 
SO(5) → SO(4). EWS unbroken

not: instead:
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�q̄LqR� ��ijψiψj�

strong dynamics kick in, constituents confined, breaks 
SO(5) → SO(4). EWS unbroken

not: instead:

NGB  + massless gauge fields, described by LΣ
loop-level gauge, Yukawa interactions generate V(h) 
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Review

O(f)-O(4πf)

v

high energies: constituents rather than composites are 
relevant d.o.f, analog of q, g of QCD

�q̄LqR� ��ijψiψj�

strong dynamics kick in, constituents confined, breaks 
SO(5) → SO(4). EWS unbroken

not: instead:

NGB  + massless gauge fields, described by LΣ
loop-level gauge, Yukawa interactions generate V(h) 

V(h) has nontrivial minima,<h>≠0, EWSB 

bigger separation: f ≫ v, more SM-like
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Review

O(f)-O(4πf)

v

W±/Z0 

E

b

t
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Review

O(f)-O(4πf)

v

W±/Z0 

E

new vector resonances: other composites of strong 
dynamics with different spin, parity.

W’, Z’, W’’, ...
 Analog of ρ, a1, etc. of QCD 

... �

b

t
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Review

O(f)-O(4πf)

v

W±/Z0 

E

new vector resonances: other composites of strong 
dynamics with different spin, parity.

W’, Z’, W’’, ...
 Analog of ρ, a1, etc. of QCD 

... �

b

t

...
� fermion resonances: ‘baryons’ that mix with 

SM fermions
T’, B’, etc.

 T ̅’L H T’R interactions + mixing → SM mass 
terms
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LHC signals
1.) Higgs couplings: a, b, c

study all possible Higgs production and decay process to extract a, c

act

intricate process, as different production mechanisms scale differently 
with a, c, and contribute differently to each final state
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LHC signals
1.) Higgs couplings: a, b, c

study all possible Higgs production and decay process to extract a, c

relevant NOW

act

intricate process, as different production mechanisms scale differently 
with a, c, and contribute differently to each final state
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LHC signals
different composite Higgs models → different a, c, possibly 

even extra Higgs decay modes from new particles

BUT, careful: H + jj is not VBF alone, H+0j is not just gg → H 
also, ΓH knows about all ci

ex.)      gg → h → Wμ+ Wμ- ∼ a ct/ΓH

      VBF pp → h → τ+ τ- ∼ a cτ/ΓH

gg→ h → τ+τ- ∼ ct cτ/ΓH
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LHC signals
3A. COMPOSITE (GOLDSTONE) HIGGS

[More minimal models: Four Goldstones+Custodial symmetry]

  SO(5)/SO(4) with SM fermions in spinor (“MCHM4”):

  SO(5)/SO(4) with SM fermions in fundamental (“MCHM5”):

a = c =
�
1− v2/f2

a =
�
1− v2/f2

c =
1− 2v2/f2

�
1− v2/f2

Realizes a fermiophobic limit;
studies exist, more ongoing...

(Gabrielli et al, 1202.1796)

��

��

mh � 125 GeV
68� CL
90� CL
95� CL

� SM

MCHM4

MCHM5

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0.0

0.5

1.0

1.5

2.0

a

c

CMS Likelihoods

[from J. Galloway]

SO(5)/SO(4)
model

alternate SO(5)/SO(4)
model w/ different 

representation for fermions

compiling Higgs data (prior to HCP)

decreasing v/f
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coupling b is trickier.. requires studying multi-Higgs            
          production in detail

LHC signals

h

h

h

h

h

W+W- h3 signal .. from further 
expansion of  f sin²(h/f)

doesn’t exist at tree level in the SM

low cross section and b must be 
disentangled from other 
hh production diagrams 

see ex.) [Dolan, Englert, Spannowsky 
                               1206.5001,1210.8166]
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coupling b is trickier.. requires studying multi-Higgs            
          production in detail

LHC signals

h

h

h

h

h

high-luminosity needed!

W+W- h3 signal .. from further 
expansion of  f sin²(h/f)

doesn’t exist at tree level in the SM

low cross section and b must be 
disentangled from other 
hh production diagrams 

see ex.) [Dolan, Englert, Spannowsky 
                               1206.5001,1210.8166]
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LHC signals
2.) production of new particles

we’ve seen that composite Higgs models generically have 
new vector (spin-1: W’, Z’,W’’) and fermion (T’, B’) resonances

• interactions of Higgs with W/Z set by choice of symmetry 
breaking... much more model dependence for resonances 
& their interactions

• additional complication: we know the theory is strongly 
coupled.. no obvious ‘best’ way to proceed. 

One idea: rescale properties of QCD resonances 

not very quantitative

MW � =

�
3

NC

f

fπ
Mρρ → W � , ∼ 4 TeV for f = 2 v
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Extra dimensional models on a slide
One way to model the strong dynamics is with an extra dimension

4 dim

ẑ

∂2φ = �φ+ ∂2
zφ

4-d deriv. deriv. along z ̂

�φ+X2φ 

�φ

‘massive’ field

‘massless’ field

5D field = whole tower of 4D fields of increasing 
mass, interpret as SM field + resonances

couplings among fields = integral over ẑ of 
overlapping profiles

masses, interactions, Π(q²) set by few parameters:
                                             size, geometry of 5th dimension

� L

0
dz φ1(z)φ2(z)φ3(z)

but not fundamental, just a model
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LHC signals
spin-1 resonances:

slight mixing between W’, Z’ and W, Z, means new 
resonances produced most easily in ŝ-channel

q

q̅’

W W’

+ similar for 
Z’, Z’’, etc.

BUT:  W’,Z’ couple strongest to other  
  strong-sector states, like the longitudinal 

  W, Z & h (even t). Big couplings mean ΓW’, 
etc. can be big.

usual W’, Z’ LHC searches assume zero (or very small) 
W’WZ interactions... these need to be reinterpreted for 

particles w/ strong interactions with W, Z, etc. 

may look like usual W’, Z’
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LHC signals
cleanest signal for W/Z decay products is the fully leptonic 

mode: W’ → WZ → 3ℓ + ν

leptonic modes have small BR .. combined with small 
production cross section, rate will be a problem as mW’ 

increases

7
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FIG. 3: The observed and expected limits on σ × BR(W ′ → WZ) for W ′ → WZ (a) and pp → ρT , aT → WZ (b). The
theoretical prediction is shown with a systematic uncertainty of 5% due to the choice of PDF and is estimated by comparing
the differences between the predictions of the nominal PDF set MRST2007 LO∗ and the ones given by MSTW2008 LO PDF
using the LHAPDF framework. The green and yellow bands represent respectively the 1σ and 2σ uncertainty on the expected
limit.

 [GeV]
T
%m

200 300 400 500

 [G
eV

]
T&

m

100

200

300

400

500

 Acceptance
T
%Observed Limit with 

 Acceptance
T
%Expected Limit with 

Observed Limit with W’ Acceptance
Expected Limit with W’ Acceptance

W - m
T
% = m

T&
m

-1 Ldt = 1.02 fb$
ATLAS

T
% = 1.1 m

Tam

= 7 TeVs

(a)

 [GeV]
T
%m

200 300 400 500

 [G
eV

]
T&

m

100

200

300

400

500

 Acceptance
T
%Observed Limit with 

 Acceptance
T
%Expected Limit with 

Observed Limit with W’ Acceptance
Expected Limit with W’ Acceptance

W - m
T
% = m

T&
m

-1 Ldt = 1.02 fb$
ATLAS

T
% >> m

Tam

= 7 TeVs

(b)

FIG. 4: The 95% CL expected and observed excluded mass regions in the (mρT , mπT
) plane for maT

= 1.1mρT (a) and
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# mρT (b), above the curves. Two different assumptions about the ρT signal A× ε are used: assuming a ρT signal where
A× ε is equal to that of the W ′ signal and assuming a ρT signal where A× ε is obtained through its implementation in pythia.
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LHC signals
semi-leptonic modes (ℓℓ + jj, ℓν+jj) look swamped by 

background (W/Z + jets) ...

angular sepn. of W→jj ~ 2 mW/pT ~ 0.3 for pT ~ 500 GeV .. both 
decay products fall into the same ‘jet’

 but we can use the fact that W, Z from a ~few TeV 
W’ will be highly boosted

jet ‘substructure’ will be an essential tool for 
uncovering such signals

QCDboosted W

[Butterworth et al ’08, 
Kaplan et al ’08, ...]

tutorial session at work!
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LHC signals
fermionic resonances = new heavy fermions

exactly what states are present & their masses depends on 
details of the composite fermions (masses M, representations)

simple example, to show some general features: 
tR mixing with composites T, Tc ∈ (3,1)2/3

yt Q3 H t
c +M T T

c + δ T t
c + h.c.

even from a sample of 10 fb
−1

of data [62, 63]. What

sets this work apart is the fact that unlike weak scale

supersymmetry, the final states consist solely of SM par-

ticles and hence do not automatically have large missing

energies. Without a clean sample of new physics events,

finding Higgs resonance is more challenging. We propose

a strategy that combines various boosted object taggers

(such as top and W/Z taggers) with conventional cuts

and requirements. We find that for top-partners up to

about 800 GeV, the algorithm is capable of discovering

the Higgs boson in the bb̄ channel with high significance

before any SM search.

The setup of this paper is the following: In Sec. II

we describe the minimal vector-like top-partner model

and define the mass eigenstates and couplings. Next,

in Sec. III we describe the analysis strategy – the tools,

both conventional and unconventional that we will use,

the flow of analysis cuts. In Sec. IV we give further simu-

lation details and present our results. Following our main

results, we provide two example models whose low energy

effective theory contains the exact states and interactions

necessary for our study (Sec. V). We then conclude in

Sec. VI with a discussion.

II. MIXING TOP-PARTNERS WITH THE TOP

While there are many possible vector-like extensions

of the SM, in this work we will focus on the vector-like

top. We enlarge the SM by two Weyl fermions: T ≡
(3, 1) 2

3
, T

c ≡ (3̄, 1)− 2
3
. With these quantum numbers,

the simplest, renormalizable interactions we can write

down involving the new fermions are:

L ⊃ y1Q3Ht
c
+ δ Ttc +MTT

c
, (1)

where Q3 is the (SM) third generation electroweak dou-

blet (t, b). Note that an additional term Q3HT
c
is also

allowed under all symmetries. It can, however, be elimi-

nated by rotating t
c
and T

c
and consequently redefining

δ and M .

The mass eigenstates are combinations of the quarks

t
c
and T

c
. The full mass matrix, including nonzero Higgs

vacuum expectation value (vev) is given by

�
t T

��m 0

δ M

��
t
c

T
c

�
, (2)

where m =
y1√
2
v and v is the Higgs vev. In general, this

mass matrix is not symmetric and can be diagonalized by

a bi-unitary transformation which rotates the left handed

and the right handed quarks by different angles. Under

such a rotation, the quark mass eigenstates are related

to the quarks in Eq. (1) in the following way

�
t1

t2

�
=

�
cos θl − sin θl
sin θl cos θl

��
t

T

�

�
t
c
1
t
c
2

�
=

�
cos θr − sin θr
sin θr cos θr

��
t
c

T
c

�
.

(3)

The angles θl, θr and the mass eigenvalues can be deter-

mined to be

θl =
1

2
tan

−1

�
2 δm

M2 −m2 + δ2

�

θr =
1

2
tan

−1

�
2 δM

M2 −m2 − δ2

�
(4)

mt = cos θl cos θr (m+ δ tan θl +M tan θl tan θr)

mT = cos θl cos θr (M − δ tan θr +m tan θl tan θr)

In a more useful parametrization, the angles and the cou-

plings may be expressed as a function of mt,mT and

η = δ/M .

tan θr =
mT

mt
tan θl (5)

θl =
1

2
sin

−1

�
η

2mtmT

m2
T −m2

t

�
(6)

In order to study the collider phenomenology of

this minimal setup we introduce four component Dirac

spinors tD =

�
t1

t
c†
1

�
and TD =

�
t2

t
c†
2

�
. The non-diagonal

interactions of heavy top can then be recast in the form

L ⊃ mt cos
2 θl

v
h T̄D(tan θr PL + tan θl PR) tD

+
g2 sin θl cos θl

2 cos θW
Zµ

�
T̄Dγµ

PLtD + t̄Dγµ
PLTD

�

+
g2 sin θl√

2

�
W

+
µ T̄Dγµ

PLbD +W
−
µ b̄Dγµ

PLTD

�
,

(7)

where PL,R are the usual projectors.

Within the minimal model, the top-partner can only

decay to the Higgs boson, W or Z. In the limit of infi-

nite T mass, the branching fractions for these modes are

essentially governed by “Goldstone equivalence”: T can

only decay into Higgs degrees of freedom via the first term

in Eq. (1) – two of these degrees of freedom are eaten to

become the longitudinal polarization of W
±
, one is eaten

by the Z, and the remaining one is the physical Higgs bo-

son. Therefore, we have:

BR(T → t+ h) ∼ 25%, BR(T → t+ Z) ∼ 25%

BR(T → b+W ) ∼ 50%.
(8)

Different kinematics among the three modes alters this

ratio, especially for lighter mT , however it remains a de-

cent approximation [64]. To demonstrate this, we plot

the branching fraction to the three modes as a function

of mT in Fig. (1).

III. BOOSTED HIGGS BOSONS FROM
TOP-PARTNERS

A. Pair production versus single production of
top-partners

Because of the T -b -W coupling in Eq. (7), single pro-

duction of T is possible. However, the cross section

2

even from a sample of 10 fb
−1

of data [62, 63]. What

sets this work apart is the fact that unlike weak scale

supersymmetry, the final states consist solely of SM par-

ticles and hence do not automatically have large missing

energies. Without a clean sample of new physics events,

finding Higgs resonance is more challenging. We propose

a strategy that combines various boosted object taggers

(such as top and W/Z taggers) with conventional cuts

and requirements. We find that for top-partners up to

about 800 GeV, the algorithm is capable of discovering

the Higgs boson in the bb̄ channel with high significance

before any SM search.

The setup of this paper is the following: In Sec. II

we describe the minimal vector-like top-partner model

and define the mass eigenstates and couplings. Next,

in Sec. III we describe the analysis strategy – the tools,

both conventional and unconventional that we will use,

the flow of analysis cuts. In Sec. IV we give further simu-

lation details and present our results. Following our main

results, we provide two example models whose low energy

effective theory contains the exact states and interactions

necessary for our study (Sec. V). We then conclude in

Sec. VI with a discussion.

II. MIXING TOP-PARTNERS WITH THE TOP

While there are many possible vector-like extensions

of the SM, in this work we will focus on the vector-like

top. We enlarge the SM by two Weyl fermions: T ≡
(3, 1) 2

3
, T

c ≡ (3̄, 1)− 2
3
. With these quantum numbers,

the simplest, renormalizable interactions we can write

down involving the new fermions are:

L ⊃ y1Q3Ht
c
+ δ Ttc +MTT

c
, (1)

where Q3 is the (SM) third generation electroweak dou-

blet (t, b). Note that an additional term Q3HT
c
is also

allowed under all symmetries. It can, however, be elimi-

nated by rotating t
c
and T

c
and consequently redefining

δ and M .

The mass eigenstates are combinations of the quarks

t
c
and T

c
. The full mass matrix, including nonzero Higgs

vacuum expectation value (vev) is given by

�
t T

��m 0

δ M

��
t
c

T
c

�
, (2)

where m =
y1√
2
v and v is the Higgs vev. In general, this

mass matrix is not symmetric and can be diagonalized by

a bi-unitary transformation which rotates the left handed

and the right handed quarks by different angles. Under

such a rotation, the quark mass eigenstates are related

to the quarks in Eq. (1) in the following way

�
t1

t2

�
=

�
cos θl − sin θl
sin θl cos θl

��
t

T

�

�
t
c
1
t
c
2

�
=

�
cos θr − sin θr
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�
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The angles θl, θr and the mass eigenvalues can be deter-

mined to be

θl =
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2
tan

−1
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2 δm

M2 −m2 + δ2

�
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1
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�
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M2 −m2 − δ2

�
(4)

mt = cos θl cos θr (m+ δ tan θl +M tan θl tan θr)

mT = cos θl cos θr (M − δ tan θr +m tan θl tan θr)

In a more useful parametrization, the angles and the cou-

plings may be expressed as a function of mt,mT and

η = δ/M .

tan θr =
mT

mt
tan θl (5)

θl =
1

2
sin

−1

�
η

2mtmT

m
2
T −m

2
t

�
(6)

In order to study the collider phenomenology of

this minimal setup we introduce four component Dirac

spinors tD =

�
t1

t
c†
1

�
and TD =

�
t2

t
c†
2

�
. The non-diagonal

interactions of heavy top can then be recast in the form

L ⊃ mt cos
2 θl

v
h T̄D(tan θr PL + tan θl PR) tD

+
g2 sin θl cos θl

2 cos θW
Zµ

�
T̄Dγµ

PLtD + t̄Dγµ
PLTD

�

+
g2 sin θl√

2

�
W

+
µ T̄Dγµ

PLbD +W
−
µ b̄Dγµ

PLTD

�
,

(7)

where PL,R are the usual projectors.

Within the minimal model, the top-partner can only

decay to the Higgs boson, W or Z. In the limit of infi-

nite T mass, the branching fractions for these modes are

essentially governed by “Goldstone equivalence”: T can

only decay into Higgs degrees of freedom via the first term

in Eq. (1) – two of these degrees of freedom are eaten to

become the longitudinal polarization of W
±
, one is eaten

by the Z, and the remaining one is the physical Higgs bo-

son. Therefore, we have:

BR(T → t+ h) ∼ 25%, BR(T → t+ Z) ∼ 25%

BR(T → b+W ) ∼ 50%.
(8)

Different kinematics among the three modes alters this

ratio, especially for lighter mT , however it remains a de-

cent approximation [64]. To demonstrate this, we plot

the branching fraction to the three modes as a function

of mT in Fig. (1).

III. BOOSTED HIGGS BOSONS FROM
TOP-PARTNERS

A. Pair production versus single production of
top-partners

Because of the T -b -W coupling in Eq. (7), single pro-

duction of T is possible. However, the cross section

2
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×
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H

extra ‘chiral’ quarks 
(4th generation) 

only have this decay mode
in large mass limit, 
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LHC signals

FIG. 5: Total cross sections for T T̄ production (dashed) and T+jet production (solid and dotted)
via t-channel W -exchange versus mass MT at the LHC. The solid line is for the couplings λ1 = λ2;

the dotted are for λ1/λ2 = 2 (upper) and 1/2 (lower). The number of events expected per 300 fb−1

luminosity is indicated on the right-hand axis. The scale f corresponding to λ1 = λ2 is given on the

top axis.

gauge bosons at higher energies. In Fig. 5 the cross sections of pair production of T T̄ (dashed
line) and the single T plus a jet production (solid and dotted) are presented versus its mass
MT at the LHC energy. We see that T+jet production dominates throughout the mass range
of current interest. The solid line is for the choice λ1 = λ2, while the dotted are for λ1/λ2 = 2
and 1/2. We see that for a T with a 3 TeV mass, the cross section can be about 0.23 fb. With
an integrated annual luminosity of 300 fb−1, this corresponds to about 70 events per year, as
indicated on the right-hand axis. The other processes of single T production qq̄′ → b̄T via
s-channel W -exchange and the associated production gb → WLT are both much smaller.

Because of the unsuppressed coupling of the heavy top T to the Higgs boson, and the en-
hanced couplings to the longitudinally polarized gauge bosons (Goldstone bosons)1, the partial
decay widths of T are

Γ(T → tH) = Γ(T → tZ) =
1

2
Γ(T → bW ) =

κ2

32π
MT , (51)

with the coupling κ = λ2
1/

√

λ2
1 + λ2

2. Other decay channels are effectively suppressed by v2/f 2.

1 We thank M. Perelstein [25] for drawing our attention to this point.

21

both pair-production (T T ̅ ) and single production 
possible. Pair production dominates for MT ≲ 1  TeV 

q

q̅ q

b T

W

q’

• fairly large cross section

• lots of W,Z,h, b in the final state

T

T̅

Probably, stronger constraints could be found in mixed modes.

The most interesting targets are

where                          boosted hadronic W

where the lowest-mass (bb) combination is in the light Higgs 
window.

TT → tZ0bW− + c.c.

→ bjj�+�−b + (W )
(W ) = �ν or

TT → tZ0th0 + c.c.

→ bjj�+�−b�νbb

Probably, stronger constraints could be found in mixed modes.

The most interesting targets are

where                          boosted hadronic W

where the lowest-mass (bb) combination is in the light Higgs 
window.

TT → tZ0bW− + c.c.

→ bjj�+�−b + (W )
(W ) = �ν or

TT → tZ0th0 + c.c.

→ bjj�+�−b�νbb
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assume 100% BR into one mode: T→ W b (4th gen), T → t Z

B’→ t W
CMS 1109.4985

recent 
counterexamples
Rao, Whiteson

1204.4504, 1203.6642
De Simone et al 

1211.5663

also
ATLAS 1204.1265

existing limits on T’, B’: 

so, limits need to be reinterpreted. Mixed modes likely to yield 
stronger constraints. 

substructure could be useful for identifying hadronic W/Z

LHC signals
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LHC signals
more exotic possibilities:

In some scenarios, Q3L doublet is extended & includes 
higher charge states: X5/3, or  X7/6

q̄ q′

g

g

T̄5/3

q′

q̄

g

W−

W+ b

b̄

t̄

l+ ν
l+ ν

t
T5/3

W−

W+

l+ q′

g

g

B̄

ν

q̄

g

W−

W+ b

b̄

t̄

q̄ q′ l+ ν

t

B

W+

W−

Figure 1: Pair production of T5/3 and B to same-sign dilepton final states.

(section 4). Sections 5 and 6 present our main analysis: first, we show the optimal cuts and
characterize the best observables for discovering the heavy T5/3 and B without making any
sophisticated reconstruction; then, we reconstruct the W and t candidates and pair them to
reconstruct the T5/3 invariant mass. We conclude with a critical discussion of our results.

2 A simple model for the top partners

Although the main results of our analysis will be largely independent of the specific real-
ization of the new sector, we will adopt as a working example the “two-site” description of
Ref. [23], which reproduces the low-energy regime of the 5D models of [13, 14] (see also [24]
for an alternative 4D construction). Its two building blocks are the weakly-coupled sec-
tor of the elementary fields qL = (tL, bL) and tR, and a composite sector comprising two
heavy multiplets (2, 2)2/3, (1, 1)2/3 plus the Higgs (the case with partners of the tR in a
[(1, 3)⊕ (3, 1)]2/3 can be similarly worked out):

Q = (2, 2)2/3 =

[

T T5/3

B T2/3

]

, T̃ = (1, 1)2/3 , H = (2, 2)0 =

[

φ†
0 φ+

−φ− φ0

]

. (1)

The two sectors are linearly coupled through mass mixing terms, resulting in SM and heavy
mass eigenstates that are admixtures of elementary and composite modes. The Higgs dou-
blet couples only to the composite fermions, and its Yukawa interactions to the SM and
heavy eigenstates arise only via their composite component. The Lagrangian in the elemen-
tary/composite basis is (we omit the Higgs potential and kinetic terms and we assume, for
simplicity, the same Yukawa coupling for both left and right composite chiralities):

L =q̄L #∂ qL + t̄R #∂ tR
+ Tr

{

Q̄ ( #∂ −MQ)Q
}

+ ¯̃T ( #∂ −MT̃ ) T̃ + Y∗Tr{Q̄H} T̃ + h.c

+∆L q̄L (T,B) +∆R t̄RT̃ + h.c.

(2)

3

cascade decays of 
X → t W→ W b 
gives like-sign 

dileptons

[Contino, Servant ’08]

low SM background 
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LHC signals: summary

• the era of precision Higgs: composite-ness of the Higgs is 
encoded in deviations of couplings from their SM values

• direct production of new particles:

mass scale of new particles ~f is constrained via Higgs 
coupling measurements. More SM-like couplings → 

smaller v/f → heavier new states

both spin-1 and fermionic resonances have large 
couplings to W/Z/h/t: W/Z/h/t-rich final states 

W’/Z’/T’ have different properties than LHC searches 
usually assume -- care required in interpreting limits
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Conclusions:
• immediate LHC focus: how SM Higgs-like is X(125)?

LΣ EFT is a good framework to use, look for deviations a,b,c≠1

a,b,c≠1 indicate strong coupling enters at some scale

• Composite Higgs: Higgs as a Goldstone boson. 
      UV setup that gives light Higgs + a,b,c≠1

gauge and Yukawa interactions generate nontrivial V(h) 
and lead to EWSB. tuning of different contributions to get 

v ≪ f

other composites (spin-1, fermions) in spectra, possible 
targets for LHC searches. 

different than ‘generic’ W’Z’/T’: large couplings to W/Z/h/t 
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