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Main Goal of the LHC
   Understanding the theory of the weak scale.
   Finding the mechanism that unitarizes WL WL

 scattering. 

This often (but not always!) means finding a 
Higgs-like particle.

SM predictive f(mH), but naturalness requires 
new physics and new (heavy?) particles. 

⇒ Impact Higgs on phenomenology! 



o Weak interactions are gauge interactions ⇒ symmetry

o Weak interactions are short range ⇒ symmetry broken

o What’s the symmetry? At least SU(2)L x U(1)Y → U(1)em

o Precise features   

EWSB
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ū(i)

L Mu
iju

(j)
R + d̄(i)

L Md
ijd

(j)
R + ē(i)
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SU(2)LxU(1)Y gauge invariant
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Introduce goldstone bosons Σ of SSB:

Hidden symmetry
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General Lagrangian with spontaneous symmetry 
breaking and a scalarAdding an extra scalar,  singlet of the custodial SU(2)V

L =
1
2
(⇥µh)2 +

1
2
m2

hh2 + d3
1
6

✓
3m2

h

v

◆
h3 + . . .

+
v2

4
Tr
�
Dµ�†Dµ�

�✓
1 + 2a

h

v
+ b

h2

v2
+ · · ·

◆

� v⇥
2

X

i,j

�
u(i)

L d(i)
L

�
�
✓

1 + c
h

v
+ c2

h2

v2
+ · · ·

◆ 
�u

ij u(j)
R

�d
ij d(j)

R

!
+ h.c.

Goldstone bosons giving mass to W,Z



General Lagrangian with spontaneous symmetry 
breaking and a scalarAdding an extra scalar,  singlet of the custodial SU(2)V

L =
1
2
(⇥µh)2 +

1
2
m2

hh2 + d3
1
6

✓
3m2

h

v

◆
h3 + . . .

+
v2

4
Tr
�
Dµ�†Dµ�

�✓
1 + 2a

h

v
+ b

h2

v2
+ · · ·

◆

� v⇥
2

X

i,j

�
u(i)

L d(i)
L

�
�
✓

1 + c
h

v
+ c2

h2

v2
+ · · ·

◆ 
�u

ij u(j)
R

�d
ij d(j)

R

!
+ h.c.

Adding an extra scalar,  singlet of the custodial SU(2)V

a, b, c, c2, d3  free parameters

[ for a SM Higgs:  a=b=c=d3=1 ; c2=0]
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a, b, c, c2, d3  free parameters
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The value of                sets 
the scale of strong interactions:  
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strong coupling scale

Theory is weakly coupled to all
scales only if 
a = b = c = 1, c2 = 0

 = elementary SM Higgs

Elementary Higgs 
as UV moderator !

Figure 3: The full set of diagrams for qq ! WWqq at order g4W . The blob indicates the sum of
all possible WW ! WW subdiagrams. It is understood that the bremsstrahlung diagrams (second
and third diagrams) correspond to all possible ways to attach an outgoing W to the quark lines.

�t = O(s). Then, according to the above estimates, in the central region we have
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where Nh is a numerical factor expected to be of order 1. On the other hand, f(t/s) has

simple Coulomb poles in the forward region, due to t- and u-channel vector exchange. Then,

after imposing a cut 3 �s + Q2
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min, with M2
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min ⌧ s, the expectation

for the integrated cross sections is
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Here again Ns is a numerical factor expected to be of order 1. By the above estimates,

we expect the longitudinal cross section, both the hard one and the more inclusive one, to

become larger than the transverse cross section right above the vector boson mass scale.

In reality the situation is more complicated because, since we do not posses on-shell

vector boson beams, the V ’s have first to be radiated from the colliding protons. Then

the physics of vector boson scattering is the more accurately reproduced the closer to

on-shell the internal vector boson lines are, see Fig. 3. This is the limit in which the

process factorizes into the collinear (slow) emission of virtual vector bosons à la Weizsacker–

Williams and their subsequent hard (fast) scattering [13, 14]. As evident from the collision

kinematics, the virtuality of the vector bosons is of the order of the pT of the outgoing

quarks. Thus the interesting limit is the one where the transverse momentum of the two

spectator jets is much smaller than the other relevant scales. In particular when

pTjet ⌧ pTW MW ⌧ pTW (3.4)

where pTW and pTjet respectively represent the transverse momenta of the outgoing vector

bosons and jets. In this kinematical region, the virtuality of the incoming vector bosons can

be neglected with respect to the virtuality that characterizes the hard scattering subdia-

grams. Then the cross section can be written as a convolution of vector boson distribution

3The o↵shellness of the W ’s radiated by the quarks in fact provides a natural cut on |t| and |u| of the
order of p4Tjet/s. Nevertheless, the total inclusive cross section is dominated by soft physics and does not

probe the dynamics of EW symmetry breaking.
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“What’s the problem?”

Weisskopf Phys. Rev.56 (1939) 72

m2
scalar ⇠ ⇤2

with an elementary Higgs



naively, if the Higgs boson is a fundamental scalar, the 
natural value of its mass is of the order of the largest 
scale in the theory (UV instability) :

what is the nature of the Higgs boson ?Q:

is it a fundamental (= elementary) scalar field ?
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Text

possibility #1: all the couplings of the theory remain weak 
up to the Planck scale and the Higgs is an 
elementary scalar (perturbative case)

then there must be a symmetry 
protection (and new particles) 
which ensures a light Higgs 

example: SuperSymmetry

+ =  finiteno UV
instability ! 

SM sSM



possibility #2: (a subsector of) the theory becomes 
strongly interacting at a scale ! and 
the Higgs is a composite bound state 
(strongly-interacting case)

for virtual momenta larger than 
the compositeness scale the Higgs 
couplings switch off (form factors)

=  finite



Text

Problem:
the other resonances of the strongly-interacting 
sector cannot be too light in order not to spoil 
the success of EW precision tests:

m~! ≳ a few TeV

can be the composite Higgs be naturally 
lighter than the other resonances ?Q:

! yes, if it is a (pseudo) Goldstone boson



Text

An example from QCD:  the Pion

strongly interacting sector = QCD

the pion is a quark-antiquark bound state

QCD has other resonances, with m~1 GeV 

ex: the !, m! = 770 MeV

the pion is lighter (m! = 135 MeV): it is the 
Goldstone boson of chiral symmetry breaking
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Inspired by QCD



global QCD symmetry!

�

Potential tilted:
due to quark masses
and gauging of EM

GB → pGB

⇢, . . .
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QCD



o

o Need custodial symmetry: replace U(1)Y by SU(2)R

o 

o Need ‘symmetry’ for S-parameter:  SO(5) → SO(4)

o GBs: 4 SO(4) = (2,2) of SU(2)L x SU(2)R like the Higgs !

Minimal Composite Higgs

mZ/mW cos ✓W ' 1) T ⇠ 0

SU(2)L ⇥ SU(2)R ! SU(2)C

Agashe, Contino, Pomarol



Higgs potential finite & calculable eg. in holographic 
picture,  

Flavor is almost ok

Some tension with CPV (see e.g. Redi, AW)

gauge fields A(3)
M and A(1)
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per degree of freedom, where d = 4 − ε is the number of dimensions with ε being in-

finitesimal, µ is an arbitrary scale, and xn = mn/ka is the dimensionless KK mass. The

infinite sum over KK masses can be evaluated utilizing zeta function regularization tech-

niques [21, 22, 23]
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where C is a contour encircling all the poles on the positive real axis counter-clockwise.

Note that these are the only poles in the right half plane since there is a one-to-one

correspondence between the zeros of the KK mass function (14) and the eigenvalues of

the operators P4 and Py in Eq. (8) which are Hermitian with respect to our boundary

conditions.

After a few manipulations, we find
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where divergent integrals IIR and IUV are independent of v and a and can be absorbed in

the renormalization of the IR- and UV-brane tensions, respectively, as in Ref. [23]. (Iν and

Kν are the modified Bessel functions.) We find that the effective potential is a periodic

function of v̂ with the period 2πa2/(1− a2) as is expected from the shape of the KK mass

function. In the last line of Eq. (18), the small a limit is taken, assuming that v̂ is within

the first period, i.e. v̂/a2 = O(1), without loss of generality.9 (One might find it suggestive

that the scale of the period of v is of the order of ka2, which roughly corresponds to the

order of the observed value of the cosmological constant # meV.)
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Compared to the RS formula (2.16), the doublet quark o↵-diagonal couplings receive many
additional contributions. In spite of that, the RS-GIM mechanism is still at work, in the
sense that the o↵-diagonal terms are always multiplied by the hierarchical matrix f
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We can now estimate the size of the FCNC four-fermion operators relevant for the for the
Kaon mixing. The LL operator is, just like in RS, suppressed by the CKM matrix elements,
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This bound has almost the same form as in the RS case, except for the last factor that
depends on m̃. In RS one usually takes f
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suppress the LL operator. In the case at hand, using the approximate expression for the top
mass, we can relate (for f�u3 ⇠ 1)

f
q3

s
1 + m̃2

1 + f 2

q3
m̃2

⇠ 2
p

2m
t

g⇤v

p
1 + m̃2

p
1 + M̃2

m̃
u

� M̃
(5.22)

Taking m̃
u,d

⇠ M̃ ⇠ 1 we can rewrite our estimate as

C1

K

⇠ 1

(5 · 104 TeV)2

✓
3 TeV

M
G

◆
2

(5.23)

which shows that a 3 TeV KK gluon satisfies the bound listed in Table 2.
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29

Csaki, Falkowski, AW

e.g. Oda, AW



Minimal composite Higgs at the LHC

MCH @ LHC

(slides from Jose Ramon Espinosa’s talk at CERN: 
Implications of LHC results for TeV-scale physics)

https://indico.cern.ch/conferenceOtherViews.py?view=standard&confId=141983
https://indico.cern.ch/conferenceOtherViews.py?view=standard&confId=141983






























Additional expectation:
Resonance production (like in QCD)

u

u

⇠ g2⇤ sin
2 �uR

sup

sup

⇢

if quarks are partially 
composite, can be very 
large => flavor trivial 
prediction!!
Cacciapaglia, Csaki, Galloway, Marandella,Terning, A.W.
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possibility #0:

there is no Higgs!



Possibility #0:

There is no Higgs!

Higgs-less spontaneous symmetry breaking is already 
realized in nature: low energy QCD

SU(2)L x SU(2)R → SU(2)V  

by a quark-quark condensate. Recycle this: techni-color.

Consequences: No Higgs, but resonances in WLWL

scattering (VBF and maybe DY)



Text
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A QCD antecedent
QCD pions are Goldstone bosons associated to SU(2)LxSU(2)R/SU(2)V

U = ei�a⇥a/f�

�
0
f��

2

⇥

kinetic terms for U  ⇔ interaction terms for πa 

L = |⇥µU |2 =
1
2
(⇥µ�a)2 � 1

6f2
�

�
(�a⇥µ�a)2 � (�a)2(⇥µ�a)2

⇥
+ . . .

contact interaction growing with energy

�a

�b

�c

�d

A
�
⇥a⇥b � ⇥c⇥d

⇥
= A(s, t, u)�ab�cd +A(t, s, u)�ac�bd +A(u, t, s)�ad�bc

A(s, t, u) =
s

f2
�

f� = 93 MeV ⇥
s � 4

⇥
�f� = 660 MeV

unitarity bound

rho meson (m=770 MeV) is restoring unitarity



Consequences: No Higgs, but resonances in WLWL

scattering (VBF and maybe DY)

Translating QCD: first resonance at 2 TeV (rho-meson)!
  (fpi → vEW) 
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Effective description in terms of a 3-site model

g ' g⇤ g
⇥RG ⇥GL

⇥RL � ⇥RG ⇥GL
see e.g. 
Grojean,Falkowski, 
Pokorski, AW ’11

The model

Minimal set-up describing the SM gauge sector includes (fermions later)

Standard Model gauge bosons La
µ, Bµ

3 Goldstone bosons ⇡ who become the longitudinal polarizations of the W
and Z bosons

Approximate SU(2)C custodial symmetry

A triplet of massive vector bosons called the ⇢µ mesons



Unitarity

Unitarity of the S-matrix implies the relation for the scattering amplitudes

ImM↵� =
X

�

M↵���M⇤
��

where �2

↵ = (1�m2

1

/s �m2

2

/s)2 � 4m2

1

m2

2

/s2 for s > (m
1

+m
2

)2, and �↵ = 0
otherwise. For one initial and one final state available it implies

|M↵↵|  �↵ or |ReM↵↵|  1/2�↵

Projecting into partial waves, the same condition for each partial wave.
Typically, s-wave gives the strongest bound. We take into account

”Elastic” channels ⇡⇡ ! ⇡⇡, Bagger et al [hep-ph/9306256]

Inelastic channels ⇡⇡ ! ⇢⇢,

”Semielastic” channels ⇡⇢ ! ⇡⇢
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Parameter space after all unitarity constraints
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Contour plots of the maximum cut-o↵ scale ⇤ overlaid it with contours of
constant m⇢ (left,dashed red) or S-parameter (right,dashed).
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Previous best limits on WW and WZ resonances currently from D0
[1011.6278]

Current best limits from the 1fb-1 CMS search for WZ resonances,
EXO-11-041

LHC limits on leptonic Z’ and W’ resonances are not competitive because
of the small leptonic branching fraction
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LHC’s main task: Unraveling the mechanism of 
EWSB → 

Is it EWSB weak or strong? An Elementary or a 
composite Higgs? Higgs-less?

Precise Higgs properties will tell us. Higher lumi/
energy goal: WL WL → WL WL scattering

Soon we will know if a Higgs exists - determining 
if it is composite will take more time. †

† ILC would be the perfect machine… can rule out 
  compositeness scales up to ~ 30 TeV.

Conclusions


