
What do we really know 
about the Higgs sector?



The “established” SM
“Observed” fields: 

Gauge bosons:

Femions: 

Scalar (Goldstones):      !

Scalar (?) (physical): h! ! ! custodial symmetry singlet
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The “established” lagrangian
Most general gauge invariant lagrangian for the observed fields

LSM = LEW + LEWSB + Lh 

LEW = Gauge bosons, fermions, gauge interactions

LEWSB = Goldstone effective lagrangian and interactions

Lh = Higgs (“h”) lagrangian (including interactions with what above)

LEWSB has an approximate SU(2)L x SU(2)R symmetry (spontaneously 
broken by EWSB to the “custodial” SU(2)V)

The SM Higgs is a special, especially appealing case, with

✓!exact unitarization

✓!agreement with EWPT

✓!understanding of custodial symmetry as accidental symmetry

✗! hierarchy problem (see below)
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large energies ✏µL(p) = pµ/mW + O(mW/E), so that each diagram naively grows as E4.
When all the diagrams are summed, however, the leading E4 term cancels out, and
the amplitude grows as E2. We will see shortly that this cancellation can be easily
understood by performing the calculation in a renormalizable gauge. By projecting on
partial wave amplitudes,

al =
1

32⇡

Z +1

�1

d cos ✓ A(s, ✓)Pl(cos ✓), (4)

where Pl(x) are the Legendre polynomials (P0(x) = 1, P1(x) = x, P2(x) = 3x2/2�1/2,
etc.), one finds the following expression for the s-wave amplitude (l = 0):
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The loss of perturbative unitarity in the s-wave scattering thus occurs for 1

⇡ ⇡ � ' 2Re(a0) , i.e. for:
p

s ⇡ ⇤ = 4⇡v ' 3 TeV . (6)

The role of the longitudinally polarized vector bosons suggests that the inconsis-
tency of the Lagrangian (1) is in the sector that breaks spontaneously the electroweak
symmetry and gives mass to the vector bosons. The connection can be made explicit
by introducing, as propagating degrees of freedom, the Nambu-Goldstone bosons �a

that correspond to the longitudinal polarizations of the W and Z bosons:

⌃(x) = exp(i�a�a(x)/v), Dµ⌃ = @µ⌃ � ig
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In terms of the chiral field ⌃, the mass terms can be rewritten as follows: 2
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The local SU(2)L ⇥ U(1)Y invariance is now manifest, since ⌃ transforms as

⌃ ! UL(x) ⌃ U †
Y (x) ,

UL(x) = exp
�
i↵a

L(x)�a/2
�

UY (x) = exp
�
i↵Y (x)�3/2

�
,

(9)

1A slightly stronger bound,
p

s . 2
p

2⇡v = 2.2 TeV, is obtained by including the e↵ect of the
channel W+W� ! ZZ, see Ref. [10]. Notice that sometimes the bound Re(al)  1/2 or |al|  1 is
imposed, instead of �  ⇡. All are in fact acceptable as an estimates of the energy where perturbative
unitarity is lost. The di↵erence in the values of the cuto↵ ⇤ thus obtained can be interpreted as the
theoretical uncertainty of the estimate.

2For simplicity, from here on I will omit the lepton terms and concentrate on the quark sector.
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although it is non-linearly realized on the �a fields:
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In the unitary gauge, h⌃i = 1, the chiral Lagrangian (8) reproduces the mass term
of eq.(1) with
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This relation is consistent with the experimentally measured value to quite good ac-
curacy. It follows as the consequence of a larger approximate invariance of (8) under
SU(2)L ⇥ SU(2)R global transformations,

⌃ ! UL ⌃ U †
R , (12)

which is spontaneously broken to the diagonal subgroup SU(2)c by h⌃i = 1, and
explicitly broken by g0 6= 0 and �u

ij 6= �d
ij. In the limit of vanishing g0 the fields �a

transform as a triplet under the “custodial” SU(2)c, so that MW = MZ . This equality
is replaced by Eq.(11) at tree level for arbitrary values of g0. Further corrections
proportional to g0 and (�u � �d) arise at the one-loop level and are small. In fact, the
success of the tree-level prediction ⇢ = 1 a posteriori justifies the omission in the chiral
Lagrangian (8) of the additional term
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that is invariant under the local SU(2)L ⇥ U(1)Y but explicitly breaks the global
SU(2)L ⇥ SU(2)R. In other words, the coe�cient of such additional operator is exper-
imentally constrained to be very small.

The chiral Lagrangian (8) makes the origin of the violation of perturbative unitarity
most transparent. Let us work in a renormalizable ⇠-gauge, with a gauge-fixing term
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The Equivalence Theorem [11,10] states that at large energies the amplitude for the
emission or absorption of a Goldstone field � becomes equal to the amplitude for the
emission or absorption of a longitudinally-polarized vector boson:
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+ aT

dynamics which is perturbative and thus calculable. As an important application we
compute the form factors that parametrize the couplings of the composite Higgs and
obtain an analytic expression for its potential. We conclude with a few words on the
phenomenology of composite Higgs models.

In selecting the above topics I had necessarily to omit some other important ones,
as for example warped extra dimensional models and holography in curved spacetimes,
and Little Higgs theories. Fortunately excellent reviews exist on these subjects, such
as for example the Les Houches lectures by T. Gherghetta on holography [1] and the
review by M. Schmaltz and D. Tucker-Smith on Little Higgs models [2]. The lectures
by R. Sundrum [3] at TASI 2004 and the review [4] by M. Serone partly overlap
with Section 4 and contain interesting complementary topics and discussions. General
introductions to flat and warped extra dimensions are given for example in the parallel
TASI lectures by H. C. Cheng [5] and T. Gherghetta, the TASI lectures by C. Csaki [6],
G. Kribs [7], and the Cargese lectures by R. Rattazzi [8]. Extra dimensional models
as theories of electroweak symmetry breaking are for example discussed in the TASI
lectures by C. Csaki, J Hubisz and P. Meade [9]. More detailed references are given
throughout the text. They are meant to introduce the reader to the vast literature on
the subject and form a necessarily incomplete and partial list. I apologize in advance
for the omissions.

2 Two paradigms for Electroweak Symmetry Breaking

The vast amount of data collected so far in high-energy experiments can be explained
and compactly summarized by the Lagrangian

L = L0 + Lmass
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R + ē(i)

L M e
ije

(j)
R + ⌫̄(i)

L M ⌫
ij⌫

(j)
R

⌘

+ h.c. ,
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where  = {qiL, ui
R, di

R, liL, eiR, ⌫i
R} is a collective index for the Standard Model fermions

and i, j are generation indices. A remarkable property of L is that while all the fun-
damental interactions among the particles (determined by L0) are symmetric under
local SU(2)L ⇥ U(1)Y transformations, the observed mass spectrum (determined by
Lmass) is not. In other words, the electroweak symmetry is hidden, i.e. spontaneously
broken by the vacuum. Although successful at the energies explored so far, the above

4

+ O(p4)

ρ≈1 ⇒ aT≈0
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LEW

LEWSB 



2 problems:

1) The theory is strongly interacting at TeV
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In particular, the amplitude for the scattering of two longitudinal W ’s becomes equal,
at energies E � mW , to the amplitude for the scattering of two Goldstone bosons.
For the latter process there is only one diagram which contributes at leading order in
E/mW :

A(�+�� ! �+��) =
1

v2
(s + t) . (15)

The growth of the amplitude with E2 thus originates from the derivative interaction
among four Goldstones contained in the kinetic term of ⌃ in Eq.(8). Ultimately, the
violation of perturbative unitarity can be traced back to the non-renormalizability of
the Lagrangian (8). The merit of the chiral formulation is that of isolating the problem
to the sector of the Lagrangian which leads to the mass terms for the vector bosons
and the fermions.

There are thus two possibilities: i) either new particles associated to new dynamics
come in to restore unitarity before perturbativity is lost, or ii) the �� scattering grows
strong until the interaction among four �’s becomes non-perturbative. This latter pos-
sibility must also be seen as the emergence of new physics, as the description of the
theory changes, at the strong scale, in terms of new, more fundamental, degrees of
freedom. These two paradigms for the electroweak symmetry breaking are well exem-
plified by the two theories that we will discuss in the next sections: the Higgs model,
and Technicolor theories. Whatever mechanism Nature has chosen, it is generally true
that

There has to be some new symmetry-breaking dynamics acting as an ultraviolet
completion of the electroweak chiral Lagrangian (8).

As required by the experimental evidence, such new dynamics must be (approximately)
custodially symmetric, so as to prevent large corrections to the ⇢ parameter. The most
important question then is the following: is this dynamics weak or strong ?

2.1 The Higgs model

The most economical example of new custodially-invariant dynamics is that of just one
new scalar field h(x), singlet under SU(2)L ⇥ SU(2)R. Assuming that h is coupled to
the SM gauge fields and fermions only via weak gauging and (proto)-Yukawa couplings,
the most general EWSB Lagrangian has three free parameters a, b, c 3 at the quadratic

3In general c can be a matrix in flavor space. We will assume it is proportional to unity, so that
no flavor-changing neutral current e↵ects originate from the tree-level exchange of h.

8

(while EWPT seem to indicate that strong interactions
can appear only above about 5 TeV)

2) The H-like dof found at LHC is missing

Goldstone bosons☜



Add scalar h, SU(2)LxSU(2)R singletorder in h [12]:
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Here V (h) denotes the potential, including a mass term, for h. Each of these parame-
ters controls the unitarization of a di↵erent sector of the theory. For a = 1 the exchange
of the scalar unitarizes the �� ! �� scattering 4
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Since we have introduced a new particle in the theory, we have to check that also the
inelastic channels involving h are unitarized. The �� ! hh scattering (equivalent to
WLWL ! hh at high energy), is perturbatively unitarized for b = a2:

A(�+�� ! hh) =
s

v2

�
b � a2
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c ≈ 1

A(�+�� !   ̄) =
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p
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 6= 1 implies a strong WW ! WW scattering with violation
of perturbative unitarity at energies

p
s ⇡ 4⇡v/

p
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) =
1p
2

ei�
a�a(x)/v

✓
0

v + h(x)

◆
(17)

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

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 =

P
i !

2
i , where !i 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 hH†Hi = v2,
under which the !i 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
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LH = SM Higgs + Yukawa lagrangian



Higgs as a pseudo-NGB
a ≠ 1, b ≠ 1, c ≠ 1 can be a sign of composite Higgs:              
Λstrong just pushed higher than TeV (better for EWPT)

Composite Higgs welcome as a solution of the hierarchy problem 
(trade-off between HP and EWPT)

Why mH « Λstrong?

Perhaps for the same reason why mπ « ΛQCD                          
H pseudo-NGB of approximate global symmetry                     
of strong dynamics at Λstrong » mH 



Composite Higgs 
and extra dimensions



 

Why mh « Qstrong? Because h is the pseudo-NGB of some global 
symmetry (protected by shift symmetry h(x)→h(x)+c)                    
The global symmetry must however be explicitly broken by λt λH g:

Little Higgs: keeping the effect of explicit breaking under control

no       ad 1-loop (“collective breaking”)

the top (gauge, Higgs) loop must be cancelled at a lower scale    
(= global symmetry breaking scale f « Qstrong) by same statistics 
partners

Still not as nice as supersymmetry as far as EWPTs are 
concerned: T-parity + a partner for each SM fermion 

UV completion? (see below)

�m2
h �

3GF⇥
2⇥2

m2
t Q

2
NP = m2

h

�
QNP

0.5 TeV

⇥
for mh = 115GeV

Q2
NP

Composite Higgs

[Arkani-Hamed Cohen Georgi 01, 
Arkani-Hamed Cohen Katz Nelson 

Gregoire Wacker 02]

Qstrong � ⇤ci · 5 TeV ⇥ 5 TeV

[Marandella Schappacher Strumia hep-ph/0502096]

[Georgi Kaplan 84]



Realization in Extra Dimensions

S1:

S1/Z2:       S1 +  y ∼〜～ -y:

0

2⇡R

⇡R

0 ⇡R 0 ⇡R

=

2⇡R � x5

x5

Z2

Figure 13: The orbifold construction: opposite points on the circle are identified by a Z2

symmetry. The resulting space is equivalent to a segment of length L = ⇡R.

where �M are the 5-dimensional gamma matrices,

�M =
�
�µ, �i�5

 
,

�
�M ,�N

 
= 2 ⌘MN . (134)

The smallest irreducible representation of the 5-dimensional Lorentz group SO(4, 1) is
a Dirac fermion, so that the bulk fermion  has both a left-handed and a right-handed
component 19

 (x, x5) =


 L(x, x5)

 R(x, x5)

�
. (135)

A gauge-invariant mass m for the fermion field is thus allowed in the bulk. Notice
that the 5D gauge coupling has dimension of mass�1/2, [1/g2

5] = 1, and this is a sign
that the theory described by the action (133) is non-renormalizable. Indeed, it is valid
up to energies of the order ⇤S ⇡ 16⇡2/g2

5, below which it can be considered as the
low-energy e↵ective description of some more fundamental theory. In spite of the non-
renormalizability, there are important physical observables – we will see that the Higgs
potential is one of those – which are UV finite and thus calculable.

Since the spacetime has boundaries, the action (133) alone does not completely
define the theory: one has to specify the fields’ boundary conditions at x5 = 0 and
x5 = L. These must be chosen so that the variation of the action vanishes, upon
evaluation on the equations of motion, both in the bulk and on the boundaries. For
example, in the case of the fermion  , the variation of the action reads

�S =
�S

� 
� + � ̄

�S

� ̄

=

Z
d4x

Z L

0

dx5
⇥
� ̄D + D � 

⇤
+

1

2

Z
d4x

⇥
 ̄�5� � � ̄�5 

⇤L
0

.

(136)

The first term on the second line of the previous formula vanishes upon evaluation on

19Here ‘left’ and ‘right’ refer to the chirality in 4 dimensions, that is: �5 R,L = ± R,L.

47

y
+   y ∼〜～ y + 2πR:

Fixed points Boundaries

Bulk
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Z2 parity (boundary conditions)
Can be used to break symmetries in a novel way

Gauge symmetries can be broken “on the boundaries”

Boundary conditions for

5D fermions: chirality

5D vectors: massless (tree level) 4D scalars ↔ broken 
generators ↔ pseudo Goldstone bosons



RS
S1/Z2 5D model with curved 5th dimension: ds2 = e-2ky dx2 + dy2 

IR redshift of energies: y = πR (IR brane) wrt y = 0 (UV brane)

All scales are O(MPl), including k,1/R, within O(10) factor

Fields localized near UV see O(MPl), near IR see O(MPl)e-2πkR 

kR ≈ 12 → O(MPl)e-2πkR ≈ TeV

Solution of hierarchy problem if the graviton is near UV, the 
Higgs is near IR

SM in the bulk (instead of on the IR brane as in original RS)

eases FCNC problem

gives (very) hierarchical fermion masses

Dual description: fields near IR are mostly composite



Extra-dims accessible at LHC and 
compositeness together with high 
scale extrapolation 

RS + bulk fermions + H as (A5)0 + 
deconstruction =  Little Higgs + UV 
completion

Flavour, 4D dual                              
UV brane: elementary dofs               
IR brane: composite dofs (H, tR)

Qstrong > 5 TeV as usual            
mKK > TeV, watch Z → bb

Gauge coupling unification in a 
novel way (but limited calculability)–    <H> = 174 GeVSM

E

–    QNP = mKK

–    Qstrong = ΛIR

a few weakly 
coupled KK

CFT
(dual to

AdS)

AdS 5

π R

)UV (M  P IR (TeV)

y0

Figure 1: A slice of AdS5: The Randall-Sundrum scenario.

the warped down scale

1

M2
5

Ψ̄iΨjΨ̄kΨl → 1

(M5e−πkR)2
Ψ̄iΨjΨ̄kΨl , (3)

1

M5
ννHH → 1

M5e−πkR
ννHH , (4)

where Ψi is a Standard Model fermion and ν is the neutrino. This leads to generic
problems with proton decay and FCNC effects, and also neutrino masses are no longer
consistent with experiment. Thus, while the hierarchy problem has been addressed
in the Higgs sector by a classical rescaling of the Higgs field, this has come at the
expense of introducing proton decay and FCNC problems from higher-dimension op-
erators that were sufficiently suppressed in the Standard Model.

• Exercise: The classical rescaling Φ → edΦπkRΦ where dΦ = 1(3
2) for scalars

(fermions), suffers from a quantum anomaly and leads to the addition of the La-
grangian term

δLanomaly = πkR
∑

i

β(gi)

4g3
i

Tr F 2
µν,i , (5)

where β(gi) is the β-function for the corresponding gauge couplings gi. Show that this
anomaly implies that quantum mass scales, such as the gauge coupling unification
scale MGUT , are also redshifted by an amount MGUT e−πkR.

Instead in the slice of AdS5 with the Standard Model fields confined on the IR brane
one has to resort to discrete symmetries to forbid the offending higher-dimension
operators. Of course it is not adequate just to forbid the leading higher-dimension

4

(0)e

Aµ
(0)

(0)t

)UV (M  P

H

IR (TeV)

Figure 2: The Standard Model in the warped five-dimensional bulk.

requires that lepton number is conserved on the UV brane. Instead in the “reversed”
scenario one can place the right (left) handed neutrino near the IR (UV) brane. In
this case even though lepton number is violated on the UV brane, the neutrinos will
still obtain naturally tiny Dirac masses [21].

3.2 Higher-dimension operators

Let us consider the following generic four-fermion operators which are relevant for
proton decay and K − K̄ mixing

∫
d4x

∫
dy

√
−g

1

M3
5

Ψ̄iΨjΨ̄kΨl ≡
∫

d4x
1

M2
4

Ψ̄(0)
i+ Ψ(0)

j+Ψ̄(0)
k+Ψ(0)

l+ , (38)

where the effective 4D mass scale M4 for 1/2 <∼ ci
<∼ 1 is approximately given by[11]

1

M2
4

% k

M3
5

e(4−ci−cj−ck−cl)πkR . (39)

If we want the suppression scale for higher-dimension proton decay operators to be
M4 ∼ MP then (39) requires ci % 1 assuming k ∼ M5 ∼ MP . Unfortunately for these
values of ci the corresponding Yukawa couplings would be too small. Nevertheless, the
values of c needed to explain the Yukawa coupling hierarchies still suppresses proton
decay by a mass scale larger than the TeV scale [11, 22]. Thus there is no need to
impose a discrete symmetry which forbids very large higher-dimension operators.

On the other hand the suppression scale for FCNC processes only needs to be
M4

>∼ 1000 TeV. This can easily be achieved for the values of c that are needed
to explain the Yukawa coupling hierarchies. In fact the FCNC constraints can be
used to obtain a lower bound on the Kaluza-Klein mass scale mKK . For example

12

–

Warping and compositeness

[Contino Nomura Pomarol hep-ph/0306259   
Agashe Contino Pomarol hep-ph/0412089     

hep-ph/0605341]

mh ⇠ M5e
�2⇡kR

k = curvature
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