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My role here: Devil’s Advocate

Defend the Alternatives: 

1)   No Higgs  (such as Technicolor = a copy of QCD at the TeV)

2)   Composite Higgs (Pseudo-Goldstone Higgs = similar to Kaons in QCD)

In most people’s mind:

     The MSSM is the perfect candidate for physics beyond the SM

Relies on the existence of 
a fundamental Higgs + symmetry to keep it stable

It has become the orthodoxy

Are there really serious alternatives to the MSSM?



The MSSM gained its present status after LEP I ,

where it left behind its main competitors (e.g. technicolor)

SUSY 98:   TC was stabbed  twice (from Electroweak precision tests)
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But after LEP I , it came  LEP II and Tevatron...

In the MSSM the Higgs or the  sparticles were expected to be 
seen!   (nothing expected from the alternatives)
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Giudice, Rattazzi

Example of how 
much is ruled out 

after LEP/Tevatron
(MSSM with 

universal masses)

Only the thin “withe spike” is left!

But after LEP I , it came  LEP II and Tevatron...
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seen!   (nothing expected from the alternatives)

But  Nothing was  seen!



• Extra dimensional Higgsless models

• Little Higgs

• Holographic Higgs:  Extra dimensional 
Composite Higgs models

Recent progress: explicit weakly-coupled examples

Predictive models! 

Agashe, Contino, AP

Arkani-Hamed, Cohen, Katz, Nelson

Csaki,Grojena,Pilo,Terning

It is however clear that susy has the bonus of being a  
predictable theory... not the case for TC   QCD≈



Still their main obstacle is the S-T ellipse

To any alternative model, one must ask “Where it is in the ellipse?”

(Zbb can be sometimes also relevant)

Assuming new physics scale ΛNP ! mW effects encoded in only

four Form Factors: Barbieri,A.P.,Rattazzi,Strumia

Form factors custodial SU(2)L

Ŝ = g2 Π′

W3B
(0) + −

T̂ = g2

M2
W

[ΠW3
(0) − ΠW+(0)] − −

W = g2M2
W

2
Π′′

W3
(0) + +

Y = g′ 2M2
W

2
Π′′

B(0) + +

.
Global constraints on Ŝ, T̂ , W , Y
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115 0.0 ± 1.3 0.1 ± 0.9 0.1 ± 1.2 − 0.4 ± 0.8

800 −0.9 ± 1.3 2.0 ± 1.0 0.0 ± 1.2 − 0.2 ± 0.8

In a generic “universal” model, no matter what the

Higgs mass is, Ŝ, T̂ , W and Y must be small, at the 10−3 level!

Barbieri, AP, Rattazzi, Strumia

SM: Higss mass = 120 GeV



Minimal 5D Higgsless theory

Csaki,Grojena,Pilo,Terning

+ SM Fermions
embedded in 5D

extra dim
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In 5D  WW-scattering unitarized by KK-resonances: 

W
(n)

W B

W
(n)

This KK-states modify the gauge boson propagators: 

mW (1) < 1 TeV

Similar situation to Technicolor theories!

W
(n) =  techni-rho

Reason for generic large effects on S:

+
W

WW

W



W B

W
(n)

To  avoid LEP constrains: mW (1) > 2.4 TeV

W
(n)

W

W

W

W

+
light H

+

mW (1) < 3 TeV

Better situation for the second alternative:
composite PGB Higgs:

WW-scattering unitarized by a Higgs + KK-resonances: 



Minimal model of a 5D composite Higgs 

Agashe,Contino,A.P.

.

Minimal 5D composite Higgs model

AdS5

SO(5)⊗ U(1)

Fermions ∈ 5 of SO(5)

UV-bound.

SU(2)L⊗ U(1)Y

IR-bound.

SO(4)⊗ U(1)

Parameters: g5D, L and 5D fermion masses Agashe, A.P.,Contino

extra dim



Why this symmetry breaking pattern?

We are in 5D: AM = (Aµ,A5)

Massless boson spectrum:

• Aµ of SU(2)L⊗U(1)Y = SM Gauge bosons

• A5 of SO(5)/SO(4) = 2 of SU(2)L = SM Higgs

↪→ Higgs-gauge unification

Higgs mass protected by 5D gauge invariance!

Hosotani mechanism

A5 → A5 + ∂5θ

 shifts as a PGB



.

Minimal 5D composite Higgs model

AdS5

SO(5)⊗ U(1)

Fermions ∈ 5 of SO(5)

UV-bound.

SU(2)L⊗ U(1)Y

IR-bound.

SO(4)⊗ U(1)

Parameters: g5D, L and 5D fermion masses Agashe, A.P.,Contino

Minimal model of a 5D composite Higgs 

Agashe,Contino,A.P.

.
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 (schematically)



Little Higgs with T-parity
.

Global constraints on Ŝ, T̂ , W , Y
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T-parity
little Higgs

(schematically)

(as in susy virtual effects at one-loop)



Keeping the analogy of Veneziano,
the race now looks more like this...



MSSM

TC

PGB Higgs

Keeping the analogy of Veneziano,
the race now looks more like this...



As in susy, I consider worthy to look
for these alternatives at the LHC

 
What to expect at the LHC 

and, maybe, ILC?

1) Extra resonances around  TeV with SM quantum numbers:
W’, Z’, t’, b’, ...

2) Non-elementary Higgs:  Its couplings will differ from the 
SM Higgs



1) Direct searches:

New resonances



Higgsless Composite/PGB Higgs

TC 5D models 5D HiggsLittle Higgs



Higgsless Composite/PGB Higgs

TC 5D models 5D HiggsLittle Higgs

W ′, Z ′



Higgsless Composite/PGB Higgs

TC 5D models 5D HiggsLittle Higgs

W ′, Z ′
→ leptons

W ′, Z ′
→ tops, Wlong, Zlong, h

W ′, Z ′

Decay:

Possible to see up to  2-3 TeV



Higgsless Composite/PGB Higgs

TC 5D models 5D HiggsLittle Higgs

g′ → tt̄

g
′

Decay:

6

TABLE I: Selection cuts in the semileptonic tt̄ channel.

3. Differential cross section

The SM top pair production rate falls steeply as a func-
tion of the invariant mass. The uncertainty from PDF’s
in this shape is far less than that in the total cross-section.
Hence we look for a signal from KK gluons in the differ-
ential tt̄ cross-section as opposed to simply counting the
total number of tt̄ events. We do not expect a sharp
resonance in this distribution due to the large width of
the KK gluon, but we do obtain a statistically significant
“bump” as discussed below.

The differential cross section as a function of mtt̄ is
shown in Figs. 4 and 5 for MKKG = 3 TeV produced
at the LHC. In Fig. 4 we compare the total (signal +
background) distribution to the SM (background) distri-
bution, based on a partonic-level analysis. In Fig. 5, we
focus on the area near the peak and we consider con-
tributions from the reducible background (from Wjj).
We show the particle level results and the correspond-
ing statistical uncertainties of event reconstruction. The
predictions for the SM and SM+RS models, based on
partonic-level analysis (same as in Fig. 4), are also shown
for comparison. We see that, since the partonic and par-
ticle level data are consistent with each other, we do not
expect a large bias in the ability to reconstruct the KKG
mass.
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FIG. 4: Invariant tt̄ mass distribution for MKKG = 3 TeV
production at the LHC. The solid curve presents sig-
nal+background distribution, while the dashed curve presents
the tt̄ SM background, based on partonic level analysis.

In the following we describe the reconstruction effi-
ciency and how we estimate our signal to background
ratio and the sensitivity to the KK gluon mass based on
this analysis. Following [13], we assume a 20% efficiency
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FIG. 5: Invariant tt̄ mass distribution for 3 TeV KKG, fo-
cusing on the area near the peak. The error bars corre-
spond to statistical uncertainties and represent our particle
level analysis. The dotted line stands for the SM predic-
tion. The dashed-dotted line shows the Wjj background.
The dashed line shows the signal+background from Sherpa’s
partonic level analysis.

for tagging b-jets (εb), independent of the b-jet energy.
Our particle level study shows that the efficiency of the
additional cuts described, εcut, in Table I for the recon-
struction of tt̄ system in the mass window around KKG
is about 20(21)% for mtt̄ = 3(4)TeV. We find that for
the SM the reconstruction efficiency is lower, 9(10)% for
mtt̄ = 3(4) TeV. The signal+background (BG+KKG)
and background (BG) reconstruction efficiencies differ
because the BG and BG+KKG events have different
kinematics. The background is dominated by gg fusion
events which are more forwardly-peaked in the top pair
center of mass (cm) frame than the qq̄ fusion events.
Hence, the gg events have a smaller PT

9 than the qq̄
events. Since KK gluon signal comes only from qq̄ fu-
sion, the pT cut on the top-quark reduces background
more than the signal.

In addition, the branching ratio for the lj decay is given
by BRlj = 2 × 2/9 × 2/3 " 0.3. The total efficiency is
given by BRlj × εcut × εb ∼ 1%.

We estimate the statistical significance of our signal
by looking at the bump. An invariant tt̄ mass window
cut 0.85MKKG < Mtt̄ < 1.5MKKG is applied. The
lower bound corresponds roughly to the width. The
upper bound is not particularly important due to the
steep falloff in cross section. Below the MKKG thresh-
old, the signal+background distribution is actually be-
low the background one due to destructive interference.
Therefore, we choose an asymmetric mass window cut.
We estimate the ratio of the signal, S, to the statistical
error in the the background,

√
B, via our particle level

9 Note that, inside the mass window, the total momentum/energy
of each top quark in cm frame is roughly fixed at MKKG/2.

Agashe et al

Possible 
up to 4 TeV



Higgsless Composite/PGB Higgs

TC 5D models 5D HiggsLittle Higgs

feasible to see up to 1-2 TeV

t
′

R

t
′

R → WlongbDecay:



2) Indirect searches:

Modifications of the Higgs properties

(...in the case it is there)



Find the effective theory after integrating out the heavy states:

(the equivalent of the pion chiral lagrangian in QCD)

LSM+H + higher dimensional operators

Model independent approach:
Giudice,Grojean,A.P.,Rattazzi



Find the effective theory after integrating out the heavy states:

LSM+H + higher dimensional operators

Model independent approach:
Giudice,Grojean,A.P.,Rattazzi

what are they?



derivatives and field strengths

O2W = (DµWµν)
i(DρW

ρν)i O2B = (∂µBµν)(∂ρB
ρν) O2g = DµGa

µνDρG
a ρν (13)

O3W = εijkW
i
µ

ν
W j

νρW
k ρµ O3g = fabcG

a
µ

νGb
νρG

c ρµ. (14)

As we show in the appendix A (see eq. (118)), the operators on the first line can be generated

at tree level through the exchange of massive vectors transforming respectively as a weak

triplet, as a singlet and as a color octet. Their coefficient is therefore in general of order

1/(gρmρ)2. The operators in the second line cannot arise at tree level in minimally coupled

theories. For instance O3W contributes to the magnetic dipole and to electric quadrupole of

the W . They are thus generally expected with a coefficient ∼ 1/(4πmρ)2.

2.3 The SILH effective Lagrangian

We now basically have all the ingredients to write down the low-energy dimension-6 effective

Lagrangian. We will work under the assumption of a minimally coupled classical lagrangian

at the scale mρ.

Using the rules described in sect. 2.2, we obtain a low-energy effective action for the

leading dimension-6 operators involving the Higgs field of the form

LSILH =
cH

2f 2
∂µ

(
H†H

)
∂µ

(
H†H

)
+

cT

2f 2

(
H†←→DµH

)(
H†←→D µH

)

−
c6λ

f 2

(
H†H

)3
+

(
cyyf

f 2
H†Hf̄LHfR + h.c.

)

+
icW g

2m2
ρ

(
H†σi←→DµH

)
(DνWµν)

i +
icBg′

2m2
ρ

(
H†←→DµH

)
(∂νBµν)

+
icHW g

16π2f 2
(DµH)†σi(DνH)W i

µν +
icHBg′

16π2f 2
(DµH)†(DνH)Bµν

+
cγg′2

16π2f 2

g2

g2
ρ

H†HBµνB
µν +

cgg2
S

16π2f 2

y2
t

g2
ρ

H†HGa
µνG

aµν . (15)

We will later discuss the lagrangian terms that purely involve the vector bosons. The coupling

constants ci are pure numbers of order unity. For phenomenological applications, we have

switched to a notation in which gauge fields are canonically normalized, and gauge couplings

explicitly appear in covariant derivatives. Also, we recall the definition H†←→D µH ≡ H†DµH−
(DµH†)H .

In what follows we will comment on the operators in eq. (15). Let us start with the

operators involving more than two Higgs fields. As previously discussed, by using the Fierz
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DIMENSION-6 OPERATORS

Suppressed by      (the analog of        in QCD):f fπ

:   model-dependent coefficientscH , cT , c6, cy



The rest, not tested yet!

DIMENSION-6 OPERATORS tested at LEP: 
T-parameter

    if the
 BSM sector is 

custodial invariant 

cT = 0

derivatives and field strengths
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operators involving more than two Higgs fields. As previously discussed, by using the Fierz

9

Suppressed by      (the analog of        in QCD):f fπ

:   model-dependent coefficientscH , cT , c6, cy



The new interactions in Lh, see eq. (71), modify the SM predictions for Higgs production

and decay. At quadratic order in h, the coefficient cH generates an extra contribution to

the Higgs kinetic term. This can be reabsorbed by redefining the Higgs field according to

h → h/
√

1 + ξcH (this linear field redefinition is all that we need as long as we are looking at

physical quantities involving only one Higgs, while for other quantities like the Higgs cubic

self-coupling, non-linear terms in the field redefinition have to be added, see appendix B for

details). The effect of cH is then to renormalize by a factor 1− ξcH/2, with respect to their

SM value, the couplings of the canonical field h to all other fields. Notice that the Higgs

field redefinition also shifts the value of mH (but not of v or mf ).

We can express the modified Higgs couplings in terms of the decay widths in units of the

SM prediction, expressed in terms of physical pole masses,

Γ
(
h → f f̄

)
SILH

= Γ
(
h → f f̄

)
SM

[1 − ξ (2cy + cH)] (79)

Γ
(
h → W+W−

)
SILH

= Γ
(
h → W+W (∗)−

)
SM

[
1 − ξ

(
cH −

g2

g2
ρ

ĉW

)]
(80)

Γ (h → ZZ)SILH = Γ
(
h → ZZ(∗)

)
SM

[
1 − ξ

(
cH −

g2

g2
ρ

ĉZ

)]
(81)

Γ (h → gg)SILH = Γ (h → gg)SM

[
1 − ξ Re

(
2cy + cH +

4y2
t cg

g2
ρIg

)]
(82)

Γ (h → γγ)SILH = Γ (h → γγ)SM



1 − ξ Re



 2cy + cH

1 + Jγ/Iγ
+

cH − g2

g2
ρ
ĉW

1 + Iγ/Jγ
+

4g2

g2
ρ
cγ

Iγ + Jγ







 (83)

Γ (h → γZ)SILH = Γ (h → γZ)SM



1 − ξ Re



 2cy + cH

1 + JZ/IZ
+

cH − g2

g2
ρ
ĉW

1 + IZ/JZ
+

4cγZ

IZ + JZ







 .

(84)

Here we have neglected in Γ(h → W+W−, ZZ)SILH the subleading effects from cHW and

cHB, which are parametrically smaller than a SM one-loop contribution. The loop functions

I and J are given in appendix C.

The leading effects on Higgs physics, relative to the SM, come from the three coefficients

cH , cy, cγZ , although cγZ has less phenomenological relevance since it affects only the decay

h → γZ. The rules of SILH select the operators proportional to cH and cy as the most

important ones for LHC studies, as opposed to totally model-independent operator analy-

ses [20, 21, 22] which often lead to the conclusion that the dominant effects should appear in

the vertices hγγ and hgg, since their SM contribution occurs only at loop level. Therefore,

we believe that an important experimental task to understand the nature of the Higgs boson
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Deviations from the SM:

Visible at LHC?



at LHC can measure                           up to 20-40 % 

by studying rates for Higgs production and decay

cy
v2

f2
, cH

v2

f2

at ILC one would test these e!ects  to percent level

Duhrssen 03
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...certainly if they  are of order 20-40%

ILC  would be a perfect machine to test these scenarios:
effects could be measured up to a few %



Best test of composite Higgs:  WW-scattering

Therefore, although the Higgs is light, we obtain strong WW scattering at high energies.

From the operator OH ≡ ∂µ(H†H)∂µ(H†H) in eq. (15), using the equivalence theorem

[27], it is easy to derive the following high-energy limit of the scattering amplitudes for

longitudinal gauge bosons

A
(
Z0

LZ0
L → W+

L W−
L

)
= A

(
W+

L W−
L → Z0

LZ0
L

)
= −A

(
W±

L W±
L → W±

L W±
L

)
=

cHs

f 2
, (85)

A
(
W±Z0

L → W±Z0
L

)
=

cHt

f 2
, A

(
W+

L W−
L → W+

L W−
L

)
=

cH(s + t)

f 2
, (86)

A
(
Z0

LZ0
L → Z0

LZ0
L

)
= 0. (87)

This result is correct to leading order in s/f 2, and to all orders in ξ in the limit gSM = 0,

when the σ model is exact. The absence of corrections in ξ follows from the non-linear

symmetry of the σ model, corresponding to the action of the generator Th, associated with

the neutral Higgs, under which v shifts. Therefore we expect that corrections can arise only

at O(s/m2
ρ). The growth with energy of the amplitudes in eqs. (85)–(87) is strictly valid

only up to the maximum energy of our effective theory, namely mρ. The behaviour above

mρ depends on the specific model realization. In the case of the Little Higgs, we expect

that the amplitudes continue to grow with s up to the cut-off scale Λ. In 5D models, like

the Holographic Goldstone, the growth of the elastic amplitude is softened by KK exchange,

but the inelastic channel dominate and strong coupling is reached at a scale ∼ 4πmρ/gρ.

Notice that the result in eqs. (85)–(87) is exactly proportional to the scattering amplitudes

obtained in a Higgsless SM [27]. Therefore, in theories with a SILH, the cross section at the

LHC for producing longitudinal gauge bosons with large invariant masses can be written as

σ (pp → VLV ′
LX)cH

= (cHξ)2 σ (pp → VLV ′
LX) #H , (88)

where σ(pp → VLV ′
LX) #H is the cross section in the SM without Higgs, at the leading order

in s/(4πv)2. With about 200 fb−1 of integrated luminosity, it should be possible to identify

the signal of a Higgsless SM with about 30–50% accuracy [28, 29]. This corresponds to a

sensitivity up to cHξ % 0.5–0.7.

In the SILH framework, the Higgs is viewed as a pseudoGoldstone boson and therefore

its properties are directly related to those of the exact (eaten) Goldstones, corresponding

to the longitudinal gauge bosons. Thus, a generic prediction of SILH is that the strong

gauge boson scattering is accompanied by strong production of Higgs pairs. Indeed we find

that, as a consequence of the O(4) symmetry of the H multiplet, the amplitudes for Higgs

pair-production grow with the center-of-mass energy as eq. (85),

A
(
Z0

LZ0
L → hh

)
= A

(
W+

L W−
L → hh

)
=

cHs

f 2
. (89)
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Challenging!

Therefore, although the Higgs is light, we obtain strong WW scattering at high energies.

From the operator OH ≡ ∂µ(H†H)∂µ(H†H) in eq. (15), using the equivalence theorem

[27], it is easy to derive the following high-energy limit of the scattering amplitudes for

longitudinal gauge bosons

A
(
Z0

LZ0
L → W+

L W−
L

)
= A

(
W+

L W−
L → Z0

LZ0
L

)
= −A

(
W±

L W±
L → W±

L W±
L

)
=

cHs

f 2
, (85)

A
(
W±Z0

L → W±Z0
L

)
=

cHt

f 2
, A

(
W+

L W−
L → W+

L W−
L

)
=

cH(s + t)

f 2
, (86)

A
(
Z0

LZ0
L → Z0

LZ0
L

)
= 0. (87)

This result is correct to leading order in s/f 2, and to all orders in ξ in the limit gSM = 0,

when the σ model is exact. The absence of corrections in ξ follows from the non-linear

symmetry of the σ model, corresponding to the action of the generator Th, associated with

the neutral Higgs, under which v shifts. Therefore we expect that corrections can arise only

at O(s/m2
ρ). The growth with energy of the amplitudes in eqs. (85)–(87) is strictly valid

only up to the maximum energy of our effective theory, namely mρ. The behaviour above

mρ depends on the specific model realization. In the case of the Little Higgs, we expect

that the amplitudes continue to grow with s up to the cut-off scale Λ. In 5D models, like

the Holographic Goldstone, the growth of the elastic amplitude is softened by KK exchange,

but the inelastic channel dominate and strong coupling is reached at a scale ∼ 4πmρ/gρ.

Notice that the result in eqs. (85)–(87) is exactly proportional to the scattering amplitudes

obtained in a Higgsless SM [27]. Therefore, in theories with a SILH, the cross section at the

LHC for producing longitudinal gauge bosons with large invariant masses can be written as

σ (pp → VLV ′
LX)cH

= (cHξ)2 σ (pp → VLV ′
LX) #H , (88)

where σ(pp → VLV ′
LX) #H is the cross section in the SM without Higgs, at the leading order

in s/(4πv)2. With about 200 fb−1 of integrated luminosity, it should be possible to identify

the signal of a Higgsless SM with about 30–50% accuracy [28, 29]. This corresponds to a

sensitivity up to cHξ % 0.5–0.7.

In the SILH framework, the Higgs is viewed as a pseudoGoldstone boson and therefore

its properties are directly related to those of the exact (eaten) Goldstones, corresponding

to the longitudinal gauge bosons. Thus, a generic prediction of SILH is that the strong

gauge boson scattering is accompanied by strong production of Higgs pairs. Indeed we find

that, as a consequence of the O(4) symmetry of the H multiplet, the amplitudes for Higgs

pair-production grow with the center-of-mass energy as eq. (85),

A
(
Z0

LZ0
L → hh

)
= A

(
W+

L W−
L → hh

)
=

cHs

f 2
. (89)
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Conclusions

• “There is life” beyond the MSSM

• Alternatives based on  either (i) No Higgs, or  (ii) Composite/PGB Higgs

• WW-amplitudes unitarized by (i) extra states (e.g. KK-states)  and, in 
case  (ii)  by a non-elementary “Higgs”

Worthy to be explored at the LHC 

Gluonic resonances: Cleanest signature

Signals:

Fermionic resonances: Lightest states
“partners” of the top

although also 
exotic states,
 e.g. Q=5/3Top+Higgs couplings different from the SM,

 and  strong WW-scattering at high E

W’,Z’-type resonances: Quite generic


