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Susy option

MSSM: Extra weakly coupled scalars:  
h, H, A, H⁺

i.e. SM

Composite option (TC, Warped Extra Dim)

Not true Higgses

Not fully unitarizing

Composite Higgs: Strongly-Interacting Scalars

ha



Susy Option: Higgs sector of the MSSM and variations (NMSSM, 
CMSSM, nuMSSM, λ-MSSM, S-MSSM, ...)

 ➡ Fully explored

Composite Option: Higgs sector not yet fully explored:
 

 ➡  Purpose of this talk

In the “Higgs Hunter’s Guide” only one page out of 400



I) Higgs content and properties in composite scenarios

2) Pheno constraints:
   • EWPT
   • FCNC

3) Collider implications

Outline



Composite Higgs idea 

From the strong sector (or WED):       V(h)=0        (h→h+α)

Explicit breaking from SM fields:           V(h/f)≠0    at the loop level

➥〈h〉~  f  (PGB-decay constant)

Higgs arising as Pseudo-Goldstone Bosons (PGB)  from the 
breaking of global symmetry of a strong sector (or WED):          
            

G → H  
Higgs (h) and company = PGB = coset G/H

This is not the little-Higgs approach!

As we will see,  f ~ 500 GeV   →  Higgs masses 100-300 GeV



a)   H must contain the SM gauge group
  b)   G must contain an  SU(2)xSU(2) ~ SO(4)  symmetry

          under which a PGB is a Higgs doublet is a (2,2) ~ 4 

 SO(3) unbroken subgroup:  “Custodial” symmetry 
H =
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P.Sikivie, L.Susskind, M.B.Voloshin, V.I.Zakharov

guarantees  ρ-parameter ~ 1.00...  

Requirements for the group G and H:

We could know more on G and H if we know the elementary           
states of the strong sector

e.g.  For a strong SU(N) sector: 
 Minimal fund. fermion content:  4 (ΨL ,ΨR)       then  G=SU(4)xSU(4) ➞ H=SU(4) 

But we are not yet able to know a strong sector that 
successfully explains all EWSB masses   

➞ We must a take a more modest approach and explore 
the different possibilities fulfilling (a) and (b)  
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Good:  Scalar (PGB) spectrum fixed by symmetries

Possible symmetry patterns:

times  SU(3)c x U(1) of SM

Bad:  Not clear which G/H should be considered
 ➡ Minimality is not a guide

 Prototype to 
be studied  here!
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Bosonic Part:

Although the dynamics of the strong sector can be unknown, the 
low-energy effective lagrangian for  PGB Higgses can be determined 
by symmetries (as chiral lagrangian for pions physics).        

 Lowest dim operator:

Σ =
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By a suitable SU(2)L rotation, we can eliminate 3 of 4 components of the Higgs doublet. In this gauge,

the kinetic term for the PNGB gives
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1− ĥ2 − η̂2
+

g
2
f

2

4
ĥ

2

�
W

µ
Wµ +

1

2 cos2 θW
Z

µ
Zµ

�
(3)

where for convenience we have redefined the PGB fields:

ĥ
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General NMCHM6

Consider fermions in the 6 of SU(4). Elementary q and u fermions are embedded in
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G/H coseteiTaha

By expanding around the EWSB minimum, gives Higgs self-couplings 
and couplings to gauge bosons  
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corresponding to the VEV of a field transforming as the 10 of SU(4):

Σ0 → UΣ0U
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and correspond to the generators of Sp(4) ∼= SO(5), while the broken ones, T â
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T âΣ0 − Σ0T
âT
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The fluctuations along the broken generators correspond to the NGB that parametrize the SU(4)/Sp(4) coset
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By a suitable SU(2)L rotation, we can eliminate the 3 NGB to be eaten by the SM gauge bosons, and keep only the

physical Higgs h and η. In this gauge, the kinetic term for the PNGB is given by
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where we have performed the following redefinition of the PGB fields:

h2s2

η2 + h2
→ h2 ,

η2s2

η2 + h2
→ η2 . (13)

From now on, h and η will refer to the redefined fields. The gauging of the SM group breaks the global symmetry

SU(4) down to SU(2)L× U(1)Y×U(1)η where Y = T 3
R and the generator of U(1)η is

T η
=

1

2
√

2
Diag(1, 1,−1,−1) . (14)

Since this latter is the symmetry under which the PNGB η shifts, gauge boson loops will only generate a potential

for h but not for η.
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T âΣ0 − Σ0T
âT
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SO(6)/SO(5) model:   Doublet h + Singlet η
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determination of the CP-properties of the Higgs. A recent possibility is to use the top-strahlung pp → tt̄ + Higgs to

use the top pair distributions to measure CP violation.

Light-η scenario: In the limit in which �i → 0, the η mass goes to zero, and we are driven to a very different

scenario for Higgs physics. The mass of η can be below mh/2, implying that the Higgs h can decay to two η’s. From

Eq. (44) we find a hηη coupling:

−f
2�h�
2

η2∂2
µh , (32)

that leads to a Higgs partial width

Γ(h → ηη) =
m

3
hm

2
W β

8πg2f4
, β =

�
1− 4m2

η/m
2
h (33)

This decay channel can dominate over the bb̄ channel. In the limit of mη � mh < 2mW , we find

Γ(h → ηη)

Γ(h → bb̄)
� 8.5

�
mh

120 GeV

�2�500 GeV

f

�4
. (34)

This opens up the possibility [11] that the Higgs could in fact be somewhat lighter than the LEP SM Higgs bound of

114 GeV, since h might have escaped detection at LEP due to the non-standard decay mode h → ηη. For example,

if mh � mη � 10 GeV, the dominant decay mode of η is η → bb̄ and the experimental lower bound on mh from

h → 4b searches is around 110 GeV. This bound can even go down to 86 GeV for 10 GeV � mη � 3.5 GeV, where the

dominant decay mode is η → τ τ̄ .

There is a priori no reason to assume that all �i are close but different from zero, and therefore one could think

that the light-η scenario is not very much motivated. Nevertheless, it is reasonable to consider that the values of �u

are different from �d, or even from �l. In these cases, as we will see, the η can be naturally light. It is also possible

that �i takes different value for the different families. These possibilities lead to a very different phenomenology for

η. Let us discuss them in turn.

Let us first consider the case of family symmetric values of �i. In order for the η to be light, we will assume �u = 0,

that corresponds to an embedding of the up-quarks into one of the singlets of the 6. If now we assume �b ∼ 1, we

have that η receives its mass mostly from bR one-loops. Assuming that bR and bL have equal couplings to the strong

sector, we have that this coupling must be ∼
�

mb/v. In this case,
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that is light enough to allow the decay of h to two η. The η will mainly decay to bb̄, unless �b = 1. In this latter case,

we have bd = 0 and therefore η does not couple to bb̄ and decays to τ τ̄ . This decay channel can also be zero if �l = 1,

implying that η will mostly decay to cc̄. The decay to photons can become sizable in this latter case:

Γ(η → γγ)

Γ(η → cc̄)
� ...

�
mh

120 GeV

�2�500 GeV

f

�4
. (36)

In this scenario we could be able to learn important information about the strong group, in the same way as π → γγ
told us about the numbers of colors in QCD.

The last possibility is to have �u = �b = 0 but �l �= 0. Then the mass of η comes from loops of τ (similar as Eq. (27)

but with hb → hτ ), leading to a little bit lighter η. In this case, it could be kinematically forbidden for η to decay

into bb̄, being then its main decay either into cc̄ or τ τ̄ respectively depending whether �l = 1 or not.

FCNC: Let us now consider the case in which the values of �i are not family symmetric. We expect FCNC effects

mediated at tree-level by η that couple linearly to f̄
i
Lf

j
R with a strength (assuming �η� = 0 and �h� � 1)

Mij =
mi

f
UR ik

bk

ak
U

†
R kj , (37)

where UR is the rotation in the right-handed sector needed to diagonalize the fermion mass matrices and i, j, k runs

over all right-handed fermions. Since UR is unitary, URU
†
R = 1, we have that, as expected,M is diagonal for universal

values of bi/ai. We will assume that UR is of the same order as the CKM matrix V and study the implications of

non-universality of bi/ai on flavor observables.
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determination of the CP-properties of the Higgs. A recent possibility is to use the top-strahlung pp → tt̄ + Higgs to

use the top pair distributions to measure CP violation.

Light-η scenario: In the limit in which �i → 0, the η mass goes to zero, and we are driven to a very different

scenario for Higgs physics. The mass of η can be below mh/2, implying that the Higgs h can decay to two η’s. From

Eq. (44) we find a hηη coupling:
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that leads to a Higgs partial width
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This decay channel can dominate over the bb̄ channel. In the limit of mη � mh < 2mW , we find

Γ(h → ηη)

Γ(h → bb̄)
� 8.5
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This opens up the possibility [11] that the Higgs could in fact be somewhat lighter than the LEP SM Higgs bound of

114 GeV, since h might have escaped detection at LEP due to the non-standard decay mode h → ηη. For example,

if mh � mη � 10 GeV, the dominant decay mode of η is η → bb̄ and the experimental lower bound on mh from

h → 4b searches is around 110 GeV. This bound can even go down to 86 GeV for 10 GeV � mη � 3.5 GeV, where the

dominant decay mode is η → τ τ̄ .

There is a priori no reason to assume that all �i are close but different from zero, and therefore one could think

that the light-η scenario is not very much motivated. Nevertheless, it is reasonable to consider that the values of �u

are different from �d, or even from �l. In these cases, as we will see, the η can be naturally light. It is also possible

that �i takes different value for the different families. These possibilities lead to a very different phenomenology for

η. Let us discuss them in turn.

Let us first consider the case of family symmetric values of �i. In order for the η to be light, we will assume �u = 0,

that corresponds to an embedding of the up-quarks into one of the singlets of the 6. If now we assume �b ∼ 1, we

have that η receives its mass mostly from bR one-loops. Assuming that bR and bL have equal couplings to the strong

sector, we have that this coupling must be ∼
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mb/v. In this case,
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that is light enough to allow the decay of h to two η. The η will mainly decay to bb̄, unless �b = 1. In this latter case,

we have bd = 0 and therefore η does not couple to bb̄ and decays to τ τ̄ . This decay channel can also be zero if �l = 1,

implying that η will mostly decay to cc̄. The decay to photons can become sizable in this latter case:
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In this scenario we could be able to learn important information about the strong group, in the same way as π → γγ
told us about the numbers of colors in QCD.

The last possibility is to have �u = �b = 0 but �l �= 0. Then the mass of η comes from loops of τ (similar as Eq. (27)

but with hb → hτ ), leading to a little bit lighter η. In this case, it could be kinematically forbidden for η to decay

into bb̄, being then its main decay either into cc̄ or τ τ̄ respectively depending whether �l = 1 or not.

FCNC: Let us now consider the case in which the values of �i are not family symmetric. We expect FCNC effects

mediated at tree-level by η that couple linearly to f̄
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where UR is the rotation in the right-handed sector needed to diagonalize the fermion mass matrices and i, j, k runs

over all right-handed fermions. Since UR is unitary, URU
†
R = 1, we have that, as expected,M is diagonal for universal

values of bi/ai. We will assume that UR is of the same order as the CKM matrix V and study the implications of

non-universality of bi/ai on flavor observables.
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This opens up the possibility [11] that the Higgs could in fact be somewhat lighter than the LEP SM Higgs bound of

114 GeV, since h might have escaped detection at LEP due to the non-standard decay mode h → ηη. For example,

if mh � mη � 10 GeV, the dominant decay mode of η is η → bb̄ and the experimental lower bound on mh from

h → 4b searches is around 110 GeV. This bound can even go down to 86 GeV for 10 GeV � mη � 3.5 GeV, where the

dominant decay mode is η → τ τ̄ .

There is a priori no reason to assume that all �i are close but different from zero, and therefore one could think

that the light-η scenario is not very much motivated. Nevertheless, it is reasonable to consider that the values of �u

are different from �d, or even from �l. In these cases, as we will see, the η can be naturally light. It is also possible

that �i takes different value for the different families. These possibilities lead to a very different phenomenology for
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that is light enough to allow the decay of h to two η. The η will mainly decay to bb̄, unless �b = 1. In this latter case,

we have bd = 0 and therefore η does not couple to bb̄ and decays to τ τ̄ . This decay channel can also be zero if �l = 1,

implying that η will mostly decay to cc̄. The decay to photons can become sizable in this latter case:
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In this scenario we could be able to learn important information about the strong group, in the same way as π → γγ
told us about the numbers of colors in QCD.

The last possibility is to have �u = �b = 0 but �l �= 0. Then the mass of η comes from loops of τ (similar as Eq. (27)

but with hb → hτ ), leading to a little bit lighter η. In this case, it could be kinematically forbidden for η to decay

into bb̄, being then its main decay either into cc̄ or τ τ̄ respectively depending whether �l = 1 or not.

FCNC: Let us now consider the case in which the values of �i are not family symmetric. We expect FCNC effects

mediated at tree-level by η that couple linearly to f̄
i
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j
R with a strength (assuming �η� = 0 and �h� � 1)
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where UR is the rotation in the right-handed sector needed to diagonalize the fermion mass matrices and i, j, k runs

over all right-handed fermions. Since UR is unitary, URU
†
R = 1, we have that, as expected,M is diagonal for universal

values of bi/ai. We will assume that UR is of the same order as the CKM matrix V and study the implications of

non-universality of bi/ai on flavor observables.

Fixed by symmetries !!

SO(6)/SO(5) model:   Doublet h + Singlet η
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SO(6)/[SO(4)xSO(2)] model:   2 Doublets: H1,2 

(spectrum: h, H, A, H⁺)



SO(6)/[SO(4)xSO(2)] model:   2 Doublets: H1,2 

(spectrum: h, H, A, H⁺)
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New couplings or deviations on 
renormalizable couplings of THDM

 of order (v/f)² ~ 0.2

breaking of custodial
 symmetry if A gets VEV 



Changes in the Higgs-coupling sum rules

In renormalizable THDM:
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In PGB Higgs:
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Possible 20% corrections!

Changes in the Higgs-coupling sum rules



Electroweak Precision Tests
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Facing the S and T parameters bounds:

If more than a doublet (or triplet), 
custodial symmetry must be kept 

after EWSB:
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Can be guaranteed by discrete symmetries: 
     PA :          H₁ →  H₁  ,   H₂ → - H₂
     CP:      Hi →Hi✝

Symmetries of the cosets!
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➟ see talk of J. Serra



FCNC



SM Fermion couplings to PGBs (Strong sector or WED):

Defined by choosing the SM fermion embedding in reps of G:

} reps of G ➟ spurions
 (or bulk fermions)

and write G-invariant mass terms:

qL ∈ Q
uR ∈ U

➞ see example...λij Q̄iΣ(ha)Uj



EXAMPLE:              G=SO(6) → H=SO(4)xSO(2) 

Fermions, for example, in the 6 of SO(6):    

6 =





.

.

.

.

.

.





}
}

SU(2)L doublet

allows for the embedding:

Σ  =  coset SO(6)/SO(4)xSO(2)      20 

two SU(2)L  singlets

qL ∈ Q =




qL

.

.



 uR ∈ U = cos θu





.

.

.

.
uR

.




+ eiαu sin θu





.

.

.

.

.
uR





in WED this is determined by the bound. conditions
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in WED this is determined by the bound. conditions
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two parameters
 (per fermion)



SM Fermion couplings to PGBs (Strong sector or WED):

Defined by choosing the SM fermion embedding in reps of G:

} reps of G ➟ spurions
 (or bulk fermions)

and write G-invariant mass terms:

qL ∈ Q
uR ∈ U

➞ see example...λij Q̄iΣ(ha)Uj

Expanding.... 
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SM Fermion couplings to PGBs (Strong sector or WED):

Defined by choosing the SM fermion embedding in reps of G:

} reps of G ➟ spurions
 (or bulk fermions)

and write G-invariant mass terms:

qL ∈ Q
uR ∈ U

➞ see example...λij Q̄iΣ(ha)Uj

If only one operator QΣU possible,
tree-level FCNC depends only on θu 

Expanding.... 

= λij q̄
i
L (cos θuj H1 + e

iαuj sin θuj H2) u
j
R + · · ·



θc

Flavor dependent case:

θu θt

θsθd θb

θμθe θτ

Up-sector: 

Down-
sector:

Lepton-
sector:

... and similarly for the CP-phases αi



FCNC constraints:

H2

(for simplicity <h2>=0)

fi

fj

∝ mfi

�

k

UR ik eiαk tan θk U†
R kj

s s

d d
H2

Main effect:  εK (for UR~VCKM)

mh2 � 2 TeV⇒

∝ m2
sV

2
us

m2
h2

[eiαs tan θs − eiαd tan θd]2

Too large!

 θd ~ θs  needed 



H2

Main contribution to ΔMB  

UR ~ VCKM

Assuming equal embedding for1st and 2nd family 
              → 3rd family FCNC 

→ expected impact in CP-violation: βd , βs and B →μμ

b b

d, s d, s

Saturates experimental bounds for Bd and Bs for:

Tan θb ~ 3 

Higgs masses ~ 200 GeV



 1) Only one operator QΣU possible 
 2) Equal embedding for all families 

Flavor independent case

➟ MFV with extra phases

Flavor transitions from loops of H⁺:

H⁺dLuR  : MuVCKM ×
eiαu tan θu tanβ − 1
tanβ + eiαu tan θu

  parameters:   θu, θd, θe   and αu, αd, αe 

⇒  Expected deviations from SM

 in EDMs,  CP-violation in b→sγ,  B→τυ
Different from MSSM

⇒ No tree-level FCNC



Contact with previous THDMs:

Type I: θdθu θe
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Contact with previous THDMs:

Type I: θdθu θe

Type II: θdθu θe

Type X: θdθu θe

Type Y: θdθu θe



Collider signatures

... mostly in progress



• Unraveling composite Higgs nature:
 precise measurements needed of Higgs Production Cross Sections x BR 

• Extra scalars can make life easier or more difficult: 

Giudice, Grojean, AP, Rattazzi

h 

WL

ZL

H⁺

~ (p/f)² Fixed by symmetry: 
the G/H coset

Unfortunately, protected 
by the custodial symmetry

 

Induced at the one loop-level 
but with a bigger size than in the MSSM

η, h2

η, h2

New decays available, e.g.,



h1

Easiest signatures:

leptons

leptons

leptons

A

(with small rates in the MSSM)

} h2

h2



Charged Higgs:

pp→tt-a) Light H⁺: 
t→H⁺b

H⁺→τυ

b) Heavy H⁺: gb→tH⁻

2) H⁻→WZ if sizable

1) H⁻→Zh
h→ZZ



Conclusions

•  If the hierarchy problem is solved by a strong dynamics 
   (or WED), rich phenomenology of Pseudo-Goldstone
   Bosons expected 

•  Rich FCNC phenomenology: Important B-physics impact

•  It provides a (motivated) framework for multi-Higgs physics 

•  Higgs spectrum and gauge-boson couplings  fixed by G/H


