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Composite Higgs

- One interesting possibility is that the Higgs is composite, the remnant of
some new strong dynamics [Kaplan, Georgi '84] [Agashe, Contino, Pomarol '04]

- It is particularly compelling when the Higgs is the PGB of some new
strong interaction. Something like pions in QCD.
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Top Custodians

Top quark also responsible for triggering the EWSB
[Contino,da Rold,Pomarol, '06]
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Top quark also responsible for triggering the EWSB
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Light resonances at the reach of the LHC!



Top Custodians

Regarding Higgs production and decays, there are mainly two e�ects

- Shift in SM couplings (mixing with NP and non-linear e�ects coming

from the PGB nature of the Higgs )

- New particles enter in the loops
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Top Custodians

Regarding Higgs production and decays, there are mainly two e�ects

- Shift in SM couplings (mixing with NP and non-linear e�ects coming

from the PGB nature of the Higgs )

- New particles enter in the loops Cancel each other [Falkowski, '07]
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Tau Custodians

What about leptons?

- Looking at the lepton masses we would say that leptons are mostly
elementary

- However, it is no necessary the case when we try to explain the PMNS
matrix with non-abelian discrete symmetries

Non-abelian discrete
symmetry G

G2G1

Neutrino sectorCharged lepton sector

Misalignment

In A4 models tau can be more composite than expected ⇒ τ -custodians
[del Águila,AC,Santiago, JHEP 1008 (2010) 127]



Tau Custodians

What about leptons?

- Looking at the lepton masses we would say that leptons are mostly
elementary

- However, it is no necessary the case when we try to explain the PMNS
matrix with non-abelian discrete symmetries

It has to be 
A4 symmetric

In A4 models tau can be more composite than expected ⇒ τ -custodians
[del Águila,AC,Santiago, JHEP 1008 (2010) 127]



Tau Custodians

- Normally, light quark and lepton resonances were neglected due to their
small degree of compositeness (except maybe the bottom)

- Otherwise, we're in business ... [AC, Goertz, '13, JHEP 04 (2013) 163]

g

g

h

t

t

t

New leptons running just here
γ

γ

h

l̃

l̃

l̃

The top KK tower contribution cancel with the shift in the htt̄ coupling
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Tau Custodians

- Normally, light quark and lepton resonances were neglected due to their
small degree of compositeness (except maybe the bottom)

- Otherwise, we're in business ... [AC, Goertz, '13, JHEP 04 (2013) 163]
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The top KK tower contribution cancel with the shift in the htt̄ coupling
produced by the mixing with the NP Not true for the τ tower

Ah
q(τt)(SM + shift) + NP ≈ SM + shift + NP = SM



Light Custodians in MCHM5

- It is possible to describe the e�ects of the NP in a transparent way by
only considering the

SM + light custodians

- In this case the new spectrum is made of two additional SU(2) doublets
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Light Custodians in MCHM5+10

- Going to larger representations, we can have a richer phenomenology

Let's put the τR in a 10 of SO(5) and the others in 5's
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PGB nature of the Higgs

We consider now the e�ects coming from the non-linearity of the Higgs

- The rescaling of hVV couplings is �xed κW = κZ = cos
(
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Conclusions

- Composite Higgs and light custodians are well known partners

- Light custodians can also happen in the lepton sector (τ custodians)

- They can lead to a distinct phenomenology with respect to previous
studies of composite models

- Complementarity between direct searches for fermion partners and
looking for indirect e�ects

- Precise measurement of Higgs couplings desirable
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Models with Warped Extra Dimensions
Hierarchy Problem

In WED, the fundamental scale of the theory O(MPl) is redshifted by the
warp factor to a few TeV on the IR brane, where the Higgs is localized
[Randall, Sundrum '99]

Fermions and gauge bosons can propagate in the bulk



Bulk Fermions

The smallest irrep of the 5D Cli�ord algebra

{ΓM , ΓN} = 2gMN M,N = µ, 5

is four-dimensional
Γ5 = ±Γ0Γ1Γ2Γ3 ⇒ Γ̄ ∝ 1

1. 5D fermions ψ(x , z) are vector-like and a bulk mass c = MR is allowed

2. We can still get a 4D chiral spectrum

ψL(x ,−φ) = ZψL(x , φ) Z 2 = 1

ψL(x ,R(′)) = 0 ∂zψL(x ,R(′)) = 0

After Kaluza-Klein decomposition, we can have a chiral massless state

ψL(x , z) = f
(0)
L (z)ψ

(0)
L (x) +

∞∑
n=1

f
(n)
L (z)ψ

(n)
L (x)



Bulk Fermions

- It turns out that we can explain the huge hierarchy existing between the
di�erent fermion masses
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Flavor

Di�erent fermion localizations lead to family dependent couplings to massive
KK gauge bosons, which are IR localized

g (1)
α ≈ g5DR

−1/2
(
−1

L
+ f 2αγ(cα)

)
L = logR/R ′ ≈ 35 γ(cα) ∼ O(1)

We have FCNC both in the quark and in the lepton sector

RS-GIM Mechanism

O�-diagonal couplings are suppressed by CKM entries and by ratios of CKM
matrix elements and masses. Still, ∆mK and εK impose some tunning.



Lepton Masses and Mixings

- Fermion splitting seems to naturally lead to hierarchical masses and mixing
angles, as the ones observed in the quark sector

- However, unlike the quark case, lepton mixing angles are not hierarchical.
A good starting point is the tri-bimaximal mixing
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- Despite the RS-GIM mechanism, �avor constraints are quite strict

One possible solution is to assume a discrete symmetry acting on this sector



A4 Symmetry

A4 is the the group of even permutations of four elements. We can use two
generators, S and T , satisfying

S2 = T 3 = (ST )3 = 1

It has 3 inequivalent one-dimensional representations

1 : S = 1, T = 1,
1′ : S = 1, T = e i2π/3 = ω,
1′′ : S = 1, T = e i4π/3 = ω2,

and one three-dimensional irreducible representation, 3

3⊗ 3 = 31 ⊕ 32 ⊕ 1⊕ 1
′ ⊕ 1

′′

There are two important subgroups:

Z2 ∼= {1, S} ⊂ A4 Z3 ∼=
{
1,T ,T 2} ⊂ A4



PGB nature of the Higgs



Tau Custodians

[del Águila,Carmona,Santiago, arXiv:1007.4206 ]

ζτ =

(
ντ [+−] ẽτ [+−]

eτ [+−] Ỹτ [+−]

)
︸ ︷︷ ︸ ⊕ e′τ [−−], cτ ∼ 0.5

The bidoublet has, for cτ ∼ 0.5, an ultra-light KK mode with almost degenerate
leptons E1,E2,Y and N, with masses ∼ 0.5 TeV and large couplings to τ
[del Águila, Santiago, '02] [Atre, Carena, Han, Santiago, '08]

We studied pair production of
τ custodians at the LHC with

- all leptonic τ 's (fully
collimated)

- one leptonic Z

pp → τ̄ τZZ/W /H
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Tau custodian analysis

We are interested in the following signature at LHC with
√
s = 14 TeV

pp → l+l−l ′+l ′′−jj�ET with l , l ′, l ′′ = e, µ

The background we have considered are

Ztt̄ + n jets σ = 39.6 fb, Zbb̄ + n jets σ = 5.85 pb,

ZZ + n jets σ = 2.35 pb, ZW + n jets σ = 1.76 pb,

tt̄ + n jets σ = 55 pb, ZWW + n jets σ = 1.9 fb,

with one Z and both tops decaying leptonically.

- Signal generated with MadGraph/MadEvent v4 and τ decayed with Tauola

- Background events generated with Alpgen v2.13

- In both cases, we have used Pythia for hadronization and showering and
PGS4 for detector simulation



Tau custodians results

14 TeV M = 200 GeV M = 400 GeV Ztt̄ ZZ

Basic 0.85 0.14 0.49 0.44

Leptons 0.68 0.11 0.41 0.41

Mjj 0.49 0.063 0.15 0.13

Tau rec. 0.42 0.057 0.039 0.052

Pair prod. 0.39 0.045 0.017 0.032

Mass rec. 0.37 0.041 0.008
∣∣∣ 0.0016 0.016

∣∣∣ 0.0018
- Basic cuts

pT (l) ≥ 10 GeV, pT (j) ≥ 20 GeV, �ET ≥ 20 GeV,

|ηl | ≤ 2.5, |ηj | ≤ 5, ∆Rjj ≥ 0.5 ∆Rjl ≥ 0.5

- Leptons |Ml+l− −MZ | ≤ 10 GeV and cos(φl′+l′′−) ≥ −0.95
- Mjj 50 GeV ≤ Mjj ≤ 150 GeV

- Tau reconstruction We assume fully collimation

- Pair production |ML1 −ML2 | ≤ 50 GeV

- Mass reconstruction |Mτ l+l− −Mtest

L | ≤ 50 GeV
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