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A Composite Higgs coming from some strongly coupled
theory might resolve the hierarchy problem

Calculability hard. Recent breakthrough: the composite
Higgs paradigm is closely related to (relatively weakly
coupled) theories in extra dimensions

Connection particularly clear in Randall-Sundrum warped
models thanks to the celebrated AdS/CFT duality

Holographic Composite Higgs models (HCHM) are the
subset of Composite Higgs models that resemble 1n some
aspects their 5D weakly coupled counterparts

Flavour hierarchies are nicely explained by large RG effects
(geography 1n extra dimensions)

(H)CHM are among the most promising and well
motivated extensions beyond the SM
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HCHM are of this form

['tot — Eel + Lcomp =+ ETTLZCU

Elementary sector: SM particles but Higgs (and possibly RH top quark)

Composite sector: unspecified strongly coupled theory
with unbroken global symmetry G D G gy

Mixing sector: mass mixing between SM fermions and fermion
bound states of the composite sector

The Higgs field is a bound state of the composite sector and EWSB,
like 1n the SM, occurs by its condensation (in contrast to Technicolor)

It might or might not be a pseudo-Goldstone boson of a
spontaneously broken global symmetry. In the former case we get
Gauge-Higgs-Unification (GHU) models, 1n the latter one ordinary
Randall-Sundrum models with scalar Higgs field.
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In this talk I will briefly show how it 1s possible to have a
Holographic Composite Higgs theory of leptons
explaining the observed masses and mixing in the
neutrino sector, with no conflict with Lepton Flavour
Violation (LFV) processes in the charged lepton sector

Key ingredient: non-abelian discrete symmetry
 (General model-independent analysis

e Analysis based on symmetry considerations only
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The simplest non-abelian discrete groups, such as A4 or .9y,
naturally predict at leading order two large and a vanishing angle,
in what 1s called the tribimaximal (TB) mixing

Recent results from the T2K and MINOS experiment
reported indication of a non-vanishing 813

The size of 3 is large enough that an explanation in terms of sub-
leading effects in a mixing pattern where it is vanishing at leading
order (such as TB mixing) i1s somehow disfavoured.

New lepton mixing patterns based on discrete non-abelian
symmetries where a non-vanishing ;5 is
obtained at leading order have recently be found

[Torop, Feruglio,Hagedorn, 1107.3486]
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Key assumption: the neutrino and the charged lepton
mass matrices are invariant under two distinct
subgroups (&, and G of a flavour group G'¢

The lepton mixing arises from the different
embeddings of GG, and G inside G ¢

This scenario 1s naturally realized in Composite Higgs Models
(CHM), where the group & # 1s broken to (+, in the elementary
sector and to (& in the composite sector!
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The flavour symmetry group is
G f = X X 7 N

N>2, X 1s an unspecified non-abelian group with 2 key features

1) 1t admats 1rreducible three-dimensional representations

2) contains Zio X Zio and Zi as non-commuting subgroups

Additional Z y required to have a natural explanation

of the hierarchy of the charged lepton masses
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The flavour symmetry breaking pattern 1s the following:

X XLy — 2o X Lo X £y Elementary sector

3 - (1,-1)+(-1,1)+(—-1,-1)

X X4y — Zﬁ Composite sector
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In the basis where the generator Gy of Ziny C X is diagonal, the
Z> X 7o generators (7 and (G5 cannot be put in diagonal form

Gi=VG9VT, Gy =VGIVT

| 1 0 0 | -1 0 0
G99 =0 -1 0 |, G¥9=[ 0 1 0
0 0 -1 0 0 -1

The unitary matrix V eventually gives lepton mixing
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Consider Majorana neutrinos

The most general Zy X Zs invariant Majorana

mass term for two neutrino triplets ¢; and ¢? is

¢,}Mw ¢3 where
M, = Vdiag(mi,ma, m3)V"

The charged lepton mass matrix is diagonal in this basis

| >  Upyns =V"
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HCHM with Majorana neutrinos

l%: (17“}]@1)7 (17w%2)7 (1 C‘)N)

T, VR : (3,1) a=1,2,3
70 VI T VI —Q Q. 1 —C,( 16
Lo =171DIT + 151Dl + vpiovy — §(VL M,pvy + h.c.)
)\lL 7O O l )\V SO

Loz = WZL l,,RT A fR A0 gL T A VRR vpWV,. 1 + h.c
. 5
IL.R A=§+%L
. 5
Ir,L A = ) + VIR
. 5
vr,L A = 5 + YR
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Integrate out composite fermion operators

)\ZL >\lR 6 o H
AR AR <\Ij ZR> ~ CaVHAL lRéaﬁ(K

VZQR‘F'WL
My ~ )

Charged leptons mostly elementary: v, v/ > 0

Vg strongly mixes with composite sector: v,r < 0

Integrate out heavy Majorana fermions

u 2(vwr+iL)
1) (

Additional symmetries or weak breaking of flavor
symmetry in composite sector required

Myap =~ Calav A2 A2 ( VMl;th) |

af

Co ™ C
Mass matrix diagonalized by vy, — Vv, and Uppins = V*
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The composite flavour symmetry Zﬁ forbids tree-level
flavour changing decays of charged leptons mediated by

the exchange of heavy vector resonances.

Tree-level flavour changing charged interactions are
suppressed by the heavy RH neutrinos

The main source of flavour violation arises from the elementary
sector, since the kinetic terms of the SM fermions
are constrained in general to be only Z, x Z invariant

Z_LilADZL — Z_L(l -+ ZZ)ZJA)ZL
7, =VZPVt

Let us now look for explicit 5D realizations of this
scenario for some specific choice of G ¢
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We take N = 3 and
X =A(6n?), n=24,8
A(6n?) are non-abelian finite sub-groups of SU(3) of order 6n?
A(6n?) ~ (Z,, x Z,) »x Ss
They are also subgroups of the modular group PSL(2,7Z)
A(24) ~ S4
and gives rise to the usual TB mixing matrix

Sin (913 = 0

(54)

SiIl2 (912 —

DO | — Qo| —

SiIl2 (923 —
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Two inequivalent embeddings exist for A(96) and A(384):

¢

Sil’l2 913

¢

SiIl2 6)12

2

SiIl2 923

¢

Sil’l2 913

2

SiIl2 (912

Siﬂ2 (923 ~

[ Torop, Feruglio,Hagedorn, 1107.3486]

0.045
0.349
0.601

0.011
0.337
0.424

(A(96))

(M1) 0.349

(A(384))

(M3) 0.576

Compare with recent global fits:
sin® 613~ 0.021 4 0.007

sin 615 ~ 0.30610:0:8
sin® fp3 ~ 0.4210-08
[Fogli et al., 1106.6018]

SiIl2 (913
Sin2 (912

sin (923

Y

Y

N

(M2)

(M4)

0.007
0.013% 5 0os
0.017
0.3127 015

0.06
0.52% 00~

[Schwetz, Tortola and Valle, 1108.1376]
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SD GHU warped model
Ggauge — SO(5) X U(l)X Extra factors to minimize

number of terms
Gf — A(6’n2) X Zg ><

Gf,UV — Z2 X Z2 X Z3 X Zg
Gf,IR — Z? X Zé
(3,1,&)3,&)3), (1,0):?0‘,(,03,(,03),

. ( [EML (—=+), Lar (++)] ) ( Tar (+-) \
& ) gea B

ﬁozL (_—|‘)

v = Var () \ [ L2ar (+=)s Lar (+)|

(37 1,(4)3, 1)7
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We consider the most general Ggayour 1R, Uv Invariant mass terms

at the IR and UV brane and compute the lepton mass spectrum

Charged lepton mass spectrum 1s hierarchical
with no need of any flavour rotation

Lepton mixing requires that certain IR localized mass terms
are close to universal. Otherwise they can all be set to one by
means of an exchange Zi5 symmetry

Resulting model is ultra-minimal with just one free parameter!

Leading LFV processes are induced by certain UV-
localized fermion kinetic terms but are negligible

Normal hierarchy 1s preferred to inverted hierarchy
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QonclusionD

We have proposed a simple class of scenarios
based on the flavour symmetry X x Zn to
accommodate leptons in HCHM

Lepton mixing with a non-vanishing 63
angle can naturally be accommodated

All LFV processes are safely below the
current experimental bounds
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Back-up Slhides
A(24) is defined by S =T*=(ST)* =1

G,:  {ST*ST? T*ST?}
G : (ST)?
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A(96) is defined by S* =(ST)> =T° =1, (ST 'ST)° =1

G,: {S,ST*STH

G, : ST
L0 Ve Ve e 00
p(S) == V2 -1 1 p(I)=| 0 e+ 0
2 V2 1 =1 0 0 ei
2(V3+1) L(v3-1)
V= 3(3-1) 1 (3+1)
1 1 1
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A(384) is defined by §* = (ST)* =T'° =1, (ST 'ST)° =1

G,: {S,ST®ST®)

G, : ST
L0 VRV ¥ 0 0
p(S)(\/ﬁ -1 1 ) p(T') = 0 es 0
\v2 1 1 0 0 es
[ LVa+v2+V6 1 LWa—v2—6 )
V=] 3V4+v2-V6 1 1V4-V2+6
\ — V2 1 1+
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Flavour invariant limit in composite sectors:
co, =0, co=cC

The flavour symmetry breaking in the composite sector
for charged leptons (mainly tau) cannot be small
because of universal gauge coupling deviations

2 L4 2775
Sg1. ~ —fg(Xj)( ) . i=L,R
my, A
Mla 2 VH 2 1
00~ (00) () =
glaL glozR mw mw C(QX

> ca S 1 for my ~ 1 TeV
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Integrate out composite fermion operators

A AP
L1, IR <\Ifﬁ lR> ~ CaUH)\lL ?35&[3(ﬁ

MZ’O{B -~ A’WR A%R A

)VZQR‘F’WL

Charged leptons mostly elementary: v, v/ > 0

Vg strongly mixes with composite sector: v,r < 0

Dominant kinetic term arises from strong coupling effects:

2 ,LL 2V R 4 é o
5a7/86a>\VR A d xVR( )7’ VR(x)
Canonically normalized neutrino Dirac mass terms

)\l )\VR v —TvR 1 = 3 COévH)\l o/ YL
L = v we =g (%)
A’YZL A'VVR (A) 6o¢>\gR < 53 I/R> Ca 5 A

V,o&

M, g ~
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