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outline

•  Composite Higgs models 
‣  reasons and features 
‣  fermion masses 
‣  possible approaches 

•  Flavor structure and CLFV 
‣  overview on the flavor structure 
‣  anarchic scenarios 
‣  scenarios with flavor symmetries 

•  Insights using the simplified approach

  Andrea Pattori, UniPD & UZH
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why Composite Higgs?

Hierarchy Problem: Huge mass gap between Planck scale (~1018 
GeV) and EW scale (~100 GeV).  

Possible solutions: 
• New Physics at the TeV scale 

‣  Weak interaction (Supersymmetry) 
‣  Strong interaction (Composite Higgs) 

•  “Cosmological” explanation 
‣  Multiverse scenario (anthropic selection, SM likelihood) 
‣  Relaxion mechanism 

•  Disregard for naturalness argumentations
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the first Technicolor theories

E QCD 
MPL

baryons and mesonsΛQCD

~TeV
composite resonances

confinement

confinement

Strong TC sector

•  Tecnicolor (TC) theories

EW scale
restore 

W-W scattering 
unitarity

  Andrea Pattori, UniPD & UZH

[Weinberg, ’76] 
[Susskind, ’79]
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enter the Composite Higgs
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•  Composite Higgs (CH) models
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  Andrea Pattori, UniPD & UZH

[Dimopoulos, Susskind, ’79] 
[’t Hooft, ’80]
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why the Higgs is lighter?

E QCD 
MPL

baryons and mesons

pions
SSB

ΛQCD

~TeV composite resonances

Higgs
SSB

confinement

confinement

EWSB

Strong TC sector

•  Higgs as a pseudo-Nambu-Goldstone (pNG)

  Andrea Pattori, UniPD & UZH

[Kaplan, Georgi, ’84] 
[Kaplan, Georgi, Dimopoulos ’84] 
[Dugan, Kaplan, Georgi, ’85]
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fermion masses through bilinears
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fermion masses through bilinears

•  old TC models:

➤ SM fermion masses

Elementary Sector 
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[Weinberg, ’76, ’79] 
[Dimopoulos, Susskind, ’79]
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fermion masses through bilinears

•  old TC models:

➤ SM fermion masses

➤ FCNC Incompatible

Elementary Sector 
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[Weinberg, ’76, ’79] 
[Dimopoulos, Susskind, ’79]
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fermion masses through partial compositeness
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•  Yukawa interaction only with     (Vector Meson Dominance, VMD)
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•  Two different Yukawa couplings         (“right” and “wrong” Yukawa)
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flavor structure in Partial Compositeness

Realistic 3-generation description:
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flavor structure in Partial Compositeness

Realistic 3-generation description:
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SM Yukawa            ➔        fermion masses:
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hierarchy?

•  Anarchic scenario:  
‣  Yij ~ O(1) and anarchic 
‣  𝜖Li and 𝜖Ri hierarchical 

•  Flavor symmetries for Yij  (discrete or continuous)
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Partial Compositeness and lepton flavor

Flavor structure of the lepton sector: 

•  Requirements with massless neutrinos: 
‣                          :
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✦  democratic: 

- likely configuration in anarchic scenarios 
- configuration that minimise LFV

✦  LH compositeness: 
✦  RH compositeness:

- scenarios with flavor symmetries
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Partial Compositeness and lepton flavor

•  Requirements with massive neutrinos: 

‣                         
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✦  discrete flavor symmetries (A4xZ2, S4xZ3, …) 
           ➔ troubles with 𝜃13≠0 
✦  possible also in anarchical scenarios

Flavor structure of the lepton sector: 
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‣   

‣  UPMNS is not hierarchical

✦  Majorana 𝜈 + see-saw mechanism 
✦  Dirac 𝜈 + composite 𝜈R

  Andrea Pattori, UniPD & UZH

[Agashe, ‘09]
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LFV experimental situation

  Andrea Pattori, UniPD & UZH

LFV Process Present Bound Future Sensitivity
µ ! e� 5.7 ⇥ 10�13 [40] ⇡ 6 ⇥ 10�14 [41]
µ ! 3e 1.0 ⇥ 10�12 [42] ⇡ 10�16 [43]

µ�Au ! e�Au 7.0 ⇥ 10�13 [44] ?
µ�Ti ! e�Ti 4.3 ⇥ 10�12 [45] ?
µ�Al ! e�Al � ⇡ 10�16 [46, 47]

⌧ ! e� 3.3 ⇥ 10�8 [48] ⇠ 10�8 � 10�9 [49]
⌧ ! µ� 4.4 ⇥ 10�8 [48] ⇠ 10�8 � 10�9 [49]
⌧ ! 3e 2.7 ⇥ 10�8 [50] ⇠ 10�9 � 10�10 [49]
⌧ ! 3µ 2.1 ⇥ 10�8 [50] ⇠ 10�9 � 10�10 [49]

Lepton EDM Present Bound Future Sensitivity
de(e cm) 8.7 ⇥ 10�29 [51] ?
dµ(e cm) 1.9 ⇥ 10�19 [52] ?

Table 4: Present and future experimental sensitivities for relevant low-energy observables.

|C| (⇤ = 1 TeV) ⇤ (TeV) (|C| = 1) LFV Process
Cµe

e� 2.5 ⇥ 10�10 6.3 ⇥ 104 µ ! e�

Cµe
e� 4.0 ⇥ 10�9 1.6 ⇥ 104 µ ! 3e

Cµe
e� 5.2 ⇥ 10�9 1.4 ⇥ 104 µ�Au ! e�Au

C⌧e
e� 2.4 ⇥ 10�6 6.5 ⇥ 102 ⌧ ! e�

C⌧µ
e� 2.7 ⇥ 10�6 6.1 ⇥ 102 ⌧ ! µ�

Cµe
eZ 1.4 ⇥ 10�7 2.7 ⇥ 103 µ ! e� [1-loop]

C⌧e
eZ 1.3 ⇥ 10�3 28 ⌧ ! e� [1-loop]

C⌧µ
eZ 1.5 ⇥ 10�3 26 ⌧ ! µ� [1-loop]

Table 5: Bounds on o↵-diagonal Wilson coe�cients C ij
e�/⇤

2 and C ij
eZ/⇤2 from ref. [54,55]. The

bounds from µ�Au ! e�Au have been derived from ref. [56]. In the second column we list
the upper bound on |C ij

e�,Z | assuming ⇤ = 1 TeV, while in the third column we fix |C ij
e�,Z | = 1

and we list the corresponding lower bound on ⇤, in TeV. Bounds on the coe�cients Cji
e�,Z

are equal to the bounds on the coe�cients C ij
e�,Z .

diagonal elements of the dipole operators contribute to electric and magnetic dipole moments
of the charged leptons. From the present bounds reported in table 4 we have [54]

Im(Cee
e�)

✓

1 TeV

⇤

◆

2

< 3.9 ⇥ 10�12 , Im(Cµµ
e� )

✓

1 TeV

⇤

◆

2

< 8.4 ⇥ 10�3 . (30)

Given the current deviation �aµ = aEXP
µ � aSM

µ in the muon anomalous magnetic moment
aµ = (g � 2)µ/2 [57, 58]

�aµ = (29 ± 9) ⇥ 10�10 , (31)

we would need

Re(Cµµ
e� )

✓

1 TeV

⇤

◆

2

= 1.2 ⇥ 10�5 (32)
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Present bounds and future sensitivity for LFV processes: 

arenotdiagonalinthemassbasis.Thisleadstoviolationofflavourinthecouplingsofthe
Zboson,withconsequencesthatwediscussinsection3.

2.4Contactoperators

Finallyweconsiderthecontactoperators(Qll)ijmn,(Qee)ijmnand(Qle)ijmngivenin
eq.(13).Intheseoperatorswerecognisecombinationsoftheflavourstructuresalready
discussed.Weexpectthefollowingpossiblefactorisations:

(Cll)ijmn=

⇢

(C
¯LL)ij⇥(C

¯LL)mn

(C
¯LL)in⇥(C

¯LL)mj
,(20)

(Cee)ijmn=

⇢

(C
¯RR)ij⇥(C

¯RR)mn

(C
¯RR)in⇥(C

¯RR)mj
,(21)

(Cle)ijmn=

⇢

(C
¯LL)ij⇥(C

¯RR)mn

(C
¯LR)in⇥(C†

¯LR
)mj

.(22)

SincethecontacttermscontainnoHiggsdoublets,wehavenorestrictionsonNY.For
thesamereason,eachbilinearintheYukawacouplingshouldbeaccompaniedbyaloop
suppressionfactor1/(16⇡2)2.Concerningthenewphysicsscale⇤,whenthetwofactorsC
comefromtheHFcolumnwehave⇤=M.WhenonethefactorscomefromtheHFcolumn
andtheotherfromtheHBcolumn,wehave⇤=m

0

.Similarly,forthellqqoperatorswe
have:

(C(u,d)
`q)ij=(C

¯LL)ij,(Cù,d)ij=(C
¯LL)ij,(23)

(Ceq)ij=(C
¯RR)ij,(Qeu,d)ij=(C

¯RR)ij.(24)

withnorestrictionsonNY.

2.5StabilityofthesolutionY⇤
L=0

SinceweareinterestedinthescenariowhereY⇤
Lisnearlyvanishing,alegitimatequestion

iswhetherandtowhichextentsuchalimitisstableunderquantumcorrections.Tothis
purposeitisbettertodistinguishthetworegimesv⌧m

0

⌧Mandv⌧M⌧m
0

.When
v⌧m

0

⌧M,wecanconsiderthefollowingspurioncombinations

m2

0

M2

c†Y⇤
Rc̃†,

m2

0

M2

c†Y⇤
RY⇤

R
†Y⇤

Rc̃†,(25)

thatbehavease↵ectiveYukawasoftypeY⇤
Lsincetheyhavethesametransformationprop-

ertiesasY⇤
L.Weexpectthattermslikethosein(25)arise,inperturbationtheory,through

thresholdcorrectionsinducedbytheoneloopexchangeofheavygaugebosonsandheavy
fermions,fromwhichweestimate

Y⇤
L⇡g2

⇤
16⇡2

m2

0

M2

c†Y⇤
Rc̃†,Y⇤

L⇡k
g2

⇤
16⇡2

m2

0

M2

c†Y⇤
RY⇤

R
†Y⇤

Rc̃†,(26)

2Ifcontacttermsoriginatefromdim-8operators,theloopfactorcanbee↵ectivelyreplacedbyv2/⇤2.
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𝜏 LFV is dangerous in PC 
scenarios, but present 
bounds are too mild
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CLFV: tree vs one loop contributions

  Andrea Pattori, UniPD & UZH
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•  Tree level LFV:
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CLFV: tree vs one loop contributions
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•  One loop LFV:
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tension in the anarchic scenario

“Tension” between one loop and tree level bounds:

FIG. 7: Scan of the τ → µγ and τ → eγ predictions for MKK = 3 TeV and ν = 0. The solid and
dashed lines are the current B-factory and projected super-B factory limits, respectively.

FIG. 8: ν dependence of the RS predictions for µ − e conversion and µ → eγ for canonical mixing
angles and for several choices of Yx and MKK . In the right panel, the Y = 1, MKK = 5 TeV and
the Y = 2, MKK = 10 TeV lines overlap.

VI. SUMMARY AND CONCLUSIONS

In this paper, we have studied lepton flavor violation with the SM propagating in a
warped extra dimension. The principal motivation for this model is a solution to the Planck-
electroweak hierarchy problem. Interestingly, there is also a solution to the flavor hierarchy
of the SM. The large differences in the quark and lepton masses and mixing angles can
be explained by differing profiles of SM fermions in the extra dimension, even though the
5D Yukawa coupling are of the same size without any structure. These profiles can vary
substantially with small changes in the 5D fermion masses; no large hierarchies are required
to account for the flavor hierarchy in the SM. Since the Higgs field is localized near the TeV

22

FIG. 6: Scan of the µ → eγ and µ−e conversion predictions for MKK = 3, 5, 10 TeV and ν = 0. The

solid line denotes the PDG bound on BR(µ → eγ), while the dashed lines indicate the SINDRUM
II limit on µ − e conversion and the projected MEG sensitivity to BR(µ → eγ).

TeV are permitted with completely natural parameters. Super-B factory searches for rare
τ decays will not significantly constrain scales MKK ≥ 5 TeV. The LHC search reach for
the new states predicted by the anarchic RS scenario is expected to be around 5-6 TeV. It
is therefore difficult to definitively test the RS geometric origin of flavor using data from
B-factories and the LHC.

Searches for µ− e conversion and µ → eγ are already starting to require slight tunings of
the model parameters. The limit on BR(µ → eγ) is projected to improve from 1.2 × 10−11

to 10−13 after MEG, while the constraint on µ − e conversion is projected to improve to
10−18 after PRIME. The bounds on MKK that these constraints lead to are shown in Fig. 9.
We have plotted the projected bounds as a function of the overall scale of the mixing angles;
we have set UL,R

12 = κ
√

me/mµ, UL,R
13 = κ

√

me/mτ , etc., and have varied κ in the range
[0.01,1]. This tests how far from the natural parameters these experiments will probe. We
observe that MEG will probe MKK ≤ 5 TeV down to mixing angles 1/10 times their natural
sizes. PRIME will test MKK ≤ 20 TeV down to mixing angles 1/10 times their natural sizes,
and will probe MKK ≤ 10 TeV down to mixing angles 1/100 times their canonical values.
Together, these experiments will definitively test the anarchic RS explanation of the flavor
sector.

21

[Agashe, Blechman, Petriello, PRD 74 (2006) 053011]
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deeper insights in the anarchic scenario

Spoiling the tension “tree-level vs one-loop”:
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Figure 13: Left: Gauge contribution to Br (µ ! e�) (T = 1 TeV) for fixed Yukawa
structure as a function of the absolute Yukawa coupling size. Right: The Wilson coef-
ficient �1

12 following the approximation (108) as a function of Yukawa coupling size for
T = 1 TeV. The O(mµ/m⌧ ) term is not included.

if only the BZ contribution existed. The BZ contribution to the other processes is also
smaller by a factor of about 1702.

Due to the Y 4
? dependence the Higgs-exchange induced dipole operator is less impor-

tant for small Yukawa coupling. In this case, and also for the special case of the brane-
localized Higgs in the minimal RS model, the dipole operator generated by gauge-boson
exchange becomes crucial. We do not have an analytical expression for the gauge-boson
contribution, but we know that there would be no flavour violation from it, if the func-
tion Aij in (63) was independent of ij. The 5D mass parameters must decrease with
the absolute values of the Yukawa couplings in order to guarantee the correct values for
the SM masses fermion masses. Aij varies more strongly for smaller absolute values of
the 5D mass parameters, see Figure 8, and therefore the flavour-changing gauge-boson
contribution should increase with decreasing Yukawa coupling. To verify this we fix
the Yukawa matrix structure, that is the ratios of all matrix elements, and scale the
maximal entry Ymax from 2 to 0.3. For simplicity we assumed symmetric 5D mass pa-
rameters cLi = �cEi . The resulting µ ! e� branching fraction from a

g
ij alone in the

minimal model is shown in Figure 13 (left). The precise value of Br (µ ! e�) obviously
depends on the arbitrarily chosen Yukawa matrix structure, but the variation with the
size Y? of the Yukawa couplings is not very large compared to the fourth-power law of
the Higgs-exchange contribution. For the Yukawa matrix used in Figure 13 we find a
µ ! e� branching fraction of a few⇥ 10�12.

This agrees with the estimate based on the functional form of the gauge-boson induced
dipole coe�cient agij. The numerical value of the Wilson coe�cient is [15, 17]

a

g
ij ⇡ �6 (19) · 10�4

yij. (103)

The value without (in) parenthesis is valid for the minimal (custodial) model and is
independent of the details of the Higgs localization. yij is the 4D Yukawa matrix in the
flavour eigenbasis. The matrix relation a

g / y is only violated by corrections of about

36

gauge contribution

[Beneke, Moch, Rohrwild, Nucl.Phys. B906 (2016) 561-614]

•  There are contributions with different          
Y-dependence in considered processes 

•  Such contributions are quantitative 
important for an evaluation of the bounds 

•                                    provides the most 
stringent constraints 

• Anarchic scenarios are strongly constrained 
by present experimental bounds
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2
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�
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µ ! e� + µN ! eN ()

3

  Andrea Pattori, UniPD & UZH
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CLFV vs other bounds

Are there strongest challenges for CH models? 

•  Direct searches:   ≳ 1 TeV                                                     ✘ 
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CLFV vs other bounds

Are there strongest challenges for CH models? 

•  Direct searches:   ≳ 1 TeV                                                     ✘ 

•  Quark sector:  𝜖K  ➔   ≳ 7 TeV                                                ≈
✦  close to future LFV sensitivity 
✦  limited theoretical predictions 

•  Precision observables:  S and T parameter   ➔   ≳ 4 TeV      ≈

with custodial 
gauge symmetry 
in 5th dimension

≳2 TeV
new dangerous 
contributions to 
LFV processes

➔   Some kind of “tension” between LFV and EWPT

  Andrea Pattori, UniPD & UZH
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summary of anarchic scenarios

Conclusions for CH models with anarchic bulk Yukawas: 

•  Extensively studied for their appealing features, such as 
dynamical generation of hierarchies 

•  Despite RG-GIM suppression, bounds from EWPT and CLFV 
grew bigger in last ~10 years 

•  Not as appealing as in the past, 𝛬 ≳ 8 TeV   (➔ mKK ≳ 20 TeV) 

•  These difficulties has increased the interest in models with flavor 
symmetries

  Andrea Pattori, UniPD & UZH
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Partial Compositeness with discrete flavor symmetries

Introduce discrete flavor symmetry: 

•  Originally motivated by conjectures about the UPMNS structure: 
✦  explanation of the (nearly) tri-bimaximal lepton mixing 
✦  extra-suppression of LFV 

       Águila, Carmona, Santiago, JHEP 1008 (2010) 127 
Hagedorn, Serone, JHEP 1110 (2011) 083
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Partial Compositeness with discrete flavor symmetries

Introduce discrete flavor symmetry: 

•  Originally motivated by conjectures about the UPMNS structure: 
✦  explanation of the (nearly) tri-bimaximal lepton mixing 
✦  extra-suppression of LFV 

       
•  After 𝜃13 ≈ 0.1, too large for old models: 

✦  still exist flavor groups that “predict” UPMNS 
✦  still suppression of LFV 
✦  arguably less appealing models

Águila, Carmona, Santiago, JHEP 1008 (2010) 127 
Hagedorn, Serone, JHEP 1110 (2011) 083

Hagedorn, Serone, JHEP 1202 (2012) 077
➔  mKK ≳ 3.5 TeV

  Andrea Pattori, UniPD & UZH
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Partial Compositeness with Minimal Flavor Violation

Composite Minimal Flavor Violation: 

•  Only one LFV source in charged lepton sector: ye

  Andrea Pattori, UniPD & UZH

Redi, EPJC 72 (2012) 2030 
Redi, JHEP 1309 (2013) 060

✦  Left-handed compositeness: 
✦  Right-handed compositeness: 
✦  Intermediate scenario:
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3

diagonal in mass eigenstate basis 
NO CLFV

X
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3

diagonal in mass eigenstate basis 
NO CLFV

•  Neutrino sector introduce CLFV

➔  effective suppression of CLFV

X
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Partial Compositeness with Minimal Flavor Violation

  Andrea Pattori, UniPD & UZH

Composite Minimal Flavor Violation: 

•  Greater troubles in the quark sector (yu, yd)
✦  Left-Handed compositeness: 
✦  Right-Handed compositeness:
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  Andrea Pattori, UniPD & UZH

Composite Minimal Flavor Violation: 

•  Greater troubles in the quark sector (yu, yd)
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Due to top mass, in LH (RH) compositeness, all LH (RH)  
up-quarks have high degree of compositeness.

✦  LH compositeness: troubles with precision tests 
✦  RH compositeness: troubles with quark flavor physics
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Partial Compositeness with Minimal Flavor Violation

  Andrea Pattori, UniPD & UZH

Composite Minimal Flavor Violation: 

•  Greater troubles in the quark sector (yu, yd)
✦  Left-Handed compositeness: 
✦  Right-Handed compositeness:
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✏L / 1, ✏uR / yu, ✏dR / yd ()

✏L / yu, ✏0L / yd, ✏u,dR / 1 ()

()

3

Due to top mass, in LH (RH) compositeness, all LH (RH)  
up-quarks have high degree of compositeness.

✦  LH compositeness: troubles with precision tests 
✦  RH compositeness: troubles with quark flavor physics

➔  way out: different flavor symmetries, e.g. SU(2)
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an example of two-site model

  Andrea Pattori, UniPD & UZH

The SM Lagrangian
The Lagrangian of the heavy resonances 

 (a “massive version” of the SM Lagrangian)

Mass mixing terms  
(for fermions and bosons)

The Higgs Lagrangian 
(with VMD assumption)

⇠ 1

⇤2

ETC

 ̄ F̄F ! 1

⇤2

ETC

 ̄ hF̄F i ⇠
✓
⇤TC

⇤ETC
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⇠ 1
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(f̄f)(f̄f)

L
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L =� 1

4
(F a

µ⌫)
2 +  ̄ /D � 1

4
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M2

⇤
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(⇢aµ)
2 +  ̄(i /D �m) 

�M2

⇤A
a
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⇤
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(Aa
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2 � (� ̄ + h.c.) + |Dµ'|2 � V (')� Y  ̄' 

L
mass

= �mL̄L� m̃ĒE + h.c.

L
mix

= �� ¯̀
LLR � �̃ ēREL + h.c.

L
yuk

= �YRL̄L�ER � YLL̄R�EL + h.c.

G
=

GSM

⇥
GTC

de

(g � 2)µ

1

Simplified approach starting from an effective Lagrangian:

‣  Partial Compositeness implemented for fermions and bosons 
‣  Vector Meson Dominance assumption 
‣  Focus on the lepton sector

Contino, Sundrum, JHEP 0705 (2007) 074
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flavor structure of the two site model

  Andrea Pattori, UniPD & UZH

Lepton content: 

‣SM leptons:         l L ,           eR. 
‣Heavy leptons:    LL, LR,      EL, ER.

SU(2)L 
doublets

SU(2)L 
singlets

chiral fermions

Dirac fermions

Flavor parameters: 

‣Mass terms:  
‣Yukawas: 
‣Mass mixings:
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flavor structure of the two site model

  Andrea Pattori, UniPD & UZH

Lepton content: 

‣SM leptons:         l L ,           eR. 
‣Heavy leptons:    LL, LR,      EL, ER.
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effects of a vanishing wrong Yukawa

  Andrea Pattori, UniPD & UZH

Feruglio, Paradisi, Pattori, EPJC 75 (2015) no.12, 579
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“wrong”

‣  In this setup LO contributions decouples as ∝1/𝛬8 

‣  EDM is an important complementary observable 
‣  Tensions can be reduced

About dipole contributions:
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effects of a vanishing wrong Yukawa

  Andrea Pattori, UniPD & UZH

About tree level LFV:

‣  Is crucial to consider all kind of contributions 
‣  In this setup the naive ∝1/Y2 dependence is spoiled by this

Feruglio, Paradisi, Pattori, EPJC 75 (2015) no.12, 579
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correlations for a vanishing wrong Yukawa

  Andrea Pattori, UniPD & UZH

Correlations tree level - one loop:

‣  Remarkable deviations from the “dipole dominance” case 
‣  distinctive pattern for NP effects correlation 

Feruglio, Paradisi, Pattori, EPJC 75 (2015) no.12, 579
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conclusions

  Andrea Pattori, UniPD & UZH

•  Composite Higgs models are appealing proposals 
‣  natural solution to the hierarchy problem 
‣  Partial Compositeness address the flavor puzzle(s) 

•  At present days RS-GIM mechanism is challenged by CLFV 
‣  Anarchic scenarios gets serious bounds 
‣  Flavor symmetries are a not-so-easy way out 

•  The simplified approach gives a different perspective 
‣  Interesting insights in the flavor structure of these scenarios 
‣  Viable models have specific LFV patterns


