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The SM and BSM flavor puzzle

Moreover strong theoretical considerations (naturalness problem) 
suggest the necessity of new physics related to the EW scale

big effects are typically expected in flavor physics and CP violation
(sensitive to energy scales much higher than TeV)

... but basically no deviations seen experimentally!

How can we explain this?

The SM has a peculiar flavor structure: where does it come from?

... so far several ideas, but no compelling scenario



The SM and BSM flavor puzzle
Popular solutions:

✦ BSM flavor structure similar to SM:
✦ Very high BSM scale                            give up on naturalness⇠ 103 TeV

• flavor symmetries
• CP invariance



The SM and BSM flavor puzzle
Popular solutions:

✦ BSM flavor structure similar to SM:
✦ Very high BSM scale                            give up on naturalness⇠ 103 TeV

• flavor symmetries
• CP invariance

This seems a step back from SM!

in the SM global symmetries are accidental!

“[symmetries] are not fundamental at all, but they are just accidents,
approximate consequences of deeper principles.”

S. Weinberg, referring to isospin
in “Symmetry: ‘A ‘Key to Nature’s Secrets’”



Looking for a dynamical flavor structure

In this talk I will try to address this question in the context of 
composite Higgs scenarios

Is it possible to obtain the flavor structure
as an emergent feature?



The basic picture



Higgs compositeness and flavor

Higgs compositeness forces flavor structure to be explained at 
“low” energy scales

✦ Higgs associated to a composite operator:

Yukawa’s           are irrelevant couplings reduced by running

OH ⇠  ̄ ) dim[OH ] > 1
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Sizable top Yukawa can only be generated at low scale!
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Anarchic partial compositeness
The standard anarchic partial compositeness flavor picture:

✦ Yukawa’s from linear mixing to 
operators from the strong sector

Llin ⇠ "if̄iOfi

✦ size of IR mixings related to 

smaller mixings give smaller Yukawa’s
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Flavor and CP-violation constraints
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Strong bounds from               transitions

... and especially from CP-violation and lepton flavor violation
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How to suppress EDM’s
Large EDM’s come from linear partial-compositeness mixings of 
light fermions

f̄i f̄j

γ

Significant improvement if mixing through bilinear operators!

✦ EDM’s generated only at two loops
fi fj
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An explicit implementation

[GP and A. Pomarol  ‘16]
[see also:  Vecchi ’12; Matsedonskyi ’15; Cacciapaglia et al. ’15]

Lbilin ⇠ f̄iOHfj

Llin ⇠ "if̄iOfi

Portal interaction for light fermions “decouples” at high energy

  Bilinear mixing generated at scale ⇤f

larger decoupling scales correspond to smaller fermion masses
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Anarchic vs Dynamical scales
Explicit example:  The down-quark sector
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The emergent flavor structure



The emergent flavor structure

⇤ir

⇤b

⇤s

⇤d

decoupling
energy scale operators

ObR , OQL3

OsR , OQL2

OdR , OQL1

down-quark sector

L(3)
lin = "(3)bL

QL3OQL3 + "(3)bR
bRObR

L(3)
bilin =

1

⇤dH�1
b

("(3)bL
QL3)OH("(3)bR

bR)

Y
down

= g⇤

0

@
0 0 0
0 0 0

0 0 "(3)
bL

"(3)
bR

1

A
✓
⇤ir

⇤
b

◆
dH�1

partial compositeness mixings

below

below

⇤b

⇤ir



The emergent flavor structure
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The emergent flavor structure
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The emergent flavor structure
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The Yukawa matrix has an “onion” structure
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where the Yukawa’s are given by

• smaller Yukawa’s for larger decoupling scale

• mixing angles suppressed by Yukawa’s:

CKM mostly the rotation in the down-quark sector

✓ij ⇠ Yi/Yj



Comparison with anarchic
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‣ particularly relevant for R rotations:  suppressed w.r.t. anarchic

The bilinear scenario predicts smaller off-diagonal elements



The hierarchy of scales
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Main flavor effects from top

✦ small contributions to FCNC’s
✦ negligible EDM’s

✦ unavoidable if top is composite!



Flavor and CP-violating effects



             transitions
Top partial compositeness at       gives rise to flavor effects  ⇤ir
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        corrections to 
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Effects at higher scales
Top partial compositeness at       gives rise to flavor effects  ⇤ir
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Effects at higher scales
Top partial compositeness at       gives rise to flavor effects  ⇤ir
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EDMs

✦ one-loop EDMs for light fermions suppressed by 
⇤u,d,e > 106 TeV

… but sizable neutron and 
electron EDM from two-loop 
Barr-Zee diagrams
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Summary of the bounds
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✦ huge improvement with respect to the anarchic case 
(especially in the lepton sector)

✦ several effects close to experim. bounds for ⇤ir ⇠ few TeV



Next generation EDM bounds

Experimental bounds on EDMs will soon greatly improve

|de| < 9.4 · 10�29e cm |de| . 0.5 · 10�29e cm |de| . 0.3 · 10�30e cm

ACME ACME II ACME III

|dn| < 2.9 · 10�26e cm |dn| . 10�27e cm

✦ electron EDM

✦ neutron EDM

‣ EDMs will become some of the strongest bounds on BSM, indirectly 
probing new physics well above the 10 TeV scale



EDM probes of top partners
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Figure 9: Estimate of the bound on the lightest top partner mass in the 14+1 model with a fourplet and
a singlet. The gray band shows the estimate of the corrections to the electron EDM given in eq. (3.6) for
Im c̄ 2 [0.1, 1]. The solid red line shows the bound from the present electron EDM measurements, while
the dot-dashed and dotted ones show the expected future limits. The blue bands show the constraints
from the present and near-future neutron EDM measurements.

In the mass-eigenstate basis the coe�cients of the CP-violating interactions that give rise to

Barr–Zee-type contributions (see eq. (2.14)) read
8
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for the left-handed field interactions and
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for the right-handed ones.

Interestingly, all CP-violating couplings show a similar power-counting scaling, independently

of the fact that they originate from a d-symbol operator involving the tR or involving only top

partners. We generically expect yL4 ⇠ yL1 ⇠ yLt ⇠ ytop, m4 ⇠ m1 ⇠ m⇤ and cL ⇠ cR ⇠ ct ⇠ 1,

so that all the couplings scale like c ⇠ vfy2top/m2
⇤. As a consequence the contributions to the

Barr–Zee e↵ects coming from the various d-symbol operators will be roughly of the same size.

Using these estimates we can easily derive the typical size of the contributions to the electron

EDM as a function of the top partners mass scale m⇤,
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In the above formula we included a factor Im c̄, which encodes the typical size of the CP-violating
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Near-future bounds could probe partner masses well above 10 TeV

[GP, M. Riembau, T. Vantalon  ’17]



EDM probes of top partners
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Figure 7: Bounds on the ct coupling as a function of the mass of the X5/3 resonance for the scenario
with a light fourplet in the 14+ 1 model (for the choice ⇠ = 0.1 and yL4 = 1). The current bounds from
the LHC data and from the constraints on the electron EDM are shown in the left panel, whereas the
projections for the future LHC runs and the estimate of the future ACME II constraints are shown in the
right panel. In the left panel we also show separately the direct bounds from the lepton plus jets (dashed
lines) and for the same-sign dilepton analyses (dot-dashed lines) for ATLAS (blue) and CMS (red). The
bound from the electron EDM current (black lines) and improved ACME II searches (orange lines) are
shown for di↵erent choices of the complex phase of ct (sin(Arg ct) = 1, 0.3, 0.1, 0.03 for the solid, dashed,
dot-dashed and dotted lines respectively). In the region above the dotted gray line the width of the X5/3

resonance is above 30% of its mass.

coupling (see eq. (2.48)). The dependence of the direct bounds on yL4 is also mild, since this

parameter only controls the split between the X5/3 and B masses. The bound on ct coming

from the electron EDM instead scales roughly linearly with yL4 as can be seen from eqs. (2.12)

and (2.19).

Finally, in fig. 8, we compare the estimate for the direct exclusion reach at a future 100 TeV

hadron machine (FCC-hh) with the indirect bounds from the estimates of the ACME III sensi-

tivity. In the left panel we set ⇠ = 0.05 which roughly corresponds to the high-luminosity LHC

reach, while in the right panel we set ⇠ = 0.01 which is the projected sensitivity at a high-energy

linear lepton collider (eg. ILC at 500 GeV center of mass energy with ⇠ 500/fb integrated lumi-

nosity [43]). As one can see, in the absence of strong suppressions in the complex phase of ct,

the ACME III reach can easily surpass the FCC-hh ones in a large part of the parameter space

of the 14 + 1 model.

3 Non-minimal models

In order to highlight the main features of CP-violation due to the top partners, in the previous

section we focussed on a simplified scenario with only one light multiplet. In generic realizations

of the composite Higgs idea, however, it is not uncommon to find non-minimal set-ups with

multiple light top partners. In the following we will discuss how the results we got in the

simplified 14+ 1 model are modified in the presence of additional light resonances. In addition

we will consider an alternative scenario in which both the left-handed and right-handed top

quark components are realized as elementary states. This set-up can be interpreted as an

e↵ective description of the MCHM5 holographic scenario [5].
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Figure 8: Future direct and indirect exclusion bounds on the ct coupling as a function of the mass of
the X5/3 resonance for the scenario with a light fourplet in the 14 + 1 model (for the choice yL4 = 1).
The left and right panels correspond to ⇠ = 0.05 and ⇠ = 0.01 respectively. The direct bounds from top
partners searches at FCC-hh are given by the blue shaded regions (for integrated luminosities 1/ab and
10/ab). The red lines correspond to the indirect exclusions for the estimated ACME III sensitivity.

3.1 The 14+ 1 model with a light singlet

As a first example we consider a more complete version of the 14+ 1 model, including not only

a light fourplet, but also a light singlet. The Lagrangian of the model is given by the terms in

eq. (2.1) plus the following additional operators involving the singlet  1

L = i 1 /D 1 � �
m1 1L 1R + h.c.

�

+
⇣
yL1f(U tq14L U)55 1R � icL 

i
4L�

µdiµ 1L � icR 
i
4R�

µdiµ 1R + h.c.
⌘

. (3.1)

The above Lagrangian contains four free parameters, that are in general complex. By field

redefinitions two parameters can be made real, thus leaving two additional CP-violating sources

corresponding to the complex phases of the combinations cLm1m
⇤
4y

⇤
L1yL4 and cRy⇤L1yL4. A

convenient choice of phases is obtained by making the mass parameter m1 and the elementary-

composite mixing yL1 real. This choice makes manifest that CP-violating e↵ects are necessarily

related to the dµ-symbol operators, and are controlled by the cL and cR parameters (on top of

the ct parameter we discussed in the previous section).

The mass of the singlet eigenstate eT is

meT ' |m1|

1 +

1

4

y2L1f
2

m2
1

v2

f2
+ · · ·

�
. (3.2)

while the spectrum of the remaining states coincides with the one described in section 2.1, apart

from modifications arising at higher order in v/f .

The CP-violating Higgs couplings to the top partners are given by

� i cL,R 
i
4L,R�

µdiµ 1L,R + h.c. � i
cL,R
f

@µh
⇣

bX2/3L,R�
µ eTL,R � bTL,R�

µ eTL,R

⌘
+ h.c. , (3.3)

where we only included the leading order terms in the v/f expansion. As in the simplified set-up

we discussed in the previous section, also in the extended 14+ 1 model the CP-violating e↵ects

arise only from charge 2/3 fields.
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EDM bounds competitive with direct searches at LHC and even FCC100

[GP, M. Riembau, T. Vantalon  ’17]
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Conclusions

The flavour structure of the SM could be an emergent feature:

✦ Yukawa hierarchies linked to dynamically generated mass scales

Successful implementation in composite Higgs scenarios

✦ modification of partial compositeness

✦ flavor from mixing with the composite dynamics at different scales 
(at low energy equivalent to bilinear mixings)

✦ compatibility with flavour bounds + several new physics effects 
around the corner
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One scale for each family
More economical construction by associating one scale to each 
generation

decoupling
energy scale operators
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OQL3 ,ObR ,OtR , . . .

✦ Yukawa differences within each generation due to different 
mixings

✦ Only main difference:                close to exp. boundsµ ! e�



Neutrino masses
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