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The SM and BSM flavor puzzle

he SM has a peculiar flavor structure; where does it come from?

.. SO far several ideas, but no compelling scenario

Moreover strong theoretical considerations (naturalness problem)
suggest the necessity of new physics related to the EWV 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 and BSM flavor puzzle

“Cheap” solutions:

+ Very high BSM scale ~ 10° TeV — give up on naturalness

+ BSM flavor structure similar to SM:
o flavor symmetries

e CP Invariance



The SM and BSM flavor puzzle

“Cheap” solutions:

+ Very high BSM scale ~ 10° TeV — give up on naturalness

+ BSM flavor structure similar to SM:
o flavor symmetries

e CP Invariance

This seems a step back from SM!

in the SM global symmetries are accidental!
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| “[symmetrieS] are not ﬁmcfamenm[ at all, but rﬁey are just accidents,
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S.Weinberg, referring to isospin
in “Symmetry: ‘A 'Key to Nature's Secrets™
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Looking for a dynamical flavor structure

s 1t possible to obtain the flavour structure
as an emergent feature!

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



The basic picture



Dynamical flavor in composite Higgs

The standard partial compositeness flavor picture:

+ Yukawa's from linear mixing to operators from the strong sector

Liin ~ € [; Oy,

+ size of IR mixings related to the dimension of Oy,

A Yi
5 () ~ (32 3o = dim[O,] — 5/2 > 1
Uuv

— smaller mixings give smaller Yukawa's V¢ ~ g«€y,€f,

strong sector coupling J



The geometric perspective

VWe can easlly visualize the anarchic flavor structure in the 5D
holographic picture

b, br

warped extra-dimension AIR

small masses
from small overlapping
with the Higgs



Favor and CP-violation constraints

Strong bounds from AF' = 2 transitions

2
9y
OAp=2 ~ A2 =2 cieienel fiy" [ fevu i

+ bound from ex: A = 10 TeV

..and especially from CP-violation and lepton flavor violation

g« gxU — Y
Odipole ~ 1672 AIQR 8i€jfi0-/,bl/fngM

+ bound from n EDM: AR = 10 TeV(g./3)
+ bound frome EDM: AR = 100 TeV(g./3) fi f

+ bound from u —e~: Agr =100 TeV(g./3)



How to suppress EDM’s

Large EDM's come from linear partial-compositeness mixings of
ight fermions

Liin ~ € f:Oy,

Significant Improvement it mixing through bilinear operators!

Liitin ~ [iOn f;

+ EDM's generated only at two loops



An explicit implementation

Portal interaction for light fermions “decouples” at high energy
eg. If a constituent has a mass ~ Ay 'GP and A. Pomarol. 1603.06609]

_ [see also related works; Vecchi 'l 2;
le‘n ~ £, fz sz Matsedonskyi ' 5; Cacciapaglia et al. "I 5]

Bilinear mixing generated at scale A;

Lyitin ~ JiOn J;
\ composite operator that

projects onto the Higgs at A
O|Ou|H) # 0

larger decoupling scales correspond to smaller fermion masses




The hierarchy of scales

Explicit example: The down-quark sector

decoupling 4

operators
energy scale
Ad T OdR ) OQLl
As T OSR ) OQLQ
Ay T Obp OQLB




The geometric perspective

Ay AR

IREEE small masses from small overlapping with the Higgs



The emergent flavor structure



The emergent flavor structure

down-quark sector _!

decoupling
energy scale

Aqg

As

A
operators

T OdR ; OQLl

] OSR? OQLQ

partial compositeness mixings
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The emergent flavor structure

partial compositeness mixings

- 2 2)~ VaY
down-quark sector_! El(z"r)z _ (51(>L>QL3 4 5gi)QL2)OQL2
(2)7 2)=
decoupling 4 —|_(€bR br + €=(9R)SR)OSR
energy scale operators
Ag T Odg, OQLl
As 10 Osrs Oqrs £1(n2'l)m =
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0 0 0 dor—1
A Viown =3 | 0 [EREIEDEED | ()
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The emergent flavor structure

down-quark sector _!

decoupling
energy scale

Aqg

As

A
operators

T OdR ; OQLl

] OSR? OQLQ

- ObR’ OQLS

partial compositeness mixings

1 1)~ A 1A
,C( ) = (glgL)QIB + ggi)QLQ + 5EZL)QLl)(QQLl

lin

+(€Z<);)ER + 8&253 + 8&2&]:5)0651%

below Ay

below Ag
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The emergent flavor structure

The Yukawa matrix has an “onion’ structure
/ Yd deRSYd OédeYd \
ydown = OdeSYd Ys CVSRbYs

\ o®Y; oY, | Y )

where the Yukawa's are given by

Loy A\ dETT
Yy = g*s;?iegegi (A_I;> ~ my /v

 smallerYukawa'’s for larger decoupling scale
« Mixing angles suppressed by Yukawa'’s: 6;; ~ Y;/Y;

— CKM mostly the rotation in the down-quark sector



Comparison with anarchic

/ Yd OédRS Yd aC}z{bYd \ / Yd \ YdYS \/ YdYb \
&dLSYd }/s OéSRb}/s V YdYS YS V YsYb
\ o®Y, oy, 0¥ ) \ VYV, VY, Y )

The bilinear scenario predicts smaller off-diagonal elements

» particularly relevant for R rotations: suppressed w.rt. anarchic



The geometric picture

Leading contributions to the Yukawa's come from different branes

1 1 1 1 1 1
eheh enesn egey s
1) (1) (AIR)
g* gsL ng
1) (1)
8bL EdR

0 0 0 -
0 2.0 0. (AIR)

S ESR 5sL EbR



The hierarchy of scales

decoupling 4

operators
energy scale
Au T OuR
Ad T OdR ’ OQLl
As i OSR
A, ; OCR ; OQLz
AV O,




[TeV]

Scales of decoupling
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Scales of decoupling

} 100 |

dp determines the profile
of the Higgs

dr ~ 2 needed to pass FCNC



Flavor and CP-violating effects



IR effects: AF' = 2 transitions

Top partial compositeness at Ay gives rise to flavor effects

AF' = 2 operators

rotation to physical basis
Vi ~ Veku

correctionsto ex, AMp,, AMp.

o correlated: interesting prediction

AMp,  AMp,
AMp. — AMp.

SM

o close to experimental bounds
AIR z 2 - 3 TGV



IR effects: AF' = 1 transitions

Top partial compositeness at Ay gives rise to flavor effects

AF' =1 operators

rotation to physical basis
Vi ~ Veku

corrections to K — uu,e' /e, B — X0, Z — bb

» correlated and close to experimental bounds

AIR24_5TGV

e can be suppressed by left-right symmetry



Effects at higher scales

Partial compositeness at A gives rise to additional contributions

AF' = 2 operators

A, + O, ~ 22 (QySR)(SRQL2)

l rotation to physical basis

3 VL ~ VCKM
< As >" OSR
corrections to ex

Ay + O, o close to experimental bounds for
A ~ 10° TeV
Ay~ A + OtR y OQLS $

bound on Higgs dimension dgr ~ 2



Effects at higher scales

Partial compositeness at A gives rise to additional contributions

— up-type
--- down-type
leptons

Ay + Oy, » ¢lose to experimental bounds for
A ~ 10° TeV
Ay~ A + OtR y OQL3 $

bound on Higgs dimension dgr ~ 2



9
EDM's
+ EDM's for u, d and e suppressed by A, 4. > 10° TeV

+ large effects to neutron EDM from top compositeness

2

9. My
top EDM ¢, ~
P “dm 1672 A2,

g neutron EDM dy

+ two-loop Barr-Zee effects — electron EDM

- 1, and e EDM'’s lead to the bound Az = TeV

Y



Summary of the bounds

100
30+ ll AM; neutron EDM - |
60; B o« " electronEDM -
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multiple flavor 3" family 2" family anarchic
scales partly comp. partly comp.

+ huge iImprovement with respect to the anarchic case
(especially in the lepton sector)

+ several effects close to experim. bounds for Ay ~ few TeV



Conclusions



Conclusions

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

+ Yukawa hierarchies linked to dynamically generated mass scales

Successful iImplementation 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



Backup



One scale for each family

More economical construction by associating one scale to each
generation

decoupling
4 operators
energy scale
Ayg~Ag~A, + 00,04, 04, ...
Ae~As~A, + 0 00,,,050, 0. ..
Ap~Apg~A. L 00,.,00,.,0,,...

+ Yukawa differences within each generation due to different
MIXINGS

+ Only main difference: 1 — ey close to exp. bounds



Neutrino masses

+ Majorana masses realization:

1
AQdH—l

. 2 9 A 2dg—1
L°OyOuL —p  m, ~ 2 (ﬂ)

for dg ~ 2 dimension-/ operators:

m, ~0.1—0.0leV = A,~08—1.5x10°%°GeV ~ A,

+ Dirac masses realization:

for dg ~ 2 dimension-5 operators as in SM



