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» Introduction
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» Introduction

There are several reasons
why we think the SM must
be extended at high energies:

problem due to... ...indicating
Electroweak hlerarchy — [nstability of the - Ve
\_R_T_Q_l?_l_??}} _____________________________ i Higgs mass term non-trivial properties
of the SM Lagrangian
[ Flavor puzzle ] o if interpreted as EFT
U(1) charges | — Ad hoc tuning in the
-------------- model parameters
Neutrino masses - ‘
Dark-matter — Cosmological Useful hints for its
Dark-energy implementation UV _completion
Inflation of the SM
Quantum gravity — General problem

of any QFT
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The two flavor puzzles
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» The two flavor puzzles

Even forgetting current anomalies, there are two (long-standing) open 1ssues in
flavor physics:

[. The observed pattern of SM Yukawa couplings does
not look accidental [SM flavor puzzie]

— Is there a deeper explanation for this peculiar
structures?

Historical note: this year is a special anniversary year for flavor physics:
® '60 anniversary of the Cabibbo paper (1963)
®» '50 anmiversary of the Kobayashi-Maskawa paper (1973)
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» The two flavor puzzles

Even forgetting current anomalies, there are two (long-standing) open 1ssues in
flavor physics:

I. The observed pattern of SM Yukawa couplings does
not look accidental:

unitarity violation of the
-~ 2x2 (light) block below 10-!

1% ~
CEM N.B.: Despite the very good knowledge we
have nowadays about the CKM matrix, we
are not able to detect the presence of the 3"
family by looking only at the 2x2 block
(as one naively would have expected...)
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» The two flavor puzzles

New Frontiers in Lepton Flavor — May 2023

Even forgetting current anomalies, there are two (long-standing) open 1ssues in

flavor physics:

I. The observed pattern of SM Yukawa couplings does

not look accidental:

/
4
YU ~ ,-:
IS
V2 m
=10

Yo~

(H)

—

_\/2th1
Ty

[ Y, in the basis where Y, is diagonal]

FERMIONS
First Second Third
Generation Generation Generation

10°
Top iuark
10°
10 Bottom quark
Charm quark -
10° e ..
F) ,ﬁrange quark
$ 107"
c Muon
o
= Down quark
u y
2 10
@
°6° U k
= p quar
- a 10
J 3 ’
o = Electron
: 10"
E adlwlems < -
-g i = D955 _:
: <X €
| E
i ]
1_ | L -L i 1 P -
0.0 0.2 0.4 0.6 0.8 1.0
p



G. Isidori — What's next in flavor physics New Frontiers in Lepton Flavor — May 2023

» The two flavor puzzles

Even forgetting current anomalies, there are two (long-standing) open 1ssues in
flavor physics:

I. The observed pattern of SM Yukawa couplings does
not look accidental:

U@,
R
( 0.01 : 0.003\ - U(2)
<0, : 2)
YU -~ T 004 q O Yy UrH
\ )

What we observe in the Yukawa couplings
1s an approximate U(2)" symmetry acting on
the light families
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» The two flavor puzzles

Even forgetting current anomalies, there are two (long-standing) open 1ssues in
flavor physics:

[. The observed pattern of SM Yukawa couplings does
not look accidental [SM flavor puzzie]

— Is there a deeper explanation for this peculiar
structures?

II. If the SM 1s only an effective theory, valid below an
ultraviolet cut-off , why we do not see any deviation
from the SM predictions in the (suppressed) flavor  [NP flavor puzzie]
changing processes? What constraints these
observations imply on physics beyond the SM?

— Which i1s the flavor structure of physics beyond
the SM?
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» The two flavor puzzles

o = Lo T 4 + oz L o

SM-EFT gauge Higgs i A_d-4 i
1

A X

Large flavor symmetry Flavor-degeneracy broken
by the Yukawa interaction

Three 1dentical replica of
the basic fermion family

5
[U(3)° symmetry] I “Peculiar” breaking structure '
| |

}

‘ Exact & approximate (accidental ?7) symmetries '

o U(1). xU(1 )LHXU( 1 )LlLl = (individual) Lepton Flavor [exact symmetry]

Yij v 'y H — m, v R

o m,~my~0 — [sospin symmetry [approximate symmetry]
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» The two flavor puzzles

[d]

. = 7 + T 0.3

SM-EFT gauge Higgs di Ad-4

In principle, we could expect many violations of the accidental symmetries from
the heavy dynamics (— new flavor violating effects). However, beside some
anomalies in B-physics, we observe none.

\ ‘ The NP Flavor puzzle '
Stringent bounds on the scale of possible new

flavor non-universal interactions:

A [TeV] N.B: These high scales can be a “mirage”

1;?56 ] (= artifact of the accidental symmetry).
10- ¢

104
10° ¢
107 ¢
10

The only unambiguous message
of these bounds 1s:

No large breaking of the approximate
U(2)™ flavor symmetry
at near-by energy scales
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» The two flavor puzzles

Z

SM-EFT

Flavor-degeneracy:

U(3)° symmetry

New Frontiers in Lepton Flavor — May 2023

+ 7

Higgs

/

Yukawa couplings:
UGBy — () b@)r

peculiar breaking of
the flavor symm.

The big questions in flavor physics:

[d]

C.
1 d=5
dzi Ad-4 Oi

/ Stringent bounds
on generic
flavor-violating ops.

!

approx. U(2)" holds

also beyond the SM

e Can we find an explanation for the Yukawa hierarchies?

o If the (residual) flavor symmetries are accidental symmetries, at which
scale are they broken? Can be there multiple scales behind the origin of

flavor?
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Flavor non-universal interactions

Energy A

A T » VY
Vi, &y,
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» Flavor non-universal interactions

For a long time, the vast majority of model-building attempts to extend the SM
was based on the following two (implicit) hypotheses:

> Concentrate on the Higgs hierarchy problem ——
= The “MFV paradigm”:

» “Postpone” the flavor problem

“Protect” the Higgs sector with (TeV-scale) flavor-universal NP
(supersymmetry or Higgs compositness),
deferring the solution of the flavor problem to higher scales

This was a very motivated possibility in the pre-LHC era...

...but 1t has become a less compelling option
after run-I and run-II results



G. Isidori — What's next in flavor physics

New Frontiers in Lepton Flavor — May 2023

~Status of high-energy searches
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» Flavor non-universal interactions

For a long time, the vast majority of model-building attempts to extend the SM
was based on the following two (implicit) hypotheses:

Energy K lavo.r e Concentrate on the
dynamics ) :
Higgs hierarchy problem
AV > Y [3x3] e Postpone the flavor problem
; to higher scales
. BSM “flavor-blind” Il
' dynamics
3 gen. = “identical copies”
A Stabilization up to high energies
H T 7 > of Higgs
sector
¥ Less compelling after the LHC results:
AEW SM EFT P 8

No clear sign of NP from direct searches
strong bounds on NP coupled universally to all families

worsening of the Higgs hierarchy problem
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» Flavor non-universal interactions

New paradigm to address both the Higgs hierarchy problem and the flavor puzzle:
multi-scale UV completion with flavor non-universal interactions

Dvali & Shifman '00

Energy * Panico & Pomarol '16
B.ordone etal 'l7
Allwicher, GI, Thomsen '20
Al T T » VY1 mass Barbieri 21
& Davighi & G.I. 23
Vi & Vs Main idea:
Ny A e » VY, mass : : :
2 2 e Flavor non-universal interactions already
vl & at the TeV scale:
2 3
e 15 & 2" oen. have small masses because
A s -
3HT ™ \I' """ » V3 mass they are coupled to NP at heavier scales
3
A ==
EW = SM EFT ‘

-
-

¥ gerr <-lidentical-eepits
_..--up tohigh enérgies..___
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» Flavor non-universal interactions

New paradigm to address both the Higgs hierarchy problem and the flavor puzzle:
multi-scale UV completion with flavor non-universal interactions

Energy A A renewed phenomenological interest in this
type of approach has been triggered by the B-
U — RS physics anomalies (hinting to violations of
. lepton flavor universality, mainly in 3" gen.)
Vi, & Wy
R > Y, But the construction has an mtrinsic, more
general, interest:
W, & Wy
A3,H 1o \|, _____ > v, v Explain the origin of the flavor hierarchies
1 ? v Allow TeV-scale NP coupled (mainly) to 3™
Apw I SM EFT gen. — Higgs sector stabilization

Allwicher, GI, Thomsen '20
Barbier1 21
Davighi & G.I. 23
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~ Flavor hierarchies from gauge non-universality [a brief detour]

To understand which are the viable options for TeV-scale dynamics,
we recently analysed all the extensions of the SM gauge group

compatible with the following three general assumptions: o
Davighi & G.I. 23

e Obtain the U(2)" flavor symmetry as accidental symmetry of the (non-
universal) gauge sector

e Elementary Higgs up to (at least) the TeV scale — New states should
preserve Higgs-mass stability — NP coupled to 3™ generation should
occur at the TeV scale

e Explain charge-quantization — Semi-simple embedding in the UV
[1.e. no U(1) groups in the UV]
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~ Flavor hierarchies from gauge non-universality [a brief detour]

[. U(2)" flavor symmetry as accidental symmetry of the gauge sector.

e Classify the allowed Yukawa structures under a flavor-deconstruction
of three basic factors characterizing the SM fermions and the EW

gauge group: SU(2); xSU(2)rxU(1)g_

vy Y yg H

UM XU 12 SUQ)PHSUQ@L I SUQ)REIXSUQ)R!

\X/ ;><\ /
/\ - ~ N ~ "/
Y~ Y| Y~|
/ N\
i ) /

\ 4

e Deconstructing any pair of the three (or all of them) leads to the
desired U(2)" flavor symmetry — four basic options
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~ Flavor hierarchies from gauge non-universality [a brief detour]

II. New states should preserve Higgs-mass stability — NP coupled to 3"
generation should occur at the TeV scale

[II. Explain charge-quantization — Semi-simple embedding in the UV

\ 4

Semi-simple embeddings of the SM have been classified
and there are very few possibilities, all featuring one .
of the possible 3 basic options: Allanach, Gripaios,

Tooby-Smith 23
e SU(4)xSU(2)xSU(2) [Pati & Salam '74]
° SU(S) [ Georgi & Glashow, '74]

° SO(IO) [Georgi "75, Fritzsch & Minkowski '75]

\ 4

Proton stability — only the Pati-Salam option 1s possible at low scales

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

SU@3).x U(l)g; < SU4) ~
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~ Flavor hierarchies from gauge non-universality [a brief detour]

[. +II. + III. : four basic options:

TeV-scale gauge group: Gy x G3 x Hio
(0 - L
e SU4)B x SU(2)B) 7 su@)iA x v, x v
2 | SU(2)g sU@B x su@)l!  {|  su)itd xsue)id x u@)i?,
g s su@) xsu@)y . Siio)=
a0 SU(4)BI xSU(2)5 xSU(2)5 | SUBII2 xSU2)! x U(1) 52 | x ()i

— ==
------------

UV completion

' | (@ higher E
Higgs & 3™ gen. fields T
charged only under these groups small impact on 6my,
d >4 ops
«— (@ TeV scale)
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~ Flavor hierarchies from gauge non-universality [a brief detour]

[. +II. + III. + general pheno bounds: two viable TeV-scale options:

TeV-scale gauge group: Gy x G3 x His
S GS -------------------- H12 .....................
1| su@)y| ¢ su@Bxsu@E)k . gL v
2 [ SU@)n — Bual wSB(237 - i sU@)I2 x SU(2)) B U(1)“2]
3 12 12
= —-.SU-&Q)JL-] SU-(Q#;J- SU(2 )[ | U(1)5%]
4 0 {SU@PxsU2)} xSU(@); SU(S..}?__st( )

...........
i

’’’’’
- -
.

UV completion

‘ @ higher E

General feature:
SU(4) group acting on the 3™ family, with low-energy
breaking scale to avoid fine-tuning on the Higgs mass:

dmy>m><1 — Ay=Mylgys5 TeV Davighi & G.I.'23

Using only general naturalness arguments (on both flavor & Higgs sectors)

we are led to the hypothesis of a low-scale flavor non-universal LQ
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The B-physics anomalies
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» The B-physics anomalies

From 2013 results in (various) semi-leptonic B decays started to exhibit
tensions with the SM predictions. Several exclusive channels are involved, but
they are all sensitive only to the following two classes of partonic transitions:

b—clv (Charged Currents) b—s/Tl-  (Neutral Currents)

The anomalies can be grouped into 3 categories:

@ LFU anomaly in CC [ T vs. (1, €)] b—cly

@ ACq (lepton-universal) anomaly 1n
NC modes

@ LFU anomaly in NC [ p vs. €]
& BR(Bg — )

b— s/t

LFU = Lepton Flavor Universality = accidental symmetry of the SM Lagrangian
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» The B-physics anomalies
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» The B-physics anomalies

@ ACq (lepton-universal) anomaly 1n
NC modes

Og = (87br ) (I*0)

¢ Possible contamination from SM long-
distance (charming penguins)

« All attempts to compute the effect
agree on ~ 3¢ deviation from SM

¢ Compete with SM @ loop-level

Possible explanation connected to CC
(hence 3™ family LFU violation):

N o N e
X A

—p AcgUniV

N.B.: correct

New Frontiers in Lepton Flavor — May 2023

[ B — K*up angular distribution ]
h T LLHCb Run 1 + 2016 ]
ﬂ [ SM from DHMV

0.5[

—

o

GO

1
0

—osF

P [GeV?/ 4

[ B— Hpup branchmg ratios ]

o ] T
%ol LICh —I—LHCb9fb1

| X ¢ LHCb 3fb™

% 12 SM (LCSR+Lattice)
S ok ] SM(LCSR)

& I SM (Lattice)

S s

= 8 —
(N +¢ Iy w(2S) .
+ o
3 +

T -
B E
5 1 I 1 1 1 1 I 1 1 1

o 10 15

q* [GeV¥/c?]

Bobeth & Haisch '11
Crivellin et al. '18

sign & size | Alguero et al '18
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» The B-physics anomalies

@ ACq (lepton-universal) anomaly 1n
NC modes 2o consistent indication
P _ fromb — s [T[~ (semi-inlcusive)
Og = (507.bL)(V"0) at high g2 e
GI, Poloski, Tinari 23
¢ Possible contamination from SM long:
distance (charming penguins)

« All attempts to compute the effect
agree on ~ 3¢ deviation from SM

¢ Compete with SM @ loop-level

Possible explanation connected to CC
(hence 3™ family LFU violation):

N o N e
o A

00 0
ACH/CM — _ACH /G = ACE/CE
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» The B-physics anomalies

@ LFU anomaly in NC [ u vs. ¢] & BR(B; — )

¢ Clean SM predictions
(LFU ratios + no long-distance in B, — pp)

¢ Highest significance till summer 2022
107 x B(By — py)

14k LHCD results on the LFU ratios

| latest measurements supersede past ones |
- LHCDb 22
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> ' : ,

7 — Comb. 21
=1.0 :
. — | CMS 20

S PE—— .I..z.qz.l. ........................................... i
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» The B-physics anomalies

(II) LFU anomaly in NC & BR(B — pp)

¢ Clean SM predictions
(LFU ratios + no long-distance in B, — pp)

New Frontiers in Lepton Flavor — May 2023

4 N.B.: While the overall loss of

significance is high, the overall
implications for the class of NP
models [ advocate, are modest

107 x B(By — py)

14k LHCDb results on the LFU ratios
| latest measurements supersede past ones |
1.2F
s 2022 2022
QZ) - 2022
=1.0
mﬂ)
08k ] }_12021 T
' 2019
[ KS ?
modes 2014 =
s 2017 2017

Ry low-¢° Ry~ central-¢*

CMS 22 »
. + LHCDb '22
B Comb. 21
——a———  CMS 20
m - ATLAS'19
e o SM
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» The B-physics anomalies

b - W
10-3 L L L o
- \&, » LFUInb—os /T [Ry,..]
A2 T “. K
S~ Ny
A
flavor
mixing
LFUInb—clv [Ry,..]
Q\&\-@o
&
b T N
| L\ / L T Barbieri, GI, Pattori, Senia 'l15
A2 b /\ b, L Buttazzo, Greljo, GI, Marzocca '17
L T Ve - .
Uiz/ 3 (or similar with scalar LQO)
EFT limit

[ A~15 TGV] bL T Marzocca '18, Angelescu et al. '18
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» The B-physics anomalies

b - W
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» The B-physics anomalies
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[ Leptoquarks & 4321 }
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» Leptoquarks & 4321

Theory arguments > SU@A)BIXSU3)I2! x Gy,
[flavor hierarchies, :
charge quantization | \/

,,,,,, » SU4)PIxSU3)M = SU@2) <U(1)

4

v minimal choice

B-phySIC.:S anomalies > U, [last step of the SSB chain]
[mainly CC]
Di Luzio, Greljo, Nardecchia, '17
Bordone, Cornella, Fuentes-M, GI'17
Greljo & Stefanek, '18
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» Leptoquarks & 4321

Theory arguments > SU@A)BIXSU3)I2! x Gy,
[flavor hierarchies, Z
charge quantization | \/

» SU@)BIxSU3)2 x SU(2), xU(1Y
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-
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4
4
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» Leptoquarks & 4321
Even in more ambitious UV models, { SU(4)BIxSU(3)[121x SU(2); xU(1) }

collider and low-energy pheno are v, v
controlled by the 4321 gauge group 1,2
that rules TeV-scale dynamics SILQ[U+Z + G
— new heavy mediators [G' & Z'] :

A key role 1s played by at least one family of
— vector-like fermions (= fermions with both

chiralities having same gauge quantum numbers)
that mix with the 3 families of chiral fermions

4 \
SU@)B] x SU@3)12 SM
Yukawa —» Y ~
I coupling
. S}
I v,
X N (VL fermions) ( \
v, LQ eff.
coupling — b~
> 2L U [t - B )] + . . .,

NG
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» Leptoquarks & 4321
Even in more ambitious UV models, { SU(4)BIxSU(3)!121x SU(2); xU(1) ]

collider and low-energy pheno are v, v
controlled by the 4321 gauge group 1,2
that rules TeV-scale dynamics SILQ[U+Z + G
— new heavy mediators [G' & Z'] :

A key role 1s played by at least one family of
— vector-like fermions (= fermions with both
chiralities having same gauge quantum numbers)

that mix with the 3 families of chiral fermions

4 \
SU@4)BI x  SU(3)H2 v e
] -
I Vi Mass-mixing \ B )
Bl DN v, | after4321
X I N breaking 4 \
\V3L _ IB
L~ B
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» Leptoquarks & 4321 implications

[ The U, leptoquark at high energies: R ~

L4 5
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» Leptoquarks & 4321 implications

Aurelio Juste [Moriond EW '23]

CM> LQ-b-t: Comparison of recent results @

Including interference w/ SM bkg Neglecting interference w/ SM bkg
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Need to clarify interference issue for future interpretations when adding low b-jet pr category
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» Leptoquarks & 4321 implications

[ The U, leptoquark at high energies:

4 G
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» Leptoquarks & 4321 implications

[I Rare decays of b and t

T— u LFV largely enhanced b—stt rates
(in B and tau decays) (in all channles)
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» Leptoquarks & 4321 implications

New Frontiers in Lepton Flavor — May 2023

[II The vector-like fermions in low-energy observables

RD — enhancement
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[ Conclusions }

» Flavor physics represents one the most intriguing aspects of the SM and, at

the same time, a great opportunity to investigate the nature of physics
beyond the SM.

» The idea of a multi-scale construction at the origin of the flavor hierarchies
has several appealing aspects. Key observation: non-universal gauge
interactions at the TeV scale, involving mainly the 3™ family, offer a new
way to look at the EW hierarchy problem (and the absence of direct signals
of NP so far).

» The model-building efforts along this direction, triggered by the B
anomalies, are still very motivated and mildly affected by the recent change
in low-energy data.

» If these ideas corrects, new non-standard effects should emerge soon both at
low and at high energies ( — very interesting opportunities for run-3...).
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» Leptoquarks & 4321 UV completions

An ambitious attempt to construct a full theory of flavor has been obtained
embedding (a variation of the) Pati-Salam gauge group into an extra-dimensional
construction:

z . »

Flavor <« special position
(topological defect) in an extra
(compact) space-like dimension

NG| Bukiz IO Bulk23

. L /\)
R IIZ'}?/ ‘- ’ ks f" St’f.j’), ({1\ .:1‘4
rdR i 4 B .

Dvali & Shifman, '00

Higgs and SU(4)-breaking fields
AL _ e with oppositely-peaked profiles,
e —— - leading to the desired flavor

o // ........................................... @)\ Crr pattern for masses & anomalies

U

Bordone, Cornella, GI, Javier-Fuentes '17

#* Anarchic neutrino masses via inverse see-saw mechanism  Fuentes-Martin, GI,
Pages, Stefanek '22

* “Holographic” Higgs from appropriate choice of bulk/brane gauge symm.
[ Gpuik-23 = SU4);¥SUB), ,xU1)*SO) G =SUEB) xU(1)g  XSO4) ]

. . Fuentes-Martin, Stangl 20
. nght nggS as pSGlldO Goldstone Fuentes-Martin, GI, Lizana, Selimovic, Stefanek '22

Agashe, Contino, Pomarol '05
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» Leptoquarks & 4321 implications

IV The other heavy vectors of 4321 (more model dependent)

[ SUM),*SUG)x [SUQ) XU |

U +Z+G

New striking collider signature: 0.5——
G' (“coloron’) = heavy color octet, }
coupled mainly to 3" generation quarks
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New Frontiers in Lepton Flavor — May 2023
» Leptoquarks & 4321 implications

V The vector-like fermions

T
=)
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N.B.: the two amplitudes interfere
(for same initial & final state) possibly
£ = (g2/24)° ~ 10%

giving rise to sizable enhancements



G. Isidori — What's next in flavor physics New Frontiers in Lepton Flavor — May 2023

» Leptoquarks & 4321 implications

V' Kaon physics K

direct access to

3" gen. leptons
as in R(D) & R(D¥)
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