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» [ntroduction
We recently celebrated the 10" anniversary of the Higgs-boson
discovery (or the completion of the SM spectrum). A
Energy
However, as for any QFT, we believe the SM 1s only an Effective
Field Theory, i.e. the low energy limit of a more complete theory
with more degrees of freedom
_ SM (EFT) ]
"%M-EFT o o?igauge T o?éliggs [ _______
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» Introduction

Beside general QFT arguments,
there are several “problems” A
calling for a non-trivial Energy
UV completion:

Electroweak hierarchy problem

Flavor puzzle

U(1) charges [ SM (EFT) ]

Neutrino masses . T ‘
Strong CP problem ’;\{\.46155'8?{9/;
Dark-matter _?.U.,,",,C 1 T 174 Gevl
Dark-energy d.s|b : . 1 IIEI;W

N V4 i
Inflation e \WEQ

Quantum gravity
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» Introduction

Beside general QFT arguments,
there are several “problems”
calling for a non-trivial

UV completion:

Electroweak hierarchy problem

{ Flavor puzzle ]
U(1) charges

Neutrino masses

Strong CP problem
4

non-trivial properties
of the SM Lagrangian
if interpreted as EFT

\

Useful hints for its

UV _completion

‘ UV Theory l

l

-?U.MC t
dslb _
o N ZRY
e u _7:4 e WEg
Y V|V

Vienna — 23 Jan. 2024

=

Messages from the
UV we need
to decode..
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[ The two flavor puzzles J

One summer I sat down and said:

“This is the summer when I'm not going to do
anything but solve [the flavor] problem.”

This was 40 years ago and I haven't solved it.
No one has [...]. That's been a frustration now
for 40 years...

[S.Weinberg, 2013]
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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?
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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

Vienna — 23 Jan. 2024

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:

/
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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:

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

Vienna — 23 Jan. 2024

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

L.

II.

The observed pattern of SM Yukawa couplings does
not look accidental

— Is there a deeper explanation for this peculiar
structures?

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
changing processes? What constraints these
observations imply on physics beyond the SM?

— Which i1s the flavor structure of physics beyond
the SM?

[SM flavor puzzie]

[NP flavor puzzie]
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» The two flavor puzzles

1 =5
"%M-EFT "Zgauge T "Zﬁggs T Z1 Ad4O

~

Interactions surviving (@ large distances
(operators with d < 4)

-

<>

Long-range forces

of the SM particles

N Local contact interactions

( operators with d > 4)

ground state (Higgs)

“Remnant” of the heavy
dynamics at low energies

o3/

‘\‘
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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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~ Accidental symmetries in QFT [a brief detour]

[d]

C.
— iy d=5
%M-EFT c'?gauge T %iggs T (%1 Ad-4 Oi A
(long-distance interactions)  (local contact interact.) Energy
.

~
~
~
~
~
~
’Q
~

“Accidental symmetries” are symmetries : .
which are not fundamental properties of the A
theory, but emerge accidentally at low ;
energies / large distances — not enough

“variables” to describe the violation of the

symmetry [ ~ multipole expansion | enhanced

symmetry

v

If a symmetry arises accidentally in
the low-energy theory, we expect it
to be violated by higher dim. ops

Violations of
accidental symmetries

How to explain CP violation in the SM, and the history of the KM
mechanism, are a wonderful illustration of this effect
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~ Accidental symmetries in QFT [a brief detour]

[d]

C.
S a s® — 71 dZS
C’%_M?EFT c'?igauge T C’Z{iggs T (% A& Oi A
[SM-2]-EFT ’ _
(long-distance interactions)  (local contact interact.) Energy
.

Back in 1973: SM with 2 generations, as T T
“reference model” — CP violation is an 5 A
accidental symmetry [KM, '73]

But CP violation 1s observed in K e (5T d)2
mixing [— remnant of “heavy NP”] Acp? N
4+ enhance
Acp ~ 104 TeV 4 L symmetry
v

“Super-weak” interaction
[L. Wolfenstein, '64]
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~ Accidental symmetries in QFT [a brief detour]

[d]

C.
S i d>5
%_M?EFT %auge T %iggs (% A& Oi A
[SM-2]-EFT ’
(long-distance interactions)  (local contact interact.) Energy
i Y.
Back in 1973: SM with 2 generations, as e T
“reference model” — CP violation is an ] A
accidental symmetry [KM, '73] V
But CP violation 1s observed in K e (5T d)2
mixing [— remnant of “heavy NP”] Acp
AT e + enhanced
Acp ~ 107 TeV = symmetry
SM-3 47 -
[KM, '73] Key message: beware of seemingly

Ellis, Gaillard,
Nanopulos, '76

high scales in EFT approaches:
they can be a “mirage”...
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» The two flavor puzzles

[d]

g = Lo T T T 0@

SM-EFT gauge Higgs di Ad-4 i

In principle, in the SM-EFT we could expect many violations of the accidental
symmetries from the heavy dynamics (— new flavor violating effects).
However, no clear deviations observed so far

\

T T
A [TeV]
100 &
10°
10*
10° ¢
107 ¢
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» The two flavor puzzles

c.ld
1

]
T = L+ L+ Qe

SM-EFT gauge Higgs di Ad-4 i

In principle, in the SM-EFT we could expect many violations of the accidental
symmetries from the heavy dynamics (— new flavor violating effects).
However, no clear deviations observed so far

\ {

Stringent bounds on the scale of possible new T I l
flavor non-universal interactions: e NP flavor puzzie

A [TeV]

100 E N.B. (1): These high scales can be a

105 “mirage” [remember CP in SM-2...].

107 Only unambiguous message: no large

103 breaking of the approximate U(2)" flavor
2 symmetry at near-by energy scales.

107 ¢

N.B. (2): U(2)"1s not an accidental
symmetry of the SM [— indication of
specific UV dynamics?]

10k
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» The two flavor puzzles

[d]

T = L+ Z 4 ¥ 00

SM-EFT gauge Higgs di Ad-4

/

Flavor-degeneracy: Yukawa couplings:
U(3)° symmetry UQ3)5 — (~) U2)n

peculiar breaking of
the flavor symm.

/ Stringent bounds
on generic
flavor-violating ops.

!

approx. U(2)" holds
also beyond the SM

The big questions in flavor physics:

e Can we find an explanation for the Yukawa hierarchies?

° Can the approximate flavor symmetries be accidental symmetries?
If so, at which scale(s) are they broken?

— Some (general) hypotheses needed to address these questions
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Flavor non-universal interactions

Energy A

A T » VY
Vi, &y,

A2 N . > \V2
Y, &y,

A3,H T e » V3

Vs
AEW i SM EFT
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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 implicit hypotheses of flavor-universal New Physics

Energy Flavo.r e Concentrate on the
dynamics ) :
Higgs hierarchy problem
Ag T = > Y [3x3] e Postpone the flavor problem
5 to higher scales
. BSM “flavor-blind” t
' dynamics
The “MFV paradigm™
_|_
“Horizontal” flavor symmetries (@ high scales
A Stabilization
H T 777 > of Higgs 3 gen. = “identical copies”
sector up to high energies
Apw L smEFT
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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 implicit hypotheses of flavor-universal New Physics

Energy A dFrizXI;Sircs e Concentrate on the
4 Higgs hierarchy problem

Ag T = > Y [3x3] e Postpone the flavor problem

; to higher scales

. BSM “flavor-blind” t

' dynamics

The “MFV paradigm™
_|_
A Stabilization  “Horizontal” flavor symmetries @ high scales
H T »  of Higgs

sector

= Less compelling after LHC results (run I+II):
strong bounds on NP coupled universally to all families
worsening of the Higgs hierarchy problem
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~Status of high-energy searches

3" family

Vienna — 23 Jan. 2024

Universal

Overview
NP NP 16-140 fb™! (13 Tev)
String resonance o 137!
Iy resonance I 035=47] 17 36 fb~!
Wy resonance " 137!
Higgs y resonance " 36 b1
5 Color Octect Scalar, kZ =12 » 137 fbo~!
Scalar Diquark o BSSTSN 191103947 (21 13761
th+ ¢, pseudoscalar [scalarl, g2 % BRIg-211 > = 0.0310.004} I 0015-0.075 191104568 (34, =4t} 137 b1
th+ ¢, pseudoscalar |scalar), g7, x BRIg=24) > =0.03(0.03) o 0108-0.34 191104568 {31, =41 137!
. quark compositeness (1), numn =1 e l I <24 08 (20} 140 fbo~!
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E Excited Lepton Contact Interaction » 0255060 2001 04521 (28 + 77 fo1
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vectormediator {fiL.g, = 01 ga= 1o, =0.0Lm, > 1 TeV o 02210937 210302708 2e, 20 140 b1
lasial dvector mediator (qgl. go =025, gon = Ly =1 GeV o G528 191103947 (2j) 137 -1
{axialjvector mediator (xx). 0o = 025. g =1 m, =1 GeV 'l =105 210713021{=1j+py=] 101 b1
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Leptoquark mediator, =1, 8=0.1, .o = 0.1, 300 <My < 1500 GV L 03-06 1811 51(1p+ 1j +py™=} 77 fo~t
RPV stap to 4 quarks W 008-0.52 36 fb~!
RPV squark to 4 quarks » 38 fb-!
H RPV gluing to 4 quarks " 3g bl
RPV gluings to 3 quarks W 36!
ADD {j} HLZ, e = o 36 fb~!
ADD {yy, Y HIZ, e = 3 ” 36 fb~!
ADD G EMISSion, fen = 2 w 101 fo-!
ADD QBH (). feo o 36 fb~!
ADD QBH e, fen = » 137 fo-!
; ADD QBH {£T), neey " 137 fo-!
i ADD QBH (T, nea =4 o 137 !
£ RS Gucltt), kM= 01 » 140 o1
£ RS Guclyyl. ki = 01 " I l 36 fb~!
¥ RS Guclad, gl k=0 1 ” 055260 191102047 (2j) 137 1
RS GBH [j} =1 » 36 b1
non rotating BH, My = 4 Tell g = 6 " ) 36 fb~!
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iE Vector like taus, Doublet 01-104 2202086763, =4L 1T +3L 27+ 2, 3T+ 1, I 4+ 21,27 4
Vector llke taus, Singlet M 125-0.15 6034 24417 +3627+ 2,31+ 1, Iv 4 2421+ 1)
‘scalar LQ {pair prod J, coupling to 1* gen. fermions, w <144 121101197 2e +2j}
scalar LQ (pair prod . coupling to 1* gen. fermions, Il <127 181101137 (2e +2jie + 2j+py™)
z ‘scalar LQ {pair prod J, coupling to 2 gen. fermions, §= 1 w <153 1B0BOS082{2p+ 2j}
H scalar LG Ipair prod J, coupling to 2" gen. fermicns, = L o 08-15  LEIL101SL{Lp+ 1+
scalar LQ [pair prod }, coupling to 2% gen. fermions, 8= 05 " 18 2(2p+ B+ 2 +pI) . . o
g scalar LQ {pair prod J, coupling to 3 gen, fermions, B = 1 W PAS-EXO-19-016 (2t +2j}
scalar L0 Isingle prod}, coupling to 1* gen. fermions, =0, A=1 T 116 2107.13021( = 1j+ py™} e lggs ls 1 e
scalar LG {single prod), coupiing to 3" gen. fermions, B=1,A=1 [ m PAS-EXC-18-D16 {27 +b)
Zo, nanmow resonance o 00115-0.075 131204776 (2p) 0
Z,, narrow resonance I 011-02 191204776 {2p} 1 O le el
SEMZ'1H) " 0251 O V
S5M Z'(qq) L 05=29" 191103947 {2j)
Zigdl » 001-0.125 033111, 1y}
Superstring Z,, ']
; LV Z, BRley) = 10% ” I I 137 -1
& LFV Z. BRlet] = 10% ” BESAFN 220506708 (e} 137 fo~!
& LFV 7. BRlut] = 10% o WA 220506708 (e 137 fo~!
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01 0
ICHEP 2022

Selection of observed exclusion limits at 95% C.L. {theory uncertainties are not included).

mass scale [TeV]
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» Flavor non-universal interactions

A more efficient paradigm to address both flavor puzzles (I+1I), & possibly the
Higgs hierarchy, 1s a multi-scale UV with flavor non-universal interactions

Dvali & Shifman '00
Panico & Pomarol '16

Energy A

Bordone et al. '17
Allwicher, GI, Thomsen '20
Barbieri 21

> Vi mass Basic idea: Davighi & G.I. 23
A, !

¢ 1" & 2™ generations have small masses
(+ small coupling to NP) because these are
Ay o » VW, mass generated by new dynamics at heavier scales

“flavor deconstruction” of the SM gauge
symmetry — flavor hierarchies emerge as
A3,H B I » V3 mass accidental symmetries

Uy OeIT. ~- Lclentha.l-eep‘l
oe-Uprt0 ﬁlgh enérgies .. _

>
e
=
i
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» Flavor non-universal interactions

A more efficient paradigm to address both flavor puzzles (I+1I), & possibly the
Higgs hierarchy, 1s a multi-scale UV with flavor non-universal interactions

* “flavor deconstruction” of the SM gauge symmetries:

)
E.g: SU@B).xSUQR) xU(1)yBIxU(1) 1121 — SU3)xSUQ2); xU(1)y

[12]
e \/ Ve WLM\/ Vi e \/ Vi
AL
: allowed . forbidden )Y
HE HE B
(Z)
Vep ~
M
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» Flavor non-universal interactions

A more efficient paradigm to address both flavor puzzles (I+1I), & possibly the
Higgs hierarchy, 1s a multi-scale UV with flavor non-universal interactions

* “flavor deconstruction” of the SM gauge symmetries:

More generally: BIxGl2] _s GIUniv]
| @ few TeV ] G = subset of
/ \ SM gauge
Symmetry Symmetry acting
acting on 3" gen. on light gen.
+ Higgs

v Charging the Higgs under Ggy,*! — only the Yukawa of the third generation
are allowed — “solution” of the SM flavor problem

v Ggyl'?! symmetry — accidental U(2)" flavor symmetry — protection of
flavor-changing processes as effective as in MFV

v The symmetry-breaking pattern GBIxGU2l — GLUnV] ig very general (no tuning
in the potential) — flavor universality naturally emerges at low energies
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» Flavor non-universal interactions

Vienna — 23 Jan. 2024

A more efficient paradigm to address both flavor puzzles (I+1I), & possibly the
Higgs hierarchy, 1s a multi-scale UV with flavor non-universal interactions

Energy A + [ GBI x G[12]] x H[Univ]
fow NP coupled mainly to y,
A, T > TeV T v, ~massless [U(2)" symm.]
AZ S » Y, _
- U2),
‘/'\EW + / i \
O ’ <102 | &
MM S “UV imprint” Uil
1 g in the U~
Apew T Yukawa couplings . . )

Barbieri et al. '11
GI & Straub '12

< U@

Effective organizing principle for the flavor structure of the SMEFT
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»SMEFT bounds in the U(2)’ symmetric limit [a brief detour]

flavor Complete analysis of all
‘mdown mup mEW m collider 120 independent SMEFT
ops. in the exact U(2)’ limit

TeV Allwicher, Cornella,
10 GI, Stefanek, '23
o el 0 S R N s s ey ] i NSNS
g% L5 ey SoBsEsEs oL B 5008 B8 B D D )
SO N SO S S S
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»SMEFT bounds in the U(2)’ symmetric limit [a brief detour]

flavor Complete analysis of all
‘mdown mup mEW m collider 120 independent SMEFT
ops. in the exact U(2)’ limit

L

TeV / Allwicher, Cornella,

10 The U(2)° symmetry alone allows us to describe e

separately NP effects to light and heavy fermions. four-fermions operators

involving only 3" gen fields

8 To describe NP models coupled mainly to 3™
generation we need extra ingredients

0 =
e —_— [~ ) )
2 32 =2 w388 3F 3 S 3
—~y wf\b‘?‘j\@'—'m U arl L8 Nl
o SR e T8 QY = = =
~— ~— D o N o M3 o
= - By 18y 5y IS)
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G. Isidori — Flavor non-universal interactions
»SMEFT bounds in the U(2)’ symmetric limit [a brief detour]

flavor
‘mdown mup mEW mcollider
Dynamical suppression factors

[underlying multi-scale]:

TeV
10
: dipol
e, — ipoles
g G E T
— ¢ =0.16 light quarks
5 —» ¢;, = 0.40 [light leptons
4

q9
(3) 73
qu ¥

(3331
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»SMEFT bounds in the U(2)’ symmetric limit [a brief detour]

flavor
‘mdown mup mEW mcollider

Dynamical suppression factors
[underlying multi-scale]:

TeV
10 A further key

element is the 1

orientation of the €loop = . dipoles
8 rd . 167
3™ gen. in flavor e
space: eg = 0.16 ‘8htq
5 e, = 0.40 light leptons
4

q9
(3) 73
qu ¥

(3331
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»SMEFT bounds in the U(2)’ symmetric limit [a brief detour]

Hmflavor mWEW m collider
Dynamical suppression factors

[underlying multi-scale]:

TeV
10 A further key - 1 .
element is the Gl T
" c3)rr(1ientati9n gf the eg = 0.16 [light quarks
en. in flavor
spacge: v er, = 0.40 light leptons
6 eg = 0.31  Higgs fields

— €mis = 0.15  down-align.
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»SMEFT bounds in the U(2)’ symmetric limit [a brief detour]

Hmflavor mWEW m collider
Dynamical suppression factors

TeV [underlying multi-scale]:
10 / | .
Key messages: ST Tl
8 ¢ NP coupled mainly to the third generation, - s
as low as 1-2 TeV, is perfectly compatible ¢, = 0.40 light leptons
6 with present data! exr = 0.31  Higgs fields
¢ Interplay of flavor + direct searches + EW €mis = 0.15  down-align.

1s essential to discover this type of NP

(“natural” conditions)

o3
e
™
0,
—
2]
—
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» Flavor non-universal interactions

To understand which are the the most motivated options, from a dynamical point
of view, we recently analysed all the extensions of the SM gauge group
compatible with the following three general assumptions:

Davighi & G.1. 23

Energy A
[. Obtain the U(2)" flavor symmetry as accidental
AT symmetry of the (non- universal) gauge sector
A, T II. Elementary Higgs up to the TeV scale — New states
should preserve Higgs-mass stability
Ayl [II. Explain charge-quantization — Semi-simple

’ embedding in the UV [1.e. no U(1) groups in the UV]

Agw L
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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)p xU(1)gxU(1)g.L,

YL Y yr H
U PxUM)g SU(2) PIxSU(2) U(D)RP>U(D)R!H!
v~ vo| v
H charged under SU(2), I H charged under U(1)g!3!

\ 4

e Deconstructing any pair of the three (or all of them) leads to the
desired U(2)" flavor symmetry
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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) xU(1)gxU(1)p_

e Deconstructing any pair of the three (or all of them) leads to the desired
U(2)" flavor symmetry:

v Part of the EW group necessarily need to be deconstructed

e Minimal choice represented by SM hypercharge [ Y=T+(B-L)/2 ].
However, U(1)Bly,xU(1)Ply,xU(1)l!)y has two drawbacks:

* No immediate semi-simple embedding

% Conflict bewteen large mixing and large hiearchies in the 1-2 sector

— additional tuning is needed |
Navarro & King '23

Davighi & Stefanek '23
[sidor1 & Barbieri 23
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~ Flavor hierarchies from gauge non-universality [a brief detour]

[I.+III. Explain charge-quantization — Semi-simple embedding in the UV

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,
o SU4)xSU(2)xSU(2) [Pati & Salam '74] Tooby-Smith '23

° SU(S) [ Georgi & Glashow, '74]
° SO(IO) [ Georgi '75, Fritzsch & Minkowski 75

But we also require NP coupled to 3" generation to occur at the TeV scale to
preserve Higgs-mass stability

Only the Pati-Salam option surivives the strong bounds from proton
stability:

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

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
Gu Gs . : :
1 [ sU@). SU@P % SU(2) E Various options posszb{e for th? gauge
5 3] group acting on the light families,
2 | SU@2)r SU(4)[3] 2 SU(2>[I§)] broken at higher energies
O 2UE SU(2);" X S;J(Q) R (small inpact on dm,, given
d 0 SUM4)PIxSU(2)} xSU2) 5 suppressed couplings to the Higgs)
' ' Allwicher, GI, Thomsen '20
Higgs & 3™ gen. fields Davighi, G.I., Pesut 22
charged only under these groups Davight & G.1. 23
d >4 ops
«— (@ TeV scale)
Y~
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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 Hio
€ L G'3 . : .
1| sU@)L 7 'SU(4) o SU @) Various options possible for the gauge
e ﬁ} group acting on the light families,
2 | SUR)m — 'SU'-(JD'%} X'SU'(%'%] < broken at higher energies
) —HSU'@)JZ' *S?)H(Z ‘_3 (small inpact on 6m;, given
4 0 :\SU(4)[3}}‘< SU(2)5 xSU(2) suppressed couplings to the Higgs)
Strongly disfavored by: Allwicher, GI, Thomsen 20
K. —s Davighi, G.I., Pesut 22
* Ky — He Davighi & G.I. 23
 RH mixing
General feature:
Ao SU(4) group acting on the 3™ family, with TeV-scale

| breaking to avoid fine-tuning on the Higgs mass:

om2m?<1 — Ay=Mylgys5TeV
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~ Flavor hierarchies from gauge non-universality [a brief detour]

This connects with the class of consistent TeV-scale models proposed a few years
ago to address the B-physics anomalies...

SU#)BIxSU(3)121 x SU(2), xU(1)
l —~LQ[U,]+Z +G

SM

f

NP coupled
non universality in @ ~TeV mainly 1tjo Vs,
SU(4)B] Su@3)i2 )

_____ SU(4
flavor T * @
Cung > SUQ), |
SU(2), U(l)y AEW T
2 r

chirality
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Hints of non-universality in B-physics data

= 1'. LHCb Run 1 + 2016 ]
ﬂ [ SM from DHMV i
05 —
E E */-\0.4-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-
ok ] e 4 HFLAV sz =1.0 contours -
s : 7 5
» g:_ —— " E Yee Belle15 @ =

1 I: ] 03 .:
M B s s SRR TS LHCb23 LHCb22
0 5 10 15 2
" C d
q* [GeV-/ct] [ -
025 +\‘~B(‘:l_lcl9 =
14 LHCb Rk low-g? = 0.994+9%% e .
. Belle17 PRD 94 (2016) 094008
9 fb_l Ry central-¢> = 0.949t8'_%is7 B PRD 95 E:fﬁ;;(u)aoéb World Average 7
02 +HFLAV SM Prediction  JHEP 1712 (2017) 060 R(D)=0.356 £0.029, -
Rg+  low-¢* = 0.927(0%% B R(D)=0298£0004  [LB7 Q019580 R(D*) =0284 £0.013,,,, 1
1.9 —0. B RDY —0254 0005 TRL1B QU 091801 p=-037 i

EPJIC 80 (2020) 2, 74 P(X:) =25%

2 __ +0.077
Ry~ central-g© = 1.02775 75 PRD 105 (2022 034503
Ll 1 I Ll L 1 I Ll L 1 I L L L 1 Ll L L I L L L 1 I Ll L 1 I Ll L L I Ll

62 0 03 05 04 0l (5 055
R(D)

Rk i
)—l
o
L . B
—a—
—o—

0.8
[] gﬁta x2=1.6,p=0812 0 =02
0.6
Ry low-¢> Ry central-g¢> Ry~ low-¢> Rg- central-g?
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» Hints of non-universality in B-phvsics data

Since 2013, experimental data in various semi-leptonic B decays started to
exhibit tensions with the SM predictions. Several channels are involved, but
they are all related to the following two classes of partonic transitions:

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

Most of the anomalies are connected to a possible breaking of
Lepton Flavor Universality = accidental symmetry of the SM Lagrangian in the
limit where we neglect the lepton Yukawa couplings

Even 1f the significance went down recently (not completely...), worth to discuss
as example of consistent TeV-scale (new) physics that could be revealed by
precision flavor experiments
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» Hints of non-universality in B-phvsics data

Since 2013, experimental data in various semi-leptonic B decays started to
exhibit tensions with the SM predictions. Several channels are involved, but
they are all related 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 [ 1 vs. (i, €)] b—cly

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

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

b— s/
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» Hints of non-universality in B-phvsics data

0.4 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

m Ay* = 1.0 contours
Prelim. 2023

BaBar12

@ LFU anomaly in CC
[Tvs. (i, ©)]

R(D¥)

Bellel5

['(B— Xm) 0'3

LHCbH23 ™ LHCb22

R(X) =

— L ]
F(B X lv ) 025 [ +\\B@1\1~619 -
X: D or D>!< : Bellel7 PRD 94 (2016) 094008 World Average :
0.2 =  $HFLAV SM Prediction JHEP 1712 (2017 060 R(D) =0.356 £0.029,,,, =
— R(D) = 0298 + 0.004 PLB 795 (2019) 386 R(D*) =0284 +0.013 1 -
B REDz‘) 025440005  PRL1232019)091801 p=-037 e i
. . Bt et ke EPJIC 80 (2020) 2,74 2y —
¢ Clean SM predictions e e N
(uncertainties cancel in the ratios) - 0‘%5(]))

¢ 3.00 excess over SM

¢ Compete with SM @ tree-level — low scale of NP

. I
C / A%
N Y
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» Hints of non-universality in B-phvsics data

@ ACq (lepton-universal) anomaly 1n [ B — K pp angular distribution ]
NC modes N g LlleCb Run 1 +2016 ]
05 - : SM from DHMV B
Og = (sLyubr) (y*0) o
. .. -osf +D 3 —}—‘
¢ Possible contamination from SM long- o — EARE
distance (charming penguins) 0 5 A
¢ All attempts to compute the effect [ B —Hpp branchmg ratios ]
agree on ~ 3o deviation from SM  uf LHCb | Levon
Z 12F | ' | SM (LCSR+Lattice)
¢ Compete with SM @ loop-level ‘z; 10 '  SM i
T Ty owes)
E) ' =i
Possible explanation connected to CC h =
(hence 3" family LFU violation): E_:; N B
o 10 15
\ T [ Floevie]
b by
/ < >©W< = Acg Y Bobeth & Haisch '11
S; T / N B.: correct Crivellin et al. '18

sign & size | Alguero et al '18
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» Hints of non-universality in B-phvsics data

@ ACq (lepton-universal) anomaly 1n
NC modes 26 consistent indication
OF — (312 ) (r0) fromb — s [T~ (semi-inlcusive)
9 = \SLYpOL )Y ' 2
g at hlgh q 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
X A

00 0
ACH/CM — _ACH /G = ACE/CE
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» Hints of non-universality in B-phvsics data

@ 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

L.2F
> ' : ,

7 — Comb. 21
=1.0 :
. — | CMS 20

S PE—— .I..z.qz.l. ........................................... i

L 2019 I —— ATLAS'19
- 2014
0.61 2017 2017 E B SM

R IOW—q2 Ry central—(j2 R~ low—qg R+ Central-g2 2 3 4
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Vienna — 23 Jan. 2024

» Hints of non-universality in B-phvsics data

(II) LFU anomaly in NC & BR(B — pp)

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

/N.B.: While the overall loss of
NP significance is high, the
implications for multi-scale

14k LHCDb results on the LFU ratios
| latest measurements supersede past ones |
1.2F
s - 2022 2022
QZ) - 2022
=1.0
|
08 [ ] }_12021 T
1 2019
L ® KS ®
[ | modes 2014 =
s 2017 2017

Ry low-¢° Ry~ central-¢*

flavor models are modest

107 x B(By — py)

CMS 22 =
m - LHCb 22
= : Comb. 21
—a— — CMS 20
M - ATLAS'19
- SM
T
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» Hints of non-universality in B-phvsics data

3 L L FL
132 \Q » LFUinb—s /T [ Ry,..]
SL” T
A
Sflavor
mixing

LFUInb—clv [Ry,..]

T A
1 L\ / L -
A2 b / \ bL L

~.
~
~
~
~
~
o
~

EFT limit 1 Barbieri, GI, Pattori, Senia 'l5
[ A=1.5 TeV] bL Buttazzo, Greljo, GI, Marzocca '17
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» Hints of non-universality in B-phvsics data

] b - N
103 NG T T
g \, » LFUinb—os /[T [ Ry, ..]
s, uy
B b . not seen LFU NP
102 L L | (consistent) . CONSCTV. ,
A\ \/ inb— s /T~ [ AC,VM]
SL T Q
_ _ S
"
b T
10" "N " |
A2 AN » LFUinb—clv [Rp,..]
S~ TL
N
Q\L@&-@o

~.
~
~
~
~
~
~
~

EFT limit 1 Barbieri, GI, Pattori, Senia 'l5
[ A=1.5 TeV] bL Buttazzo, Greljo, GI, Marzocca '17
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» Hints of non-universality in B-phvsics data

€. € 2 b -~ “ "
q 1 A L // L < .
o \, » LFUinb—os /[T [ Ry, ..]

SL "M
b T | Jorseer LFU NP
€q %1 L L | (consistent) . conserv. & i
A2 () \/ inb— s /T~ [ AC,VM] 250
S .
s L “L
O|L i \QOQ
> o\
o é o~
q O .
A2 L s, TN ; » LFUinb—clv [Rp,..]
L
Q\Lz;@o
1 bL\ e L © Implications f
L mplications for
AN v bL/ N . > PP high-energy
L

experiments

4
NP stabilizing
the Higgs sector
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Future prospects




G. Isidori — Flavor non-universal interactions

» Future prospects

Vienna — 23 Jan. 2024

The idea of flavor non-universal interactions — with a 1% layer of new physics
already at the TeV scale — has several interesting implications for various
low-energy measurements (with different degree of model-dependence)

E.g.: 1) Deviations from SM in b—svv rates [ 3" gen. v in the final state ]

identical for all
neutrino species

relevant only for
3" gen. neutrinos

Unambiguos prediction of 30-50%
enhancement of B(B—Kvv) in the model
with vector LQ, given data on R(D).

Fuentes-Martin, GI, Konig, Selimovic, '20

Belle-1I (@ EPS '23

P Sl .
SM ¢ Aver: agy
Mt s 1

e 1 Belle H (3()2 ﬂ) 1 ( ()ml)m( d)
'k B ’ 24407 This . prelim
__‘%:_ " Belle TT (5()2 ﬂ) 1 H 1(1101116)
N ym 11+1.1 This an: . pr 1
: : TR B( lle T (5()2 ﬂ) L In(hlsl\()
: 1 8-0.7 This analysis, prelim
: " T)t]l ﬂi(>5i it Il(lu sive)
1 1.9+15 PRLI27, 181802 *
: _._L Belle (711 fbl, Semileptonic)
E 1 1.0+0.6 PRD96, 091101 *
: : PS Belle (711 fb, Hadronic)
E 1 3.0+1.6 PRDST7, 111103
: __._:. Babar (418 fb!, Combined)
| 0.84+0.6 PRDS7. 112005

—ol Babar (418 fb't, Semileptonic)
: 0.2+0.8 PRDS7. 112005
: ————— Babar (429 fbl, Hadronic)
. 1.5+1.3 PRDS7, 112005

i i P A ot S (R R
0 2 6 8 10

10° x Br(BT—K " v)
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» Future prospects

The idea of flavor non-universal interactions — with a 1% layer of new physics
already at the TeV scale — has several interesting implications for various
low-energy measurements (with different degree of model-dependence)

E.g.: II) Deviations from SM in b—svv rates... and s—dvv rates

T T T T T
2_ K*rsrhw =
i Bt K*w
EW
L Collider
. 1F [] Global =]
2
8 .
CONCI
IND) L
cj-'—*\ 0' =1
> L
ab]
E‘ -
o L
— i
S— _1_ ol
—2F d
i Current
T | . AR | - (o -
-2 -1 0 1 2

(L
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» Future prospects

The idea of flavor non-universal interactions — with a 1% layer of new physics
already at the TeV scale — has several interesting implications for various
low-energy measurements (with different degree of model-dependence)

E.g.: II) Deviations from SM in b—svv rates... and s—dvv rates

2F Krsatw 3| 2 B b
[ Bt K*vw
EW
L Collider K*sntvw .
1F [ Global . 1F B'sK*w p

EW
Collider

(3)[3333]

lq
(3)[3333]
£q

35} 2 [ O Gobal
= i = :
L i Lo B
- - 2 [
— 1 B o —_ 1 | _
of 1 i Possible future
— B C t & - 2 ~ . . -
- urren projection
-2 = 0 1 2 -2 -1 0 1 2

e (1.5 Tev)? )P
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» Future prospects

The idea of flavor non-universal interactions — with a 1% layer of new physics
already at the TeV scale — has several interesting implications for various
low-energy measurements & collider observables

E.g.: 1II) pp — 1T (+ Db-jets)

LQ and / or
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» Future prospects

Vienna — 23 Jan. 2024

Aurelio Juste [Moriond EW '23]

CMS

Including interference w/ SM bkg

b T~

~—_

LQ |

/‘/\

b Tt

CMS-HIG-21-001

4 VLQBM 1 138 fo! (13 TeV)
—_ T . . . 138 ﬂ)‘ ‘(13 TEV) M 95% CL excluded:
%J 1 CMS VLQ BM 1 | c S [JObserved © 68% expecled
<] Simulation my=1TeV,g =15 | " -~ Expected 9% expecled
- | = e
3" [ = I
2 o0 5 e
-0.5 7 ]
- ]
1 3
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~— Interference 1 2
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L 1 1
—25k | . | 3 " :
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Shown at Moriond EW 2022

Need to clarify interference issue for future interpretations

LQ-b-t: Comparison of recent results

Coupling strength A

Neglecting interference w/ SM bkg

b b T
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e
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» Future prospects

4
3 L
Updated preferred
> off region by b — ¢
. low- d
ow-energy data
Aebischer et al. '22
1F _
' Relevant NLO
QCD corrections
- |Br| =0
gl Haisch, Schnell, Schulte '22
1000 2000 3000 4000 5000

MU [GGV]
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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, initially 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:

/ . ..
. Flavor <« special position
D ) 3 . .
o o< %546:*@5 (topological a’efec.t) in an extra
v, AN po) 00 < | (compact) space-like dimension
TN Buk12 0 INC Bulk23 A
\ N\ &7 Dvali & Shifman, '00
g \ i - | Higgs and SU(4)-breaking fields
e ' LA with oppositely-peaked profiles,
AT leading to the desired flavor
PCuy | A ®) pattern for masses & anomalies

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

— Rare decays of b and 1

T— u LFV largely enhanced b—stt rates
(in B and tau decays) (in all channles)
—(j_ o T L | or TR A 10_2§ L L B
10 3 f E Excluded at 95% CL
F Excluded at 95% CL ] - -
107k e | ] 10-3L Cornella et al. 21 _
10-8L | R _
< E Belle 1 (50ab™') - 48 ] + 1W07°F E
T 1077 f 4 = i Belle 1T (50 ab ™)
\-t_‘/ : I : T 10—5
= of p RN
L |
10~ L ﬁ - —6
: S 10704 -
- o with RH curr
10—12 | E:') ]
! —
« v el . s el _ bl . sl MR 10~ A S ) S S I L
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G. Isidori — Flavor non-universal interactions
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G. Isidori — Flavor non-universal interactions
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