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The flavor puzzle
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» Introduction

The Standard Model (SM) 1s provides a remarkably successful
descriptions of fundamental forces (strong, weak, and e.m.) and A
matter constituents, over a wide range of energies. Energy

However, as for any QFT, it is
natural to consider the SM as an
Effective Field Theory, i.e. the [ SM (EFT) ]
low energy limit of a more
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» Introduction

There are several reasons ‘ l
why we think the SM must UV Theory A
Energy

be extended at high energies:

[ SM (EFT) ]

Electroweak hierarchy
problem

Flavor puzzle
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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 hierarchy — [nstability of the - Ve
problem Higgs mass term non-trivial properties
of the SM Lagrangian
[ Flavor puzzle ] if interpreted as EFT

— Ad hoc tuning in the

i U(1) ch .

",(,)iargii model parameters

i 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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» [ntroduction: the flavor puzzle

The “flavor puzzle” is an old problem, that emerged well before the Standard
Model (SM) was conceived [ “Who ordered the muon ?” - 1. Rab1 (~1950) ].

Leptns

® Why do we have 3 copies of fermions with identical gauge quantum numbers

® What determines their highly non-trivial mass matrices?
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» [ntroduction: the flavor puzzle

Fermion masses are the results of the Yukawa interactions — Inescapable link
between Higgs and flavor, whose origin can be addressed only beyond the SM...

High-energy
degrees of freedom
o (UV theory)

“Message from the UV”
that we need to “decode” W
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» [ntroduction: the flavor puzzle

Fermion masses are the results of the Yukawa interactions — Inescapable link
between Higgs and flavor, whose origin can be addressed only beyond the SM...

High-energy
degrees of freedom Contrary to gauge interactions,
(UV theory) which are “protected” by gauge
) symmetries [universal couplings
controlled only by field charges]
the Yukawa interactions provide
more information
about UV dynamics

'

Yy q ' ug’ H ( The UV dynamics responsible for the
Higgs-fermion couplings i1s
not universal among generations
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» [ntroduction: the flavor puzzle

Fermion masses are the results of the Yukawa interactions — Inescapable link
between Higgs and flavor, whose origin can be addressed only beyond the SM...

E.g.: 4 \
p : 0.003
/<0.01
Yy~ § .00
\ ()
1
2 m
Y, = =107
(H) |
- . - ™
2 m The UV dynamics responsible for the

Higgs-fermion couplings is
not universal among generations

& exhibits a strongly hierarchical pattern

.
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» [ntroduction: the flavor puzzle

On general grounds, the flavor non-universal dynamics in the UV should give rise
to new effective flavor-violating contact interactions

By — pp u— ey

\ 1 Strength of the contact interaction ~ C_g/A?
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» [ntroduction: the flavor puzzle

On general grounds, the flavor non-universal dynamics in the UV should give rise
to new effective flavor-violating contact interactions

By — pp u— ey

\ 1 Strength of the contact interaction ~ C_g/A?

At present we do not see any of these effects.

This is often expressed in terms of bounds on A exceeding
the TeV scale by several orders of magniture
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» [ntroduction: the flavor puzzle

The two faces of the flavor puzzle:

4 : \
v =Ll e | Strength of the contact interaction ~ C_g/A? l
U™ | oo
\ R
o Which is the origin of this ¢ Why we do not see other signs of flavor
peculiar structure? non-universality?

© [s there a connection between these two problems?
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[ The flavor structure of the SMEFT ]
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» The flavor structure of the SMEFT

[d]

C.

1 d=5
"%M-EFT "Zgauge T "Zﬁggs T E Ad-4 Oi

% :

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

SM field \_—

J(
\dynamic:

.

i
|

,

N .

SM field
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» The flavor structure of the SMEFT

[d]

"%M-EFT - "? T "? T 2 i

gauge Higgs di A

d=5
Oi

What is the cut-off scale A of the SMEFT?
UV Theory

A useful (but somewhat vague) indication follows from

|
|
the Electroweak hierarchy problem ( <> instability of the v

Higgs mass under quantum corrections):
SM (EFT)
------------- @ — my?
A 2 A2
Amy~ ~

—Pp  (some) New Physics (coupled at least to H & t) in the TeV domain
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» The flavor structure of the SMEFT

¢4
S

_ d>5

"%M-EFT - "Zgauge T "Zﬁggs T E Ad-4 Oi

What is the cut-off scale A of the SMEFT?

A closer look to this question reveals more “layers” UV Theory

M A ° What 1s the mass scale of the new d.o.f. ?

o New dynamics weakly or strongly coupled ?

SM (EFT)

e
om)

g SM field

>g | g<
SM field

218

M2
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» The flavor structure of the SMEFT

[d]

C.
_ d>5
"%M-EFT - "Zgauge T "Zﬁggs T E /\1d4 Oi
What is the cut-off scale A of the SMEFT?
A closer look to this question reveals more “layers” UV Theory

M A ° What 1s the mass scale of the new d.o.f. ?

o New dynamics weakly or strongly coupled ?

e
om)

o What is the flavor structure? SM (EFT)
e
g
flavor SM (Yukawa) sector — flavor is highly non trivial
~ No flavor symmetry » 2499 free couplings in the SMEFT (@ d=6

- Exact U(3) 5 > 47 Jenkins, Manohar, Trott '14
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» The flavor structure of the SMEFT

c L]

T = L+ T, + 3 ges

SM-EFT gauge Higgs di Ad 4

bl

‘ Large flavor symmetry l

Three 1dentical replica of
the basic fermion family
[U(3)° symmetry]

\|ji —> Uij \|]J

Vv =0, ,u,d,L,e,
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» The flavor structure of the SMEFT

[d]

T = L+ T, + 0.8

SM-EFT gauge Higgs d . Ad 4

A X

Large flavor symmetry Flavor-degeneracy broken
by the Yukawa interaction

Three 1dentical replica of

' iy
the basic fermion family Yi VL' VR H— My W VR
5
[UG3)” symmetry] I “Peculiar” breaking structure '
\|]i — Uv \|]J
UQ2),
_ 4 i \
V=0, u,dy L, e, :0.003
<0.01 ! U@2),
YU _ : 0.04
1
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» The flavor structure of the SMEFT

[d]

T = L+ T + 3 e

SM-EFT gauge Higgs di Ad_4

A X

Large flavor symmetry Flavor-degeneracy broken
by the Yukawa interaction

Three 1dentical replica of v iH — m.w. i
the basic fermion family Yy Vo Vi i VLo Vr

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

}

Exact & approximate (accidental ?7) symmetries

How are these symmetries broken in
the whole SMEFT ?
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» The flavor structure of the SMEFT

[d]

7 = + - zcio.d25

SM-EFT gauge Higgs di Ad-4 i

In principle, we could expect many violations of the accidental symmetries from
heavy dynamics. However, no clear deviations observed so far — stringent
bounds on the effective scale of possible new flavor violating interactions
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» The flavor structure of the SMEFT

[d]

7 = + - ZCiO.dZS

SM-EFT gauge Higgs di Ad-4 i

In principle, we could expect many violations of the accidental symmetries from
heavy dynamics. However, no clear deviations observed so far — stringent
bounds on the effective scale of possible new flavor violating interactions

measured
107 precisely,
agree with
5 SM = 10%
10°F s
> 4 £ & .
v 1 a7 g ;
— - SM amplitude, strongly contact 1]
10001 — suppressed by approx. term A
flavor symmetries
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» The flavor structure of the SMEFT

[d]

D= L+ Zo 4 %00

SM-EFT gauge Higgs di Ad-4

In principle, we could expect many violations of the accidental symmetries from
heavy dynamics. However, no clear deviations observed so far — stringent
bounds on the effective scale of possible new flavor violating interactions

4 NB.

107 X ¢ These high scales can be a “mirage” (due to the
L 8 samllness of the SM amplitude). The only
] S s 3 unambiguous message 1s: no large breaking of
- 0% H ;]5 the approx. U(2)" flavor symm. (@ the TeV scale
b
= J000l - ¢ U(2)" 1s not an accidental symmetry of the SM
— indication of specific UV dynamics?
11111111
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» The flavor structure of the SMEFT

[d]

C.
— 1 d=5
"%M-EFT - %auge T c'?i{iggs T dzi Ad-4 Oi
4 4

Yukawa couplings:
UGy — ~u@m

peculiar breaking of
the flavor symm.

Stringent bounds
on additional symmetry
breaking terms

Flavor-degeneracy:
U(3)> symmetry

3 classes of “interpretations” ‘

¢ “Simplicity”: the scale of NP is high (> 10> TeV)
— no way to test the origin of the Y's

¢ “High-scale flavor dynamics” & MFV

¢ “Flavor deconstruction”
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» The flavor structure of the SMEFT

[d]

T = Lo+ L - 0.5

SM-EFT gauge Higgs d . Ad 4
(

Flavor-degeneracy:
U(3)> symmetry

Yukawa couplings:
U@y — ~u@m

peculiar breaking of
the flavor symm.

Stringent bounds
on additional symmetry
breaking terms

3 classes of “interpretations” ‘

)
 “Simpliify”r the seakgafaNR isdrigtt (> 105 T‘ev> N §§r§riﬁl§1§ffb ©

L e =ReWAY fotest the origin O TS =~ = -

¢ “High-scale flavor dynamics” & MFV: the scale of (“decoupling” of flavor &

NP is low, but U(3)° is broken @ high scales EW problems

¢ “Flavor deconstruction’
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» The flavor structure of the SMEFT

c L]

T = L+ T, + 3 ges

SM-EFT gauge Higgs di Ad 4
(

Flavor-degeneracy:
U(3)> symmetry

Yukawa couplings:
U@y — ~u@m

peculiar breaking of
the flavor symm.

Stringent bounds
on additional symmetry
breaking terms

3 classes of “interpretations” ‘

p
“Sn-nnﬁcﬁ' = the s@ale.q.f.NP s> 105 "EeV) No ISFT Sﬁlmlonblto
= RROCWAY fotest the origin T T 'S =~ = - EW hierarchy problem

-
“decoupling” of flavor &

EW problems

¢ “High-scale flavor dynamics” & MFV: the scale of
NP is low, but U(3)> is broken @ high scales

¢ “Flavor deconstruction’’: the scale of NP 1s low & -
U(2)" emerges as accidental symm. from flavor “interplay” of flavor &
non-universal gauge interactions (@ nearby scales EW problems
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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 L 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

Flavor
Energy A dynamics
AF T - » YSM [3 X3]

. BSM “flavor-blind”

dynamics
Stabilization
AH o el > of Higgs
sector
Aew L oM EFT

* Concentrate on the
Higgs hierarchy problem

* Postpone the flavor problem
to higher scales

!

The “MFV paradigm”

The Yukawa couplings are the only
sources of flavor symmetry breaking
accessible at low energies

3 families = “identical copies”
up to high energies
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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 Flavor  Concentrate on the
dynamics ) :
Higgs hierarchy problem
Ag T = > Y [3x3] e Postpone the flavor problem
; to higher scales
. BSM “flavor-blind” t
' dynamics
The “MFV paradigm”
Stabilization
AH o el > 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

Aew L oM EFT
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tatus of high-energy searches:

3" family Universal

Overview

cMs p v NP NP 16-140 o1 (13 Tev)

String resonance " 137!
Ty resonance Pl 36 fb-1
Wy resonance [ 137 !
Higgs y resonance » 180801257 (1) +1y) 36 b1
Color Octect Scalar, k! =1/2 L 191103947 (2j) 137 b1
Scalar Diquark o 191103847 {2} 13761
4+ ¢, pseudoscalar(scalar), g2, x BRIg~21) > =0.0310. 004} M 191104968 (34, =41} 137 b1
th+ ¢, pseudoscalar(scalar), g7, x BRIg=2) > =0.03(0.00) o 191104968 31, =41} 137!
quark compositeness 1), fure =1 Ko 210302708 (21} 140 -1
quark compositeness L) fusa = -1 o 210302708 (21) 140 b1
Excited Lepton Contact Interaction M 200104521 (2 +2j) 77 o7t
Excited Lepton Contact Interaction o 200104521 {20+ 2} 77 fb-t
vector mediator {qg). go =025, gou=1.m; =1 GeV. o [ nEssoT| 191103761 R 3) I 18 fb-!
vector medistor (1.9, = 0.1, g = 1.9 =0.0Lm, >1 TeV I 210302708 {2e, 29t 140 fo-1
laxial-hvector mediator (qg). go =025, go = L.y =1 GeV' ] e 191103347 (2j) 137 ib-!
{axialjvector mediator (xx). ga = 025, gen =1, m, = 1 GV " 210713021{ =1j+ py™=) 101 bt
{axiallvector mediztor (11 g, = 01 goy=1.gr=D.Lm, > m 2 I 210302708 {2e, 2} 140 o1
scalar mediator {(+t#H). g, = L.gou= 1M, =1 GeV. ~ 180101553 (0, U + =2j+p7™} 36 fb-1
scalar mediator {fermion portal), A, =1.m, =1 GeV o 2107130211 = 1j+ p7~) 101fb’1
pseudoscalar mediator {4V}, o = 1. g 210713021 ( 2 1j+ p3=} 101 fo-!
pseudoscalar medistor (+45), g, =1, G = L, [ ] | 130101553 (offt + 22j+p7™) 36 fb~1
complex sc. med. |dark QCD), M. =5 GEV, £Te, =25 mm 181010068 (4]} 16 b1
Z' mediator {dark QCD). my,, =20 GeV., r,,, = 0.3, @,,, =afer o 201211125 (2j+ pF=) 138 -1
Baryonic 7', 0, =025, o =1,m, =1 GeV o 190801713 (h 471 36 fb’l
T - 2HDM. gz =0.8.gow = 1. 1anB = L. m, = 100GV w 190801713 th +p™} 36 fb-1
Leptoguark medistor, B= 1. B=0.1. fx. 1. 800 < Mg < 1500 GeV " I 03-06  1B1110151(1p+ L +pf) 77 fo-l
RPV stop to 4 quarks ] T n0e=nisa | 180803124 (2j; &) 36 fb~!
RPV squark to & quarks o e 1eoc o105 @il 3!
RPV gluina to 4 quarks. L 1806.0L058 (2j} 38 fb’l
RPV gluinas to 3 quarks o 1810 10092 (6j) 36 fb -1
ADD () HLZ. nea =3 [ 1803 08030 (2]} 36 fb~!
ADD {yy, M} HLZ, neo = 3 » |l 10403 2, 201 36 fb~!
o 2107130211 2 1j+ p7~) 101 fb’1

" 1803 W030 (2] 36 fb~!

ADD QBH {epl. neo =4 » 220506700 lep) 137 fo-!
ADD QBH{eTh fea =4 w 220506709 (et} 137 b1
ADD QBH (T, neo = 8 o 220506708 () 137 b~}
RS Gl #1), /M = 01 o 210302708 (24) I 140 fb’l
RS Guclyyl. kiF [ B 1809.00327 {24} 36 fb~!
FS Gurlad, gal, ke =01 o [ 0526 11103947 (2 137 i1
RS OFH (L fm=1 W 1803.08030 (2j) 36 b1
non-rotating BH, My = 4 TeV, fiep = 6 M B05 06013 = 7jit, y)I 36 fb~!
Fbrane WED Qerld +9-» 9901, Garns =6 G =3, £=0.5, mighmigeal =01 g 2201.021402j} 1371
spiit-UED, 22 TV " 220206075 (2 +p7=) 137 fo~!
excited light quark {qg), A=m, ” NS EGE 191103947 {2} 137 i1
excited electron, £, " e as s 181103052 [y + 2e) £
excited muon, f; = f=F'=1, » *muuoﬂ{wzﬂ I 36 fb-!
VMM, [V =10, V=10 » ! 001-143  180202965; 1B06.10005 {3M(p, &) =1j+ 2w )l 36 fb~!
VMSM, [V VAV 4 [Vl = 1.0 o i i 002-1.6 180610903 {=1j+p+ 36 b1
5‘ Frpe-lll seesaw heavy fermions, Flavor-demacratic 20208676 (31, =44, 1T+34, 27+ 20, 374 I, IT 420,271+ 1} 137 fo~!
Vector like taus, Doublet o [ 0.1-10. 2202086763, =4L 1T +3L, 274+ 2, 3T+ 1, I 4+ 20,27+ U} 137 -1
Vector llke taus, Singlet W 0125-0.15 220208676 (31, 244,17 +34 27+ 2,37+ I, v+ 2021+ 1) I 1371
scalar LQ {pair prod J, coupling to 1* gen. fermions, f= 1 » H <144 181101197 {2e+2j} 36 fb-!
scalar L@ (pair prod . coupling to 1* gen. fermions, I i 181101197 2e + 2ji @ + 2j +p7 ™) 36 fb-1
scalar LQ {pair prod J, coupling to 2°! gen. fermions, W i i <153 180B.05082{2p+ 2j} 36 fb-1
i scalar LQ |pair prod J, coupling to 2 gen. fermicns, o 0B-15 181110151 {1+ 1j +py™] 77 fb-L
scalar LQ) (pair prod J, coupling to 2** gen. fermions, i 1208 05082 (2p+ Hi p +2j +pF) 36 fb!
i scalar LQ {pair prod J, coupling to 3" gen. fermions, §=1 o i 126 [l OMS-PAS-EXO-19-016 (2T +2j} 137 b~
scalar L [single prod). coupling to 1* gen. fermions, & - " 1416 210713021( =1+ p§=) 101 b1
scalar LQ) {single prod), coupiing to 37 gen. fermions, " 1 <075l CMS-PAS-EXC-19-D16 {27 +b) 137 fo~!
Z,. narrow resonance o S1204776 (2 137 !
Zo, namrow rescnance » o ez 191204776 (2p} 137 !
SSMZ ” 219302708 {2e, 23} 140 fo-!
SSM Z'1ag) » s 191103947 2j) 137 !
Ziad) » 1905 10331 (1], 1y} 36 fb~!
Superstring Z, o 2103.02708 (2e, 20 140 o1
LV Z, BRleu) = 10% » 220506708 {ep} 137 b1
LFVZ, BRfer] = 10% ” 2205.0670% (e} 137 0!
LFV Z, BRiut] = 10% I 220506708 (uvh 137 fo-!
Leptophobi 2 | 00505 199804104 2 78 i)
S5 WFu) » 22020607512 + Y] 137 fo!
SSM W {Tuh M OMS-PAS-EXO-21-008 [T ;I'} 137 !
SSM Wiggl » 181193347 (2]} 137 b1
LRSM Waluiel. M, = 0.5Mu, I 2112.03948 {20+ 21 36 fb-1
LRSM WaleNa), My, = 0.5Mw, " 211203949 [2e +2j} 36 fb-!
LRSM Wil TN}, My, =058y, M 181100806 (27 + 2jt 36 fb!
Axigluon. Coloron, cot =1 M mumuﬂl 137 -1

. A
01 J 0
ICHEP 2022

Selection of observed exclusion limits at 95% C.L. {theory uncertainties are not included).
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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
Davighi & G.1. 23
Barbier1 & GI 24
Al n » VY, mass :
Basic idea:
Ay o > V2 mass 1 & 2" generations have small masses
(+ small coupling to NP) because these are
generated by new dynamics at heavier scales
AH s » V3 mass
0 *
Agy

Bk geIr.~=- LClentIQa.l-eep‘l
_---up1t0 ﬁlgh energies. . . _
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» Flavor non-universal interactions

To better appreciate the change of perspective, consider the following analogy:

In the low-energy limit of the SM (= QEDxQCD) we observe perfect universality
of LH and RH gauge couplings. However, we know this 1s a low-energy artifact:

U(1)q UDy
MA@ o NV . °
AN
Y L CR SUQ2), L CR
Low energies High energies
SU@2),. U1y J SUQ),

In a similar fashion, the flavor universality of all SM gauge interactions could be a
low-energy artifact...
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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

Energy A
A, T > VY, 1 ¢ The2x2 light block of the Yukawa coupling originates
I from high-scale physics [— origin of the Cabibbo angle]
¢ No additional breaking of U(2)" is mediated at low
AU » ¥ energies
- U@2),
( \
AN R S <102 | 201
H “UV imprint” in the ' <‘U(z)q
1 Yukawa couplings Yy~
Agw T \ . )
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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

Energy A +
few | NP coupledlmainly to I:V3
Al | > v, TeV Y, ~massless [U(2)" symm.]
! Barbieri et al. '11
GI & Straub '12
AZ N » Y, -
- U2),
AEW £ / i \
Ay e A <102 | <0.1 < U@,
o Y, ~
1 U
Aew L \ B y

Effective organizing principle for the flavor structure of the SMEFT
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« [1] SMEFT bounds in the U(2Y symmetric limit

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

TeV Allwicher, Cornella,

10

Gl1, Stefanek, '23

"] o g : o o bl : Jaced ) ™ s : bnd ) o o
o, M s S ¥ @ 0¥ F ] @ @8 B8 I3 9 %mvam 25
—~y o o R o 3 B = e mwsﬁwsw&\’ s mg Dﬂ) D
GO = = Z 2 = = Z_Z. 23 7FT TS ND Jor J
Ty QO NS I R R R I~ NS MANS BN )
D D o o — —_—a N — — T~ T

SR D B8 aeiey ) 8§
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« [1] SMEFT bounds in the U(2Y symmetric limit

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 m

[ap] o tomy :-é
o) ] 8 § S
ey ¥ N = il
N o Po DT MY
D o o~ — T
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G. Isidori — Flavor Physics: open problems & recent developments

« [1] SMEFT bounds in the U(2Y symmetric limit

flavor
‘mdown mup mEW mcollider
Dynamical suppression factors

[underlying multi-scale]:

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

)
2]
™
=2,
—
Al
3y
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« [1] SMEFT bounds in the U(2Y symmetric limit

TeV
10

flavor

‘mdown mup mEW mcollider

A further key
element 1s the
orientation of the
3" gen. in flavor

space:

S
QO

)

2]

™
=2,
—
[an]
R

Q

o
o

LNF — 14 October 2025

Dynamical suppression factors
[underlying multi-scale]:

1

Floop = 762
eg = 0.16 light quarks

e, = 0.40 light leptons

dipoles
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« [1] SMEFT bounds in the U(2Y symmetric limit

Hmflavor mWEW m collider
Dynamical suppression factors

[underlying multi-scale]:

TeV
10 1 .
€loop — 1672 dlpOleS
8 e = 0.16 light quarks

er, = 0.40 light leptons

6 eg = 0.31  Higgs fields
€mis = 0.10  down-align.

4 “natural” conditions)

o3
e
™
0,
—
2]
—




G. Isidori — Flavor Physics: open problems & recent developments LNF — 14 October 2025

« [1] SMEFT bounds in the U(2Y symmetric limit

Hmflavor mWEW m collider
Dynamical suppression factors

TeV [underlying multi-scale]:
10 / | -
Key messages: ST Tl
8 ¢ NP coupled mainly to the third generation, 0 0 s
as low as 1-2 TeV, is perfectly compatible e, = 0.40 light leptons
. with present data! eg = 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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~ [1I] Elavor deconstruction

Going beyond the EFT approach, a consistent way to construct a multi-scale
theory with flavor non-universal interactions is via a “flavor deconstruction” of
the SM gauge symmetries:

A
Energy
non-universality
among all families
Ap T W] by
non-universality of 3] x (3[12] { allowed : :
3 family vs. light O O H H ; forbidden
families [1%, 2™ ]
fon T ( \
universality of
long-range
forces Yy~
Apy T \
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~ [1I] Elavor deconstruction

Going beyond the EFT approach, a consistent way to construct a multi-scale
theory with flavor non-universal interactions is via a “flavor deconstruction” of
the SM gauge symmetries:

A
Energy
non-universality
among all families
A, T W] gl oyt
non-universality of 3] x (3[12] { allowed : :
3 family vs. light O O H H ; forbidden
families [1%, 2™ ]
® {
Ay +
3.H (3] \V[lz]
o Gl <gisvi RN
universality of . = <102 | <10 LA
long-range diagonal , " ()
forces subgroup Yy~ H:
AEW : \ suppressed
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~ [1I] Elavor deconstruction

Going beyond the EFT approach, a consistent way to construct a multi-scale
theory with flavor non-universal interactions is via a “flavor deconstruction” of
the SM gauge symmetries:

A
Energy
non-universality — non-universality among the first two families
among all families “frozen” at high scales
¥ precision tests
Ay T
non-universality of GI31 x Gl12] > U(2)° emerge as accidental
3" family vs. light Ssymmetry .
families [lst 2nd ] precision tests
(Z)
A3,H T
: : Gl123] < GISM] { )  Low-energy
universality of . = <102 | £10-1| “imprint” of the
long-range diagonal scale hierarch
forces subgroup Y~ y
Apw T \ W
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~ [1I1] Elavor deconstruction & quark-lepton unification

All possible options have been classified (not many consistent choices).

A particularly interesting one 1s allowing quark-lepton unification a la Pati-Salam
for the 3" gen

SU(4)BIxSU3)[12] X Gy,

!

SU(3) x SU2).xU(1)y

. Q" Main Pati-Salam idea:
Fermions QP Lepton number as “the 4" color”
in SU(4): Q
[ v Explain charge quantization
_ 1T _
SUB3). 0 0 LQ > 0
SU(4) ~ ¢ + +] 3 B-L
-0 0] | LQ | | 0  -1] generator
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~ [1I1] Elavor deconstruction & quark-lepton unification

All possible options have been classified (not many consistent choices).

A particularly interesting one 1s allowing quark-lepton unification a la Pati-Salam
for the 3" gen

SU(4)BIxSU3)[12] X Gy,

!

SU(3) x SU2).xU(1)y

..... ﬁ
-~
s
1
L]
]

non universality in fow | NP coupled
SU(4)B! SU(3)12l ] TeV mainly to y,
..... SU(4)
flavor i 4
@ | SUQ),
SU2), U(l)y ’ N 1
* 5 EW L

chirality
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~ [1II] Elavor deconstruction & quark-lepton unification

All possible options have been classified (not many consistent choices).

A particularly interesting one 1s allowing quark-lepton unification a la Pati-Salam
for the 3" gen

SU(4)[3]i< SUB3)M2 % Gy b, T
> vector )3
lept k U
SUGB) * SU@) Uy 0 |
‘«
v Explain charge quantization v Might explain some existing

tensions in B-physics data

SU(3
SU4) ~ Gle + + B-L

-1 generator

-
-
—
/@)
- w\»—a
-
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~ [IV] Elavor deconstruction & partial compositeness

The FD hypothesis alone does not address the EW hierarchy problem.
However, 1t provides some basic ingredients ( “light” new states coupled to Higgs
and 3" gen.) which can help to address it — interesting specific advantage when

merged to Higgs compositeness Fuentes-Martin & Stangl 20
Fuentes-Martin ef al. '22
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~ [IV] Elavor deconstruction & partial compositeness

The FD hypothesis alone does not address the EW hierarchy problem.
However, 1t provides some basic ingredients ( “light” new states coupled to Higgs
and 3" gen.) which can help to address it — interesting specific advantage when

merged to Higgs compositeness Fuentes-Martin & Stangl 20
Fuentes-Martin ef al. '22

Toy example [Covone, GI, Pesut '24]:

Minimal Composite Higgs. Flavor Deconstruction of Hypercharge:
Sp(4) SU(2)RPIxU(1)g, BIxU(1), 112
l H~ (2,2) l
[3] <2R>9 <Q>
SU(2), xSU(2
( )L ( )R U(])Y
3" family Yukawa Light Yukawas suppressed — higher-dim ops.
couplings via partial = o generated by heavy (elementary) dynamics (e.g. VL
compositeness: = fermions) above the compositeness scale:
o,
s, (Zg) ()

qL[3] MR[S] : E
Hnm 1'— qR[z] T W"— qL[Z]
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~ [IV] Elavor deconstruction & partial compositeness

An interesting feature emerges when computing explicitly the radiatively-
induced Higgs potential:

. h . h
V(h) = AVi(h) + AVa(h) = ¢o — ¢ 8in” (ﬁ) + cosin? (ﬁ)
2
06
T c2 ‘ |
Unavoidable ~ 1% tuning ' lphys. Ok 2
' > : :
[given current bounds on F' (> 0.7 TeV)] requires light top partners
¢ O(1) model-independent fermion (as in ordinary CH)
contribution (controlled by y,)
(e Possible cancellation from the gauge The cancellation occurs in the
sector (unambiguous opposite sign) if “natural” parameter space dictated by

the flavor-deconstruction hypothesis

g B> 1 & go(Zg) < M,
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A brief look to current data & future prospects

~~ 0.4 L] L] I 1 L] 1 I ] 1 1 1 1
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» A brief look to current data & 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.: 1) Lepton universality violations in b—ctv decays

v/ ['(B— X1v) gOA'ml S GGl

RN N -

R (X) — E-{ = Spring 2025 BaBar -

I'B—X1N) 035 —

X=D or D* - -

03 — —

0.25 - Belle 11 :

LI LHCb ]

bL /CL = -

L ediction R(D) =0.347 + 0.025,,, =

W 0.2 L -}H;(If)?z 32{,?1$024 R(D"E})3=90.28810.012mm -

- R(D*) = 0.254 = 0,005 p=-0. . -

fL VL i L I 1 [ 1 [] I L 1 L [] I [] PI(X‘)I_41? 1 1 1 i
0.2 0.3 04 0.5

Z
S
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» A brief look to current data & 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.: 1) Lepton universality violations in b—ctv decays

*f-\ 04 = l ' ! ' l I I ! ' l ' Ol OnlOUIIS I
R (X)r/l_ I'(B— X1v) S m et ]; .
I'B—X1N) 0.35
X=D or D* 03

Belle I

0.25 LHCb
by / CcL by L
) ediction R(D) = 0347+ 0025,
W 020 durav st A e
R(D*) =0.254 = 0.005 P=2' -
fL VL TL VL L I 1 1 1 1 I L 1 1 1 I 1 P:(X' ) I_ 41I0]0 1 1 1
0.2 03 04 05

Z
S

— The vector LQO of 3" gen. quark-lepton unification
is an ideal candidate to describe current data
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» A brief look to current data & 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.: T) Lepton universality violations in b—ctv... & b—utv decavs

SM SM
b—u tv decays are more suppressed e
----- N
( |Vub| << |Vcb| ) but COllld aHOW an :"‘ R \'.Belle I1 (365 fb~!, hadronic)
i ‘,«'1.24 +0.41 £0.19 Preliminary

extremely clean LFU test via purely e
leptonic modes i

1 - BaBar (417.6 fb~!, semileptonic)
1.7 +0.8 £0.2 PRD 81(2010)051101

/) B F(B—>TV)
v T(B—- )

R

_ + BaBar (426 fb~!, hadronic)
1.83%333 £0.24  PRD 88(2013)3,031102

Belle (711 fb~!, hadronic)

bL /uL bL uL i 0.72 1“8;%; +0.11 PRL 110(2013)13,131801
8. Belle (711 fb~1, semileptonic)
W ih 1.25 £0.28 £ 0.27 PRD 92(2015)5,051102
fL VL TL VL | | : 1 | | 1 1 | 1 | 1 | 1 1 1 ‘ 1 1 1
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» A brief look to current data & 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.: 1I) Deviations from SM in b—svv rates [ 3" gen. v in the final state ]

Belle-11 2023

: or S
M ¢% Averagd
0.497 5?1\\}' jx\u(lhlg( “ o
N 1 Belle IT (362 fb!, Combined)
: \ 1 ' 2.440.7 This analysis, preliminary
: ! e T (350 2L Hadronic
T -’ D T )
: - [T Belle 1T (362 fb!, Inclusive)
1 2.8+0.7 This analysis, preliminary
I Belle II (63 b1, Inclusive)
1 1.9+1.5 PRL127, 181802 *
| Belle (711 fbr!, Semileptonic)
1 1.0£0.6 PRD96, 091101 *
: Py Belle (711 fbl, Hadronic)
| 3.0+1.6 PRDS7, 111103
I
. . —So— Babar (418 fb!, Combined)
ldentlcal fOI’ all relevant Only fOI' : : 0.8+0.6 PRDS7, 112005
t . . 3rd . —o1— Babar (418 fb!, Semileptonic)
: | 0.2£0.8 PRDS7, 112005
neutrino species gen. neutrinos . Slaaad
) i I i | I ‘ ) A 3 Ilflill.li |PRD(T7l 11‘21)UDI | ‘ I )
0 2 4 6 8 10
. . . 0 5 Jr + —
Unambiguous prediction of O(50%) 10° X Br(B* =K * 1v7)

enhancement of B(B—Kvv) in the model
with vector LQ — given excess in R(D).

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



G. Isidori — Flavor Physics: open problems & recent developments LNF — 14 October 2025

» A brief look to current data & 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... & s—dvv rates

: e Minimal U(2), 1\IiA62 '524

I e General U(2),

1 1
Fesemcs e e s e s s e [ R e e ssmsssmsssmm s e e ==

Belle-Il 23 Lesbessessde |

identical for all relevant only for
neutrino species 3" gen. neutrinos

B(B* — K+up)
B(B+ — K+VI))5M

Close correlation of non-standard effects in

B(B—Kw) & B(K—mvv) |
Bordone et al. '24 S —

B(Kt — ntww)
B(K+ — 7T+UE)SI\,«1
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» A brief look to current data & 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.: III) Potential large enhancement of b—stt rates

107 p———7————T———————————
b—str are affected by the LQ already '
at the tree-level (contrary b—svv)
41
e huge effect compared to SM in — -
b—stt (consistent with data) + e
e
T
+
-
Q
1076 3
. Cin=0
b S BCir=—CLr
L L 10—7 .......................
0.05 0.10 0.15 0.20 0.25
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» A brief look to current data & future prospects

LNF — 14 October 2025

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.: III) Potential large enhancement of b—stt rates

b—stt are affected by the LQ already
at the tree-level (contrary b—svv)

e huge effect compared to SM in
b—st1 (consistent with data)

e 0O(10%) effect in b—sll @ 1-loop
could explain persisting tension(s)
in B — KOup & B, — éopp

bL ST, bL\ T /
D> K

< S / [
s s . t

51

41

37 J’
S {
2F o™

L
CgB*)I(

—_
T

Low-¢°

i

B—K
CQ

f

; CB—K"
CBﬁI\ * 9,1 CB*)K*
9l 9,0

High-¢*

Bordone, GI, Macler, Tinari1'24
GI, Tinari, Polonski, '24-'25

Unambiguous prediction of magnitude
& sign consistent with excess in R(D)
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» A brief look to current data & 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 & high-enegery measurements

E.g.: IV) pp — 1T ( +b-jets)

7! T
LQ and / or
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» A brief look to current data & 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 & high-enegery measurements, but could even have
implications for DM searches

DM coupled mainly to 3" gen. — o — (o | — ok — o
leads to weaker bounds from 107 - LA — 2 — v
direct searches [1-loop ‘
suppression] — TeV-scale g
WIMP-type back in business g
&
3
£ S
w
DM DM S <
S 10773
™ :
= |
t/b/T t/b/T 0 10734 T [
10_4 Tv//' 100
Z E T T T T L] T T T T T L T
& 10! 10 10°
q > > q my [GeV]

Demetriou, GI, Piazza, Pinsard '25
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[ Conclusions 1

> 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 1dea of a multi-scale construction at the origin of the flavor hierarchies
has several appealing aspects: general paradigm to consistently interpret the
structure of the SMEFT, in connection with present data.

» Still a lot of work to be done on the model-building side to construct
realistic models addressing both the origin of the flavor and the EW
hierarchy problem...

» If these 1deas corrects, new non-standard effects should emerge soon both at
low and at high energies — very interesting opportunities for near-future
exp. in flavor physics (Belle-1I, NA62, LHCb) & at high energies (LHC run-3)
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