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The Flavour of the Standard Model

NVost of the richness and complexity of the Standard Model comes from the Yukawa sector:
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\ \ All lepton masses, proton-neutron mass difference,
the QCD mass gap (pion mass), 0 < me « mp,n, CKM mixing, ...
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However, the theory gives no explanation for these hierarchies.

Is there a more funacamental unaerlying theory which does? “SM Flavour Puzzie”



The Standard Model as an EFT

We know that the Standard Model must be extended at some high energy scale A
4 f we are interested in physics at energies E <€ A we can write the low-energy Lagrangian

W theory 252 series expanded in powers of 1/A: the Standard Model Effective Field Theory
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The Standard Model as an EFT

We know that the Standard Model must be extended at some high energy scale A

f we are interested in physics at energies E <€ A we can write the low-energy Lagrangian

UV theary as a series expanded in powers of 1/A: the Standard Model Effective Field Theory.
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SME At low energies, the effects from higher-dimension / C « 1
operators are suppressed by powers of A

The SM is just the renormalisable IR remnant of the more fundamental UV theory.



The Standard Model as an EFT

We know that the Standard Model must be extended at some high energy scale A

4 f we are interested in physics at energies E <€ A we can write the low-energy Lagrangian

W theory 252 series expanded in powers of 1/A: the Standard Model Effective Field Theory
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SME At low energies, the effects from higher-dimension / C
operators are suppressed by powers of A

The SM is just the renormalisable IR remnant of the more fundamental UV theory.

suppression of FCNC and CP-violation

The limited set of operators allowed at d <4 automatically Lepton Flavour Universality

ndows the SM with accidental features & symmetries: conservatonol B Le Ly Ls
custodial symmetry

very small neutrind masses
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XMEFT ; /\2 properties of the SM

We can expect large effects in rare or forbidden processes!
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We can expect large effects in rare or forbidden processes!

Precision tests of forbidden or suppressed processes in the SM
are powerful probes of physics Beyond the Standard Model.

>> Flavour Physics ! <<
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The Standard Model as an EFT

o =¢) in general violate all the

i _ Z C(m 0 . [ ] _—Y accidental symmetries and
P Ml (psn

XMEFT ; /\2 properties of the SM

We can expect large effects in rare or forbidden processes!

Precision tests of forbidden or suppressed processes in the SM
are powerful probes of physics Beyond the Standard Model.

>> Flavour Physics ! <<

Remember:

There can be different scales /A associated to the violation of different SM properties.
quark flavour, lepton flavour, L and B violation, etc..
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The Standard Model as an EFT

[o{=g) OK, but..

MEFT /? ¢ (psu] How BIG or small should A be?

¢

since the SMis renormalisable, we don’t have a clear target (except A = Mp))

Motivated Reasons for a “low” A

o 1 W

Hierarchy problem WIMP miracle
of the EV scale Experimental signatures for Dark Matter
A~TeV of BSM physics (@nomalies) (1 _ 0(10) TeV

A~ ? (it depends on
* the measurement)
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The BSM Flavour Problem
y

Flavour in the SM has a rigid structure.
Measuring flavour transitions puts strong constraints
on New Physics with generic flavour structure.
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Precision tests push A to be very high
Bounds on A (taking ¢i{® = 1) from various processes
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The BSM Flavour Problem

0.5

= 107
P - &
If New Physics is present at the TeV scale, = 102% F <
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Precision tests push A to be very high

Bounds on A (taking ¢i(® = 1) from various processes
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et us consider the hypotheticalcase A ~1 =10 TeV ® Reach of present/future colliders
® xpermental anomalies
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Probing New Physics with Rare Decays

Consider a rare low-energy process in the SM /1 M X ¢ VI
Short-distance low-energy EFT coefficient C sy~ > M <
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Probing New Physics with Rare Decays

Consider a rare low-energy process in the SM AS v X % V[
ohort-distance low-energy EF1 coefficient C M~ M

sh
xample:  Cgy ~ y“g\i‘fb_
N

Let us add a BSM EFT contribution: SC o

CET /\2

Relative deviation In the short-distance coefficient

Measuring this precisely puts strong constraints on the EFT combination c¢/A2,
the better the smallest Asm is.



Probing New Physics with Rare Decays

—or this goal it Is crucial to have the smallest possible uncertainty on the short-distance contributions:

® \/ery large statistics to probe the rare decays with sufficient precision
EXp e Good control over backgrounds and systematics
([experimental environment and detector performance)

® (Good control over the SM prediction:
- SM inputs (CKM matrix elements)
TH .
- QCD matrix elements (form factors)
- control over the possible long-distance contributions




Neutral-current semileptonic B decays
b—suw
R

(K®) —p Universality In u vs. e is established at ~5% level.
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Neutral-current semileptonic B decays
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BR’s & angular distr.
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——>» Universality Iin py vs. e is established at ~5% level.

—» \/iable universal contribution, aligned with long-distance QCD effects: CoY

More developments needed to establish the QCD prediction. Progress ongoing.
see e.g. |(Gubemari et al. 2206.03797, Ciuchini et al 2212.10516, Isidori et al 2305.03076, Bordone et al. 2401.1800/]
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More developments needed

——>» Universality Iin py vs. e is established at ~5% level.

—» \/iable universal contribution, aligned with long-distance QCD effects: CoY

to establish the QCD prediction. Progress ongoing.

see e.g. |Gubernari et al. 2206.0379/7, Ciuchini et al 2212.10516, Isidori et al 2305.03076, Bordone et al. 2401.1800/]

Brief Overview New Physics solutions: (o cia2012.10407 Cucnhinieral 2212 10516

® Rk =1 — coupling to electrons = coupling to muons

® /7’ models now cha

enged by ete- — u™ (- @ LEP-1 [see nowever 2306.08669, 2409.06804]

® |.Q models now dis
More involved model

avored by By — pe & i — e LRV
building required (e.g. two LQ in SU(2)F symm.)
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Neutral-current semileptonic B decays
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More developments needed to establish the QCD prediction. Progress ongoing.
see e.g. |(Gubemari et al. 2206.03797, Ciuchini et al 2212.10516, Isidori et al 2305.03076, Bordone et al. 2401.1800/]

Brief Overview New Physics solutions: (o cia2012.10407 Cucnhinieral 2212 10516

® Rk =1 — coupling to electrons = coupling to muons
¢ Z’ models now challenged by ete- — ut u- @ LEP-I [see however 2306.08669, 2409.06804]
® |.Q models now disfavored by By — ue & it — e LFV.

More involved model building required (e.g. two LQ in SU(2)r symm.)

Bobeth et al. 1109.1826, Capdevila etal. 1712.01919, Crivellin et al. 1807.02068,
Alguero et al. 1903.09578, Comella et al. 2001.044 70, Aebischer, Isidori, et al. 2210.13422,

Co~T7.5[1— fpe) )
Rpgm

S

J

— Induce CgV
— Related to R(D™)

(1 log(A%/(1TeV?))
| 10.5

_Q+

10



Rare Semileptonic and Leptonic decays

To which NP scale A are these measurements sensitive t0?

C
[ake this current x current operator just as example ;ﬁcw D> ——
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A R(K)
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Rare Semileptonic and Leptonic decays

To which NP scale A are these measurements sensitive t0?

C |
Take th t t operator just mpl ;ﬁ >— [T M Y’
ake this current x current operator just as example . AD C]L Xa{ T ){/ﬂ Y /{L)
bound on LHCDb ‘23 2210.07221 hep-ph/0311084 LHCb ‘20 5011.09478
A R(K) | Bs—up | Ke—pp | Ks—pp | DO—pp
Anarchic o

c=1 56 TeV | 33 TeV 74 TeV 10.7 TeV 5.2 TeV
flavour

CKM-like cckM =| Vi cckM =|Vis| | cckm =|VidVy
MRV, U@),.)  © T

cckM =i VidVis| | cckm=|Veb Vb

11 TeV 6.7 TeV 1.4 TeV 0.2 TeV 0.065 TeV

n new physics scenarios with CKM-like flavour structure,
the strongest constraints in the quark-muon couplings come from bspup observables.

11



Golden-channels of rare decays

b—svv s —>dvv

B—> K"yy Kt — vy, KL—alvvy
BaBar, Belle, Belle Il (JPARC) NAGB2 (CERN) KOTO (JPARC)
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Golden-channels of rare decays

b—svvy

B— K®vyy

BaBar, Belle, Belle |l (JPARC)

Precise SM predictions possible due to abse
Nneutrinos do not cou

s —>dvy

Kt—atvy, Kip—nlvvy

NAGZ (CERN)

ple 10 the electromagnetic cu

see 1409.4557, 1503.02693, 2109.11032, 2301.06990, ...

KOTO (JPARC)

nce of long-distance QCD effects:

rent.

Main th. uncertainties due to:

- Hadronic form factors (Lattice QCD)

BT — K**tviz|(10.86

The SM rate is suppressed by loop and small CKM factors: high sensitivity to New Physics.

B’ — K*vi | (9.05 +1.25 4+ 0.55) x 107°

BY - Ktvi | (5.06 +£0.14 4+ 0.28) x 10~°

B — Ksvi | (2.05£0.07+0.12) x 10~°

+1.30 = 0.59) x 107°

Becirevic et al. 2301.06990

12



B— K®vyyp

BR(B* — K* vV)sm = (0.444 +0.030) x 10-5 cortany  fiyerage 290 (217 fom SM valus

r_

Becirevic et al. 2301.06990 Belle II (362 fb', combined)

2.3 +0.7 This analysis, preliminary

Belle 1T (362 fb !, hadronic)

1.1 + 1.1 This analysis, preliminary

Belle II (362 fb!. inclusive)

2.7 +0.7 This analysis, preliminary

Belle IT (63 fb!. inclusive)

.94 1.5 PRLI127. 181802

Belle (711 fb ', semileptonic)

1.04+06 PRDYG, 091101

:

Belle-lloops: BR(BY — Kt vvy) = (2.3 £0.6) x 10-5

O

Combination: BR(B* — K*vv) = (1.3+0.4) x 10-5

® Belle (711 fb !, hadronic)

29416 PRDS7.111103

BaBar (418 fb!, semileptonic)

0.2408 PRDS82 112002

BaBar (429 fb!, hadronic)

1.5 + 1.3 PRDS&7, 112006
A 1 1 L ] | 1 L L | 1 1 1 |

T e Eae o

|

0 2 4 6 8
10° x Br(B"™—K " vi)



B— K®vyyp

BR(B* — K*vVv)sm = (0.444 £ 0.030) x 10 - <290 (2.17) rom SM vl

Becirevic et al. 2301.06990 Belle II (362 fb™!', combined)

2.3 +0.7 This analysis, preliminary

Belle II (362 fb!, hadronic)

1.1 4+ 1.1 This analysis, preliminary

Belle II (362 fb !, inclusive)

2.7 +0.7 This analysis, preliminary

3elle T (63 fbl, inclusive)
1.941.5 PRLI27. 181802

r—_

{_

Belle-lloops: BR(BY — Kt vy) = (2.3 £0.6) x 105

O

Belle (711 fb !, semileptonic)

1.04+0.6 PRDYG, 091101

® Belle (711 fb !, hadronic)

294 1.6 PRDST7, 111103

BaBar (418 fb!, semileptonic)

0.240.8 PRDS32, 112002

BaBar (429 fb!, hadronic)

1.5 1 1.3 PRDS7. 112006
l 1 1 | l 1 1 I l

Bellecoi7: BR(B — K*v7y) < 2.7 X 105 @ 90%CL 0 - 4 6 8 10
o BR( ) 10° x Br(B* K * vi)

T Kah et SR RS CE

BR(B? = K*0vv)sm = (9.05+1.4) x 106

Becirevic et al. 2301.06990

S—
-
—
-
-
=
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B— K®Ovyy

BR(B* — K*vVv)sm = (0.444 £ 0.030) x 10-

Becirevic et al. 2301.06990

Belle-lloooz: BR(BY — KT vv) = (2.3 £0.6) X 10-5

BR(B? — K* v¥)sm = (9.05 -

Becirevic et al. 2301.06990

Bellecoi7: BR(B — K*vv) < 2.7 X105 @90%cCL

Q“ _ Re(R-iw)
K Dot o 1S
Re(R - kw)™"

= 1.4) x 106

210
= 2,73 0,90

U

Ay

SM

Average

L ]
o=

~3.50 (3.20) from zero
~2.9a (2.10) from SM valuc

S N—

O

Belle II (362 fb'. combined)

2.3 +0.7 This analysis, preliminary

Belle II (362 fb!. hadronic)

1.1 + 1.1 This analysis, preliminary

Belle II (362 (b, inclusive)

2.7 +0.7 'This analysis, preliminary

Belle 1T (63 fb!. inclusive)
1.941.5 PRLI27. 181802

Belle (711 fb ', semileptonic)
1.0+0.6 PRDYS, 091101

Belle (711 fb ', hadronic)

204+ 1.6 PRDST. 111103

BaBar (418 fb!, semileptonic)

0.2408 PRDS82 112002

BaBar (429 fb', hadronic)

#
i 1.5 &+ 1.3 PRDS&7, 112006
I | 1 | | | | 1 1 1 | 1
0 2 4 6 8 10

10° x Br(BT—K " vp)

i Re(R-s K w)
K Re(R-kw)"

*

1.0 &1

* Assuming SM to be the central value, also motivated by a small 20 excess in the K*+ channel.



Assuming only NP in tau
(see paper for other cases)

sbafd _ yshaf shaf3
I;V'A — 1; + I;L

i (y T
CFT > \

B— K®Ovyy

LLR

DM, M. Nardecchia, A. Stanzione, C. Toni [2404.06533]

5 T ' | L B R A ' L T T
: L v, only -
4 ’
| el sbrr
3 - L
" |
RK* N
2
5 shrr 7
LY |
It ?,
_ L;{bq | 1o ‘} 20 30 _
0 | | | 1 |';“ 1 1 "1. I T S T
4 5 6

Rk

4
L"’Az

They probe scales of about 5-7 TeV,

1Y d )(V,c?fpv,c)

~uture Belle Il results (in particular from the K* mode) will help

%bTT [Tev—z]

with a slight excess from the SM preferring either a RH or vector-like quark current.

to clarity the situation.

004 (5TeV)
0.02- (7 Tev) :
I a
0.00 o
—-0.02- (7 TeV)
* 99%CL
-0 04 (5 TeV) 95%CL
(5 TeV) aTeV) | 68%CL
—O 04 -0.02 0.00 0 02
(7 TeV)
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Kt—avy, K,—oalvy

NAG2 (CERN) KOTO (JPARC)
BR(K* — 7t v¥)sm = (8.09 + 0.63) x 1011 BR(K, — 70 v V)sm = (2.58 £ 0.30) x 101!
Allwicher et al. [2410.21444] (see also Buras et al. 1503.02693, 2109.11032, etc..) Allwicher et al. [2410.21444]
NABZ2004. KOTO2021:
B(K*T — ntvw) = (13.6 (159)stat (F175)syst) x 1071 BR(K, — 0 vv) < 4.9 x 109 @90%cL
18 - .
| [2410.21444]
- 16 -
s
T I
Lot2p i
Q |
X 10'—
= s —

6[: 1 ! |
0.04 / 0.042 0.044
| Vel

V| = (41.37 £0.81) x 10-3

Derived by combining exclusive and
INclusive determinations. [2310.20324, 2406.10074] 5




NABG2 (CERN)
BR(K* — 7" vP)sm = (8.09 +0.63) x 10-11

Allwicher et al. [2410.21444] (see also Buras et al. 1503.02693, 2109.11032, etc..)

NABCZ2024:

K; —>n0vy

KOTO (JPARC)

BR(KL — 70 v V)sm = (2.58 £0.30) x 101

Allwicher et al. [2410.21444]

KOTO2021:
BR(K, — 9 v7Vv) < 4.9 %10 @9o%cL

— 1 .
B(K*T — ntvw) = (13.6 (159)stat (F175)syst) x 1071
18 - . 10,y
| 2410.21444] | \

16" |

R £ s g
& 14r
T

E 12 . 6|

~— | L
Q |

x 10+ e |

N 4l

= 8 |

\: | |

O . / - - Al

0.04 0.042 0.044 |

Ve | |

‘Vcb‘ — (41.37 T 0.81) x 10-3 ()_151 - 14.\/3 S
Derived by combining exclusive and (50 TeV)

Nclusive determinations. [2310.20324, 2406.10074]

. iy |-
|2
«/Az
20 The slight <20 excess
\\ points to new physics scales
10
Asaw ~ 100TeV
\/ sdvv
. (100 TleV) Y (100TeV)(7L Tev
L™ x 10* [TeV~] et
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A clue for a flavor struture

Neutral-current

iC‘FT > LU:; \JLL@XI‘ CXJL,e\) (v’c ?frv’f)
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A clue for a flavor struture

Neutral-current

ic—m > Ly K‘LLQX" JM) ( T)

[TV [TeV |
/\D L 'Vj'z /\D L N Ccm
11!/ /
100 ---m Assuminga 100t
yﬁ CKM-like NWJ ’V‘
| structure T;— /\i;
¢ _# q > |
l (NN //
” Vit Tt -- -l
]

Sd(\/v SBW Sa{w SEW

The physics scales become compatible!



A clue for a flavor struture

Neutral-current Charged-current
(3 tr — SU(2)L cc s — s
iC‘FT > K LLRXI‘ Oloua\) ( 'C) — EFT 2 Lf y T &JLLK" MJL) (V"'X TL)
@3 a)(LreL) e
The precise correlation iIs model-dependent R(N*’) — l_ beve " o
(@‘e\/)
/\ [TeV | /\ [TeV |
B L B L~
/1] / /
100 --—m Assuminga 100+t
i CKM-like Novd IV,
s Vad i
structure N A2
/]
- -1l
7
SAw shwv SAw shwv

The physics scales become compatible!



A clue for a flavor struture

Neutral-current Charged-current
(3 tr — SU(2)L cc s — s
iC‘FT > k ‘LRXI* Oloua\) ( T) — efr Lf )T \JLLX’“ uJL) (V’CX 2:—)
@y a)(LreL) e
The precise correlation iIs model-dependent R (N*’) — l_ beve ( )Z
G TeV
Ayl y A g o] Cern ]\ [ Cern
i /1] L M/TZ L M/TZ b L 'V/TZ e . 2|\l
100 --—m Assuminga 100t 100+ Ve (14 \ﬁ\/)h
I/ CKM-like NV 1V,| VeV IV, 3V
structure TR Y. 5
) % A A A A The three
1T ---—-® | | “excesses"
% / . _/// // are compatible
] -~ -H- - . .
(o~ /) /), with a U(2)-like
flavour structure.
See Allwicher et al. [2410.21444]
SAwv shyv SAw shyv SAw shw  beve

The physics scales become compatible!
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NVany of the peculiar aspe

Conclusions

cts of the Standard Model are tested in Flavour Physics:

conservation rules, forpidden pProcesses, suppressed rates, etc.

Rare decays provide a large number of very powerful probes of New Physics.

Effective Field Theories arc the natural playing ground for new interpretation.

The effective scales probed in rare decays reach O(100) TeV.

This scale goes down to ~few TeV if a CKM-like flavour structure (MFV, U(2), ..) of new physics

couplings Is assumed.
Under this assumptions, t

Ne new physics scale probed in golden channel decays is compatible with the

Mass scale required to ao

dress R(D™) anomalies.

Grazie!
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A clue for a flavor struture

1 2 2
| - 0 00
In first approximation only the N o O
? « @ « 3rd generation couples to the Higgs Y; = | °
U, S/A( z( 0 ka%

In this case the theory enjoys a U(2)> global symmetry

Grp=U2);xU(2) xU(2)y xU(2)g X U(2),

Barbieri et al. [1105.2296, 1203.4218, 1211.5085]

The minimal breaking of this symmetry to reproduce the SM Yukawas is:

B Ay Zin) Vg _ A 2V
Yu(d) = Yt(v) ( 0 1 ’ Ye — Yr 0 1 Tepr are O(1), Ve« 1

This is a very good approximate symmetry: the largest breaking has size ¢ =~ ,|V,,| =~ 0.04
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Q= (Ti"a}) By, L) -

A clue for a flavor struture

Allwicher et al. [2410.21444]

0.4} ® B(K™ — 7n7vw)
| o B(B — K"Wuw)
- ® Other data
0.2+
S
—0.2}
—0.4}
—2 —1 0 1 2 3 4 D
E
e < ' Vcl,\

= (7" o qr) (1 yuo " Lr)

B(BT™ — K vi)

Minimal U(2)q: k= 1.

- @ Minimal T(2),

" e General U(2),

SM | e ]
-~ 1
........... '
1
1 2 3

B(K™ — ntup)

B(IXP+ — T I/l/)b'.\-l
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B-anomalies in charged current

Lepton Flavour Universality

Tree-level SM process
with Veo Suppression.

| (%)) =
R = BB S D i)
0= e ' SM prediction under contro
\_ _ - _ — _
040 g2ozs iy v R R RM) (
| M SM M

Belle15

-
 Bellell ="

b— ctTV;

o
(T

iEFT > \JiL Kr u\iL) (v'c szl)

Q 030 (’
ad -Belle19 (%,
\ Corresponds to 2 New Physics scale of

S
~§
SNV
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