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Outline

Flavour in the Standard Model and beyond.
Part 1 Effective Field Theory approach to New Physics (NP).
The New Physics Flavour Problem and the need for a flavour structure.

Rare decays as probes of heavy New Physics: focus on golden-channel decays.
Part 11 What is the preferred flavour alignment of NP?
Hints for a consistent picture emerging from data.

Beyond the leading SMEFT.
Part 111 L-violating operators in B—=Kwv.
Light New Physics in B—2KX: 02 spectrum shape and ALPs.
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The success of symmetries and power counting



The Flavour of the Standard Model

NMost of the richness and complexity of the Standard Model is in the Yukawa sector:
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isv :'%é ],; 6')- H “ﬂd @ECAJH _(du Ok U H + L.

\ \ 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 SM gives no explanation for these hierarchies.
IS there a more fundamental underlying theory which does?
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e In general doesn't point to a specific New Physics scale for its solutions.
d be anywhere from near the TeV till up to GUT/Planck.

Necessarily Flavourful New Physics:
- hon universal
- flavour changing



New Physics Is somewhere out there...

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

nat is the nature of dark matter”

nat is the origin of neutrino masses”?’

Ny does QCD conserve CP”

nat is the origin of fermion masses and mixings”?

Ny the specific assignment of charges in the SM”

Ny is the electroweak scale smaller than the Planck scale” How is it stable”
nat is the origin of the baryon asymmetry of the Universe”’

nat induces the of the Universe”

nat was the mechanism underlying inflation”

ow does gravity behave at the quantum level”

not the whole story
‘ ‘,'L!a‘i v I (
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However, we don’t know what A is, or what New Physics looks like.
SO, how can we parametrise New Physics effects in our experiments’?
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Say New Physics has a characteristic scale A > Eexp (or equivalently A < Lexp ),
then we can only look at its effects on processes involving SM particles.
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New Physics Is somewhere out there...

Say New Physics has a characteristic scale A > Eexp (or equivalently A < Lexp ),
then we can only look at its effects on processes involving SM particles.

If we don’t have enough resolution to probe

directly the details of the NP model... - We look at deformations of the SM

“new interaction among SM fields” Local effective
gP {)m operator
P T Fue / fo + f
A > Eexp CHF
LI O L Iy Sy VN
K
{SH/ : %M ‘eSH ‘PSM

The same model seen Trom a distance

Complete New Physics Model

(from low energy)




The Standard Model as an EFT

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

4 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 / E « 1
operators are suppressed by powers of A

The SM is just the renormalisable IR remnant of the more fundamental UV theory.
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The Standard Model as an EFT

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

4 as a series expanded in powers of 1/A: the Standard Model Effective Field Theory.

JV theory (
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NI SR S RS A A RIS

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.

The limited set of operators allowed at d <4 automatically
endows the SM with accidental features & symmetries

e ———

Symmetries and There can be different scales /\ associated to the violation of different SM properties.
power counting:  quark flavour, lepton flavour, L and B violation, etc..



SM: Accidental Features

The structure of the Standard Model implies several accidental features,
.e. properties that arise automatically, not imposed by hand.

Symmetries & conservation laws: conservatonof B, Le, Ly Ly

AN approximate global SU(2)c symmetry in the Higgs sector.

Custodial symmetry: Protects the ratio mw / (cos Ow mz) = 1.

Approximate U(3)° Flavour Symmetry: Broken only by Yukawa interactions

Absence of FCNC at tree-level: / boson, photon and gluon couple in a tflavour-conserving way +
HIggs Yukawa couplings are small.

Small CP-violation effects, even though the CP-phase is large: small guark masses and mixing angles.

SM gauge couplings are generation-independent +
Yukawa couplings are small and hierarchical (€.g. Mey < Mp)

Lepton-Flavour Universality:

a SM neutrino mass term is forbidden by gauge symmetries.
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We can expect large effects in rare or forbidden processes!
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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 ! <<
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JV theory

SM

The Standard Model

as an EFT

In general violate all the

i = 5 0 [ (p ] / accidental symmetries and
' <H

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 ! <<

The SMEFT is a consistent framework to systematically parametrise our
knowledge of fundamental interactions detween the known particles.

Cvery little improvement in any direction in the (big)

— [ parameter space means that we

earn something more of how particles behave at microscopic scales.
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JV theory

SMEFT

The Standard Model as an EFT
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The Standard Model as an EFT

[ol=g) OK, but..

XMIEET ) . /? C [(pS“] How BIG or smail we expect A to be?

A

Since the SM is renormalisable, we don’t have a clear target (except A = Mp))

Our experiments typically test values of the NP scale not too far from the TeV.
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The Standard Model as an EFT

XMEET . /\ [ (pS"] How BIG or smail we expect A to be?

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

Our experiments typically test values of the NP scale not too far from the TeV.

Motivated Reasons for a “low” A

o 1 W

Hierarchy problem WIMP miracle
of the EVV scale, Experimental signatures for Dark Matter
A~TeV of BSM physics (anomalies) 1 _ 0(10) TeV

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

b I Measuring rare flavour transitions puts strong constraints
gs N\ on New Physics with generic flavour structure.
.

> [
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—

Measuring rare flavour transitions puts strong constraints

on New Physics with generic flavour structure.

TeV

CKM-like suppression of the cil®

10°

1000

10

Precision tests push A to be very high

Bounds on A (taking ¢i(® = 1) from various processes:

Expected improv. _

o
e
A
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[ ESPP2026 Preliminary

Most of the improv. here
comes from improved
CKM determination

Current bound
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(AF=1)quarcs  LFV(u—e) LFV(r—e) EDMs
(G, Isidor's talk @ OpenSymposium ESPPU2026]
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The BSM Flavour Problem

; I Measuring rare flavour transitions puts strong constraints
on New Physics with generic flavour structure.

the BSM Flavour Problem.

> N\
s A . .
Precision tests push A to be very high
Bounds on A (taking ¢i® = 1) from various processes:
. : i E di . |
If New Physics is present at the TeV scale, £SPP2026 Preliminary T
its flavour structure should be constrained 107t Most of the improv. here
| ) | | | ;o comes from improved ¢ - h
by some “protecting” principle (symmetry or dynamics): CKM determination t T 5

[ — 3e

T —r MY

TeV
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= (Al'_“=l)quarkS LFV(u—e) LFV(r —¢) EDMs
CKM-like suppression of the ci® (G. Isidori's talk @ Opensymposium ESPPU2020]
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The BSM Flavour Problem

® Solutions to the Hierarchy Problem

et us consider the hypotheticalcase A ~1 =10 TeV

Reach of present/future colliders

—xperimental anomalies
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The BSM Flavour Problem

® Solutions 1o the

et us consider the hypotheticalcase A ~1 =10 TeV

Reach of preser

—ierarchy Problem
t/future colliders

—xperimental anomalies

With this low scale, flavour-violating operators should be suppressed, €.g. by small CKM elements.

Y Need some Flavour Protection

lypically, a good flavour structure for a quark-current operator O ol (°L¢ \6# J 3] g

“CKM-like”

L)

Can be protected by symmetries or dynamics:

. 2 NS ¢9C
C.. ~ A C A >\ g«r

z Cabibbo angle

- U(2)-like: £, <1

Barbieri et al. '11,'12

MFV-like: £,, ~

D'Ambrosio et al. '02
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New physics likes the Top

(1)
Bounds from direct searches @ [ HC are stronger for light fermions than for third generation ones.
E.g.squark: Mg, = 2 TeV Mip = 1.4 TeV

E.g. Scalar LQ: MLQ(u,e) = 1.8 TeV MLQ(T) = 1.1 TeV
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New physics likes the Top
(1)

Bounds from direct searches @ [ HC are stronger for light fermions than for third generation ones.

E.g. squark: Mq(l,z) =2 TeV MEB = 1.4 TeV

E.g. Scalar LQ: MLQ(u,e) 1.8 TeV MLQ(T) 1.1 TeV
(2)

New Physics coupled to the top should be lighter in order to address the Higgs hierarchy problem.
This could also e related to the SM flavour puzzle (lighter NP gives larger Yukawas in some models).
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New physics likes the Top

(1)
Bounds from direct searches @ [ HC are stronger for light fermions than for third generation ones.
E.g. squark: Mq(l,z) =2 TeV Mf,f) = 1.4TeV
E.g. Scalar LQ: MLQ(u,e) = 1.8 TeV MLQ(T) = 1.1 TeV
(2)

New Physics coupled to the top should be lighter in order to address the Higgs hierarchy problem.
This could also e related to the SM flavour puzzle (lighter NP gives larger Yukawas in some models).

% Non-universal couplings preferred
U(2)-lke: ¢, <1

15



Part 11

N ranty lles power
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Probing New Physics with
Rare or Forbidden Processes

W
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Consider a rare low-energy FCNC process in the SM
Short-distance low-energy EFT coefficient
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Consider a rare low-energy FCNC process in the SM
Short-distance low-energy EFT coefficient

xample:

Cop ~ — Vs Ve

Let us add a SMEFT contribution: SC CET ™
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Consider a rare low-energy FCNC process in the SM
Short-distance low-energy EFT coefficient

Relative deviation In the short-distance coefficient
> |.e. size of the deviation compared to the SM <

18



Example

Say we measure the short-distance contribution Cev with 109% precision.

f

C: CsH

I

SC< C, 107

e 70)
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SC

— < 10/,
CSH ASN /\2

f

C: CsH

I

SC< C, 107

e 70)
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Example

Say we measure the short-distance contribution Cev with 109% precision.

C - CsH r\'fi‘ ’100/0)
I
SC< C, 107
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Example C _ C
- sM

Say we measure the short-distance contribution Cev with 109% precision. I

SC< (s, 107

SC ‘ or C=

Cs K /\gw /\ \”X:W/o m

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

19



For this goal 1t is also crucial to have the smallest possible uncertainty Ve V107 [
on the short-distance contributions.

Exp ® \/cry large statistics
¢ S5mall backgrounds and systematics
® Good control over the SM prediction:
- SM inputs (CKM matrix elements)
TH - QCD matrix elements (form factors)
- control over the possible long-distance contributions




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 Il (JPARC)

Precise SM predictions possible due to abse
see previous lecture by Wolfgang)  NeUtrinos do not cou

s —>dvy

Kt—atvy, Kip—nlvvy
NAG? (CERN) KOTO (JPARC)

nce of long-distance QCD effects:

Dle 10 the electromagnetic current.

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

Main th. uncertainties due to:
- Hadronic form factors (Lattice QCD)

Bt - Ktvi | (5.06 +£0.14 +0.28) x 10~°
B = Ksvi | (2.05£0.07 +£0.12) x 10~°

Bt = K*Twp|(10.86 +1.30 £ 0.59) x 107°

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

Becirevic et al. 2301.06990

The SM rate is suppressed by loop and small CKM factors: high sensitivity to New Physics.
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B— K®vyyp

SM Average

0.497 4+ 0.037 1.34+0.4

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

Becirevic et al. 23071.06990

Py Belle II (362 fb!, combined)

2.3 4 0.7 This analysis

Belle II (362 fb!, hadronic)

1.1 4 1.1 This analysis

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

—_——— Belle II (362 fb!, inclusive)
2.7+ 0.7 This analysis

Belle II (63 fb!, inclusive)
1.9+ 1.5 PRLI127. 181802

Belle (711 fb'!, semileptonic)

1.0+0.6 PRDY6, 091101

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

® Belle (711 fb™!, hadronic)

29+ 1.6 PRDS7. 111103

BABAR (418 fb!, semileptonic)

0.2+ 0.8 PRDS2, 112002

BABAR (429 fb!, hadronic)

1.5+ 1.3 PRDST7, 112005
| 1 1 1 | 1 1 1 |

0 > 4 6 s 10
10° x Br(BT—K " vp)



B— K®vyyp

SM Average

0.497 4+ 0.037 1.340.4 N

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

Becirevic et al. 23071.06990

Belle II (362 fb!, combined)

2.3 4 0.7 This analysis

Belle II (362 fb!, hadronic)

].l < 1.1 '”li.\ ;lll.’l])'.\i.\

Belle II (362 fb!, inclusive)

2.7+ 0.7 This analysis

Belle II (63 fb !, inclusive)

1.9+ 1.5 PRLI127, 181802

Q

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

O

Belle (711 fb'!, semileptonic)

1.0+£0.6 PRDY6, 091101

Belle (711 fb!, hadronic)

29+ 1.6 PRDST7, 111103

BABAR (418 fb™!, semileptonic)

0.240.8 PRDS2, 112002

BABAR (429 fb!, hadronic)
1.54 1.3 PRDST7, 112005
l 1 1 1 l 1 1 1 l

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

Becirevic et al. 2301.06990

©

—

> 4 6 s 10
Bellecor7: BR(B — K*vv) < 2.7 X 10 @90%cCL 105 x Br(Bt—K * vp)



B— K®Ovyy

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

Becirevic et al. 2301.06990

Belle-lloops: BR(BY — K vvy) =

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)™"

(2.3 £0.6) x 105

= 1.4) x 106

2.0
2,72 *090

SM

l‘v).l. 1 (\ll.').li

P\\'(‘l'%l"'(‘

0.4

O

Q

A S G R R R e . — -——-----—-*_

=

B( lle 11 ( 3()? fbl. combined)

2.3+ 0.7 This analvsis

Belle 11 (30) fb-!. hadronic)

1.1 4+ 1.1 This analysis

Belle 11 (3()> fb-!, inclusive)

...)T ” li l\'.\].\

Belle II (63 fb!. inclusive)

94+ 1.5 PRLI127, 181802

Belle (711 fb'!, semileptonic)

1.0+0.6 PRDY96. 091101

Belle (711 fb!, hadronic)

29+ 1.6 PRDST7, 111103

BABAR (418 fb!, semileptonic)

0.24 0.8 PRDS2, 112002

BABAR (429 fb!, hadronic)

1.5+ 1.3 PRDST7, 112005
l 1 1 L l

4

6 8

10° x Br(B"—K " v)

Q - Re (R -k w)
(@-bl(\/\l)

*

- 4.0t

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

sbafd _ yshaf shaf3
LV A — L + LL

B— K®Ovyy

iEFT > . K-LLRX 01 ) (vrc?fp‘/ﬂc)

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

The limits from R(K) and
Bs— U disfavour
interpretations with electron
O MuUON Neutrnnos

Absvv ~ 7 TeV

0.04 (5TeV)

57 ro . L

: v, only -
4 0.02-(7 Tev) -

- - — I Q
3/ L " = 0.00 S

B . 2§ -0.02 (7TeV) ‘

L " _ -0 04 (5 TeV) 95%CL

0 ) 1 | l | ,,1' . ' 1‘- (5 T@V) l(7 Te\/'l) | | | | 68%CL

0 L 2 3 4 5 6 | j_ —0 04 -002 000 0.02

Rk N L7 [TeV~2] (7TeV)

Future Belle |l results (in particular from the K* mode)
will help to clarity the preferred chiral structure.
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NAB2 (CERN)

BR(K™ — 7t vVv)sm = (8.09 -

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

NAOZ2024:

B(Kt — ntup) = (13.6 (159)stat (113)syst) x 10711

2410.21444]

6 e I I | !
0.04 / 0.042 0.044
|Ves|

‘Vcb‘ — (4137 -

- 0.81) x 10°3

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

Kt— mtvy,

- 0.63) x 1011

K; —>n0vy

KOTO (JPARC)

BR(Ky — ¥ vv)sm = (2.58 £0.30) x 10-1

Allwicher et al. [2410.21444]

KOTO2021:
BR(K;, — 0 v7Vv) < 4.9 x 10 @9o%cL



Kt—avy, K,—oalvy

NAB2 (CERN) KOTO (JPARC)
BR(KT™ — 7t v¥)sm = (8.09 £0.63) x 10-1 BR(K. — 20 vv)sm = (2.58 £0.30) x 10-11
Allwicher et al. [2410.21444] (see also Buras et al. 1503.02693, 2109.11032, etc..) Allwicher et al. [2410.21444]
NAGZ2024. KOTO2021:
B(K*T — ntvw) = (13.6 (157)stat (F175)syst) x 1071 BR(K, — 0 vv) < 4.9 x 109 @90%cL
18 - | | E R i G T e s e A
| 0410.21444] | \ - my i I
16} | '
T E . . g
'« 140 1
T I L n ~—
Lot2p i 6L - N
. 10 - Bl Z
ElN s 4 - | Theslight ~1./0 excess
| = | | | points to new physics scales
0.04 / 0.042 0.044 27 1 \ ;
Voo | : ; N
‘Vcb‘ - (41.37 T 0.81) x 10-3 O_'S' e '4'\/3 o '1- T \—1/ s ASdVV IOOTEV
Derived by combining exclusive and (OTV)  uter lgo?TTee\Y_) gy (00T TY)

iNclusive determinations. [2310.20324, 2406.10074] 04



Flavour alignment

How much should New Physics be aligned to the third generation?

VWe consider now a specific example:

- Qverall New Physics scale set by the Belle-ll excess in B—>Kvv

- We assume a Rank-0One flavour structure

25



Directions in Flavour Space

Consider the vector space spanned by the
3 generations of down quarks, SU(3)q:

/\ n 0! ,l; )
| |0 C o | o
. OJ‘ > \0 | \“1/



https://arxiv.org/abs/1903.10954
https://arxiv.org/abs/2404.06533

Directions in Flavour Space

Consider the vector space spanned by the
3 generations of down quarks, SU(3)q:

. 1 0! A [Q

JV 0 g,\,ﬁ L,\ 0
0 \J \ f

VWe can parametrise a generic directions as:

iabd

sin 6 cos ge neglecting phases,

A . . ias D .
n = | sin @ sin ge*™ tisaunr

cos 0/ ONn a sem

T

-Vector
-sphere

T

0 e [O,E} 0 €e|0,2m) , g € [—— —} Qs € [—— —}

2 2" 2

The overall phase is unphysical: U(1)s

2" 2

{qu} space, neglecting phases
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Directions in Flavour Space

Consider the vector space spanned by the
3 generations of down quarks, SU(3)q:

A
. 1 o AN ¢
Jv 0 S | LN 0

0 \0 | \ 1

VWe can parametrise a generic directions as:

: (1e 7% .
sin 0 cos pe’ neglecting phases,
N : : 10} s o .
n = | sin@sin ge'* 1S a unit-vector
cos 0 on a semi-sphere |
We show also g — ( Vi >
7 T T - . L — )
velo.z], ecloom . awe|-5.5| awe|-5.3) up quarks using: T

The overall phase is unphysical: U(1)s


https://arxiv.org/abs/1903.10954
https://arxiv.org/abs/2404.06533

Directions in Flavour Space

“ao
~~~~~
T Yo
ey
-~

{qu} space, neglecting phases

sin 6 cos ¢etbd velo.2] . se2m, awe|-27], anel-1.7]
n = | sin @ sin gpe’@bs |
cos 0 g = ( Vg;z )
quark n 0, 0 Up lpe
down (1,0,0) 0 /2 0 0
strange (0,1,0) T/2  w/2 0 0
bottom (0,0,1) 0 0 0 0
etareVun) (7% V7% 7*) | 0.23  1.57 —1.17 —1.17
charm | efarsVe) (V2 V* V*) 11.80 153 —6.2x 107 —3.3x 1077
etars(Van) (VX V* Vx) | 492 0.042  —0.018 0.39

The misalignment between down- and up-quarks Is
described by the CKM matrix.
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Rank-One Flavour Violation

LN = 3 (L9 (il ) (93702 + D0 (D) (73402
ijaB ]

We assume that New Physics is aligned to a specific direction 7.

> the EFT coefficients are given by an overall scale times the
projection of 1 on the specific flavour direction

sin  cos pe®vd

i}vv |
L C 1 Ny n = | sin @ sin gpe'ts
- VL ; 7 ) cos 0

{qu} space, neglecting phases


https://arxiv.org/abs/1903.10954
https://arxiv.org/abs/2404.06533

Rank-One Flavour Violation

0L A
/“," ‘; ‘ :‘,‘C‘
1N : \
g L )
| / ‘ ) (‘;V‘
‘ ‘]‘:‘1“ ““‘ ) ‘A‘“ “\ ‘w“‘ \“‘ i |
“ ‘ 2 \ |
‘L / X “
\“ ‘\ f Py | " w‘
\ | [ » <
“ ] “ Y,
| .* I ‘
\ \
L

{qu} space, neglecting phases

Liber = 3 |LEP (dmud]) 537" v]) + LR (dyudly) (79 v])

173

We assume that New Physics is aligned to a specific direction 7.

> the EFT coefficients are given by an overall scale times the
projection of 1 on the specific flavour direction

L)WV sin § cos pe’
L C 1 Ny n = | sin @ sin gpe'ts
- VL ; v ) cos 0/

This structure is automatic it New Physics couples linearly to a single combination of guarks:

L DA _iONP + h.c.

e.g.

- |leptoguarks coupled mainly to 1 lepton family
- Vector coupled via the mixing of a single vector-like quark
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Rank-One Flavour Violation

LigpT = Z L?’L]aﬁ(&z};%djz,)(ﬂgw’/g) T L”é“ﬁ(cf%wdiz)(ﬂﬁv“ 7
ijaB ]
We assume that New Physics is aligned to a specific direction 7.

> the EFT coefficients are given by an overall scale times the
LY projection of n on the specific flavour direction

Py Tve )
SRR N \ N
.....

\ L)V sin 6 cos ge’bd
’ L C 1 e n = | sin @ sin ge'ds
= VL ; v ) cos 0

{qu} space, neglecting phases

-2
At any value of (p,60) we can fix the overall scale EL\N C 5 (8 T@\/ )
_ " -
C by imposing the best-fit of B— K(* vy, — Cos U St S f{)

For the best-fit of Rvc and for simplicity we fix: &g = &y y=0  (fitin backup slides)


https://arxiv.org/abs/1903.10954
https://arxiv.org/abs/2404.06533

‘ Rank-One Flavour Violation
L.)\N / 430 -2
L = C l;lLVL* LL = C cos 0 sm sEchS(ETeV)

Once C'is fixed as function of (8, &), all parameters are set and we can check the

constraints from other observables
2404.06533
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) Rank-One Flavour Violation

A/ o c L'\N -2 (-. »
ot C n | VL L - C (oS 8 S (? SEU[ CP = (8 TGV) N R T
l )

Once C'is fixed as function of (8, @), all parameters are set and we can check the

constraints from other observables
2404.06533

NP coupled right—handed, v, only

NP coupled left—handed, v, only
S —— S— . s —
005 o

| I [

—— \—“_\ e —_— e ?—\_~ - - - N\
o~ 7_.,--' \ / '-.,_'_ - ~
\ ” )~ - \ | ey Y
. \ | e
PR 4 . ' TN -
- , -
- kS ..

S
(S b= I
N

3r | 2 T
2

I.//\L (\/ Y ) The allowed region (white) is close to the third
""" c n | 1
b - dvv s = dvv fl3rd IC|"% [TeV] 2 td /o Ttsy generation, with a misalignment of O(CKM).
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Is there a larger picture emerging from data?



R(D*)

f

| R(D(*)) =

B-anomalies in charged current 5

Lepton Flavour Universality

e

Tree-level SM process
with Vep suppression.

B(BY — D®+7p)
B(BY — D&)+gy)’

SM prediction under con

K = = = e —

— C T Vr
; . Vcb/Y/

trol for R(D),

less so for R(DY), related

O .4 1 1 1 1 1 1 1 1 1 1 1 1 1
= m | | 68% CL contours -
— Spring 2025 -
035 _
03F —
025 B Martinell et al ‘23 _
B LHCb Belle II _
0.2 4 HFLAV SM Prediction R(D)=0.347 £ 0.025, —
- R(D) = 0.296 = 0.004 15(_132) 3=90 288 £0.012,,,, -
- R(D*) = 0.254 = 0.005 =-0. -
_ P(y?) = 41% _

] I ] ] ] ] I ] ] ] ] I ] ] X ] ] ] ]
0.2 0.3 04 0.5

~
>

\Vost recent measurement by Belle-|
confirmed the tension: 3 - 40

0 \VCb Incl/excl tension.
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R(D*)

e

Lepton Flavour Universality

|
|

B(BY — D®+rp)

| R(D(*)) =

\_ _ _

B(BY — D&)+(v)

———

) R(‘Y) —

O .4 1 1 1 1 1 1 1 1 1 1
= m | | 68% CL contours -
— Spring 2025 -
035 _
03F —
025 B Martinell et al ‘23 _
B LHCb Belle II _
0.2 4 HFLAV SM Prediction R(D)=0.347 £ 0.025, —
- R(D) = 0.296 = 0.004 15(_132) 3=90 288 £0.012,,,, -
- R(D*) = 0.254 = 0.005 =-0. -
_ P(y?) = 41% _

] I ] ] ] ] I ] ] ] ] I ] ] X ] ] ] ]
0.2 0.3 04 0.5

\Vost recent measurement by Belle-|

confirmed the tension: 3 = 40

~
>

vy
iEFT > C

(y T

B-anomalies in charged current

b—ctVv:
, g Vcb/Y/

Tree-level SM process . T
with Vep suppression.

- SM prediction under control for R(D),
less so for R(D™), related to Vcb incl/excl tension.

Y, uJL) (W'Aq)

Corresponds to a New Physics scale of

We eagerly wait for more ¢

SM predictions will take ac

ata by Bel

e-l and LHCDb.

vantage O

" larger and more precise datasets!
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0.6 4

Neutral-current semileptonic B decays
b—sutu/b—sete: R(KY)

New as of 2024/25
| HCD

1 Alex Marshall @ CKM2025

low g* central g* high q* low q* central g*

Clean SM prediction (Rx= 1), test of LFU between p and e.
u vs. e LFU established at ~5% level.
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0.6 -

Neutral-current semileptonic B decays
b—sutu/b—sete: R(KY)

New as of 2024/25
| HCDb

Clean SM prediction (Rx= 1), test of LFU between p and e.
u vs. e LFU established at ~5% level.

1 Alex Marshall @ CKM2025

T To which NP scale A are these measurements sensitive t07?

lake this current x current LFUV operator as example

\Oﬂerr3 /C\l’ (};L Xd SL)(/TL Xd/‘{t)

low q* central g° high g* low q? central g*

ifc=1: Apspp = 56 TeV

Lower scales reguire same couplings to electrons and muons.
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Neutral-current semileptonic B decays

LHCb Run1 + Run2 b— sutu: Ps’and Br's

LHCb84fb'

o JsmmomrLavio®sz20i5 | \fery significant tension (>40) between data and SM prediction in
o,sg_._-i_' 273] SM from EOS (GRvDV:2022) | -
- AT —— LHCb 84 fv! : ) :
angular observables and Br's of b—=sut+u- transitions
R I

LHCb 4.7 fb”!
—+ CMS 140 b
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Neutral-current semileptonic B decays

LHCb Run1 + Run2 b— sutu: Ps’and Br's

LHCb 8.4 fb”! L _ -
JsmiomrLavio@sz2ois) | \fery significant tension (>40) between data and SM prediction in

0.5?.{, 5525 SM from EOS (GRvDV:2022) — | -
e o 1 angular observables and Br's of b—=su+u- transitions.
HH

+— LHCb4.7 b’
—+— CMS 140 b

If it is due to New Physics. it must respect LFU (to give R(K)=1)

¢ - - w ifc=1:

. w W U o o )[[f e (e
R SR el o G AT R) (28 e)l Apae ~ 40 TeV

N— \




Neutral-current semileptonic B decays

LHCb Run1 + Run2 b— sutu: Ps’and Br's
Sl LHCb84 fo! - s : AN
= %:ﬁ"mg;:‘;;‘;(i%;?;j 1 Very significant tension (>40) between data and SM prediction in
F}'{* . 1 angular observables and Br's of b—=su+u- transitions.
0: — — —+- CMS 140 b -
N -1 Ifitis due to New Physics, it must respect LFU (to give R(K)=1)
., o200 = l: c - - 1 if ¢ = 1:

[ ——— P im)w b, Y, ) (FL k) [8°€)| At ~ 40 TeV

N— \

However, non-perturbative long-distance QCD dynamics could reproduce the same effect.

- . Charm-rescattering. effects not accounted for in the SM predictions above.
NModel estimates based on HHChPT estimate impact at 5% to 20% of short-distance.

Recent progress towards a lattice calculation!

More data will help in clarifying: allows for check of Q2 dependence of the result
and more detalled studies.
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CFT

Neutral-current semileptonic B decays
b— sutu: Ps’and Br's

ifc=1:
UD )_{ X/{) (QLK g) Apste ~ 40 TeV

——
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Neutral-current semileptonic B decays
b— sutu: Ps’and Br's

ifc=1:
CFT UJ ) { ?f/{) LQLK gt) Apsie ~ 40 TeV

N— \

An interesting New Physics contribution

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

SU2)L
(br y« c)(viye tr) <> (b e sp)(TL e Tr)

S—

A 4 1 _ [ Ry log(A2/(1TeV?))
X Cg ~7.9 (l — v RDIZ)SM)(J. -+ 10.5 )
— Related to R(D*)
C x g* — Induce CoY, R(K)=1

Abpstr ~ 0(4) TeV



Neutral-current semileptonic B decays
b— sutu: Ps’and Br's

ifc = 1:
CFT “3 h/ ) ( Xﬂ) (eLK gt) Apsie ~ 40 TeV

N— \

An interesting New Physics contribution
Bobeth et al. 1109.1826, Capdevila et al. 1712.01919, Crivellin et al. 1807.02068, _
Alguero et al. 1903.09578, Comella et al. 2001.044 70, Aebischer, Isidori, et al. 2210.13422, 0.5-
SU2)L |
0.0-
(br y« c)(viye tr) <> (b e sp)(TL e Tr) -
A 3——”3‘:_“.5_
: ¢ S ( L log<A2/<1TeV2))) |

Y 0 V Rpesm 10.5

— Related to R(D™)
< T 0t — Induce CgY, R(K)=1

Abpstr ~ 0(4) TeV

1.0-

Global Fit to b — sf¢

Global Fit Including R{:D:ﬁ”-‘: )

.01 Alguerd et al 2304.07330

R(D™) ,
= (.9
R(D™) ) an
|
[ |
------------------------------- o S
I./ / e N | \\'\,
0' / N \{\ \x
L N\
\ \ '
---------------------------- Aotz k12
\\‘-\ l /"
\h—'f{ ]
I
|
|
____________________________________________ 1.4

ABCDMN®23

1.0

91t

Compatible fit between b—s££, R(K), and R(D0)).

'—0)
Voo \Y
Cy, = —Cyi,

00
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Is a picture emerging from data?

Neutral-current

iC‘FT > LUL: &JLL,RXI‘ AJL,Q\) (V’c Z"V’t)

[Tev/\
I\ [
/1]

400»-%

/ /
Pl
%/

~20

4
l—-"“jnz

SAWw shyv
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Is a picture emerging from data?

Neutral-current

iC‘FT > ULTr: &JLLQX CXJLe) ( ﬂv’f)

/\ge\/l L ,v:,— /\ge\/l L M Ccm
/] N
100 ---@ Assuminga 100t
}// CKM-like N“V , ‘\/ '
structure —
) A A
. N
/] o 7 )
Er A Aa m;-__-_-
~20 Cv | X&) /.
D
SAw shwv SAW shwv

The physics scales become compatible!



Is a picture emerging from data?

Neutral-current Charged-current
(3 tr — SU(2)L cc s — s
iC‘FT > K LLQX'* CXJLQ) ( T) _' CFT 2 L( )T \JLLX/* MJL) (V,CX 2:_ )
(@.ya)(L L)
| o R(N*’) CC 1
The precise correlation iIs model-dependent — l_ ~
b—sl PVE (4 TeV )
/\ [Te\/l /\ [Te\/l
o B L~
/1] / /
100 --—m Assuminga 100+t
’// CKM-like IstVu’ ’\/ |
| structure Vo /\%
+1_ _# q ///
/ g g /
/ £, ) Aa -~ -1
) 7
y
SAw shwv SAw shwv

The physics scales become compatible!
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Is a picture emerging from data?

Neutral-current Charged-current
(3 tr — SU(2)L cc s — s
iC‘FT > k LLRXF OldLe) ( 'f) _I I CFT 2 L( )T \JLLXF uJL) (“\/,C?f 2“,_)
a Ty
(@LE‘U QL)(LLK d LL) R(B(x)) CC 1
[he precise correlation iIs model-dependent — l_ ~
b—sll bCVe ((.H\C\/)Z
N [l N [l A [red)
N wi_z L u/fi-;‘" L ”/512 (¢ ~3 Ven)
//
100 ---@ Assuminga 100t 100+ cC 2| Ve,
’ i hcve (., —
/ K e Nl 1V, NV V| s © (14Tev)
m A /N A’ RN
g _4 All the deviations
) 7 ) are compatible
- -1/- - - -l - with a U(2)-like
~20 /) , /// flavour structure.
See Allwicher et al. [2410.21444]
Sa‘\lv SID'VV SJ\N SID'VV g,{\/\/ S‘D‘\j\/ Ec\/'r

The physics scales become compatible!
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Is a picture emerging from data?

LHCb, Belle-II

. LHCb, Belle-Il, FCCee

See talk by
C. Cormella

T N\ 'NA62, KOTO-II
/ \ <20

PP 7T, TV

ATLAS, CMS

LEP (FCCee)
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Part 111

EXplonng the exotic frontiers

(but not all theories are created equal)
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B+ — K+ vv with L-violating operators

Reinterpretation framework of B—K*vv, generalising the EFT beyond the d=6 SMEFT:

Gartner at al. 2402.08417, Belle-ll 2507.12393

K 1(') “'
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B+ — K+ vv with L-violating operators

Reinterpretation framework of B—K*vv, generalising the EFT beyond the d=6 SMEFT:

Gartner at al. 2402.08417, Belle-ll 2507.12393

vvvvvv
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Cf
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ated at d=7

Ng Ope

N SM
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Fridell et al. 2306.08709

4 L)(@L)H

the EFT scale required was A©) ~ 7 TeV,
necomes AN ~ 2 TeV.,
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B+ — K+ vv with L-violating operators

Reinterpretation framework of B—K*vv, generalising the EFT beyond the d=6 SMEFT:

Gartner at al. 2402.08417, Belle-ll 2507.12393
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Generated at d=7 In SMEF

Fridell et al. 2306.08709
Cf

7 L)@ L)H

-1 scale required was A© ~ 7 TeV,

)
) (

pecomes A ~2 TeV.

OvBp decay ~ 100 TeV (for down quarks).

flavour-conserving couplings be more
than violating ones”

2306.08709
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CSL + (\‘3 2

CrL

B+ — K+ vv with L-violating operators

Reinterpretation framework of B—K*vv, generalising the EFT beyond the d=6 SMEFT:

Gartner at al. 2402.08417, Belle-ll 2507.12393
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L PP WET 5 . |
3,_) :;:; L — \/§ ) -‘/;,S-‘/tb Z: Cz (p*b)oz + h.c.
Lo
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ol .1 . _ L epton number-violating operators
0 Plovy g2 = (pzi + py)? Osr = ( L”L) (520r) Generated at d=7 In SMEF]
T T Oy = ( EU,WVL) (370" by Fridell et al. 2306.08709
_ | ;H Svmmetrv axes [ 3] — —_
g . ¢
J e These operators are on all the same footing! /“\§ (Jg LL) [QL LL) H
SNV ITaR
f(El N Folh f at d=6 the EFT scale required was A©) ~ 7 TeV,
INZN T at d=7 it becomes AM ~2 TeV.
N & —"\ P 2 N L‘+ / |
L COMNESSY) | Bounds from 0vBp decay ~ 100 TeV (for down quarks). 2a0s.08709
s FA :;) ¥ i,"’ 1N \;@5, ,/ . | - . :
ST A | NN WA AN VWhy should flavour-conserving couplings be more

Cvr — Cvr

Csr + Csr
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B+ — K+ vv with L-violating operators

Neutrino masses in the SM EFT are generated at dim=5 by the Weinberg operator

AL

2 /"\W (LE)(LH) Ar/cw ~ 1014 GeV
L

This is the scale of breaking of lepton number L.

(" ) =
AL = 2: /\; ( L) (@L LL) H — ADggw ~ 2 TeV
[t this operator Is present, with a much lower scale, there is no symmetry argument that prevents the

generation of the Weinberg operator with a too large coefficient (too low scale).
INndeed, It is iInduced radiatively.

<H> H él-{;-
A

Ea “Everything which is not forbidden is allowed”
S O

L
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A 2-body decay is only al

N this case, the g2 depenc

B+ & K+ X

owed INnto a neutral scalar (or pseudo-scalar): ALPs.
ence is peaked at g2 = m4°.

41



B+ & K+ X

A 2-body decay is only allowed into a neutral scalar (or pseudo-scalar): ALPs.

N this case, the g4 dependence is peaked at g2 = m,?.

K+
@—/

.

Vectors can contribute only as mediators, going then into 2 dark fermions (3-body decay).

(pernaps these could then be DM candidates’”) -« caorieli et al. 2402.05901

Data can differentiate between these scenarios

See e.g. Bolton et al. 2403.13887, 2503.19025

—2In(Lsm+x/ Lsm)

0

_10.

[2503.19025] -
20
\\ 30
— ¥, Oy
o AVXY 4o
T Y, Gy
- ~8.X
09, C’,i_,,g;
66, Ciys 5
45, X ¢ s VX ATX T
— ¢ Cg (+ V. C [Ca7 ) -~ viz, p X SM
1 2 3
myx [GeV]

K’r
9:—/
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Axions ... and ALPs

The QCD axion is the main prediction of the solution of the QCD 0-problem
via a spontaneously broken U(1)pa symmetry,

10Y GeV 10
m, = 5691(51) f meV 10-7 CROWS /e
a
_ ABRA OS0OAR
10 5 10 em S ] N85 A
_ olar I/
a 1077 CAST 9
N — | — . :
g ayy 4 ‘—I* 1010 JISum i MWD X-rays Globular clusters - Piffusesy
ﬂf > 10_11 if::i‘l;;\e “\:\‘ & Fermi Q_»\“%ﬁ‘q B 5 5 E
| QL M7 g f E 5 7
The coupling to photons depends on the ®, 10~'* iy s o 2 W8 5=
| ﬁ Polarisation o =]
other states in the model. — 1013 2 : ’
E Mg n—14 d
Jarry = (0.203(3)—, —0.39(1) - < s
N GeV 50 10715 ;
10—16
10—17
10~ 18 XMM-Newton I
PDG Tg'sr{élliu “
10_19 IRLALLL AL URLLLLL ULALLLEL NBLLLLE LI ASLLALEL NLALLAR BLSULLLCR! NLLLLLA BLLALLL! AL ||||r|‘l AL SLALLL SRR

A 40 9 % T 6 5 b 3 2 A0l D ot P b
\,0/\2&0/\ \,0/\ 1077407 4077407407407 407407407 407 407 407 407 40" 407 140
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Axions ... and ALPs

The QCD axion is the main prediction of the solution of the QCD 0-problem
via a spontaneously broken U(1)pa symmetry,

10Y GeV 10
m, = 5691(51) f meV 10-7 CROWS [
a
_ ABRA OSQAR
10 5 10 em S ] N85 A
olar 1/
o 1077 CAST o
N ——————— a— :
ga}/}/ 4 — 1010 N L T LY | Globular clusters k D““““"’f'
/A f |> 10-11 if:;rx;\e . fec \ = g:v‘*"\‘% HST -5 :
| QL M7 g f e E 5 7
The coupling to photons depends on the ®, 10~1* iy s o 2 B = 2
- <« lolarisation ; — =
other states in the model. — 1013 2 : .
E m n—14 d
Garry = (o 203(3) 5 0.39(1)) 3 3 ._
GeV &g 10715 p
10-16 0
Other regions in m-g plane are not 107" = ‘% <
motivated by the B-problem, they represent 1018 . XMM-Newton—"| |
| | | INTEGRAL
pOSS|b|e generlc GXJEGHSIOHS Of J[he SI\/I 10~ 15 IRLALLL AL ||||||l| |||||1I| ||||||| |||||I| ||||||| |||||rI| ||||||1I| IIIIIIJ|| ||||||I| ||||||l| RRALLL BSARALLL 1|||||Il TTT]
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The whole log-log plane can be
populated by BSM theories. m, [eV]



Axions ... and ALPs

'he QCD axion couplings to fermions can be flavour-violating, if the PQ charges are family-dependent.
'his is well motivated in models where the PQ symmetry is connected with the explanation of SM Yukawa's.

e.g. 1806.00660, 1905.01084, 1911.02591, Axion review 2003.01100

Im[kp + kq) 12/ f [TeV™']

B— Kvv

r = 10*6 eV

b)

K—mvy
107* 107°
107 9 L
~ ~
10~ g
«I 10~
107 1 £
09— lb) 10°°
107 107® 107* 1072

| m, |GeV]
f 2101k, GeV

Bauer et al. 2110.10698

10°° 107 1072 1

m, [GeV]
f 2 10°k,, GeV

d0"a

Z fermion — f W kw}/ﬂ '

For large flavour-mixings, kij~O(1),
these bounds are very strong,
also surpassing astropnysical ones!
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Axions ... and ALPs

Also flavour-universal couplings to EW bosons induce FCNC (via SM-like penguin diagrams)

~ T = ~alpp)

L 10°F B
>
)
CROWS  Fioch) ; ’
ABRA OSQAR 2 107
10 em S ] =
Ol1dar 1/
CAST
SHAFT i
DSNALY Globular clusters: 10
Lermi-SNé SEAH
Flydra : =
NS S = Bauer et al. 2110.10698
Chandra . 5 g" i 1 1 | 1 |
» MWD |Z = _ -3 ) —
g I'olarisation ; = ]O 4 lO ! ]O ? lO 1 1 lO
A

m, [GeV]

. =
=
Frq
+
-
s
g

However, In this case the region of mass and
couplings probed by flavour experiments is Not the

N one of the QCD axion: ,
f 2 107 cpp GeV

0 \
@'ﬂ@ 70" xG xO xQ x() @ xQ XQ @ XQ \,0 A0 x()l \,() \,0 \,0 \,0 XQ

m, [eV]
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Axions ... and ALPs

Also flavour-universal couplings to EW bosons induce FCNC (via SM-like penguin diagrams)

l‘!’ — nv. +y

capl/f[TeV™']

/£ [TeV™']
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lCY)’

Bauer et al. 2110.10698
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U(2)° flavour symmetry

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 SM 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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Qpq = (@' ar) (1 7,01) =

U(2)° flavour symmetry and data

Allwicher et al. [2410.21444]

= ((ji"y“oa‘q% ) (@%ﬁ”’@)

L e B(K™ — 7 vp)
. o B(B — K“vw)
- @ Other data
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Rare Semileptonic and Leptonic decays

Let us look at the flavour structure: other rare decays into muons
Ci [_. |
>y —— t Mg Y
j’GFT AD ?L Xo\( C{A)(/‘fl.y/‘({)

2210.07221 PDG 2024 hep-ph/0311084 LHCDb 20

A R(K) | Bs—pp | Ba—pp | Kr—pp

20 bound on LHCb ‘23 2011.09478

Ks—pp | DO—pp

. C=1
Aﬂgjgﬁ c=1 56TeV | 33TeV | 18TeV | 74TeV | 10.7TeV | 6.9 TeV

CKM-like cckM=|Vss| | ccxm =|Vis cckM =|Vid| | cckM =|VidVis| | cckm=i|VidVis|| cckm=|Veb Vb
VI=VAUIZ C — CCKM B
MRV, U@),..) h 11 TeV | 6.6 TeVI 1.6TeV | 1.4TeV | 0.2TeV | 0.086 TeV
/ &N A \ n new physics scenarios with CKM-like flavour structure,
.~ >\S Ez X

the strongest constraints in the quark-muon couplings
/ come from bspupy observables.
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