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ONCE UPON A TIME: THE STANDARD MODEL
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THE STANDARD MODEL

(Jopew-pue g+)
syJenb g
N\
N

(+opew-pue g+)
suojdaj 9
N\

d st MHnd yrd _ electro-weak
= %) generation symmetry breaking
everyday matter exotic matter force particles (mass giving)
il N\ Nl N\ /J* N i
2.4M 9’2,3 \\/,, A
o,o <— charge

%

<«— color charge (r,g or b)
mass (eV)

N

‘ e
e—neutrincﬁ

~
a
8
@
up d <— spin g 125-6G
g
8
4.8M @ 3
o g
g &
4 s o
down gluon ;O 8
% S g
@
0.511M ‘ 2
'51
T
e
electron d photon 4 g
P
<22 ‘ 80.4G 91.2G

V.

N

\d \a:uo; JB9JoNU YBOM

12 fermions (+12 anti-matter)

inCcreasing Mass w3

5 bosoNS (+1 opposite charged W)

A THEORY WITH STILL MANY OPEN QUESTIONS:

e 3 generations, same gauge interaction but
vastly different masses?

e Matter-antimatter asymmetry in the universe?

ordinary matter
5%

e Dark matter?

e Gravity?

“dark matter.
Xy~ 2B% X

dark energy
70%

The Standard Model is understood as low energy approximation of a more fundamental theory
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A MESSAGE FROM THE LHC

Main outcome of LHC :
1) Discovery of a SM Higgs-like boson
2) No direct observation of new physics particles

= New physics scale is higher than expected

Can we explore it?




PRECISION MEASUREMENTS

« Mesure precisely quantities predicted by the Standard Model and check consistency.

« Quantum corrections could unveil new physics effects

« Sensitivity to much higher scales and/or smaller couplings than direct searches

 Rarest decays provide highest sensitivity to NP v
NP couplin
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THE HISTORY OF THE b QUARK

o Early 70s : Foundation for a SM extension: FCNC (GIM mechanism) and CP violation in kaons (1964)

\\/ \\/ BR(K® — y*u) 7x107°

~107°
K* notaZ° Ko BR(K+ > /,I+V#) 0.64
allowed .
/\ /\\Mb’dden SM with u,d,s only was predicting 10-4....
u d S
1970: Glashow, lliopoulos, Maiani (GIM) propose: g v “/
* no tree level Flavor Changing Neutral Current (FCNC)
e FCNC occurs via loops, so suppressed || :
e A new quark to suppress u contribution w ok Yw
1 |
| |

e prediction of charm quark, directly observed in 1973




THE HISTORY OF THE b QUARK

o Early 70s : Foundation for a SM extension: FCNC (GIM mechanism) and CP violation in kaons (1964)
o 1973 : Prediction of third quark generation (CKM matrix)

The weak interaction acts on flavour eigenstates, different from mass eigenstates.

Lee = —iﬂi’y’“‘ (1 —15) V;jdjW: + h.c.

V2

The transitions between families are described by the CKM matrix

Vud Vus Vub
Vi; = Vekm = Ved Ves Vo
Via Vis Vi

The CKM matrix is unitary. The Lagrangian does not depend on absolute phases.
These conditions implies 18-9-5= 4 independent parameters, with 1 complex phase
===> |/ ?é V* ==>CP violation.




THE HISTORY OF THE b QUARK

o Early 70s : Foundation for a SM extension: FCNC (GIM mechanism) and CP violation in kaons (1964)
0 1973 : Prediction of third quark generation (CKM matrix)

3 —
o0 1977 : Discovery Y(1S) at E228 Fermilab (Lederman et al.)
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THE HISTORY OF THE b QUARK

o Early 70s : Foundation for a SM extension: FCNC (GIM mechanism) and CP violation in kaons (1964)

o0 1973 : Prediction of third quark generation (CKM matrix)

o 1977 : Discovery Y(1S) at E228 Fermilab (Lederman et al.)

o0 1986-1988 : First b-hadrons weak decays at e+e- —>Y(4S) (CLEO/ARGUS).

o Late 80s and 90s : Mixing and lifetime b-hadrons. Lifetime (1.5 ps) provides first hint of large mass of the top
(discovered in 1995). First CKM unitarity tests (Vub, Vcb)
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THE HISTORY OF THE b QUARK

o Early 70s : Foundation for a SM extension: FCNC (GIM mechanism) and CP violation in kaons (1964)

o0 1973 : Prediction of third quark generation (CKM matrix)

o 1977 : Discovery Y(1S) at E228 Fermilab (Lederman et al.)

o0 1986-1988 : First b-hadrons weak decays at e+e- —>Y(4S) (CLEO/ARGUS).

o Late 80s and 90s : Mixing and lifetime b-hadrons. Lifetime (1.5 ps) provides first hint of large mass of the top
(discovered in 1995). First CKM unitarity tests (Vub, Vcb)

© 2001 : CP violation in b-decays observed by Babar and Belle.
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THE HISTORY OF THE b QUARK

o Early 70s : Foundation for a SM extension: FCNC (GIM mechanism) and CP violation in kaons (1964)
© 1973 : Prediction of third quark generation (CKM matrix)

o0 1977 : Discovery Y(1S) at E228 Fermilab (Lederman et al.)

o0 1986-1988 : First b-hadrons weak decays at e+e- —>Y(4S) (CLEO/ARGUS).

o Late 80s and 90s : Mixing and lifetime b-hadrons. Lifetime (1.5 ps) provides first hint of large mass of the top
(discovered in 1995). First CKM unitarity tests (Vub, Vcb)

o 2001 : CP violation in b-decays observed by Babar and Belle. Start of precision tests era for NP discovery
(Tevatron, b-factories, LHC)

The b quark evolved from a theoretical necessity o
to one of the most powerful tools for testing the Standard Model —\G})
and searching for new physics. s
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b — s¢¢~ TRANSITIONS

New particles in the loop could: enhance/suppress decay rates; introduce new sources of CP violation;
modify angular distributions; couple differently to different lepton families.

Branching fractions Angular analyses Lepton Flavour Universality tests



b — s¢¢~ TRANSITIONS

b ~ ;t S b N S But beware of charm loops!
W wr  New FTETD
o Physics ut B"%
v c p
n L<‘ N

New particles in the loop could: enhance/suppress decay rates; introduce new sources of CP violation;
modify angular distributions; couple differently to different lepton families.

Branching fractions Angular analyses Lepton Flavour Universality tests
Affected by FF + cc loops Affected by cc loops Clean!

< increasing theoretical complexity

increasing experimental complexity )




EFFECTIVE FIELD THEORY

Describe low-energy phenomena without knowing the full details of high-energy theory
4G,

1=1,2 T
Heﬂ = ﬁ th E C (M)O (M) + C,(M) O,(.u) ] ;= 3-6,8 éflfOIl penguin

i left - handed part right - handed part 1=7 Photon penguin
sunpressed in SM 1=9,10 Electroweak penguin
Operators O;: non-perturbative long-distance effects 1=S Higgs (scalar) penguin
Wilson coefficients C;: perturbative short-distance effects 1=P Pseudoscalar penguin
|
Photon pole J/(1S) -
(not in B->Pll) b->ccs
” </ (tree level) 0;

dr “ w{rzi/
P |

1 —-’ - > ’
! !
1‘ C7, Cy () C( ) and 01( 0) Oy C7,Co,10 3
"™~9,
interference Long distance I~
contributions from CC [+Cs.p]
above open charm ’
threshold b t S
W:\ ‘\ W+

4[m(p))?




PUZZLE OF MIXING MATRICES

CKM matrix PMNS matrix

Quarks Neutrinos Electron, muon tau

Very different mixing structure And why charged lepton are the only
between quarks and neutrinos! fermions not directly mixing?



CHARGED LEPTON FLAVOR VIOLATION

* Lepton flavour violation in the Standard Model through neutrino oscillations (Br < 10-49)
=> charged LFV decays in the SM have rates of the order of 10-54 !

Observation would be a striking sign of new physics!

v (9)

2
* a2
Uuk Uekak

2
MW

~ 3%
- 32n

2

k=13
~10—2°_-10>*

=S5 B(n — ey)

u (p) e (p—9q

[Glashow, Guadagnoli, Lane]

* LFVin B decays is potentially, but not necessarily, related to LFU violation : PhysRevLett.114.091801

1— Rg 2
0.23

B(B — Kutet) ~3.107% (

1- Rk \*
+ % -8 K
B(B = K(e*,p™)7%) ~2-10 ( 0.23 ) [Hiller, Loose, Schonwald (2016)]




TIMESCALE OF THE ANALYSES
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Co-direction de theses:
O Samuel Coquereau
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O Tommaso Fulghesu

Supervision des postdocs:
O Giulio Dujany
O Steffen George Weber



LHCb: ADETECTOR FOR FLAVOR PHYSICS

Op~20 pm

VErtex LOcator

for high-p, tracks

RICH detectors Muon system
e(K—K) ~95 % e(u—u) ~97 %
for 5 % n—K mis-id

for 1-3 % p—n mis-id

interaction
point

acceptance

2<n<5

Tracking system
Aplp=0.4% @ 5 GeVlc to
0.6 % @ 100 GeV/c

Calorimeters
ECAL: 6 JE ~1 % ® 10 % / VE (GeV)

Int. J. Mod. Phys. A 30, 1530022 (2015)
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LEPTONS AT LHCb

Sudden Exit
|

Muon “Just Passing Through” Electron Tau “Now You See Me...”
“Social Butterfly” H




LEPTONS AT LHCb

—_
(9)]

Sudden Exit >

Candidates / (10 MeV/c?)
>

j Muon “Just Passing Through” Electron Tau “Now You See Me...”

“Social Butterfly”

e e
%-
* Clear trigger signature Db

* Very good di-muon resolution. 3050 3100 3150
m,.,.- [MeV/ ]
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LEPTONS AT LHCb

Muon “Just Passing Through”

/ Electron
L “Social Butterfly” |

Problems:
1) bremsstrahlung
2) trigger inefficiencies

Tau “Now You See Me...”

Solutions:

1) Recovery and brew categories
2) Additional triggers

Magnet ECAL
v
Upstream 7 o Downstream
brem == p brem
e = Y\ .
E,
Air
ey T T T T T
K3 LHCb n
ESOOO Fo2.1fb! ' ]
1
- + Data (0y) !
g 2000 - ;}“aﬂ T 1
kS gnal 1
~— Combinatorial \
=« 1000 7 \ 1
3 - \
O 0 —— T i TR B '\'. ala
2200 2400 2600 2800 3000 3200
m(ete”) [MeV/c
&.8000F T ' T 3
R3 LHCb A
Zeool 210 \ ]
= + Data (19) ‘\
< ~—--Total +
§4000 [ —---Signal { ]
~— Combinatorial ‘ll
‘E 2000 » b
= \
8 g™ N L N k n
2500 3000 3500

m(ete”) MeV/cY
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LEPTONS AT LHCb

Leptonic:
- BR(t—> pwv)=17.411£0.04 %
- BR(t— evv)=17.83 £ 0.04 %

Hadronic:

« BR(t—> mv)=10.83 £ 0.06 %

* BR(t— m %) =25.52 £ 0.09 %

* BR(t->1mnm’n’v)=9.30+£0.11 %

* BR(t->mntmv)=9.3110.06 %

- BR(t->mntmn®v)=4.62 £ 0.06 %

Sudden Exit >

Muon “Just Passing Through” Electron [ Tau “Now You Sde Me...”

“Social Butterfly”

- mK 3 e), T — TV, bremsstrahlung
m(K*7 e), T — nrnn’v, bremsstrahlung T T T T T

- m(K*¥r €), T — TRV, no bremsstrahlung

- m(K*1 e),7 — nann’v, no bremsstrahlung
mg,, T —> ATV, bremsstrahlung

Mg, T — AAAA’V, bremsstrahlung
—— mg, T—> AV, no bremsstrahlung
—— mg, T — AAAR’V, no bremsstrahlung

a.u./(68 l\'lleV/CZ) .

o
(=}
=3

Problem:

- reconstructed through |y Solut:o-n: ) ) 0.06
. . - exploit event kinematics 0.04
decays with neutrino

3000 4000 5000 6000

MeV/c?
m [MeV/c?] 11




BACKGROUNDS

Multiple type of backgrounds should be rejected:

* Combinatorial

* Physics backgrounds (fully and/or partially reconstructed and/or with mis-identification)
particularly annoying as could pollute physics quantities determinations.

Background decay

Selection

‘B’ — KV (= (7(7)
V =p, w,oro

In angular: ¢* ¢ (0.98, 1.10) GeV?/ct
In Rg+0: contamination < 2%, negligible as
similar for g and e

'BY — ¢(— KTK~)(Ti~ ' :
. One kaons is misidentified as a pion. |

In angular: Tight PID criteria if m(K g fu)
and m(K7yg) are consistent with the known
BY and ¢ masses.

In Rg-0: m(Kng) > 1040 MeV/c2.

B KOJf (= pFp)
B°— K*%(25)(= ptp”)

¢ ¢ (8, 11) GeV?/ct
¢ ¢ (12.5, 15.0) GeV?¥/ct

BY— K*J/)(— pp)

B — K*04(25)(— ptp)

with swapped identity of one hadron (k) and
one .

m(hup)? € (8,11) GeV?/ct

m(hup)? & (125, 15) GeV?/ct

(hy is swapped hadron under muon mass
hypothesis)

B+ 5 0+ p+-
Pion from K*%% replaced by another pion
in the event.

Not peaking, included in combinatorial pa-
rameterization

[B" = D~ (= K7)l*v )
Non-peaking background with a branching

In angular: D veto
In Rg+o: |cosidy| < 0.8

BY — K0+~

Can be background to B — K*0¢+¢~ (and
vice versa) if the K+ (K ™) is misidentified as
the 77 (77) and the 7~ (7") is misidentified
as the K= (K).

Tight PID criteria.

fraction four orders of magnitude larger than A) — pK—pp~ Tight pion PID if m(m, K pu) close to m(A)
the signal. Proton misidentified as pion.
Bt — Ktote- In angular: m(K ptp™) ¢ (5220,5340) A) — pK—ptp~ Tight PID criteria.

Combined with a low-momentum 7~ from
the rest of the event, populates the upper
mass sideband region used for training the
neural-network classifiers.

MeV/c?

In Rg-o: m(K+0*¢~) < 5100 MeV/c2. Can-
didates where the 7~ from the K* is misiden-
tified as a kaon and paired with a 7% are
similarly rejected.

Double misidentification of the hadrons, 1.e.,
where the proton is misidentified as a kaon
and the kaon is misidentified as a pion.

Table 2.6.1: Summary of relevant background decays and selection strategies for the angular and
R0 analyses.

12




A TYPICAL ANALYSIS AT LHCb

Trigger

“stripping”, i.e. central preselection

Multivariate techniques exploiting kinematics and topology @
Specific vetoes to remove or reduce peaking backgrounds T el
Particle Identification requirements - \./
Control channels to correct simulations

Normalization channels to reduce systematics (no absolute BR)

Statistical methods on a final set of discriminating variables

w

& 02 T ] @ 035F T T T T ]
§ g:: : —e— Data IM sidebands E g 0w - —*— Data IM sidebands
o4 E_ = —e— MC background E g 025 E_ —e— MC background _f
—g 0.12 ;— + —e— MC signal = _é 02 E _— —e— MCsignal E B‘ — T T — T
3 1 ® M ] = 1 LHCb 3
0.08f- LHCb 0.1sf B E E
0.06F- 3 g - LHCb = F ]
0'0 E 0.1F '-8 1 ‘ |
M - E oosk s 100 e E
0.02 fe- = .05 E E
oF et SO E o —_—O— 7
0 0.05 0.1 00 - 1
Bjp [mm . -2 L —0O— |
p [mm] B decay time [ps] 10 E E
g —o— €
» 02F ‘ e PR ‘ ‘ ‘ 5[ @ ]
£ 0.18F —e— Data IM sidebands 3 g 09¢ —*— Data IM sidebands - 107 ¢ m Signal 3
0.16 = 0.8 F 3
E 0.14E —e— MC background E %‘ 07E —e— MC background o 1
£0ME £ - O Background |
—g 0.12F —e— MC signal E -,g 0.6 —e— MC signal = 10—4 = PR N SR R S R P
041?._'__'_ E 05 E 0 0.2 0.4 0.6 0.8 1
0.08¢ LHCb E 04F LHCb E BDT
0.06 = 0.3 -
- -
0.04F - E 0.2 E
E A E E
0,o§ E ‘ ooy, ] 08 N .
0 0.05 . 4 6 8
muons DOCA [mm] Iso(u®) + Iso(u) 1 3




B® - K*%*,* ANGULAR ANALYSIS



d4F[BO K*O,u w ]

B® > K% *,* ANGULAR ANALYSIS

- g5 LI

A

CP-averaged observables

dg? dS)
d'T[B° —» K*utp~] ZI

dg? dS) - 327
i | I fi
1s | 2 (|A 2+ AL+ AR + AT ) sin? O
Le | (|AB12+|AF>2) cos? Vg
2 | 1 (|A [2 4 | AL 2 4 AR + | AR ) sin? O cos 20,
2c (|AL|2 |AF] ) cos? U cos 20,
3|1 (|A 2 — AL + AR - |Aﬁ?|2) sin? O sin? Oy cos 26
4 \/_ Re(ALAL* + ARA *) sin 20 sin 21, cos ¢
51 v2 Re(AOLAi* — A{;"Af*) sin 2 sin ¥ cos ¢
6s | 2 Re(Aﬁ“AIf - Aﬁ?'Af*) sin? ¥ cos
712 Im(AOLAﬁ‘* — AgAf*) sin 2¥ g sin ¥y sin ¢
8 | V2Im(AfAL* + AR ARx) sin 20 sin 209, sin ¢
9 Im(Aﬁ*A]i + Aﬁ?'*Af) sin? U sin? 9, sin 2¢
10 | 5 (JA5P + |A5P) 1
11 \/Z Re(ALAL* 4 AR AB") cos Ve
12 | =3 (JAL]2 + |AEP) cos 20,
13 \/g Re(ALAL* + AR AEY) cos ¥ cos 20,
14 \/gRe(AgAﬁ* + AIS%Aﬁ?*) sin ¥ sin 29, cos ¢
15 \/§Re(A§Aﬁ* — ABAR) sind sin ¥y cos ¢
16| /3 Im(AEAL — ABAf) sin g sin O sin ¢
17| /2 Im(agALs + AfAT) sin g sin 29, sin

CP-asymmetries




THE ANGULAR DISTRIBUTION

e The full angular distribution (0, 0x,$) is described by eight independent observables:

1 a4Tr+T) 9
d(I' +T)/dg? dg2d( 32w

1
- Z(l — F1,) sin® O cos 26,

[2(1 — F,) sin? Ok + Fi, cos? Ok

— Fi, cos? Ok cos 26; + Sz sin? 0k sin? 6] cos 2¢

+ S4 sin 20k sin 26; cos ¢ + S5 sin 20k sin 6; cos ¢
+ %AFB sin? Ok cos 6 + Sy sin 20 sin 6; sin ¢

+ Sg sin 20k sin 26, sin ¢ + Sg sin? Ok sin? §; sin 2(/)] .

e Observables (Agg, FL and S;) are function of the Wilson coefficients.

e P’ is a set of observables where hadronic form factor uncertainties cancels at the leading order (JHEP 1305(2013)137).
Example:

. 85
Ps= TF0-F)

16



EFFICIENCY SHAPE

e(cos ¥y, cos Vg, b, ¢*) = Z Cijmn Li(cos¥y) Li(cos Vg ) L (4) Ln(q?)

P T T T >
§ | i [

s 3

o) i o) -

) o

2 2

ks ks

2 0s 2 s 0.10 < g2 < 0.98 GeV2/c4

18 <92 <19 GeV2/c4
simulation
0 s 0 o

Relative efficiency
g .
Relative efficiency
\

0.5 —
LHCb B - LHCb
simulation E L simulation
0 A i 1 i A i 1 i i i 1 i n 0 " L i " 1 1 i i 1 1 i i n n 1 i
-2 0 2 5 10 15

¢ [rad] ¢* [GeV¥c4] 17



Candidates / 5.3 MeV/c?

Candidates / 0.1

3

50

" LHCb

1.1 < g2 < 6.0 GeV¥/c*

Il PR S SR ST T N N SR N

m(K*m ptu”) [MeV/e?]

20€

\\\\\\\\\

nmnmum NN, N\
'ARAFRRNFRNN RRRIRNNHARNV RN ANNR

LHCb
1.1 < g2<6.0 GeV¥ct

PR BT RRTT

\\\\\

=)

MAXIMUM LIKELIHOOD FIT

Candidates / 10 MeV/c?

Candidates / 0.1

- ' ~ " LHCb ]
1501~ L1 <¢g?<60GeVict
100F -
S0~ .
0‘:1,—-.-"\7'?;\ U7 T DU

0.8 0.85 09 0.95

m(K*r") [GeV/c?]

C T T T 1 ]

i LHCb i

L 11<g2<6.0GeV¥ct
100

50

=]

First full angular analysis of B->K*uu,

using Runl (3 fb-1)

» full set of CP-averaged angular terms

* full set of CP-asymmetries

* correlation matrix published

* form-factor independent ratios of
observables measured (P’)

—c - T T T T T T ™
g | ' ' LHCb ]
k 80F 1.1<¢q2<60GeVice*
—: - -
S o + _I_ + .
3 L | <|— ]
qa 1
o - 1]
8 T ]
O i
NHmmnnmrny
0 2
¢ [rad]
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CP-averaged observables

FB

Eof T T
s LHCb — +
L I SM from ABSZ [ i
o T 4= 4 - A -
4 _[ ? ]
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0 5 10 1|5 0 5 10 1|5
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F LHCb 1 I LHCb 1
[ M SM from ABSZ | [ M SM from ABSZ |
= | 1= |
: 10 + 1t =
S5t ) e 05 . e
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i T T T 1 & of T T T ]
F LHCb 1 I LHCb 1
E‘F i M SM from ABSZ | [ i
LT | ] T n ]
[ - + = [ T ]
S_ 1 1 1 ] ‘0' C 1 1 1 ]
0 5 10 15 0 5 10 15
g* [GeV¥c] ¢ [GeV¥c?]
i T T T 1 & of T T T ]
F LHCb 1 F LHCb 1
s+ —L I 4 ] i 1 1 i
SRS T o
‘S_ 1 1 1 ] -0' B 1 1 1 ]
0 5 10 15 0 5 10 15
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RESULTATS

CP-averaged P’
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oF E oF 4
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1 19 SM from DHMV 1 19 SM from DHMV
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E 2F =
L L ] E \ 1 . ]
10 15 0 s 10 15
¢ [GeV¥c* 2 [GeVZeY]
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RESULTATS

Puzzling discrepancy of about 3.4 o
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SYSTEMATIC UNCERTAINTIES

Source Fr S3—S¢ | As—Ag | P1—F
Acceptance stat. uncertainty < 0.01 < 0.01 ] <0.01 | <0.01
Acceptance polynomial order | < 0.01 |(< 0.02 ) < 0.02 @
Data-simulation differences | 0.01-0.02 ] < 0.01 | < 0.01 | < 0.01
Acceptance variation with ¢° <001 |<001|<0.01]<0.01
m(K*7~) model <0.01 | <0.01]|<0.01|<0.03
Background model <001 | <001 <0.01]<0.02
Peaking backgrounds <0.01 | <0.01]<0.01]<0.01
m(K+ 7~ pt ™) model <0.01 | <0.01]|<0.01|<0.02
Det. and prod. asymmetries — — < 0.01 | < 0.02

Errors on the measurements are statistically dominated.
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THE LEGACY LHCb RUN 1-2 RESULT

O 8.4 fb-1
O Accounts for non-negligible muon mass, extension of lowest bin to 0.06 Gev2/c4
O Measurement of interference terms of P and S wave
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2025 LHCb UPDATE: LEGACY LHCb RUN 1-2
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TEST OF LEPTON FLAVOR UNIVERSALITY



LEPTON FLAVOR UNIVERSALITY TEST RK*

—~1 A o — tree level
Qmax dI‘(Hb—>H3;L I dq hy rﬁlg&m i E b— sce
2 3 o o
RH — Qmin dq ? ‘i:, low q-_) E /
# q12nax dT(Hb—>Hse+e_) dq2 é ;‘i:;;r;lzq- E E
£ |
T da® h VU | A
H, =K, K* ¢ 1 A K
Ry =1 (at 10-3) in the SM

QED effects ~ % arXiv:1605.07633

¢ Theoretically: ratio cancels hadronic uncertainties

¢ Experimentally: double ratio reduces systematic uncertainties
B(B°— K*u*u™) B(B'— K*%ete™)

B(B°— K*J/(— ptp~)) /) B(B°— K*J/)(— ete™))

RK*O —

B NB° - K %up) » N(B" = K"%J/y(ee)) " e(B® » KT /y(up)) e(BY - K 0%e¢)
~ N(BY = K*J/y(up)) N(BY - K*0¢e) e(BY — K*Oup) e(BY —> K*0J/y(ee))




RK* : DATASET AFTER PRESELECTION
* Integrated luminosity: 3fb-!

* Analysis in two g2 bins:
- low-g2 [0.045, 1.1] GeV?/c4

- central-g2 [1.1, 6] GeV2/c4

Dataset after preselection

%
>
(]
(D .

PY(2s) =1

sy |=>1
central q? = e : by
low g2 5500 6000 5000 5500 6000 !
’n(K Tmutu) [MeV/e?) m(K* mete”) [MeV/c?]

Cut to remove
partially reconstructed
backgrounds

Partially reconstructed
backgrounds polluting the signal region
25




Ev+i- / EThp(e+e—)

low-¢?

central-¢?

0.679 £ 0.009

0.584 £ 0.006

0.539 £ 0.013
2.252 £ 0.098
0.789 £ 0.029

0.522 £0.010
1.627 £ 0.066
0.595 £ 0.020

EFFICIENCY PER TRIGGER CATEGORIES
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YIELDS

_ Low g2 Central g2 Normalization mode
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CROSSCHECKS

« ryyratio: =>very stringent test! (not a double ratio)
N B(BO—> K*OJ/w (= utp))
T BBY— KOJh) (— ete))

Compatible with 1 and flat as function of kinematics and event multiplicity

=1.043 £ 0.006 (stat) = 0.045 (syst)

* Rypsandr, ratios : consistent with expectations

£ 04 AN
g 035 \ — gz :EZ;;(]()Sai(:ulauon)

R — B(B°— K*%(28)(— ptp™)) /B(B°— K*9%(2S)(— efe™)) %002.2 > L

YT UBB - KRG pteT) [ BB KR (s efe)) L
Soasf
r = B(B0_> K*O'Y(—> e+e_)) ZO(:)_; \ A
— = . »>M>e
! B(BO_> K*OJ/"p (_) ete )) O 002 004 006 008 o

low-q? 6, [mrad]

* BR(B->K*up) : in agreement with published LHCb result [arXiv:1606.04731].

IS
3 50
* No corrections to MC : less than 5% variation on Ryx. § 40
ug 30
* Population of bremsstrahlung categories : consistent between data and MC. E 20
10
* Kinematic distributions : consistent among MC/background subtracted data. 0

LOE LOH LOI LOE [LOH LOI LOE LOH LOI

Oy Iy 2y 28




SYSTEMATIC UNCERTAINTIES

Measurement is statistically dominated
Many systematics cancels in the double ratio

low-g?2 central-g?
Trigger category LOE LOH LOI | LOE LOH LOI
_Corrections to simulation | 25 48 39| 22 42 34)
Trigger 01 12 01| 02 08 0.2
PID 02 04 0302 10 0.5
Kinematic selection 21 21 21|21 21 21
_ Residual background - - - 150 50 50)
Mass fits 1.4 21 25|20 09 1.0
Bin migration 1.0 10 10|16 16 16
Ty flatness 16 14 17|07 21 0.7
Total 40 61 55|64 75 6.7
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RESULTS

~ ST R T T T T
Compatibility with the SM: qﬁ 7 5 ; : LHCD /3
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LEGACY RUN1-2 LHCb ANALYSIS RX

Simultaneous measurement of RK and RK* using all the available data
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LFU IN b-HADRON DECAYS: STATUS
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SEARCH FOR LEPTON FLAVOR VIOLATING B DECAYS



NEW PHYSICS KINEMATICS?
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DETERMINATION OF THE EFFICIENCY SHAPE

Underlining new physics kinematics is unknown.
O phase space hypothesis used as baseling;
O efficiency shapes provided for re-casting in different models.
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Candidates / ( 15 MeV/c?)
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Candidates / (200 MeV/c?)

Candidates / (200 MeV/c?)
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Candidates/(215 MeV/c?)
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SUMMARY OF UPPER LIMITS

Branching fraction

Model

Upper limit at 90 (95)% CL

Phase space (PHSP

7.0 (9.5) x10~°

) ( )
B(B*— K*ute™) | Phase space (PHSP) 6.4 (8.8) x107*
B(B'— K*ttu~) | Phase space (PHSP) 1.0 (1.2) x107°
B(B— K*°r~u*) | Phase space (PHSP) 8.2 (9.8) x107°
B(B’— K*'tte~) | Phase space (PHSP) 5.9 (7.1) x107°
Left-handed (C3¢ = —CJ¢ # 0) 6.3 (7.7) x1076
Scalar (CZ¢ # 0) 6.6 (8.0) x107°
B(B°— K*°t=¢*) | Phase space (PHSP) 4.9 (5.9) x10°°
Left-handed (C3¢ = —CJ¢ # 0) 5.4 (6.4) x107°
Scalar (CZ¢ # 0) 5.7 (6.8) x107°
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SYSTEMATIC UNCERTAINTIES

Effect Bt— Ktutew Bt— Ktu~et

Data-simulation corrections 1.0% 1.0% . .

Electron-muon differences N 4(72 N 4(%‘: * The background parameterisations has the largest
- Fitting model 2.1% 2.1% impact in analyses with tau leptons
PID resampling 4.5% 5.5% )
) Trigger 1.0% 1.0% . .

" Normalsation Tactor 35T 35% ) * Input branching fractions are also relevant

: Total 6.4% 7.1%

Background 0.60 0.43

Systematic effect Upper limit increase [%]
B°— K*%r—u* BY— K*97r+u~
Input branching fractions 4 3
Efficiencies 2 1
Normalisation yields 1 1
{'B'z;mckground control region choice 18 26 )
Background analytical shape 1 1
Total 26 32

Systematic effect

Upper limit increase [%)]

B’ — K*1%e~

B’— K*ret

Input branching fractions 2.3 2.5
Normalisation yields <0.1 <0.1
Efficiencies 1.2 1.0
| haékground model 4.7 7 5.2
" Signal model 12 05
Total 9.7 9.5

ﬁ




STATUS OF cLFV IN B DECAYS

Datasets:
Belle: 711 fb%; Belle I1: 365 fb}; LHCb: Run 1 + Run 2 except for B¥* — K*pue (Run 1) and B® —» K*%ze (Run 2)
—
&) 10 | m LHCb
o
N = A Belle + Belle Il . s K A A ®
> — A t v
P - ¥ Belle & B v % - .
£ E e Babar B = @ ")y
© [
3 10° = 3 ¢
= o
— - =
- v
107 = b v .
= B v
8 B L}
E - 00
10° B | | | | | | | | | | | | | | | | | | | | |
R R T A S S R ¢ & & £ ¢ & 8 2 8 8 &
S 2L R R o gF P T O o G g a8
3" & A A A ¥ A o oA &7 & A e o A e 7 e
3 3 $ N < < Q QD ? ? d 3 ? ®
ue Te ™
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THE FUTURE



THE CURRENT LHCb

Deputy operations coordinator (9/2020 - 8/2022)
Operations coordinator (9/2022 - 8/2024)

LHCb Upgrade 1
Side View

Muon System

Neutron T
RICH2 Shiclding ECAL HCAL M2 M3 M4 M5

Total recorded luminosity — pp — 31.7 fb™!

PLUME VELO RICHI UT Magnet

30 Run 3 - 22.56 / fb

ch
— 2025 (13.6 TeV): 11.81/fb
— 2024 (13.6 TeV): 9.56/fb

2023 (13.6 TeV): 0.37/fb
2022 (13.6 TeV): 0.82/fb

25

|Ammunm g

N

= \ AL ] e == | A\
it e ” A
" __ | i ;i‘

Run 2-5.90/fb

2018 (13 TeV): 2.19/fb
2017 (13 TeV): 1.71/fb
2016 (13 TeV): 1.67/fb
2015 (13 TeV): 0.33/fb

20

15 Run1-3.23/fb

———— 2012 (8 TeV): 2.08/fb
————— 2011 (7 TeV): L.11/fb
———— 2010 (7 TeV): 0.04/fb

10 LS2 -

Recorded integrated luminosity [fb']

0 i
Q N W ) » ) o A S O N N v Yl X “
N N D \ \ \ N3 \ > N\ > 32 3\ 3\ \ v
D R I A M M I I S SO SO
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BRANCHING RATIOS AND ANGULAR OBSERVABLES STILL PUZZLING

— WWLCSR _ Lattice —#-Data Lattice -o-Data 20— ™@LCSR __ Lattice -+-Data But beware of charm |oop5!
& L A B | T ™ Pognl T g T ] & L B L T T T ]
@] LHCb § © LHCb § 9 ] a b
< 1 g 12 ; ARG
X _: X —: oox ] + > = c
0 ] s 1 o C ] W
8 ++ _; 8 = :_“ L _: Z/y
NQ" E NQ" _+_ = "g L ] n
3 1 3 - L
% [() S M B R - % P IR B B N 00....5....10....15.. .20..
0 5 10 15 20, 10 15 20, 2 [GeVYeH]
q* [GeV7/cf] ¢ [GeVZ/c4]
~ x ll()_l6 T T ~— X1'0_6' T T T T T T T T T T T T
© 14f LHCb e, > 0 LHCb 8.4 fb! ]
> 12 SM (LCSRsLattice)| 2 0.15~ [ SM from FLAVIO (BSZ:2015) |
g 10 _—‘ [ I SM(LCSR) L @SM from EOS (GRvDV:2022) ]| a.‘ Ll l_— R B -l' I .
é‘ 8_ SM (Lattice) - Ng . Preliminary ] LHCb 8.4 fb i
T “He woooyes) 3 & - & SM from ABCDMN:2024 1
& 6F - SM from EOS (GRvDV:2022) —
S L EE'_‘ S I (I E—— bt FE i —— LHCb84 b’ :
1T C o e ! = =] —+- LHCb4.7fb! o
= 2F B - - _ = —+— CMS 140 fb! B
S % TS T e s L T T N LHCb preliminary -
¢ [GeV¥ "] ¢* [GeV¥c] - p Ty ]
-0.5 N - ——
: ﬁ S B aHEH =
Investigation is not over. ' - * i
. . =,y SRS D) L,
Need to keep exploring all observables for these transitions! 0 5 10 15
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LHCb PROSPECTS

LFU ratio Rx»

10°
-011Preliminary SM from flavio (BSZ:2015) AN : ﬂj‘(‘;’) " fic
K+
024 C0 SM from E0S (GRvDV:2022) u European Strategy LEP3
¢ PRL 125 (2020) 011802 é‘ V¥ FCC-ee
—0:33 I LHCb-PAPER-2025-041 c 10-1 Projections for uncertainty in
0.4 I arXiv:2503.24346 :., 0 central-g2bin (1.1<q%<6 GeV?)
Ay T +| = A
—0.5 1 © |
Upgrade 1 Upgrade 11 5 A
_0.61 v )
0.6 4 < ¢* < 6GeV?/c? £ 102
-0.7 A
~0.8 v
17 84 50 300 Current 2030s 2040s 2050s
' ' e Time Period
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COMPLEMENTARY MEASUREMENTS ARE NEEDED

e Complementary measurements are performed in different b —> s Il transitions

e Other experiments are also now performing angular and LFU measurements

s

CMS

WIIIIIIIIII

»

IllllllllllllIIIT}LIIIIIIII
.
be *T

1

.
i
__J{
w

T N B Y ST Ry R
—&— CMS (this result)
4 ATLAS JHEP10 (2018) 047
& Belle PRL118 (2017) 111801
CMS PLB781 (2018) 517
¥ LHCb PRL125 (2020) 011802

S S

III!|IIII||II

|
1

III|IIII|III

Decays ’ LFU test | ¢* range (GeV¥/c?) | Experiment

BY— K*00+ (0~ Ry = 09271000 0058 | [0.1,1.1] LHCb [113[]114]
Ry = 102740063 0006 | [1.1,6.0] LHCb (113,114

Bt — KTit(- Rk = 09947008 005 | [0.1,1.1] LHCb [113/114
Ry = 0.94900:3 005 | [1.1,6.0] LHCD (113,114
Ry = 1.0870:8 04 ¢ > 143 LHCb [118]
R = 0.78+03% [1.1,6.0] CMS [119

BY — ot~ Ry = 15775 £0.05 [ [0.1,1.1] LHCD [120
R,' = 0.91%70 +£0.05 | [1.1,6.0] LHCD [120
R,' = 0.857033 +0.10 | [15.0,19.0] LHCbH [120

BY — K+arr (v~ | Rt =1.317015085% [ [1.1,7.0] LHCD [117

B = K3 (70 Ryg = 066757 To0s | [1.1,6.0] LHCb [116

Bt — K*F 0t~ Rpc-+ = 0705015 F008 110.045,6.0] LHCD [116

A) — pK—(+e- R = 0.867011£0.05 | [0.1,6.0] LHCbD [115

IlJIIIlllllIlllllIIII-
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NEW FRONTIER : LFU ANGULAR ANALYSIS

15

15

[ SM from DHMV
[ NP Example

10} . 1.0k ) e
05| — . o5f 1 [ ——— :
0—; 0.0 p— - e} ok I —

-0.5

-1.0 F
[ 3 SM from DHMV

[ NP Example
" " L

-15

1 1
0 5 10 15 20 0 5 10 15 20

q* [GeV?/c?] ¢ [GeV?/c?]

LFU observables

_ pWw _ p@
@ =R Pie?\
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NEW FRONTIER : LFU ANGULAR ANALYSIS

. Angular analysis of B - K Ye*e™ decays
- Results based on 9 fb~! of Run 1+2 data
Analysis performed in central q2 region

(1.1 < g% < 6.0GeV?/ch

T
LHCb 9fb~*

Weighted entries / (0.05)

0 = — FC o 0 f T h
5000 5200 5400 5600 =1.0 —0.5 0.0 0.5

Weighted entries / (20.0 MeV/c?)

T
LHCb 9fb~!

'Hlmﬁ bt
ST TR

- No significant disagreement with SM predictions

+ No evidence for LFU violations when analysing
electron and muon modes together

Weighted entries / (0.05)

Weighted entries / (0.16 rad)
S

L | f
-2 0 2

B — K%e/ B — K%up

JHEP 06 (2025) 140 R
% 04 L LHCb " ABCDMN

o 1.0 o 1.0 > 9! [4.7 b7 i Data
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'S ? 9fp-! GRVDV g % 9fb~! GRVDV g I
_lé 05+ i Daa _Lé 05+ i Daa g 0.0+ -
t I E I 02+
(] i Q .
g 00 A zzz 2 00 g ===
8 doply 1 ! 8 *&é? SR 04

05+ 05+ Or, 01 Qs 05 0: Qs Qs O

LFU observables
-1.0 FL S3 S; Ss Am S; Ss So 1.0 F, P, P, P, P, P; P; P3 Ql-=Pl.('u)—Pi(e)?
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NEED THEORY PROGRESS

0.5

“LHCD [2025] + CMS [2024])" B =K%~ u~ ang. obs. w/o g €(6, 8.68]
== 2a: GRvDV23 form factors
== 2a: BSZ15 form factors

*
0.3 X

0.2 4

0.4

0.1 1

5Cyp/CEY

0
A Y
AY ©OI
0|

=0.1 1

-0.2 4

=0.3 1

| supertso e New hope from calculation of non-local

~0.4 ~0.3 ~0.2 01 0.0 0.1

SCa/CSH contribution from LQCD (but will take time)
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MEANWHILE AMPLITUDE ANALYSIS AND g2 DEPENDENCE

106
10*

[ S N
S W
o O

150

Candidates / (0.1 GeVZ2c™)

100 Y f o Interference
50 F
0 C
lz N 1 l 1 1 1 I L 1 L L l L L lﬁ I 1 1 1 1 )i IN;QJQ l:J l:;: IV;I 1
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5

*_ T T T T I T T T T I T T T T I T T T T I T T T T I T T T T l T T T T ]_I.
LHCb 8.4fb~!
e Data A
:1 Total -
- —— Signal i .
i — Background ]

'''' Local amplitudes
C 1 particle nonlocal i :
] amplitudes E
_____ 2 particle nonlocal .[ i ]
amplitudes i

q* [GeV?/cH

Unbinned amplitude analysis introduce
degrees of freedom to fit non-local
contributions

TTTTrrrrrrrTd

rrrrrrrrrrrnT

LHCb 2025 config. 2

Cq bin-by-bin fit to LHCb [2025] data (plain QCDf)
C,y overall fit to all B—=K " y/tf with g? < 6 GeV? (plain QCDf)

Superlso 1100 Cq overall fit to all B— K " y/£f with q2 < 8.68 GeV? (plain QCDf)

1 L 1 1 1 1 1 1 I | 1 1 | | 1

2 4 6 8
g’ (GeVv?)

e Non-local contributions are g2 dependent
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IMPROVE Vub MEASUREMENT
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NEW LFU TESTS

é_
)
W~ / _
’ Ve
Jl /
b c/u
Ve / Vs
~~ 0.4 T l
*
a) /
R i CKM2025
0'35'_ R _ B(BS_)K_T-i_VT)
- NCT Ktp — B(Bs—K—utvy,)
03+ Belle”
C R . B(BS—)K_G-I_I/e)
" - Kep — B(Bs—K—utvy,)
[ § HELAV SM Prediction elle II° i
021  ROH=02%-0005 peliedt R(D) = 0358 x 0.024,,, —
[ F1-Qcp FLAG24 (N=2+1 for RD*) R(=D:))3=72-28‘ 00115, N
= ReDY = 02585 2 0.0081 lg(xz) =27% i /
L 0'2 L 03 e 0'4 e — 0'5 T — NeVV, Complementary measurements!

o Bty Horw)
A ™ B(Hy— H, (" vp) o




LFU TEST IN RARE PION DECAYS

£ BRH2EER
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Vud MEASUREMENT IN RARE PION DECAYS

R, =
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CONCLUSIONS

Nature is telling us that the Standard Model is not the ultimate theory. Yet, it is working
hard to hide new physics from our sight. In my opinion, a diversified approach is the key to
unveiling the mysteries of nature, and | am proud and excited to keep contributing to this
fascinating work of investigation.




BACKUP

https://videos.cern.ch/record/2302130



UNITARITY TRIANGLE

V ckm VZKM = 1 oz ang Y] [ 1]
Via Vg, ViaVi
7Earg[ “/ZZE%’] =r—a—[

ViVt VaVetVaVe = 0

(0,0) (1,0
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REQUIREMENTS FOR FLAVOR PHYSICS AT LHC

Key ingredients:

- High luminosity to collect large data samples

- Performing triggers (for LHC: ex low pT triggers in GPD, real time

y (mm)

analysis in LHCb)
- Be able to cope with high pileup (up to hundreds p-p interactions R
in GPD, few but now increasing in LHCb)
- Vertex reconstruction capabilities to identify the B decay, W P Z
especially important for time-dependent measurements 1;\‘{3 K*
b AN

- Good mass resolution to identify signal over backgrounds

- Flavor tagging of initial states for CPV measurements

nkov Angle (rads)

- Particle identification

Cherel




S-wave

1 d*(C +T) —(1—Fy) 1 d(T' + 1)
dT+1D)/d¢® dg2d$ |g,p Y AT +T)/d? dg2dd |,
3 . 2
+ 16—’/TFS Ssin 19@

9
+ 32_7r(S11 + S13 cos 24;) cos I
+ 32%(514 sin 219, + S15 sin ) sin ¥ cos ¢

+ 3%(516 sindy + Sy7 sin 20;) sin Y sin ¢
/[

Fs denotes the S-wave fraction,

_ A5l + |AE
|AS1? + |AZ? + |AF 1> + |AT? + |Af 12 + [AF )2 + |AT 2 + | AT 2

Fs



REDUCING FORM FACTOR UNCERTAINTIES: P’ OBSERVABLES

253 (2)
P — A
YT a-F) T
2 Ars
P —
‘T 31 -Fy)
Sy
P, = —
3 (1—Fp)’
/ _ 54,5,8
P = =




COMPLEMENTARY APPROACHES: METHOD OF MOMENTS

1 dC+T) , = = (1 — Fs)S; if i =3,4,8,9,
Mi(q*) = i+ 1) / i % fi(§2) dQ2 M; = 2(1 - Fs)S; if i = 5,65, 7,
“d 21— Fs)(2—FL)+ %Fs ifi=1s.
i"’ I Tt ] & 1_ L L s

- T T T T T T T T | T T T T |
2 :— LHCb -] “ - LHCbH ]
- W0 SM fromDHMV 05 ++ + _
* Likelihood fit ] [ i

0O Method of moments - ++ ’L +

0 s K T S TR
¢ [GeV7/ct] P [GeV¥c4]



COMPLEMENTARY APPROACHES: AMPLITUDE ANALYSIS

Additional measurement of zero-crossing points, parameterizing the angular distribution with g2 dependent decay amplitudes

L.R
L.R 2y LR LR 2 , Vi
A ,||,¢(Q)—ai + 8,77 + 2
q
' T
<E05- !
LHCb |
| # Amplitude fit
i o Likelihood fit
- 9 Method of moments
0
-0.5—— —— 05 _— i
R B B B R R B TR SR R 0.5~ -1
2 3 4 5 6 2 3 4 5 6 S e e R
2 2 4 2 2 4
¢ [GeV¥/cH q> [GeV7/cf] ¢ [GeV¥/ ¢

q2(Ss) € [2.49, 3.95] GeV?/ct at 68% C.L.
g2 (App) € [3.40, 4.87] GeV?/c* at 68% C.L. SM: ¢2(Arg) ~ [3.9,4.4 GeV?/c*
q3(5'4) < 2.65 GeV2 /c4 at 95% C.L. [JHEP 01 (2012) 107, EPJ C41 (2005) 173, EPJ C47 (2006) 625]



SYSTEMATICS

Source Fr S3—Sg | As—Ag | Pi—P | ¢¢ GeV?/c?
Acceptance stat. uncertainty <0.01 | <001 ] <0.01 | <0.01 0.01
Acceptance polynomial order | < 0.01 | <0.02 | <0.02 | <0.04 | 0.01-0.03
Data-simulation differences 0.01-0.02 | <0.01 | <0.01 | <0.01 < 0.02
Acceptance variation with ¢° <0.01 | <001|<0.01]<0.01 —
m(K*7~) model <0.01 | <0.01] <0.01 | <0.03 < 0.01
Background model <0.01 | <0.01]<0.01]|<0.02] 0.01-0.05
Peaking backgrounds <0.01 | <001|<0.01]<0.01| 0.01-0.04
m(K* 7~ ptp~) model <0.01 | <0.01]<0.01|<0.02 < 0.01
Det. and prod. asymmetries — — < 0.01 | < 0.02 -




CROSSCHECKS: BREMSSTRAHLUNG
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CROSSCHECKS: KINEMATICS

045 —
w 04 — a T T T 3 w0451
= imin: . 9 l’,HCb Prelxmma:'y 3 [=] imin:
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RX ANALYSIS: EFFICIENCIES

LHCb-PAPER-2022-045
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LFU IN b—>c | nu TRANSITIONS
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b->svv

b->svv is a clean observable, not affected by long-distance charm-loops effects

Observables Belle 0.71ab~! (0.12ab™!) Belle Il 5ab~!  Belle IT 50ab™!
Br(B* — K+ui) < 450% 30% 1%
n(BDTy) ! Ao o Br(B° — K*%uir) < 180% 26% 9.6%
0.92 0.94 0.96 0.98 L0 ). ﬁ-.‘..‘}‘ age PRD 109 (2024) 112106 Br(B*+ — K*+vi) < 0% 5% 0.3%
3000 : . i —— Belle 11 (362 fb!, combined) Fi(B° — K*%vr) - - 0.079
b Betent E : 2340.7 This analysis Fr(BT — K*tvp) - - 0.077
v JLdt=(362+42)f! Wl B'—K v __O.I_ Belle II (362 fb!, hadronic) Br(B° — vir) x 106 <14 < 5.0 <15
£ 5000 : : = BT i LILL This analysie Br(B, — 1) x 10° <907 <11 B
= == B'B- : - o Belle TI (362 fbl, inclusive)
v'-a I Continuum : : 2.740.7 This analysis
C‘%) t Data —+O— Belle II (63 fb!, inclusive) 0 %0
1000 H - 194 1.5 PRLI27, 181502 — -
N PSS Belle (711 fb'!| semileptonic) 2 B(B - K VV)
: H 10406 PRDYG, 091101 2’
H I .
: L Belle (711 fb'!, hadr —~
g : . z.u(i lﬁ (I'Zamz 11)||0:s hadronic) Ig . .
— : -l comi ;
= T —— DADAR (S wemipon) & M
Y S ST S T S P —e——— BABAR (429 fb'!| hadronic)
1 4 8 2501 4 8 2501 4 8 2501 4 8 25 N - T 15413 PRDG, 112005 L T [ |
Gieo [GEV2/ '] 0 2 1 6 8 10 @ 10t
N
10° x Br(BT—K " vp) N . I
c SMunc
© \
. + +..= .
* Belle Il evidence for B® - K™ vv e European Strategy
(O]
.. he] M Bellell
3.10 significant, and 2.7 o above the SM c B Belle Il K* v
prediction o ® LFC
Z 100 LEP3
+ +.,5) — +0.5 -5 = .
BF(B* -» K*vv) = (2.3 £ 0.5%33)x10 L: V FCCee v
o 2030s 2040s 2050s
Time Period 83



CONSTRAINTS ON PHOTON POLARIZATION

1.0
] Constraints at 2o
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In b decays the photon is Global

predominantly left-handed
due to V-A structure

(In b-bar is right handed)
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Ry : ratio of forward production cross

I [ T T T T T T T T ]
section W->ev (JHEP 10 (2016) 030) = 18 o . . L-Hib “(E;f TeV
and W->uv (JHEP 01 (2016) 155) L6l —— RO (o) ]
) B e © R’plvz (tot) ]
BW+ — ety o ]
( e) _ 1.024 +£0.0034+0.019  '“f I i
BW+ — utv,) F — -
2 N ~
( _6) = 1.014 4+ 0.004 4+ 0.022 1= p! >20 Gev j—
BW—-— pu~v,) N | T
o 105 .
BW — ev 3 lﬁ e gy
( ) = 1.020 £+ 0.002 £+ 0.019 R N T
B(W — uv) 2 25 3 3.5
)
All experiments in agreement among them and with SM expectations 7
S RI;S G34, 2457 (2007) ™ 1.018+0.025
DO s o | 12340, 126 New ATLAS result: Eur. Phys. J. C 77 (2017) 367
B ﬁd,e e
lillgs}.)lgecp?g;lz),l?leggM(zon) t 1.007+0.019 Ry = O-:Il(’iaev/ EW _ O-Eii—)ev _ BR(W — ev)
N H H BR(W — uv)
ﬁ%léﬁns 5. 072008 (2012 D~ 1006+0.024 e Twiu! Ew T Wospy
Lh N 000015 = 0.9967 + 0.0004 (stat) + 0.0101 (syst)
o = 0.997 +0.010.
LHCb W* O 1.024+0.019
LHCb W 1O 1.014+0.022
07 08 09 1 11 12 i3



UL (90% CL)

PROSPECTS FOR OTHER cLFV DECAYS
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LANDSCAPE OF Vud MEASUREMENTS

PIONEER vs neutron/nuclei:

Brodeur et al,

a competitive probe with a completely different error budget arxiv:2301.03975
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PIONEER can verify the observed discrepancy 88



PIONEER : EXOTICS

PIONEER will collect an unprecedented set of pion decays: a

Recent development with

« surpassing existing sample by at least a factor 10 Pt Lepto-philic axion-like particles

» opportunity to search for feeble interactions producing W. Altmannshofer, J. Dror, and S. Gori

Phys. Rev. Lett. 130, 241801

new particles in the pion decay 10

* |look for deviation of SM quantities or modification of the

energy spectrum lineshape 103
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8ee

T e Physical Review D 97(7) 072012 (2018)

T Kby Physics Letters B 798 134980 (2019) N
= fub Phys. Rev. D 102, 012001 (2020)
u— eX Phys. Rev. D 101, 052014 (2020)

7 — eyx Phys. Rev. D 103, 052006 (2021) 1073 L

110
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Axion -
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PIONEER can improve feeble interacting new particle searches (ALPs, heavy neutrinos)
by an order of magnitude in the 10-100 MeV range =



LFU TEST IN RARE PION DECAYS

PPH-DEER
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