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What is flavor physics?

We know of the following elementary fermions

u d e ⌫e

c s µ ⌫µ

t b ⌧ ⌫⌧

these flavors are distinguishable only by their masses and couplings to the W± (for the quarks)

flavor physics ⌘ study of di↵erences and dynamics between flavors

I Grand scheme: find origin of mass and interaction hierarchies

I Nearer goals: measure standard-model parameters and search for new forces and particles
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The LHCb experiment at CERN’s Large Hadron Collider

The LHC symmetrically collides protons with protons at center-of-mass energies of 7–14 TeV

pp ! qq +X, pp ! W +X, pp ! Z +X

q = u, d, s, c, b, t X = hadrons, charged leptons, neutrinos

Only parts of protons interact with each other,
at an energy much less than collision energy.

Particles of interest have high momenta

in the beam directions.
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The LHCb detector

It’s a forward detector

consisting of

I vertex & tracking detectors

measure charged-particle trajectories,
determine p from bending in B field

I ring-imaging Cherenkov det’s

identify charged-particle types
(⇡±, K±, . . . )

I calorimeters

measure particle energies

I muon detectors

detect muons

Detects and identifies e±, µ±, ⇡±, K±, p±; �
Reconstructs K0

S ! ⇡+⇡�, ⇤0
! p ⇡�, ⇡0

! �� , . . .
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The Belle II experiment at KEK’s SuperKEKB collider

SuperKEKB asymmetrically collides electrons with positrons at c.m. energies near 10.6 GeV

e+e� ! f f

f = e, µ, ⌧ , u, d, s, c,b

incoming E(e�) > E(e+) �! outgoing system moves in electron direction in lab frame
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The Belle II detector

It’s a 4⇡ detector

consisting of

I vertex det’s & drift chamber

measure charged-particle trajectories,
determine p from bending in B field

I Particle ID (Cherenkov) det’s

identify charged-particle types
(⇡±, K±, . . . )

I calorimeter

measure particle energies

I KL & muon detector

detect KL & muons

Detects and identifies e±, µ±, ⇡±, K±, p±; � , KL

Reconstructs K0

S ! ⇡+⇡�, ⇤0
! p ⇡�, ⇡0

! �� , . . .
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I Taking data since 2010.

I Collected several fb�1 of data.

I Millibarn cross sections

for pp ! qq + X.

I trillions of events

I high cross sections

I Taking data since 2019.

I collected 100s of fb�1
of data

I nanobarn cross sections
for e+e� ! f f .

I 100s of millions of events

I high luminosity

(world’s highest)

lots of data = high intensity ! precise measurements

I can study particles heavier than B, 5.3GeV

I larger lab-frame momenta

I more data

I can (better) detect � ’s and reconstruct ⇡0’s

I can study decays to invisible particles

I can study ⌧ decay
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I 22 countries
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I 28 countries
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Let’s look at some of the most recent measurements.

Focusing on

I what we measure,

limited to my personal selection,
given the time constraints,

I why we measure it, and

I how we measure it.
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Let’s start with CP violation

CP ⌘ swaps left-handed particles and right-handed antiparticles

CP violation ⌘ CP conjugated states behaving di↵erently

Why do we care?

I Universe is CP asymmetric—made of matter, not antimatter.
) better understand where and how CP is violated.

I Standard model predicts particular processes are CP symmetric.
) search for new forces and particles beyond the standard model.

One method: measure decay-rate CP asymmetries

ACP ⌘
�(X ! abc) � �(X ! abc)

�(X ! abc) + �(X ! abc)
2 [�1, 1] =

(
zero ! CP conserving

nonzero ! CP violating
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LHCb: search for CP violation in baryon decay

Why? CP violation is not a widely-scene phenomenon:

1964 CP violation in K
0 mixing strange meson

1999 CP violation in K0 decay strange meson
2001 CP violation in B

0 mixing & decay bottom meson

2004 CP violation in B0 decay bottom meson
2012 CP violation in B+ decay bottom meson
2013 CP violation in B0

s decay bottom-strange meson

2019 CP violation in D
0 decay charm meson

CP violation was not seen in process involving baryons.
Yet the CP asymmetry of the universe is a baryon-antibaryon asymmetry

LHCb measured the decay-rate CP asymmetries of some decays of the ⇤0

b baryon

u d
b

I for ⇤0

b ! ⇤0⇡+⇡�, ⇤0K+⇡�, ⇤0⇡+K�, [LHCb: PRL134.101802, 2025]

I for ⇤0

b ! p K�⇡+⇡�
[LHCb: Moriond EW, 2025]
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b decay-rate CP asymmetries
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LHCb: ⇤0
b decay-rate CP asymmetries

I Find final-state particles

p ⇡�⇡+K�, ⇤0⇡+⇡�, ⇤0K+⇡�, ⇤0⇡+K�, (⇤0
! p⇡�)

I Require

I they come from common point far from pp collision
since ⇤0

b flies before decaying.

I their momentum sum point back to pp collision
since ⇤0

b comes from pp interaction.

I Veto weakly-decaying intermediate states:

when final-state subset has mass near such a state.

I Use machine-learning algorithm to remove random background
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Selected candidates are predominantly correct ⇤0

b ,

but also incorrect ones.

Fit to the mass spectr to get signal yield, N(⇤0

b ! · · · ) and N(⇤0

b ! · · ·).

likewise for ⇤0⇡+⇡�, . . .
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From fit results, calculate raw asymmetry

Araw(⇤
0

b ! fsp’s) ⌘
N(⇤0

b ! · · · ) � N(⇤0

b ! fsp’s)

N(⇤0

b ! · · · ) +N(⇤0

b ! fsp’s)

= ACP(⇤
0

b ! fsp’s) +Aprod(⇤
0

b) +Adet(fsp’s)

Aprod(⇤
0

b) ⌘ asymmetry of production of ⇤
0

b and ⇤
0

b from pp collision

Adet(fsp’s) ⌘ asymmetry of detection of ⇤
0

b and ⇤
0

b decay products

Use raw asymmetry in ⇤0

b ! ⇤+
c ⇡

� to remove these:

ACP(⇤
0

b ! fsp’s) = Araw(⇤
0

b ! fsp’s) � Aprod(⇤
0

b) � Adet(fsp’s)

0 =

ACP(⇤
0

b ! ⇤+
c ⇡

�) = Araw(⇤
0

b ! ⇤+
c ⇡

�) � Aprod(⇤
0

b) � Adet(⇤
+
c ⇡

�)

⇤+
c final state chosen to match ⇤0

b ’s.

LHCb reported two significant asymmetries

ACP(⇤
0

b ! ⇤0K+K�) = (8.3 ± 2.3 ± 1.6)%

! 3.1�

[LHCb: PRL134.101802 2025]

ACP(⇤
0

b ! p K�⇡+⇡�) = (2.45 ± 0.46 ± 0.10)%

! 5.2�

[LHCb: Moriond EW, 2025]
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LHCb: ⇤0
b decay-rate CP asymmetries

ACP(⇤
0

b ! p K�⇡+⇡�) = (2.45 ± 0.46 ± 0.10)% ! 5.2� [LHCb: Moriond EW, 2025]

LHCb observed CP violation in baryon decay.

1964 CP violation in K0 mixing strange meson
1999 CP violation in K0 decay strange meson
2001 CP violation in B0 mixing & decay bottom meson
2004 CP violation in B0 decay bottom meson
2012 CP violation in B+ decay bottom meson
2013 CP violation in B0

s decay bottom-strange meson
2019 CP violation in D decay charm meson

2025 CP violation in ⇤0

b decay bottom baryon
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2004 CP violation in B0 decay bottom meson
2012 CP violation in B+ decay bottom meson
2013 CP violation in B0

s decay bottom-strange meson
2019 CP violation in D decay charm meson

2025 CP violation in ⇤0

b decay bottom baryon
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Belle II & LHCb: D ! ⇡⇡ decay-rate CP asymmetries
Let’s look at charm

—at decays of D mesons

d c u c u c d c

D+ D0 D0 D�

isospin 1
2

to pion pairs

⇡+⇡0 ⇡+⇡� ⇡0⇡0

isospin superpositions: 0+1+2, 0+2, 2

Standard model:

ASM
CP(|�I|= 3

2 D ! ⇡⇡) = 0 and ASM
CP(|�I|= 1

2 D ! ⇡⇡) ⌧ 1

I D+
! ⇡+⇡0 only has |�I| = 3

2 ,

so ASM
CP(D

+
! ⇡+⇡�) = 0

I D0
! ⇡⇡ has both |�I| = 1

2 and 3
2 ,

but nonzero ASM
CP only from |�I|= 1

2 part.

15 / 28



Belle II & LHCb: D ! ⇡⇡ decay-rate CP asymmetries
Let’s look at charm—at decays of D mesons

d c u c u c d c

D+ D0 D0 D�

isospin 1
2

to pion pairs

⇡+⇡0 ⇡+⇡� ⇡0⇡0

isospin superpositions: 0+1+2, 0+2, 2

Standard model:

ASM
CP(|�I|= 3

2 D ! ⇡⇡) = 0 and ASM
CP(|�I|= 1

2 D ! ⇡⇡) ⌧ 1

I D+
! ⇡+⇡0 only has |�I| = 3

2 ,

so ASM
CP(D

+
! ⇡+⇡�) = 0

I D0
! ⇡⇡ has both |�I| = 1

2 and 3
2 ,

but nonzero ASM
CP only from |�I|= 1

2 part.

15 / 28



Belle II & LHCb: D ! ⇡⇡ decay-rate CP asymmetries
Let’s look at charm—at decays of D mesons

d c u c u c d c

D+ D0 D0 D�

isospin 1
2

to pion pairs

⇡+⇡0 ⇡+⇡� ⇡0⇡0

isospin superpositions: 0+1+2, 0+2, 2

Standard model:

ASM
CP(|�I|= 3

2 D ! ⇡⇡) = 0 and ASM
CP(|�I|= 1

2 D ! ⇡⇡) ⌧ 1

I D+
! ⇡+⇡0 only has |�I| = 3

2 ,

so ASM
CP(D

+
! ⇡+⇡�) = 0

I D0
! ⇡⇡ has both |�I| = 1

2 and 3
2 ,

but nonzero ASM
CP only from |�I|= 1

2 part.

15 / 28



Belle II & LHCb: D ! ⇡⇡ decay-rate CP asymmetries
Let’s look at charm—at decays of D mesons

d c u c u c d c

D+ D0 D0 D�

isospin 1
2

to pion pairs

⇡+⇡0 ⇡+⇡� ⇡0⇡0

isospin superpositions: 0+1+2, 0+2, 2

Standard model:

ASM
CP(|�I|= 3

2 D ! ⇡⇡) = 0 and ASM
CP(|�I|= 1

2 D ! ⇡⇡) ⌧ 1

I D+
! ⇡+⇡0 only has |�I| = 3

2 ,

so ASM
CP(D

+
! ⇡+⇡�) = 0

I D0
! ⇡⇡ has both |�I| = 1

2 and 3
2 ,

but nonzero ASM
CP only from |�I|= 1

2 part.

15 / 28



Belle II & LHCb: D ! ⇡⇡ decay-rate CP asymmetries
Let’s look at charm—at decays of D mesons

d c u c u c d c

D+ D0 D0 D�

isospin 1
2

to pion pairs

⇡+⇡0 ⇡+⇡� ⇡0⇡0

isospin superpositions: 0+1+2, 0+2, 2

Standard model:

ASM
CP(|�I|= 3

2 D ! ⇡⇡) = 0 and ASM
CP(|�I|= 1

2 D ! ⇡⇡) ⌧ 1

I D+
! ⇡+⇡0 only has |�I| = 3

2 ,

so ASM
CP(D

+
! ⇡+⇡�) = 0

I D0
! ⇡⇡ has both |�I| = 1

2 and 3
2 ,

but nonzero ASM
CP only from |�I|= 1

2 part.

15 / 28



Belle II & LHCb: D ! ⇡⇡ decay-rate CP asymmetries
Let’s look at charm—at decays of D mesons

d c u c u c d c

D+ D0 D0 D� isospin 1
2

to pion pairs

⇡+⇡0 ⇡+⇡� ⇡0⇡0

isospin superpositions: 0+1+2, 0+2, 2

Standard model:

ASM
CP(|�I|= 3

2 D ! ⇡⇡) = 0 and ASM
CP(|�I|= 1

2 D ! ⇡⇡) ⌧ 1

I D+
! ⇡+⇡0 only has |�I| = 3

2 ,

so ASM
CP(D

+
! ⇡+⇡�) = 0

I D0
! ⇡⇡ has both |�I| = 1

2 and 3
2 ,

but nonzero ASM
CP only from |�I|= 1

2 part.

15 / 28



Belle II & LHCb: D ! ⇡⇡ decay-rate CP asymmetries
Let’s look at charm—at decays of D mesons

d c u c u c d c

D+ D0 D0 D� isospin 1
2

to pion pairs

⇡+⇡0 ⇡+⇡� ⇡0⇡0 isospin superpositions: 0+1+2, 0+2, 2

Standard model:

ASM
CP(|�I|= 3

2 D ! ⇡⇡) = 0 and ASM
CP(|�I|= 1

2 D ! ⇡⇡) ⌧ 1

I D+
! ⇡+⇡0 only has |�I| = 3

2 ,

so ASM
CP(D

+
! ⇡+⇡�) = 0

I D0
! ⇡⇡ has both |�I| = 1

2 and 3
2 ,

but nonzero ASM
CP only from |�I|= 1

2 part.

15 / 28



Belle II & LHCb: D ! ⇡⇡ decay-rate CP asymmetries
Let’s look at charm—at decays of D mesons

d c u c u c d c

D+ D0 D0 D� isospin 1
2

to pion pairs

⇡+⇡0 ⇡+⇡� ⇡0⇡0 isospin superpositions: 0+1+2, 0+2, 2

Standard model:

ASM
CP(|�I|= 3

2 D ! ⇡⇡) = 0 and ASM
CP(|�I|= 1

2 D ! ⇡⇡) ⌧ 1

I D+
! ⇡+⇡0 only has |�I| = 3

2 ,

so ASM
CP(D

+
! ⇡+⇡�) = 0

I D0
! ⇡⇡ has both |�I| = 1

2 and 3
2 ,

but nonzero ASM
CP only from |�I|= 1

2 part.

15 / 28



Belle II & LHCb: D ! ⇡⇡ decay-rate CP asymmetries
Let’s look at charm—at decays of D mesons

d c u c u c d c

D+ D0 D0 D� isospin 1
2

to pion pairs

⇡+⇡0 ⇡+⇡� ⇡0⇡0 isospin superpositions: 0+1+2, 0+2, 2

Standard model:

ASM
CP(|�I|= 3

2 D ! ⇡⇡) = 0

and ASM
CP(|�I|= 1

2 D ! ⇡⇡) ⌧ 1

I D+
! ⇡+⇡0 only has |�I| = 3

2 ,

so ASM
CP(D

+
! ⇡+⇡�) = 0

I D0
! ⇡⇡ has both |�I| = 1

2 and 3
2 ,

but nonzero ASM
CP only from |�I|= 1

2 part.

15 / 28



Belle II & LHCb: D ! ⇡⇡ decay-rate CP asymmetries
Let’s look at charm—at decays of D mesons

d c u c u c d c

D+ D0 D0 D� isospin 1
2

to pion pairs

⇡+⇡0 ⇡+⇡� ⇡0⇡0 isospin superpositions: 0+1+2, 0+2, 2

Standard model:

ASM
CP(|�I|= 3

2 D ! ⇡⇡) = 0 and ASM
CP(|�I|= 1

2 D ! ⇡⇡) ⌧ 1

I D+
! ⇡+⇡0 only has |�I| = 3

2 ,

so ASM
CP(D

+
! ⇡+⇡�) = 0

I D0
! ⇡⇡ has both |�I| = 1

2 and 3
2 ,

but nonzero ASM
CP only from |�I|= 1

2 part.

15 / 28



Belle II & LHCb: D ! ⇡⇡ decay-rate CP asymmetries
Let’s look at charm—at decays of D mesons

d c u c u c d c

D+ D0 D0 D� isospin 1
2

to pion pairs

⇡+⇡0 ⇡+⇡� ⇡0⇡0 isospin superpositions: 0+1+2, 0+2, 2

Standard model:

ASM
CP(|�I|= 3

2 D ! ⇡⇡) = 0 and ASM
CP(|�I|= 1

2 D ! ⇡⇡) ⌧ 1

I D+
! ⇡+⇡0 only has |�I| = 3

2 ,

so ASM
CP(D

+
! ⇡+⇡�) = 0

I D0
! ⇡⇡ has both |�I| = 1

2 and 3
2 ,

but nonzero ASM
CP only from |�I|= 1

2 part.

15 / 28



Belle II & LHCb: D ! ⇡⇡ decay-rate CP asymmetries
Let’s look at charm—at decays of D mesons

d c u c u c d c

D+ D0 D0 D� isospin 1
2

to pion pairs

⇡+⇡0 ⇡+⇡� ⇡0⇡0 isospin superpositions: 0+1+2, 0+2, 2

Standard model:

ASM
CP(|�I|= 3

2 D ! ⇡⇡) = 0 and ASM
CP(|�I|= 1

2 D ! ⇡⇡) ⌧ 1

I D+
! ⇡+⇡0 only has |�I| = 3

2 , so ASM
CP(D

+
! ⇡+⇡�) = 0

I D0
! ⇡⇡ has both |�I| = 1

2 and 3
2 ,

but nonzero ASM
CP only from |�I|= 1

2 part.

15 / 28



Belle II & LHCb: D ! ⇡⇡ decay-rate CP asymmetries
Let’s look at charm—at decays of D mesons

d c u c u c d c

D+ D0 D0 D� isospin 1
2

to pion pairs

⇡+⇡0 ⇡+⇡� ⇡0⇡0 isospin superpositions: 0+1+2, 0+2, 2

Standard model:

ASM
CP(|�I|= 3

2 D ! ⇡⇡) = 0 and ASM
CP(|�I|= 1

2 D ! ⇡⇡) ⌧ 1

I D+
! ⇡+⇡0 only has |�I| = 3

2 , so ASM
CP(D

+
! ⇡+⇡�) = 0

I D0
! ⇡⇡ has both |�I| = 1

2 and 3
2 ,

but nonzero ASM
CP only from |�I|= 1

2 part.

15 / 28



Belle II & LHCb: D ! ⇡⇡ decay-rate CP asymmetries
Let’s look at charm—at decays of D mesons

d c u c u c d c

D+ D0 D0 D� isospin 1
2

to pion pairs

⇡+⇡0 ⇡+⇡� ⇡0⇡0 isospin superpositions: 0+1+2, 0+2, 2

Standard model:

ASM
CP(|�I|= 3

2 D ! ⇡⇡) = 0 and ASM
CP(|�I|= 1

2 D ! ⇡⇡) ⌧ 1

I D+
! ⇡+⇡0 only has |�I| = 3

2 , so ASM
CP(D

+
! ⇡+⇡�) = 0

I D0
! ⇡⇡ has both |�I| = 1

2 and 3
2 , but nonzero ASM

CP only from |�I|= 1
2 part.

15 / 28



Belle II & LHCb: D ! ⇡⇡ decay-rate CP asymmetries
I ASM

CP(D
+

! ⇡+⇡0) = 0

I ASM
CP(D

0
! ⇡⇡) only from ASM

CP(|�I|= 1
2 D ! ⇡⇡) and small

So, if we measure

I ACP(D
+

! ⇡+⇡0) 6= 0
�! something beyond the standard model

I ACP(D
0

! ⇡+⇡�) and ACP(D
0

! ⇡0⇡0) inconsistent with ACP(|�I|= 1
2 D ! ⇡⇡)

�! something beyond the standard model

Can’t directly measure ACP(|�I|= 1
2 D ! ⇡⇡),

but can calculate it from asymmetries, branching fractions, and D0-D+ lifetime ratio

ACP(|�I|= 1
2 D ! ⇡⇡) =

B+�A+� + B00A00 �
2
3

⌧0
⌧+

B+0A+0

B+� + B00 �
2
3

⌧0
⌧+

B+0

Asymmetries are limiting inputs, ACP(D
0

! ⇡0⇡0) most limiting.
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Belle II: D0
! ⇡0⇡0 decay-rate CP asymmetry

Fit to the mass and �m spectra to get signal yields, N(D0
! ⇡0⇡0) and N(D0

! ⇡0⇡0).
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Belle II: D0
! ⇡0⇡0 decay-rate CP asymmetry

Again this the raw asymmetry is not the CP one

AN (D⇤+
! D0⇡+,D0

! ⇡0⇡0) = ACP(D
0

! ⇡0⇡0) +Aprod(D
⇤+) +Adet(⇡

+)

I Aprod(D
0) ⌘ from e+e� ! cc forward-backward asymmetry

cancel by averaging over forward and backward D⇤

AN ⌘
1
2

h
AF

N +AB
N

i
= ACP(D

0
! ⇡0⇡0) +Adet(⇡

+)

I calculate Adet(⇡
+) from D⇤+

! D0⇡+,D0
! K�⇡+

AN (D0
! K�⇡+,w/ D⇤ req.) = ACP(D

0
! K�⇡+) +Adet(⇡

+) +Adet(K
�⇡+)

AN (D0
! K�⇡+,w/o D⇤ req.) = ACP(D

0
! K�⇡+) +Adet(K

�⇡+)

So

Adet(⇡
+) = AN (D0

! K�⇡+,w/ D⇤ req.) � AN (D0
! K�⇡+,w/o D⇤ req.)
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Belle II: D0
! ⇡0⇡0 decay-rate CP asymmetry

ACP(D
0

! ⇡0⇡0) = (3.0 ± 7.2 ± 2.0) ⇥ 10�3
[Belle & Belle II: Moriond EW, 2025]

Let’s calculate ACP(|�I|= 1
2 D ! ⇡⇡).

Using

I ACP(D
0

! ⇡0⇡0) = (1.1 ± 4.9) ⇥ 10�3 from Belle II (2025) and Belle (2014)

I ACP(D
0

! ⇡+⇡�) = (2.3 ± 0.6) ⇥ 10�3 from LHCb (2022)

I ACP(D
+
! ⇡+⇡0)= (4.2 ± 7.9) ⇥ 10�3 from LHCb (2021), Belle (2018), and CLEO (2010)

ACP(|�I|= 1
2 D ! ⇡⇡) = (1.5 ± 0.4 ± 2.1 ± 1.4) ⇥ 10�3 = (1.5 ± 2.5) ⇥ 10�3

uncertainty from D0
! ⇡0⇡0 drops by 25%, total uncertainty drops by 19%.
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Status in D ! ⇡⇡

�5 0 5 10
ACP [10�3]

|�I|=3
2 D ! ⇡⇡

D0
! ⇡0⇡0

D0
! ⇡+⇡�

D+
! ⇡+⇡0

(1.5 ± 2.5) ⇥ 10�3

(1.1 ± 4.9) ⇥ 10�3

(2.3 ± 0.6) ⇥ 10�3

(4.2 ± 7.9) ⇥ 10�3
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Belle II: new measurements of ACP(D0
! K0

SK
0
S)

In standard model ACP(D
0

! K0

SK
0

S) could be as large as %.

Belle II measured it (using Belle data, too),
learning D0 flavor from

I D⇤+
! D0⇡+

ACP(D
0

! K0

SK
0

S) = (�1.4 ± 1.3 ± 0.1)%
[Belle II: PRD111.012015, 2025]

I charm flavor tagger

new algorithm that looks at rest of event,

e+e� ! cc ! D0 +Xc

[Belle II: PRD107.112010, 2023]

first used for this analysis.

ACP(D
0

! K0

SK
0

S) = (1.3 ± 2.0 ± 0.3)%
[Belle II: Moriond EW, 2025]

I combined:

ACP(D
0

! K0

SK
0

S) = (�0.6 ± 1.1 ± 0.1)%
[Belle II: Moriond EW, 2025]

I and with LHCb (2021, 2015) & Belle (2017)

ACP(D
0

! K0

SK
0

S) = (�1.3 ± 0.8)%

Nearing CP-violation discovery.
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I and with LHCb (2021, 2015) & Belle (2017)

ACP(D
0

! K0

SK
0

S) = (�1.3 ± 0.8)%

Nearing CP-violation discovery.
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LHCb: new search for CP violation in D0
! K±⇡⌥

LHCb recently measured decay-time dependence of decay-rate ratios

�(D0
! K+⇡�)

�(D0
! K+⇡�)

and
�(D0

! K�⇡+)

�(D0
! K�⇡+)

where D0 and D0 are the produced states—they oscillate before decaying.

From this, we learn about D0-D0 mixing

and ACP(D
0

! K+⇡�), which the standard-model expects to be zero (less than 10�5).

ACP(D
0

! K+⇡�) = (�6.6 ± 5.7) ⇥ 10�3
[LHCb: PRD111.012001, 2025]

Inching towards testing the standard model.
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Belle II: Testing lepton universality with leptonic ⌧ decay

Lepton-flavor universality ⌘ e, µ, and ⌧ have the same electroweak couplings.

We can test that with leptonic ⌧ decay:

⌧� ⌫⌧

⌫e

e�

W�

g⌧

ge

⌧� ⌫⌧

⌫µ

µ�

W�

g⌧

gµ

�(⌧� ! e�⌫⌧⌫e) / |g⌧ |
2

|ge |
2 �(⌧� ! µ�⌫⌧⌫µ) / |g⌧ |

2
|gµ |

2

����
gµ
ge

���� /

s
B(⌧� ! µ�⌫⌧⌫µ)

B(⌧� ! e�⌫⌧⌫e)

24 / 28



Belle II: Testing lepton universality with leptonic ⌧ decay

Lepton-flavor universality ⌘ e, µ, and ⌧ have the same electroweak couplings.

We can test that with leptonic ⌧ decay:

⌧� ⌫⌧

⌫e

e�

W�

g⌧

ge

⌧� ⌫⌧

⌫µ

µ�

W�

g⌧

gµ

�(⌧� ! e�⌫⌧⌫e) / |g⌧ |
2

|ge |
2 �(⌧� ! µ�⌫⌧⌫µ) / |g⌧ |

2
|gµ |

2

����
gµ
ge

���� /

s
B(⌧� ! µ�⌫⌧⌫µ)

B(⌧� ! e�⌫⌧⌫e)

24 / 28



Belle II: Testing lepton universality with leptonic ⌧ decay

Lepton-flavor universality ⌘ e, µ, and ⌧ have the same electroweak couplings.

We can test that with leptonic ⌧ decay:

⌧� ⌫⌧

⌫e

e�

W�

g⌧

ge

⌧� ⌫⌧

⌫µ

µ�

W�

g⌧

gµ

�(⌧� ! e�⌫⌧⌫e) / |g⌧ |
2

|ge |
2 �(⌧� ! µ�⌫⌧⌫µ) / |g⌧ |

2
|gµ |

2

����
gµ
ge

���� /

s
B(⌧� ! µ�⌫⌧⌫µ)

B(⌧� ! e�⌫⌧⌫e)

24 / 28



Belle II: Testing lepton universality with leptonic ⌧ decay

Lepton-flavor universality ⌘ e, µ, and ⌧ have the same electroweak couplings.

We can test that with leptonic ⌧ decay:

⌧� ⌫⌧

⌫e

e�

W�

g⌧

ge

⌧� ⌫⌧

⌫µ

µ�

W�

g⌧

gµ

�(⌧� ! e�⌫⌧⌫e) / |g⌧ |
2

|ge |
2 �(⌧� ! µ�⌫⌧⌫µ) / |g⌧ |

2
|gµ |

2

����
gµ
ge

���� /

s
B(⌧� ! µ�⌫⌧⌫µ)

B(⌧� ! e�⌫⌧⌫e)

24 / 28



Belle II: Testing lepton universality with leptonic ⌧ decay

Lepton-flavor universality ⌘ e, µ, and ⌧ have the same electroweak couplings.

We can test that with leptonic ⌧ decay:

⌧� ⌫⌧

⌫e

e�

W�

g⌧

ge

⌧� ⌫⌧

⌫µ

µ�

W�

g⌧

gµ

�(⌧� ! e�⌫⌧⌫e) / |g⌧ |
2

|ge |
2 �(⌧� ! µ�⌫⌧⌫µ) / |g⌧ |

2
|gµ |

2

����
gµ
ge

���� /

s
B(⌧� ! µ�⌫⌧⌫µ)

B(⌧� ! e�⌫⌧⌫e)

24 / 28



Belle II: Testing lepton universality with leptonic ⌧ decay

Lepton-flavor universality ⌘ e, µ, and ⌧ have the same electroweak couplings.

We can test that with leptonic ⌧ decay:

⌧� ⌫⌧

⌫e

e�

W�

g⌧

ge

⌧� ⌫⌧

⌫µ

µ�

W�

g⌧

gµ

�(⌧� ! e�⌫⌧⌫e)

/ |g⌧ |
2

|ge |
2 �(⌧� ! µ�⌫⌧⌫µ) / |g⌧ |

2
|gµ |

2

����
gµ
ge

���� /

s
B(⌧� ! µ�⌫⌧⌫µ)

B(⌧� ! e�⌫⌧⌫e)

24 / 28



Belle II: Testing lepton universality with leptonic ⌧ decay

Lepton-flavor universality ⌘ e, µ, and ⌧ have the same electroweak couplings.

We can test that with leptonic ⌧ decay:

⌧� ⌫⌧

⌫e

e�

W�

g⌧

ge

⌧� ⌫⌧

⌫µ

µ�

W�

g⌧

gµ

�(⌧� ! e�⌫⌧⌫e)

/ |g⌧ |
2

|ge |
2

�(⌧� ! µ�⌫⌧⌫µ)

/ |g⌧ |
2

|gµ |
2

����
gµ
ge

���� /

s
B(⌧� ! µ�⌫⌧⌫µ)

B(⌧� ! e�⌫⌧⌫e)

24 / 28



Belle II: Testing lepton universality with leptonic ⌧ decay

Lepton-flavor universality ⌘ e, µ, and ⌧ have the same electroweak couplings.

We can test that with leptonic ⌧ decay:

⌧� ⌫⌧

⌫e

e�

W�

g⌧

ge

⌧� ⌫⌧

⌫µ

µ�

W�

g⌧

gµ

�(⌧� ! e�⌫⌧⌫e)

/ |g⌧ |
2

|ge |
2

�(⌧� ! µ�⌫⌧⌫µ)

/ |g⌧ |
2

|gµ |
2

����
gµ
ge

���� /

s
B(⌧� ! µ�⌫⌧⌫µ)

B(⌧� ! e�⌫⌧⌫e)

24 / 28



Belle II: Testing lepton universality with leptonic ⌧ decay

Lepton-flavor universality ⌘ e, µ, and ⌧ have the same electroweak couplings.

We can test that with leptonic ⌧ decay:

⌧� ⌫⌧

⌫e

e�

W�

g⌧

ge

⌧� ⌫⌧

⌫µ

µ�

W�

g⌧

gµ

�(⌧� ! e�⌫⌧⌫e) / |g⌧ |
2

|ge |
2

�(⌧� ! µ�⌫⌧⌫µ) / |g⌧ |
2

|gµ |
2

����
gµ
ge

���� /

s
B(⌧� ! µ�⌫⌧⌫µ)

B(⌧� ! e�⌫⌧⌫e)

24 / 28



Belle II: Testing lepton universality with leptonic ⌧ decay

Lepton-flavor universality ⌘ e, µ, and ⌧ have the same electroweak couplings.

We can test that with leptonic ⌧ decay:

⌧� ⌫⌧

⌫e

e�

W�

g⌧

ge

⌧� ⌫⌧

⌫µ

µ�

W�

g⌧

gµ

�(⌧� ! e�⌫⌧⌫e) / |g⌧ |
2

|ge |
2

�(⌧� ! µ�⌫⌧⌫µ) / |g⌧ |
2

|gµ |
2

����
gµ
ge

���� /

s
B(⌧� ! µ�⌫⌧⌫µ)

B(⌧� ! e�⌫⌧⌫e)

24 / 28



Belle II: Testing lepton universality with leptonic ⌧ decay

Lepton-flavor universality ⌘ e, µ, and ⌧ have the same electroweak couplings.

We can test that with leptonic ⌧ decay:

⌧� ⌫⌧

⌫e

e�

W�

g⌧

ge

⌧� ⌫⌧

⌫µ

µ�

W�

g⌧

gµ

�(⌧� ! e�⌫⌧⌫e) / |g⌧ |
2

|ge |
2 �(⌧� ! µ�⌫⌧⌫µ) / |g⌧ |

2
|gµ |

2

����
gµ
ge

���� /

s
B(⌧� ! µ�⌫⌧⌫µ)

B(⌧� ! e�⌫⌧⌫e)

24 / 28



Belle II: Testing lepton universality with leptonic ⌧ decay

Lepton-flavor universality ⌘ e, µ, and ⌧ have the same electroweak couplings.

We can test that with leptonic ⌧ decay:

⌧� ⌫⌧

⌫e

e�

W�

g⌧

ge

⌧� ⌫⌧

⌫µ

µ�

W�

g⌧

gµ

�(⌧� ! e�⌫⌧⌫e) / |g⌧ |
2

|ge |
2 �(⌧� ! µ�⌫⌧⌫µ) / |g⌧ |

2
|gµ |

2

����
gµ
ge

���� /

s
B(⌧� ! µ�⌫⌧⌫µ)

B(⌧� ! e�⌫⌧⌫e)

24 / 28



Belle II: Testing lepton universality with leptonic ⌧ decay

clean data set from e+e� ! ⌧+⌧�.

require one ⌧ decay leptonically and the other decay hadronically (to ⇡+⇡0).

e� e+

⌧+

⌧�

⌫⌧

⇡+

⇡0

⌫⌧
⌫`

`�

th
ru
st
ax
is

tag hemisphere

signal hemisphere

thrust axis ⌘ axis most along momenta

I Find only two charged particles, opp’ly charged,
and one or more ⇡0 (in one hemisphere)

I Require

I large thrust, high missing mass, low missing pt,
to isolate e+e� ! ⌧+⌧�.

I charged particle in ⇡0 hemisph. not look like e±,
to veto e+e� ! e+e�.

I other charged particle look like e± or µ±.

I Use neural network to remove background.

I Fit to p` spectra to get branching-fraction ratio.

I Study lepton-ID e�ciencies and correlations.
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Belle II: Testing lepton universality with leptonic ⌧ decay
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[Belle II: JHEP08.205, 2024]
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Belle II: Other recent ⌧ measurements
I Limits on lepton-flavor violation:

B(⌧� ! ⇤0⇡�) < 4.7 ⇥ 10�8 @ 90% credibility [Belle II: PRD110.112003, 2024]

B(⌧� ! ⇤0⇡�) < 4.3 ⇥ 10�8 @ 90% credibility [Belle II: PRD110.112003, 2024]

B(⌧� ! µ�µ+µ�) < 1.9 ⇥ 10�8 @ 90% credibility [Belle II: JHEP09.062, 2024]

I Measurement of⌧ mass:

[Belle II: PRD108.032006, 2023]
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0.03 MeV=c2. To test the independence of the estimator
bias on the τ mass, an alternative assumption of a linear
dependence is used, which results in the same bias. Thus no
additional systematic uncertainty is assigned.
The dependence of the result on the choice of the edge

parametrization is investigated by repeating the measure-
ment with alternative functions used previously by the
Belle and BABAR Collaborations [8,9]. The largest
deviation with respect to the main result is 0.02 MeV=c2

and is assigned as a systematic uncertainty.

D. Imperfections of the simulation

We study possible simulation mismodelings that might
lead to an incorrect estimation of the fit-bias correction.
Differences between the properties of material used in the
simulation and those in the detector may have an impact on
the correction of the fit bias. Studies of the interaction of
photons with the detector material indicate a deficit of
around 10% in the density of the beam pipe in simulation.
The impact of this deficit is tested by increasing by 10% the
beam-pipe density in the simulation of a signal sample
corresponding to 4 ab−1. The statistical uncertainty of the
difference between the results using the nominal simulation
and the simulation with the modified material density is
0.03 MeV=c2, which is seen to be significantly larger than
the actual difference between the two models. Hence, we
assign the statistical precision of the difference as the
uncertainty for this effect.
The modeling of ISR and FSR as well as the kinematic

properties of the τ-decay products may be different in
simulated and experimental data. The simulated Mmin
distribution is weighted according to the observed
differences between the experimental and simulated dis-
tributions in p!

3π . The impact on the result is found to
be 0.02 MeV=c2.
Systematic uncertainties due to the simulation mismod-

eling of photon and neutral-pion reconstruction, transverse-
momentum resolution, track finding, trigger efficiencies,
and background processes are found to be below or equal to
0.01 MeV=c2 each.

E. Consistency checks

We check the stability of the result throughout various
data-taking periods and observe no evidence for a time
dependence. To exclude a potential dependence of the
measured τ mass on the kinematic properties of the three-
pion system or the τ-decay products, we divide the data into
subregions of various kinematic variables. Specifically, we
use the cosine of the polar angle of the three-pion system
and the individual pions, M3π and p3π , and the momentum
of the highest-momentum decay product. We obtain con-
sistent results, indicating no significant unaccounted-for
systematic effects. Finally, we explicitly test for a depend-
ence of the measurement on the modeling of the τ decay.

In the version of the TAUOLA program used for the
simulation of τ decays [39] the modeling of the three-pion
mass distribution in the τ− → π−πþπ−ντ channel is
based on form factors from Ref. [40]. As an alternative
we use a sample simulated with form factors based on
resonance chiral-Lagrangian currents for the hadronic τ
decays [41–44]. Using 6.6 ab−1 of simulated samples, the
fit to the generator-level Mmin distributions of τ decays
simulated with the two models show negligible variation in
the resulting P1 values. The P1 values from fits to the
reconstructed distributions are in agreement within 1.7σ.
Therefore no additional source of systematic uncertainty is
considered.

VII. SUMMARY

We measure the mass of the τ lepton to be

mτ ¼ 1777.09$ 0.08$ 0.11 MeV=c2 ð7Þ

using eþe− → τþτ− data collected with the Belle II detector
at a center-of-mass energy of

ffiffiffi
s

p
¼ 10.579 GeV and

corresponding to an integrated luminosity of 190 fb−1.
The statistical uncertainty per unit sample size is smaller
compared to the previous results [8,9] owing to the
improved event selection and momentum resolution of
the Belle II detector, which result in a steeper slope of the
Mmin distribution in the threshold region. The main sources
of systematic uncertainty arise from the knowledge of the
beam energy and from the uncertainty of the charged-
particle momentum correction. As shown in Fig. 5, our
result is consistent with previous measurements [5–9] and
is the most precise to date.

1776 1776.5 1777

]2c [MeV/!m

BES (1996)

-0.17
+0.25

-0.21
+0.181776.96

BELLE (2007)
 0.35" 0.13 "1776.61

KEDR (2007)
 0.15"-0.23

+0.251776.81

BaBar (2009)
 0.41" 0.12 "1776.68

BES III (2014)

-0.13
+0.10 0.12"1776.91

Belle II (2023)
 0.11" 0.08 "1777.09

PDG Average (2022)
 0.12"1776.86

FIG. 5. Summary of the most precise τ-mass measurements
[5–9] compared with the result of this work. The vertical gray
band indicates the average value of previous measurements [32].
The inner bars represent the statistical uncertainties, while the
outer bars indicate the total uncertainties.

MEASUREMENT OF THE τ-LEPTON MASS WITH THE … PHYS. REV. D 108, 032006 (2023)
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[Belle II: PRD108.032006, 2023]
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Summary

Belle II & LHCb are very active.

I have highlighted only a few recent results.
Give me another 25 minutes and I’m happy to talk about more.

I Discovery of CP violation in baryons:

⇤0

b ! p K�⇡+⇡�, ⇤0K+K�

I Search for physics beyond standard model via ACP(D decay):

D0
! ⇡0⇡0, K0

SK
0

S, K±K⌥

I Testing testing lepton universality in ⌧ decay:

⌧� ! e�⌫⌧ ⌫e, µ�⌫⌧ ⌫µ

Both experiments are active in many other areas, including

I study of quarkonia, tetraquarks, pentaquarks

I dark-matter searches

I measuring quark-mixing-matrix parameters

I hadron spectroscopy

I measuring electroweak parameters

I study of B mesons
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Some event counts

I ACP(⇤
0

b ! · · · ) @ LHCb

⇤0

b⇡
+⇡� 636 ± 42

⇤0

bK
+⇡� 618 ± 32

⇤0

bK
+K� 1920 ± 50

p K+⇡+⇡� 80 690 ± 340

I ACP(D
0

! · · · ) @ Belle II

⇡0⇡0
O

⇣
104

⌘

K0

SK
0

S 2214 ± 51 Belle II
4864 ± 78 Belle

I D0
! K±⇡⌥ @ LHCb

K+⇡� 412 ⇥ 106

K�⇡+ 1.6 ⇥ 106

I ⌧� ! `�⌫⌧⌫` @ Belle II
e 4.4 ⇥ 106

µ 4.4 ⇥ 106
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The flavor intensity frontier: Belle II and LHCb
and some of their recent results

Daniel Greenwald

Institute for Hadronic Structure & Fundamental Symmetries
Technische Universität München

DPG Frühjahrstagung 2025
Göttingen, April 4, 2025



What is flavor physics?
We know of the following elementary fermions

u d e ⌫e

c s µ ⌫µ

t b ⌧ ⌫⌧

these flavors are distinguishable only by their masses and couplings to the W± (for the quarks)

flavor physics ⌘ study of di↵erences and dynamics between flavors

I Grand scheme: find origin of mass and interaction hierarchies

I Nearer goals: measure standard-model parameters and search for new forces and particles
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The LHCb experiment at CERN’s Large Hadron Collider

The LHC symmetrically collides protons with protons at center-of-mass energies of 7–14 TeV

pp ! qq +X, pp ! W +X, pp ! Z +X

q = u, d, s, c, b, t X = hadrons, charged leptons, neutrinos

Only parts of protons interact with each other,
at an energy much less than collision energy.

Particles of interest have high momenta

in the beam directions.
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The LHCb detector

It’s a forward detector

consisting of

I vertex & tracking detectors

measure charged-particle trajectories,
determine p from bending in B field

I ring-imaging Cherenkov det’s

identify charged-particle types
(⇡±, K±, . . . )

I calorimeters

measure particle energies

I muon detectors

detect muons

Detects and identifies e±, µ±, ⇡±, K±, p±; �
Reconstructs K0

S ! ⇡+⇡�, ⇤0
! p ⇡�, ⇡0

! �� , . . .
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The Belle II experiment at KEK’s SuperKEKB collider

SuperKEKB asymmetrically collides electrons with positrons at c.m. energies near 10.6 GeV

e+e� ! f f

f = e, µ, ⌧ , u, d, s, c,b

incoming E(e�) > E(e+) �! outgoing system moves in electron direction in lab frame
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The Belle II detector

It’s a 4⇡ detector

consisting of

I vertex det’s & drift chamber

measure charged-particle trajectories,
determine p from bending in B field

I Particle ID (Cherenkov) det’s

identify charged-particle types
(⇡±, K±, . . . )

I calorimeter

measure particle energies

I KL & muon detector

detect KL & muons

Detects and identifies e±, µ±, ⇡±, K±, p±; � , KL

Reconstructs K0

S ! ⇡+⇡�, ⇤0
! p ⇡�, ⇡0

! �� , . . .
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I Taking data since 2010.

I Collected several fb�1 of data.

I Millibarn cross sections

for pp ! qq + X.

I trillions of events

I high cross sections

I Taking data since 2019.

I collected 100s of fb�1
of data

I nanobarn cross sections
for e+e� ! f f .

I 100s of millions of events

I high luminosity (world’s highest)

lots of data = high intensity ! precise measurements

I can study particles heavier than B, 5.3GeV

I larger lab-frame momenta

I more data

I can (better) detect � ’s and reconstruct ⇡0’s

I can study decays to invisible particles

I can study ⌧ decay
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I 1700 members

I 100 institutes

I 22 countries

I 1200 members

I 124 institutes

I 28 countries

German Contributions

I Aachen

I Bonn

I Bochum

I Freiburg

I Dortmund

I Heidelberg
Uni, MPK

I Bonn

I Giessen

I Göttingen

I DESY

I Heidelberg

I Karlsruhe

I Mainz

I München
LMU, MPP, TUM
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Let’s look at some of the most recent measurements.

Focusing on

I what we measure,
limited to my personal selection,
given the time constraints,

I why we measure it, and

I how we measure it.
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Let’s start with CP violation

CP ⌘ swaps left-handed particles and right-handed antiparticles

CP violation ⌘ CP conjugated states behaving di↵erently

Why do we care?

I Universe is CP asymmetric—made of matter, not antimatter.
) better understand where and how CP is violated.

I Standard model predicts particular processes are CP symmetric.
) search for new forces and particles beyond the standard model.

One method: measure decay-rate CP asymmetries

ACP ⌘
�(X ! abc) � �(X ! abc)

�(X ! abc) + �(X ! abc)
2 [�1, 1] =

(
zero ! CP conserving

nonzero ! CP violating
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LHCb: search for CP violation in baryon decay
Why? CP violation is not a widely-scene phenomenon:

1964 CP violation in K
0 mixing strange meson

1999 CP violation in K0 decay strange meson
2001 CP violation in B

0 mixing & decay bottom meson

2004 CP violation in B0 decay bottom meson
2012 CP violation in B+ decay bottom meson
2013 CP violation in B0

s decay bottom-strange meson

2019 CP violation in D
0 decay charm meson

CP violation was not seen in process involving baryons.
Yet the CP asymmetry of the universe is a baryon-antibaryon asymmetry

LHCb measured the decay-rate CP asymmetries of some decays of the ⇤0

b baryon

u d
b

I for ⇤0

b ! ⇤0⇡+⇡�, ⇤0K+⇡�, ⇤0⇡+K�, [LHCb: PRL134.101802, 2025]

I for ⇤0

b ! p K�⇡+⇡�
[LHCb: Moriond EW, 2025]
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LHCb: ⇤0
b decay-rate CP asymmetries
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LHCb: ⇤0
b decay-rate CP asymmetries

I Find final-state particles

p ⇡�⇡+K�, ⇤0⇡+⇡�, ⇤0K+⇡�, ⇤0⇡+K�, (⇤0
! p⇡�)

I Require

I they come from common point far from pp collision
since ⇤0

b flies before decaying.

I their momentum sum point back to pp collision
since ⇤0

b comes from pp interaction.

I Veto weakly-decaying intermediate states:
when final-state subset has mass near such a state.

I Use machine-learning algorithm to remove random background
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Selected candidates are predominantly correct ⇤0

b , but also incorrect ones.
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Fit to the mass spectra to get signal yields, N(⇤0

b ! · · · ) and N(⇤0

b ! · · ·).

likewise for ⇤0⇡+⇡�, . . . 12 / 28



From fit results, calculate raw asymmetry

Araw(⇤
0

b ! fsp’s) ⌘
N(⇤0

b ! · · · ) � N(⇤0

b ! fsp’s)

N(⇤0

b ! · · · ) +N(⇤0

b ! fsp’s)

= ACP(⇤
0

b ! fsp’s) +Aprod(⇤
0

b) +Adet(fsp’s)

Aprod(⇤
0

b) ⌘ asymmetry of production of ⇤
0

b and ⇤
0

b from pp collision

Adet(fsp’s) ⌘ asymmetry of detection of ⇤
0

b and ⇤
0

b decay products

Use raw asymmetry in ⇤0

b ! ⇤+
c ⇡

� to remove these:

ACP(⇤
0

b ! fsp’s) = Araw(⇤
0

b ! fsp’s) � Aprod(⇤
0

b) � Adet(fsp’s)

0 = ACP(⇤
0

b ! ⇤+
c ⇡

�) = Araw(⇤
0

b ! ⇤+
c ⇡

�) � Aprod(⇤
0

b) � Adet(⇤
+
c ⇡

�)

⇤+
c final state chosen to match ⇤0

b ’s.

LHCb reported two significant asymmetries

ACP(⇤
0

b ! ⇤0K+K�) = (8.3 ± 2.3 ± 1.6)% ! 3.1� [LHCb: PRL134.101802 2025]

ACP(⇤
0

b ! p K�⇡+⇡�) = (2.45 ± 0.46 ± 0.10)% ! 5.2� [LHCb: Moriond EW, 2025]
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LHCb: ⇤0
b decay-rate CP asymmetries

ACP(⇤
0

b ! p K�⇡+⇡�) = (2.45 ± 0.46 ± 0.10)% ! 5.2� [LHCb: Moriond EW, 2025]

LHCb observed CP violation in baryon decay.

1964 CP violation in K0 mixing strange meson
1999 CP violation in K0 decay strange meson
2001 CP violation in B0 mixing & decay bottom meson
2004 CP violation in B0 decay bottom meson
2012 CP violation in B+ decay bottom meson
2013 CP violation in B0

s decay bottom-strange meson
2019 CP violation in D decay charm meson

2025 CP violation in ⇤0

b decay bottom baryon
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Belle II & LHCb: D ! ⇡⇡ decay-rate CP asymmetries
Let’s look at charm—at decays of D mesons

d c u c u c d c

D+ D0 D0 D� isospin 1
2

to pion pairs

⇡+⇡0 ⇡+⇡� ⇡0⇡0 isospin superpositions: 0+1+2, 0+2, 2

Standard model:

ASM
CP(|�I|= 3

2 D ! ⇡⇡) = 0 and ASM
CP(|�I|= 1

2 D ! ⇡⇡) ⌧ 1

I D+
! ⇡+⇡0 only has |�I| = 3

2 , so ASM
CP(D

+
! ⇡+⇡�) = 0

I D0
! ⇡⇡ has both |�I| = 1

2 and 3
2 , but nonzero ASM

CP only from |�I|= 1
2 part.

15 / 28



Belle II & LHCb: D ! ⇡⇡ decay-rate CP asymmetries
I ASM

CP(D
+

! ⇡+⇡0) = 0

I ASM
CP(D

0
! ⇡⇡) only from ASM

CP(|�I|= 1
2 D ! ⇡⇡) and small

So, if we measure

I ACP(D
+

! ⇡+⇡0) 6= 0
�! something beyond the standard model

I ACP(D
0

! ⇡+⇡�) and ACP(D
0

! ⇡0⇡0) inconsistent with ACP(|�I|= 1
2 D ! ⇡⇡)

�! something beyond the standard model

Can’t directly measure ACP(|�I|= 1
2 D ! ⇡⇡),

but can calculate it from asymmetries, branching fractions, and D0-D+ lifetime ratio

ACP(|�I|= 1
2 D ! ⇡⇡) =

B+�A+� + B00A00 �
2
3

⌧0
⌧+

B+0A+0

B+� + B00 �
2
3

⌧0
⌧+

B+0

Asymmetries are limiting inputs, ACP(D
0

! ⇡0⇡0) most limiting.
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Belle II: D0
! ⇡0⇡0 decay-rate CP asymmetry

ACP(D
0

! ⇡0⇡0) =
�(D0

! ⇡0⇡0) � �(D0
! ⇡0⇡0)

�(D0
! ⇡0⇡0) + �(D0

! ⇡0⇡0)

Distinguish D0
! ⇡0⇡0 and D0

! ⇡0⇡0 by requiring they come from D⇤± decay:

D⇤+
! D0⇡+ D⇤�

! D0⇡�

I Find final state particles: ⇡±⇡0⇡0

I Require

I ⇡0⇡0 mass be consistent with D0 mass

I ⇡±⇡0⇡0 mass consistent with D⇤±-D0 mass di↵erence

I D⇤± have enough momentum to not come from B decay �! don’t inherit ACP from B decay

I Use machine-learning algorithm to remove background.
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Belle II: D0
! ⇡0⇡0 decay-rate CP asymmetry

Fit to the mass and �m spectra to get signal yields, N(D0
! ⇡0⇡0) and N(D0

! ⇡0⇡0).
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Belle II: D0
! ⇡0⇡0 decay-rate CP asymmetry

Again this the raw asymmetry is not the CP one

AN (D⇤+
! D0⇡+,D0

! ⇡0⇡0) = ACP(D
0

! ⇡0⇡0) +Aprod(D
⇤+) +Adet(⇡

+)

I Aprod(D
0) ⌘ from e+e� ! cc forward-backward asymmetry

cancel by averaging over forward and backward D⇤

AN ⌘
1
2

h
AF

N +AB
N

i
= ACP(D

0
! ⇡0⇡0) +Adet(⇡

+)

I calculate Adet(⇡
+) from D⇤+

! D0⇡+,D0
! K�⇡+

AN (D0
! K�⇡+,w/ D⇤ req.) = ACP(D

0
! K�⇡+) +Adet(⇡

+) +Adet(K
�⇡+)

AN (D0
! K�⇡+,w/o D⇤ req.) = ACP(D

0
! K�⇡+) +Adet(K

�⇡+)

So

Adet(⇡
+) = AN (D0

! K�⇡+,w/ D⇤ req.) � AN (D0
! K�⇡+,w/o D⇤ req.)
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Belle II: D0
! ⇡0⇡0 decay-rate CP asymmetry

ACP(D
0

! ⇡0⇡0) = (3.0 ± 7.2 ± 2.0) ⇥ 10�3
[Belle & Belle II: Moriond EW, 2025]

Let’s calculate ACP(|�I|= 1
2 D ! ⇡⇡).

Using

I ACP(D
0

! ⇡0⇡0) = (1.1 ± 4.9) ⇥ 10�3 from Belle II (2025) and Belle (2014)

I ACP(D
0

! ⇡+⇡�) = (2.3 ± 0.6) ⇥ 10�3 from LHCb (2022)

I ACP(D
+
! ⇡+⇡0)= (4.2 ± 7.9) ⇥ 10�3 from LHCb (2021), Belle (2018), and CLEO (2010)

ACP(|�I|= 1
2 D ! ⇡⇡) = (1.5 ± 0.4 ± 2.1 ± 1.4) ⇥ 10�3 = (1.5 ± 2.5) ⇥ 10�3

uncertainty from D0
! ⇡0⇡0 drops by 25%, total uncertainty drops by 19%.
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Status in D ! ⇡⇡

�5 0 5 10
ACP [10�3]

|�I|=3
2 D ! ⇡⇡

D0
! ⇡0⇡0

D0
! ⇡+⇡�

D+
! ⇡+⇡0

(1.5 ± 2.5) ⇥ 10�3

(1.1 ± 4.9) ⇥ 10�3

(2.3 ± 0.6) ⇥ 10�3

(4.2 ± 7.9) ⇥ 10�3
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Belle II: new measurements of ACP(D0
! K0

SK
0
S)

In standard model ACP(D
0

! K0

SK
0

S) could be as large as %.

Belle II measured it (using Belle data, too),
learning D0 flavor from

I D⇤+
! D0⇡+

ACP(D
0

! K0

SK
0

S) = (�1.4 ± 1.3 ± 0.1)%
[Belle II: PRD111.012015, 2025]

I charm flavor tagger

new algorithm that looks at rest of event,

e+e� ! cc ! D0 +Xc

[Belle II: PRD107.112010, 2023]

first used for this analysis.

ACP(D
0

! K0

SK
0

S) = (1.3 ± 2.0 ± 0.3)%
[Belle II: Moriond EW, 2025]

I combined:

ACP(D
0

! K0

SK
0

S) = (�0.6 ± 1.1 ± 0.1)%
[Belle II: Moriond EW, 2025]

I and with LHCb (2021, 2015) & Belle (2017)

ACP(D
0

! K0

SK
0

S) = (�1.3 ± 0.8)%

Nearing CP-violation discovery.
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LHCb: new search for CP violation in D0
! K±⇡⌥

LHCb recently measured decay-time dependence of decay-rate ratios

�(D0
! K+⇡�)

�(D0
! K+⇡�)

and
�(D0

! K�⇡+)

�(D0
! K�⇡+)

where D0 and D0 are the produced states—they oscillate before decaying.

From this, we learn about D0-D0 mixing

and ACP(D
0

! K+⇡�), which the standard-model expects to be zero (less than 10�5).

ACP(D
0

! K+⇡�) = (�6.6 ± 5.7) ⇥ 10�3
[LHCb: PRD111.012001, 2025]

Inching towards testing the standard model.
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Belle II: Testing lepton universality with leptonic ⌧ decay

Lepton-flavor universality ⌘ e, µ, and ⌧ have the same electroweak couplings.

We can test that with leptonic ⌧ decay:

⌧� ⌫⌧

⌫e

e�

W�

g⌧

ge

⌧� ⌫⌧

⌫µ

µ�

W�

g⌧

gµ

�(⌧� ! e�⌫⌧⌫e) / |g⌧ |
2

|ge |
2 �(⌧� ! µ�⌫⌧⌫µ) / |g⌧ |

2
|gµ |

2

����
gµ
ge

���� /

s
B(⌧� ! µ�⌫⌧⌫µ)

B(⌧� ! e�⌫⌧⌫e)
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Belle II: Testing lepton universality with leptonic ⌧ decay
clean data set from e+e� ! ⌧+⌧�.

require one ⌧ decay leptonically and the other decay hadronically (to ⇡+⇡0).

e� e+

⌧+

⌧�

⌫⌧

⇡+

⇡0

⌫⌧
⌫`

`�

th
ru
st
ax
is

tag hemisphere

signal hemisphere

thrust axis ⌘ axis most along momenta

I Find only two charged particles, opp’ly charged,
and one or more ⇡0 (in one hemisphere)

I Require

I large thrust, high missing mass, low missing pt,
to isolate e+e� ! ⌧+⌧�.

I charged particle in ⇡0 hemisph. not look like e±,
to veto e+e� ! e+e�.

I other charged particle look like e± or µ±.

I Use neural network to remove background.

I Fit to p` spectra to get branching-fraction ratio.

I Study lepton-ID e�ciencies and correlations.
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Belle II: Testing lepton universality with leptonic ⌧ decay

���� 	��� 	��	 	��
 	��� 	��� 	��
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������	����
	���
� ! ����

�������
�	��
	����� ! ����
�

�����������
�
	�
	���	� ! ����	�

���������	�	
�
�����
�������

�� � ��

[Belle II: JHEP08.205, 2024]
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Belle II: Other recent ⌧ measurements
I Limits on lepton-flavor violation:

B(⌧� ! ⇤0⇡�) < 4.7 ⇥ 10�8 @ 90% credibility [Belle II: PRD110.112003, 2024]

B(⌧� ! ⇤0⇡�) < 4.3 ⇥ 10�8 @ 90% credibility [Belle II: PRD110.112003, 2024]

B(⌧� ! µ�µ+µ�) < 1.9 ⇥ 10�8 @ 90% credibility [Belle II: JHEP09.062, 2024]

I Measurement of⌧ mass:

0.03 MeV=c2. To test the independence of the estimator
bias on the τ mass, an alternative assumption of a linear
dependence is used, which results in the same bias. Thus no
additional systematic uncertainty is assigned.
The dependence of the result on the choice of the edge

parametrization is investigated by repeating the measure-
ment with alternative functions used previously by the
Belle and BABAR Collaborations [8,9]. The largest
deviation with respect to the main result is 0.02 MeV=c2

and is assigned as a systematic uncertainty.

D. Imperfections of the simulation

We study possible simulation mismodelings that might
lead to an incorrect estimation of the fit-bias correction.
Differences between the properties of material used in the
simulation and those in the detector may have an impact on
the correction of the fit bias. Studies of the interaction of
photons with the detector material indicate a deficit of
around 10% in the density of the beam pipe in simulation.
The impact of this deficit is tested by increasing by 10% the
beam-pipe density in the simulation of a signal sample
corresponding to 4 ab−1. The statistical uncertainty of the
difference between the results using the nominal simulation
and the simulation with the modified material density is
0.03 MeV=c2, which is seen to be significantly larger than
the actual difference between the two models. Hence, we
assign the statistical precision of the difference as the
uncertainty for this effect.
The modeling of ISR and FSR as well as the kinematic

properties of the τ-decay products may be different in
simulated and experimental data. The simulated Mmin
distribution is weighted according to the observed
differences between the experimental and simulated dis-
tributions in p!

3π . The impact on the result is found to
be 0.02 MeV=c2.
Systematic uncertainties due to the simulation mismod-

eling of photon and neutral-pion reconstruction, transverse-
momentum resolution, track finding, trigger efficiencies,
and background processes are found to be below or equal to
0.01 MeV=c2 each.

E. Consistency checks

We check the stability of the result throughout various
data-taking periods and observe no evidence for a time
dependence. To exclude a potential dependence of the
measured τ mass on the kinematic properties of the three-
pion system or the τ-decay products, we divide the data into
subregions of various kinematic variables. Specifically, we
use the cosine of the polar angle of the three-pion system
and the individual pions, M3π and p3π , and the momentum
of the highest-momentum decay product. We obtain con-
sistent results, indicating no significant unaccounted-for
systematic effects. Finally, we explicitly test for a depend-
ence of the measurement on the modeling of the τ decay.

In the version of the TAUOLA program used for the
simulation of τ decays [39] the modeling of the three-pion
mass distribution in the τ− → π−πþπ−ντ channel is
based on form factors from Ref. [40]. As an alternative
we use a sample simulated with form factors based on
resonance chiral-Lagrangian currents for the hadronic τ
decays [41–44]. Using 6.6 ab−1 of simulated samples, the
fit to the generator-level Mmin distributions of τ decays
simulated with the two models show negligible variation in
the resulting P1 values. The P1 values from fits to the
reconstructed distributions are in agreement within 1.7σ.
Therefore no additional source of systematic uncertainty is
considered.

VII. SUMMARY

We measure the mass of the τ lepton to be

mτ ¼ 1777.09$ 0.08$ 0.11 MeV=c2 ð7Þ

using eþe− → τþτ− data collected with the Belle II detector
at a center-of-mass energy of

ffiffiffi
s

p
¼ 10.579 GeV and

corresponding to an integrated luminosity of 190 fb−1.
The statistical uncertainty per unit sample size is smaller
compared to the previous results [8,9] owing to the
improved event selection and momentum resolution of
the Belle II detector, which result in a steeper slope of the
Mmin distribution in the threshold region. The main sources
of systematic uncertainty arise from the knowledge of the
beam energy and from the uncertainty of the charged-
particle momentum correction. As shown in Fig. 5, our
result is consistent with previous measurements [5–9] and
is the most precise to date.

1776 1776.5 1777

]2c [MeV/!m

BES (1996)

-0.17
+0.25

-0.21
+0.181776.96

BELLE (2007)
 0.35" 0.13 "1776.61

KEDR (2007)
 0.15"-0.23

+0.251776.81

BaBar (2009)
 0.41" 0.12 "1776.68

BES III (2014)

-0.13
+0.10 0.12"1776.91

Belle II (2023)
 0.11" 0.08 "1777.09

PDG Average (2022)
 0.12"1776.86

FIG. 5. Summary of the most precise τ-mass measurements
[5–9] compared with the result of this work. The vertical gray
band indicates the average value of previous measurements [32].
The inner bars represent the statistical uncertainties, while the
outer bars indicate the total uncertainties.

MEASUREMENT OF THE τ-LEPTON MASS WITH THE … PHYS. REV. D 108, 032006 (2023)

032006-7

[Belle II: PRD108.032006, 2023]
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Summary
Belle II & LHCb are very active.

I have highlighted only a few recent results.
Give me another 25 minutes and I’m happy to talk about more.

I Discovery of CP violation in baryons:

⇤0

b ! p K�⇡+⇡�, ⇤0K+K�

I Search for physics beyond standard model via ACP(D decay):

D0
! ⇡0⇡0, K0

SK
0

S, K±K⌥

I Testing testing lepton universality in ⌧ decay:

⌧� ! e�⌫⌧ ⌫e, µ�⌫⌧ ⌫µ

Both experiments are active in many other areas, including

I study of quarkonia, tetraquarks, pentaquarks

I dark-matter searches

I measuring quark-mixing-matrix parameters

I hadron spectroscopy

I measuring electroweak parameters

I study of B mesons
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Some event counts

I ACP(⇤
0

b ! · · · ) @ LHCb

⇤0

b⇡
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⇤0

bK
+⇡� 618 ± 32

⇤0

bK
+K� 1920 ± 50

p K+⇡+⇡� 80 690 ± 340

I ACP(D
0

! · · · ) @ Belle II

⇡0⇡0
O

⇣
104

⌘

K0

SK
0

S 2214 ± 51 Belle II
4864 ± 78 Belle

I D0
! K±⇡⌥ @ LHCb

K+⇡� 412 ⇥ 106

K�⇡+ 1.6 ⇥ 106

I ⌧� ! `�⌫⌧⌫` @ Belle II
e 4.4 ⇥ 106

µ 4.4 ⇥ 106
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thrust
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