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• Discrete symmetries (C,P,T) give insight into nature of 
interactions
– CPT theorem: 

“any Lorentz-invariant local quantum field theory with     
  a Hermitian Hamiltonian must have CPT symmetry”

– Strong and EM interactions are invariant under C, P, and T

• Parity violation was discovered by Wu in β decay in 1957 
– Predicted by Yang and Lee to solve the 𝜏	 − 𝜃 puzzle
– Structure of weak interaction (V-A) implies PV
– Combined symmetry of C and P (CP) still seemed to hold 

• CPV was discovered in 𝐾! (CP-odd) decays to 2π (CP-even) 
by Cronin and Fitch in 1964
– Small effect: BR(𝐾! → 2π) = 0.3 %   (c.f. BF(πl𝜈 + 3π)= 99.7%)
– Not understood at the time

What is CP Violation ?
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PRL 13, 168 (1964)

Phys. Rev. 105, 1413 (1957)

Mass signal region

2π

mass SB

mass SB
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The Matter - Universe
• 13.8 × 10 9 years ago big bang produced 

matter and antimatter in equal amounts
– matter-antimatter symmetric EM and strong 

interactions

• … but today we observe absence of 
– anti-nuclei amongst cosmic rays in our galaxy
– intense g-ray emission due to annihilation of 

distant galaxies in collision with antimatter

g g
e-,!𝑞

e+,q

2(2 ) 2E mcg ³

Today, matter dominates !

AMS, PLB 461, 387 (1999)

CP Violation (S. Prell)

“10"#lbs Gorilla
in the room”

𝐶𝑃 𝜑 = 𝑒!"!" 𝜑
?

universe



2023 Belle II Summer Workshop 4

Where did all the anti-matter go?
• Baryon to photon ratio determined from microwave anisotropy

• Sakharov showed that generation of a net baryon number requires:
1. Baryon number violating processes  (e.g. proton decay)

2. Non-equilibrium state during the expansion of the universe

3. Difference in interaction rates for particles and antiparticles (C and CP violation)

Note, SM CPV is unlikely to be sufficient to explain universe matter content.
However, CPV from New Physics that played a role in the early universe might.

0.4 10
0.3(6.5 ) 10baryons

photons

N
N

h + -
-= = ´ Almost all matter annihilated 

with anti-matter…, but not all !
WMAP

CP Violation (S. Prell)

Sakharov, 
Pisma Zh. Eksp. Teor. Fiz. 5, 32 (1967)



CPV in the Standard Model

Cabbibo-Kobayashi-Maskawa
(CKM) matrix

VCKM =

  
  
  

ud us ub

cd cs cb

td ts tb

V V V
V V V
V V V

æ ö
ç ÷
ç ÷
ç ÷
è ø

d     s      b
u

c

t

Decay amplitude ∝ (complex) Vqp
Decay rate ∝ |Vqp|2

q
W -

pgVqp

!𝑞
W +

𝑝̅gV*
qp

quark decay

anti-quark 
decay

g = weak Fermi 
       coupling constant

• Kobayashi and Maskawa proposed a three-
generation complex quark mixing matrix 
between strong and weak quark eigenstates

• CKM matrix elements modify weak 
charged current decay amplitude

• Only 3 quark flavors (u, d, s) were 
discovered and quark model was not 
widely accepted, yet

• Today, all observed CPV can be      
described by the CKM matrix
• No CPV in strong interactions
• No CPV in the lepton sector          

(maybe soon)

Complex matrix elements can lead to different 
BFs for particles and antiparticles

à CP violation
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A useful parameterization (“Wolfenstein”)

relative 
magnitudes

=

2 complex matrix elements: 
Vtd and Vub

Unitary 3×3 matrix has only four independent parameters 𝜆, 𝐴, 𝜌, 𝜂

Careful ! This is an arbitrary phase convention. 
But it allows to easily see where CPV occurs. 

Wolfenstein,
PRL 51, 1945 (1983)

2 3

2 2

3 2

1 / 2 ( )
1 / 2

(1 ) 1

| | | | | |
| | | | | |
| | | | | |

CKM

ud us

cd cs cb

s tb
i

i

t
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e

A
A A

V V
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e g

b

l l l r
l l l

l r l
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-
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= - -ç ÷
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V

ub

td

V

V

iη

iη

+𝑂 𝜆"

CP Violation (S. Prell)

Single complex phase η 
generates all SM CPV
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The B Unitarity Triangle
† *1     0ud cd cbV V V V V= ® + + =       *

ubV tdV
*

tbV

SM CP violation is very predictive: 
complex CKM phase η is related to apex of UT

Can be determined from sides or angles ! Allows for consistency checks!

  
  
  

ud us ub

cd cs cb

td ts tb

V V V
V V V
V V V

æ ö
ç ÷
ç ÷
ç ÷
è ø

𝜙! = 𝛽 ≡ arg −
𝑉"#𝑉"$∗

𝑉&#𝑉&$∗

𝜙' = 𝛼 ≡ arg −
𝑉&#𝑉&$∗

𝑉(#𝑉($∗

𝜙) = 𝛾 ≡ arg −
𝑉(#𝑉($∗

𝑉"#𝑉"$∗

CP Violation (S. Prell)

( )r h,

( )0,1 r

h

( )0,0

ud ub

cd cb

V V
V V

*

*

td tb

cd cb

V V
V V

*

*

𝜙(

𝜙)

𝜙*



3 Types of CP Violation
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1) CPV in decay 

2) CPV in mixing

3) Mixing-induced CPV, or CPV in 
the interference between decay 
with and without mixing

1) is also referred to as “direct CPV” 
and 2) & 3) as “indirect CPV”



CPV in decay
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• Difference between magnitude of a decay amplitude and its CP-conjugate amplitude

• Only type of CPV possible for charged particle decays
• Relatively easy to measure: only BFs necessary

– Direct CPV can also show up in differential BFs (e.g. across Dalitz plot) or in individual orbital angular 
momentum waves for VV final states

𝐴̅ = ̅𝑓 𝑂, &𝐵 	

Direct CPV: 𝐴 ≠ 𝐴̅ ;  𝐴-. ≡
/ 01→ ̅4 5/ 1→4
/ 01→ ̅4 6/ 1→4

≠ 0

𝐵
𝑓

𝐴 = 𝑓 𝑂 𝐵

&𝐵 ̅𝑓

Example: B 𝐵7 → 𝐾6𝜋5 ≠ B &𝐵7 → 𝐾5𝜋6



CPV in decay: weak and strong phases
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• Easiest way to get CPV is with 2 interfering amplitudes (e.g. tree and       
penguin) with different weak (CP-odd) and strong (CP-even) phases

• 𝐴"# is large if the contributing amplitudes are of similar size (𝑟 ≈ 1, 𝐴$ ≈ 𝐴% )
• Need external input on 𝐴$ , 𝐴% , 𝛿 (usually not interesting) to measure 𝜙 (interesting)

• Observed in many b decays and recently in charm decays (LHCb, PRL 122, 211803 (2019))

𝐴 𝐵 → 𝑓 = 𝐴 = 𝐴8 + 𝐴9
𝐴 &𝐵 → ̅𝑓 = 𝐴̅ = 𝐴̅8 + 𝐴̅9

CP transformation:
strong phase: 𝛿 → 𝛿
weak phase: 𝜙 → −𝜙 

𝐴8 = 𝐴8
𝐴9 = 𝐴9 𝑒:;𝑒:<

CP 𝐴̅8 = 𝐴8
𝐴̅9 = 𝐴9 𝑒:;𝑒5:<

𝐴 ≠ 𝐴̅
𝛿

𝛿 + 𝜙 𝛿 − 𝜙

𝐴! = 𝐴̅!

𝐴' 𝐴̅'
𝐴 !
+ 𝐴 '

𝐴̅!+ 𝐴̅' 𝐴./ =
2𝑟 sin 𝛿 sin𝜙

1 + 𝑟) + 2𝑟 cos 𝛿 cos𝜙

B f𝐴(

𝐴)

𝑟 ≡ 𝐴!/𝐴"
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Neutral meson mixing (“2B or not 2B”) 
• Weak transitions can transform P into &𝑃 and vice versa

– Physical neutral meson state ψ is a linear combination 
• Time-evolution given by non-hermitian Hamiltonian

– Diagonal terms give P mass M and width Γ (1/τ)
– Off-diagonal terms describe mixing (incl. CPV) 
– Eigenstates of Hamiltonian have defined 𝑀$,! and τ&,! 

      (if no CPV in mixing they are CP eigenstates)
• virtual amplitude: Δ𝑀 = 2𝑀"!
• on-shell amplitude: Δ𝛤 = 2𝛤"!

• Time-dependent 𝑃 − &𝑃 mixing:

• CPV in mixing
	 𝑃 𝑃 → 2𝑃 ≠ 𝑃 2𝑃 → 𝑃  #

$
	≠ 1 

– Results from interference between on-shell and virtual amplitudes

𝜓 𝑡 = 𝑎 𝑡 𝑃- + 𝑏 𝑡 0𝑃-

𝑃 𝑃 → 2𝑃 ∝ 𝑒'()
𝑞
𝑝

*
cosh

Δ𝛤𝑡
2 − cos Δ𝑀𝑡

𝑃 2𝑃 → 𝑃 ∝ 𝑒'()
𝑝
𝑞

*
cosh

Δ𝛤𝑡
2 − cos Δ𝑀𝑡

b

d b

d
̅𝑡
𝑡

𝐵- 0𝐵-

short-distance, virtual

𝐵- 0𝐵-
ππ, 𝐷𝐷,…

long-distance, on-shell

𝑞
𝑝
=

𝑀"!∗ − 𝑖
2 Γ"!

∗

𝑀"! −
𝑖
2 Γ"!

𝑀+* Γ+* sin 𝜃,!" − 𝜃(!" ≠ 0

CP Violation (S. Prell)



Neutral meson mixing comparison
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K0
𝑥& ≈ 0.95
𝑦& ≈ −1

𝑝
𝑞 &

≈ 0.9967

Strong damping,
only 𝐾' are left

after 1 oscillation

D0
𝑥( ≈ 5×10)*

𝑦( ≈ 7.2 ± 0.1 ×10)*
𝑝
𝑞 &

~	1

Very small mixing

𝑩𝒅𝟎
𝑥- = 0.775 ± 0.006
𝑦- = 0.007 ± 0.009
𝑝
𝑞 #

= 1.0010 ± 0.0008

Significant mixing

𝑩𝒔𝟎
𝑥/ = 26.8 ± 0.23
𝑦/ = 0.058 ± 0.010
𝑝
𝑞 *

= 1.0003 ± 0.0014

Fast oscillations,
complete mixing

𝑥 = ΔM	τ
𝑦 = ΔΓ	τ/2

Mixing asymmetry 
(no CPV):

𝑎&'( 𝑡 =
𝑃 𝑃) → 𝑃) − 𝑃 𝑃) → :𝑃)

𝑃 𝑃) → 𝑃) + 𝑃 𝑃) → :𝑃)
=

cos 𝑥	𝑡/𝜏
cosh 	𝑦	𝑡/𝜏



Neutral Bd,s mixing and CPV
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LHCb, arXiv:2104.04421

Belle, PRD 71, 072003 (2005)
𝐴&! =

1 − 𝑞
𝑝
-

1 + 𝑞
𝑝
-

Bd mixing
Bs mixing

No CPV in Bd/s mixing !
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Mixing-induced CP Violation

Time-dependent CP asymmetry

B0

B0

fCP

decay+mixing
No oscillation

Net oscillation

fCPB0

B0

No oscillation

Net oscillation

decay+mixing

single weak 
amplitude:

Γ :𝐵)/𝐵) → 𝑓"# ∝ 𝑒*+/- 1 ±
2	Im	𝜆"#	
1 + 𝜆"# % sin ΔM	𝑡 ∓

1 − 𝜆"# %

1 + 𝜆"# % cos ΔM	𝑡	 	

Sf Cf

𝑆G = −Im	𝜆HI𝐶G 	= 0

𝐶𝑃𝑉:	Γ 𝐵) → 𝑓"# ≠ Γ :𝐵) → 𝑓"#

𝐴"# =
Γ :𝐵) → 𝑓"# − Γ 𝐵) → 𝑓"#
Γ :𝐵) → 𝑓"# + Γ 𝐵) → 𝑓"#

= − 𝐶.cos ΔM	𝑡 + 𝑆.sin ΔM	𝑡
𝐶G 	≠ 0 implies direct CPV

𝜆HI = 1 
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Measurement of time-dependent CP Violation at Belle II

zD

-e

( )4S¡

l-

-K
B-flavor 
tagging

Reconstruction of B 
decays to exclusive  

final state

+µ

-p

0
SK

y/J

+p

+eCoherent 𝐵0 K𝐵0 
production      
(p-wave)

z

/
rec tagt t t

z cbg

D = -

» D

-µ

𝐵-

HER LER

0𝐵LMN-

𝐵OPQ-

0𝐵-



B decays sensitive to UT angles

𝐵 → 𝜋1𝜋), 𝜋±𝜋0, 𝜋0𝜋0
𝐵 → 𝜌1𝜌), 𝜌±𝜌0, 𝜌0𝜌0
𝐵 →	𝜋1𝜋) 𝜋0
𝐵 → 𝑎" 𝜌𝜋 ±𝜋∓

𝐵 → 𝐽/𝜓	𝐾4,'0  
𝐵 → 𝐽/𝜓	𝐾∗0 𝐾40𝜋0
𝐵 → 𝜓(2𝑆)𝐾40, 𝜒60,"𝐾40, 𝜂6𝐾40

𝐵 → 𝐷∗𝐷∗𝐾40
𝐵 → 𝐷(∗)ℎ0

𝐵 → 𝐷1𝐷), 𝐷∗1𝐷∗), 𝐷∗±𝐷∓
𝐵 → 𝐽/𝜓	𝜋0
𝐵 → 𝜂′𝐾40,𝜙𝐾40,𝜋0𝐾40,𝜌0𝐾40, 𝜔𝐾40, 𝑓0𝐾40
𝐵 → 𝐾1𝐾)𝐾40, 𝐾40𝐾40𝐾40

Modes sensitive to 𝜙" 

Modes sensitive to 𝜙! 

𝐵) → 𝐷9:
(∗)𝐾(∗))

𝐵0 → 𝐷9:𝐾∗0

𝐵) → 𝐷(∗) 𝐾1𝜋) 𝐾(∗))

𝐵) → 𝐷(∗) 𝐾1𝜋) 𝜋)

𝐵) → 𝐷(∗) 𝐾40ℎ1ℎ) 𝐾(∗))

𝐵) → 𝐷 𝜋0𝜋1𝜋) 𝐾) 
𝐵) → 𝐷 𝐾40𝐾1𝜋) 𝐾)

Modes sensitive to 𝜙* 
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𝜙!	, the B Factories’ “CP or not CP”

h

r
𝜙b

Hitlin, ICHEP 2000

17
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sin 2𝜙! from 𝐵" → 𝐽/𝜓	KS,L decays

b

d

c
c
s
d

W+

B0 decay

*
cscbVVAµ

K0 mixing
s

d s

d

KK pq /

𝜂"# = −1(+1)
for 𝐽/𝜓	𝐾/(!))

Γ 𝐵F → 𝑓./ ∝ 𝑒GH/J 1 + 𝜂./ sin 2𝜙( sin ΔM	Δt
Γ !𝐵F → 𝑓./ ∝ 𝑒GH/J 1 − 𝜂./ sin 2𝜙( sin ΔM	Δt

𝐴./ 𝑡 = − 𝜂./ sin 2𝜙( sin ΔM	Δt	

𝜆2/3	5;,<= = 1	⟹	𝐶2/3	5;,<= = 0
𝑆2/3	5;,<= = Im	𝜆2/3	5;,<= = ±sin 2𝜙$

𝜆2/3	5;,<= =
𝑞6
𝑝6

𝐴̅2/3	5;,<=

𝐴2/3	5;,<=
= ∓

𝑉+7∗ 𝑉+9
𝑉+7𝑉+9∗

𝑉:7𝑉:;∗

𝑉:7∗ 𝑉:;

𝑉:; 𝑉:9∗

𝑉:;∗𝑉:9
= ∓

𝑉+7∗ 𝑽𝒕𝒅
𝑉+7𝑽𝒕𝒅∗

𝑉:7
𝑉:7∗

𝑉:9∗

𝑉:9

b

d b

d
B0 mixing

BB pq /

̅𝑡
𝑡

W W



• 𝐵 → 𝐽/𝜓 → 𝑙6𝑙5 𝐾I7	dominates 
sin 2𝜙8measurement
– Relatively large BF
– Low background
– Small theoretical uncertainties

• LHCb error on sin 2𝜙8 is now 0.014
– Dominated by statistical error

• Eventually, Belle II will be systematics 
limited

The “gold-plated modes”: 𝐵 → 𝐽/𝜓𝐾KF and other 𝑏 → 𝑐𝑠̅𝑠 transitions
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PRL 108, 171802 (2012)

𝜂+, = −1 𝜂+, = +1

June 2023

𝐵 → 𝜓𝐾40

sin 2𝛽 = 0.716 ± 0.013 ± 0.008
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𝜙"	, a story with some twists and turns

h

r

𝜙g



• Only tree amplitudes were expected 
to contribute to 𝐵 → 𝜋L𝜋G
– penguin amplitude was expected to be 

negligible !

• Weak phase 2𝜙* between          
𝐵 → 𝜋L𝜋G and !𝐵 → 𝜋L𝜋G 
combines with mixing phase 2𝜙( 

• Time-dependent CP asymmetries 
would be
– 𝑆 = sin 2𝜙% and 𝐶 = 0

Original idea: time-dependent analysis of 𝐵 → 𝜋#𝜋$
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Weak phase:

external tree (T) internal or color-
suppressed tree (C)

i
ubV e g-µ

Penguin (P)

𝜆 = 	
=

𝑞
𝑝

hijikN	

⏟

𝐴̅
𝐴

lPQMm

   =	𝑒nigo. 𝑒nigo/ 
	 = 	 𝑒igo0



• Just before the start of data taking 
of the B factories there was 
troublesome news

– 2𝐵 → 𝐾1𝜋' and 𝐵1 → 𝜂′𝐾1 were 
discovered with unexpectedly 
large BFs

– On the other hand 𝐵 → 𝜋1𝜋' 
hadn’t been seen, yet

– Shortly after 𝐵 → 𝜋1𝜋' was 
discovered, BF(𝐵 → 𝜋2𝜋2) was 
found larger than expected 

• Penguins could not be neglected!

• But if penguins are large, 𝜙9 can’t 
be extracted from 𝐶K#K$  and 
𝑆K#K$  (alone) 

☹

The rise of the penguins
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PRL 80, 3456 (1998)

𝐵- → 𝜂′ℎ-

PRL 80, 3710 (1998)



𝜙! from B → pp

𝜙% can be extracted with an isospin 
decomposition of 𝐵 → 𝜋6𝜋5

Optimal case:   Γ 𝜋0𝜋0 ≪ Γ 𝜋±𝜋0 , Γ 𝜋1𝜋) 	

Gronau and London, PRL 65, 3381 (1990)

i
ubV e g-µ

𝑆 = 1 − 𝐶g×sin 2𝜙) − 2Δ𝜙)LG

2Δ𝜙
!
1)
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B0 → π+π− CPV and BF

CPV in B → π+ π− is significant !

JHEP 03, 075 (2021)

PRD 87, 031103 (2013)

𝐵𝐹 𝐵 → 𝜋1𝜋) = 5.10 ± 0.19 ×10)>
𝐵𝐹 𝐵 → 𝜋1𝜋0 =	 5.5 ± 0.4 	 ×10)>
𝐵𝐹 𝐵 → 𝜋0𝜋0 = 1.59 ± 0.26 ×10)>
𝐴9: 𝐵 → 𝜋1𝜋0 = +0.03 ± 0.04
    C 𝐵 → 𝜋0𝜋0 = −0.33 ± 0.22 -0 0 0,p pp p p p+ ±G G G!

Unfortunately
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Constraints on 𝜙" from B → pp (now and with Belle II)

• Discrete ambiguities complicate 
constraints on 𝜙%
– Belle II can substantially reduce 

uncertainties

• S(𝐵 → 𝜋)𝜋)) could resolve discrete 
ambiguities
– Very hard measurement
– Expected Belle II error ~0.3

• B → pp was assumed to be B 
factories’ best shot at 𝜙% 
– Other 𝑏 → 𝑢2𝑢𝑑 modes, like B → pr 

and B → rr would have additional 
problems (low 𝜋2 efficiency, time-dep. 
Dalitz analysis, VV polarization 
amplitudes)

ex
cl

ud
ed
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3 pleasant surprises in B → rr

Time-dependent CP 
asymmetry in B0 → r+r- 

Small penguins !
(effective 𝜙' constraint)

Dominantly longitud. 
polarized !

(no need for full angular analysis)

Large branching fraction !
(large sample despite 𝜋.in final state)

𝐵𝑟 𝐵0 → ρ1ρ) = 27.7 ± 1.9 ×10)>
𝐵𝑟 𝐵± → ρ±ρ0 = 24.0 ± 1.9 ×10)>
𝐵𝑟 𝐵0 → ρ0ρ0 = (0.96 ± 0.15)×10)>

𝑓'1) = 0.990)0.0"@10.0!"

𝑓'10 = 0.950 ± 0.016
𝑓'00 = 0.71)0.0@10.0A

𝐴9:10 = −0.05 ± 0.05

𝑆1) = −0.14 ± 0.13
𝐶1) = +0.00 ± 0.09	

𝐵0 tag

K𝐵0 tag

PRD 93, 032010 (2016)

0B r r+ -®
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Modes with 𝜋2(𝜌± → 𝜋±𝜋2) are 
much easier at Belle II than at LHCb

𝜙! World Average

𝜙g(𝑃𝐷𝐺) = 85.2n".wx".y °

From CKM fit
(UTfit, 2018):

𝜙g = 90.1 ± 2.2 °

𝜙' world average is 
dominated by B → rr 

Expected 𝜙! error: Δ𝜙! ~ 0.6°
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The UT angle 𝜙%

h

h
𝜙w

“hard to reach”
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Determination of 𝜙# with B− → D(*)K(*)−

ubV

B-
𝐷𝐾

final 
state

(𝐷𝐾Measure 𝜙> with charged B decays 
(interference between P𝐷𝐾 and 𝐷𝐾 intermediate 
states where P𝐷 and 𝐷 decay to same final state)

One amplitude involves Vub

Many 𝐷)	final states investigated:
CP eigenstates (pp, KK; KS(π0,ω,η,φ))

Flavor eigenstates (Kπ)
Three-body decays (KSππ, KSKK, πππ0)  

Gronau & London, PLB 253, 483 (1991)                     
Gronau & Wyler, PLB 265, 172 (1991)

Atwood, Dunietz, & Soni, PRL 78, 3257 (1997),
Atwood, Dunietz, & Soni, PRD 63, 036005 (2001)

Giri, Grossman, Soffer, & Zupan, PRD 68, 054018 (2003)
Belle, Poluektov et al., PRD 70, 072003 (2004)

Bondar & Poluektov, EPJC 47,347 (2006)

+ strong phase

𝑒io/

2023 Belle II Summer Workshop CP Violation (S. Prell) 29



2023 Belle II Summer Workshop 30

BPGGSZ analysis of B → D(*) K(*) with 𝐷 → 𝐾&'𝜋#𝜋$

• D Dalitz plot has complicated structure of several interfering amplitudes
– Interference between D decays to Cabibbo-allowed, Cabibbo-suppressed and CP final states
 

• Model-independent method
– Binned fit to Dalitz plot → get 𝛿? for each bin from coherent 𝐷𝐷̂ production at CLEO-c or BESII

JHEP 2021, 169 (2021)

Binning for strong phase 
measurements from 

BESIII and CLEO

𝐴± = 𝐴0 𝑚±
' , 𝑚∓

'

CP Violation (S. Prell)



𝜙" World Average

𝜙w(𝐻𝐹𝐿𝐴𝑉) = 66.2nw.{xw." °

From CKM fit
(UTfit, 2018):

𝜙w = 65.8 ± 2.2 °
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Angles of the UT show consistent picture
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… also with the UT sides !
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PDG 2022

UT parameters consistent 
at the few percent level ! 
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Beyond SM CPV searches
(“Hic sunt dracones”)



• Penguin loops can receive contributions from New Physics

• Weak phase of 𝑏 → 𝑠!𝑞𝑞 penguin is same as for 𝑏 → 𝑐 ̅𝑐𝑠 in SM
– Top quark contribution dominates loop amplitude
– CP asymmetries are also C = 0 and 𝑆 = −𝜂HI sin 2𝜙b
– Contributions of sub-leading diagrams could change S and C

b s
s

s
d

d
g

, ,u c t

0
SK

0B 0B

b
s

s

s
d d

,f h¢

0
SK

,f h¢

W +

New Physics (example)Standard Model

Penguin-dominated 𝑏 → 𝑠𝑞/𝑞 decays

35

No CPV expected in 
𝑏 → 𝑑0𝑞𝑞 penguins (e.g. 𝐵 → 𝐾2.𝐾2.):
Loop phase cancels mixing phase 
for dominant diagram
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Penguin-dominated 𝑏 → 𝑠𝑞%𝑞 decay: 𝐵 → 𝜂′𝐾_ 

CP Violation (S. Prell)

JHEP 1410 (2014) 165

Most precise “sin 2𝜙+	from 
a charmless mode”
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CP Asymmetries in Penguin Decays
• Theoretical predictions for δS = 𝑆WX 2X − sin 2𝜙(             

are small and typically positive
– Large δS	could be evidence for new physics

• Most significant difference in “naïve”  𝑆WX 2X average 
reached in 2004
– Caused a lot of excitement
– Neglects theo. uncertainties and correlation of 

experimental uncertainties 
– HFLAV: “We do not advocate its use, and provide it only 

for academic interest. Use with extreme caution, if at all.”

• More precise measurements have since decreased 
significance below 1σ
– Still a good place to look for New Physics
– Note, some measurements come from complicated 3-body 

time-dependent Dalitz analyses

CP Violation (S. Prell)

2004: 𝛿𝑆 = −0.32 ± 0.07 3.9𝜎
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CP Asymmetries in Penguin Decays
• Theoretical predictions for δS = 𝑆WX 2X − sin 2𝜙(             

are small and typically positive
– Large δS	could be evidence for new physics

• Most significant difference in “naïve”  𝑆WX 2X average 
reached in 2004
– Caused a lot of excitement
– Neglects theo. uncertainties and correlation of 

experimental uncertainties 
– HFLAV: “We do not advocate its use, and provide it only 

for academic interest. Use with extreme caution, if at all.”

• More precise measurements have since decreased 
significance below 1σ
– Still a good place to look for New Physics
– Note, some measurements come from complicated 3-body 

time-dependent Dalitz analyses

CP Violation (S. Prell)

2004: 𝛿𝑆 = −0.32 ± 0.07 3.9𝜎2021: 𝛿𝑆 = −0.05 ± 0.04
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Belle II potential for CPV in penguin decays
B0 ® J/y KS

  (the “Golden” mode): 

B0 ® f KS
 ,h’KS

 ,w KS
 ,p 0KS

   (“penguin” modes): 

B̄0

J/ψ

KS

b

c c̄

s̄

d̄
W

WA (2017) 5 ab−1 50 ab−1

Channel σ(S) σ(A) σ(S) σ(A) σ(S) σ(A)

J/ψK0 0.022 0.021 0.012 0.011 0.0052 0.0090

φK0 0.12 0.14 0.048 0.035 0.020 0.011

η′K0 0.06 0.04 0.032 0.020 0.015 0.008

ωK0
S 0.21 0.14 0.08 0.06 0.024 0.020

K0
Sπ

0γ 0.20 0.12 0.10 0.07 0.031 0.021

K0
Sπ

0 0.17 0.10 0.09 0.06 0.028 0.018

B̄0

φ

KS

b

s s̄

s̄

d̄
W

t, c, u

expected 50 ab-1 uncertainty: df1  = 0.4o

(less than the current theory error of 1-2o)

ACP = A cos(∆M∆t) + S sin(∆M∆t)

Belle II expected to improve 
precision in S from 10-20% to 2-3%

→ constrains the UT

392023 Belle II Summer Workshop CP Violation (S. Prell)



• Expect CPV to be small ( S ~ −2(ms/mb)sin(2ϕ1) )
– γ helicity dominantly LH for b → s(d)γ, and RH for 2𝑏
– 𝐵2 → 𝐾∗2 𝐾&2𝜋2 γ behaves like effective flavor eigenstate 

(assuming dipole operator is dominant)

• Similar situation for B0→ ρ0γ
– However, since weak phase from b → dγ decay amplitude 

cancels that from 𝐵2 2𝐵2 mixing, CPV is suppressed further
• Observed CPV would be sign of NP amplitude emitting 

RH photons and with NP weak phase
• Belle II potential: 𝜎 𝑆WX ~	0.07

Radiative B decays: 
        TDCPV of 𝑏 → 𝑠𝛾 and 𝑏 → 𝑑𝛾 

2023 Belle II Summer Workshop CP Violation (S. Prell) 40

All measurements consistent with no CPV,
as expected in the SM

PRL 100, 021602 (2008)



• First discovery of direct CPV in B decays with 𝐵 →	𝐾±𝜋∓     
(BaBar, PRL 93 (2004) 131801; Belle, PRL 93 (2004) 131802)

– dCPV caused by interference between loop and tree amplitudes

• Naive assumption that modes related by isospin of spectator quark 
have similar ACP … turned out to be wrong

• More accurate sum rule predicts 𝐴678
%9% = −0.138 ± 0.025	

(with recent LHCb 𝐾±𝜋2	measurement)

• Expect error 𝜎 𝐴678
%9% ~0.04	with Belle II  

Direct CP relations: The 𝐾𝜋 Puzzle
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PRL126, 091802 (2021)

LHCb doing 𝜋2 final state 😮
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• Heavy-quark physics and CP violation, J. Richman, Les Houches Lectures (1998)
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http://hep.ucsb.edu/papers/driver_houches12.ps
https://arxiv.org/abs/1406.6311
https://hflav.web.cern.ch/
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• CPV observed in many processes, no inconsistency with SM 
prediction of single complex phase of CKM matrix
– UT angles and sides are consistent
– Still plenty of room for New Physics to hide (at few % level)

• Belle II (and LHCb & others) will tackle many open issues in 
CPV over next decade
– Most sensitive techniques often not even considered at start of experiment

Conclusions
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“[CP violation] is telling us that there is a fundamental asymmetry between matter and 
antimatter, […] We must continue to seek the origin of the CP symmetry violation by all means 
at our disposal. We know that improvements in detector technology and quality of accelerators 
will permit even more sensitive experiments in the coming decades. We are hopeful then, that 

at some epoch, perhaps distant, this cryptic message from nature will be deciphered.”

James Cronin, Nobel lecture, 8 December, 1980



Back-Up Slides
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CPV in Neutrinos
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Neutrino mixing matrix (PMNS matrix)

CPV phase for normal (inverted) hierarchy

δ67 = −1.89	−0.58
+0.70 	(−1.38−0.54

+0.48 )

Zero CP violation ruled out at 2σ

T2K, Nature 580, 339 (2020)



• Sign of cos 2𝜙(	resolves 90o –	𝜙( ambiguity from sin 2𝜙(
• Need second interfering (strong) decay amplitude to 

measure cos 2𝜙(
– e.g. between CP-odd and CP-even amplitudes         

in 3-body or VV B decays
– Requires time-dependent angular or                  

Dalitz plot analysis to extract cos 2𝜙$

CP Violation (S. Prell)

cos2 𝜙$ < 0 excluded: 
𝜙$ = (22.2 ± 0.7)°

46

Removing the 90o – 𝜙! ambiguity
0 *0 /B J Ky®

PRD 71, 032005 (2005)

fit result 
cos2β>0 (sin2β constr.) 
cos2β<0 (sin2β constr.) 

46

𝐵. → 𝐽/𝜓𝐾∗. [BABAR, PRD 71, 032005 (2005)]: cos 2𝜙! > 0	@	89% C.L.
  𝐵. → 𝐷 ∗ .(→ 𝐾2. 𝜋-𝜋3)ℎ. [BABAR+Belle, PRL 121, 261801 (2018)]: cos 2𝜙! > 0	@	3.7𝜎
  𝐵. → 𝐷∗-𝐷∗3𝐾2. [BABAR, PRD 74, 091101 (2006)]: cos 2𝜙! > 0	@	94% C.L.
  𝐵. → 𝐾-𝐾3𝐾2. [BABAR, PRD 85, 112010 (2012)]: cos 2𝜙! > 0	@	4.8𝜎

PRL 121, 261801 (2018)

“CP dominated” “mixing dominated”
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CP Asymmetries in Penguin Decays

CP Violation (S. Prell)

𝛿𝑆 = −0.05 ± 0.04

472023 Belle II Summer Workshop
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GLW measurements for 𝜙#
• Most sensitive B final states 

– 𝐷HI𝐾n

– 𝐷HI∗ 	𝐾n

– 𝐷HI𝐾∗n

– 𝐷HI𝐾𝜋𝜋

𝑟4 and 𝛿4 depend 
on 𝐵 decay mode

JHEP 2104 (2021) 081

CPV in 𝐵 → 𝐷67
(∗)𝐾 

is significant !

PRD 82 (2010) 072004

𝑅"#± ≡ 2
Γ 𝐵* → 𝐷"#±

∗ 𝐾 ∗ * + Γ 𝐵A → 𝐷"#±
∗ 𝐾 ∗ A

Γ 𝐵* → 𝐷.BCD
∗ 𝐾 ∗ * + Γ 𝐵A → 𝐷.BCD

∗ 𝐾 ∗ A

	 = 1 + 𝑟6% ± 2𝑟6 cos 𝛿6 cos𝜙>

𝐴"#± ≡
E 6D→?EF±

∗ 5 ∗ D *E 6G→?EF±
∗ 5 ∗ G

E 6D→?EF±
∗ 5 ∗ D AE 6G→?EF±

∗ 5 ∗ G

	 = ±2𝑟6 sin 𝛿6 sin𝜙> 	/	𝑅"#±
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ADS measurements for 𝜙#
• Most sensitive B final states 

– (𝐾𝜋)}𝐾
– (𝐾𝜋𝜋-)}𝐾
– (𝐾3𝜋)}𝐾
– (𝐾𝜋)}∗𝐾
– (𝐾𝜋)}∗𝐾∗

Two more variables from D decay: 

𝑟0 and 𝛿0 depend on 𝐷 mode, can 
be measured at CLEO-c or BESIII

JHEP 2104 (2021) 081

CPV in 𝐵 → 𝐷=>?@
(∗) 𝐾 

is significant !

DCS D decay

PRL 106 (2011) 231803

𝑅G?/ ≡
Γ 𝐵* → 𝐾A𝜋* 𝐾* + Γ 𝐵A → 𝐾*𝜋A 𝐾A

Γ 𝐵* → 𝐾*𝜋A 𝐾* + Γ 𝐵A → 𝐾A𝜋* 𝐾A
	 = 𝑟6% + 𝑟?% ± 2𝑟6𝑟? cos 𝛿6 + 𝛿? cos𝜙>
𝐴G?/ ≡

E 6D→ 5GHD 5D *E 6G→ 5DHG 5G

E 6D→ 5GHD 5D AE 6G→ 5DHG 5G

	 = 2𝑟6𝑟? sin 𝛿6 + 𝛿? sin𝜙> / 𝑅G?/

49



Sensitivity to 𝜙#
Extract 𝜙# from fit to 𝐷 → 𝐾&2𝜋1𝜋' and 
𝐷 → 𝐾&2𝐾1𝐾'	Dalitz-plot distributions 
with variables x and y

cos( ),    sin( )B st B stx r y rd g d g± ±º ± º ±

+ +,x y

d rB

rB (0,0)

2γ

- -,x y

+ +,x y

g= ¹
Direct CP violation, 
if 2 | sin | 0Bd r

- -,x y

JHEP 2021, 169 (2021)
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CPV in Bs Decays
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CKM matrix up to O(λ4)
βs is equivalent of ϕ1 in 
time-dependent Bs CPV

𝜙~Q ̅Q~ ≈ −2𝛽~

SM prediction:
𝜙AB ̅BA	 = −0.0370	'2.222E12.222F

World average:
𝜙~Q ̅Q~ = −0.050 ± 0.019
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𝐵± → 𝜋±𝜋" and	𝐵 → 𝜋"𝜋"	CPV and BFs

𝐵 → 𝜋)𝜋)

PRD 87, 052009 (2013)

BaBar, PRD 87, 052009 (2013)
Belle, PRD 96, 032007 (2017)

BaBar, PRD 87, 052009 (2013)
Belle, PRD 96, 032007 (2017)

5.48'2.#-12.#" HFLAV average (no scale factor)

0.026 ± 0.039	HFLAV average

Belle, PRD 87, 031103 (2013)
BaBar, PRD 76, 091102 (2007)
CLEO, PRD 68, 052002 (2003)

(error scaled by 1.2)

(error scaled by 1.4)

Belle, PRD 87, 031103 (2013)
BaBar, PRD 76, 091102 (2007)



• Most measurements will still be statistically 
limited with 50/ab
– Expected error  

Δ𝜙! ~ 1° without 𝑆H5H5 constraint, and 
Δ𝜙! ~ 0.6° with 𝑆6&6&  constraint

• The	𝐵) → 𝜋𝜌 )Dalitz analysis
– Done by both Belle and BaBar, but limited 

by spurious ambiguities due to small data 
samples

– Analysis should be repeated with a few 
𝑎𝑏'+ , which will allow to estimate 
sensitivity with 50 𝑎𝑏'+

𝜙c from B → rr  with Belle II
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