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A series of fortunate events

1964
CPV in Kaon system
𝐾𝐿 → 𝜋+𝜋− , 45 events
23 x 103 in 𝐾𝐿 → 𝜋+𝜋−𝜋0

J. Cronin, V. Fitch 1980

2001 CPV in Beauty system
Large CPV in 𝐵0 system
𝐵0 → 𝐽/𝜓𝐾𝑠 ~ 700 events 

M. Kobayashi, T. 
Maskawa 2008

2019 CPV in Charm system
𝐷0 → 𝜋𝜋 ~ 14 x 106 events 

As one can see, CPV in charm requires large data sample along with good control 
of systematic uncertainty.

Strange

Beauty

Charm

Charm is the new strange.

We have saved the worst for the last

Beauty become strange

Charm is  really strange !
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CP violation in the Standard Model

 
𝑑′ 
𝑠′
𝑏′

=  

𝑉𝑢𝑑 𝑉𝑢𝑠 𝑉𝑢𝑏

𝑉𝑐𝑑 𝑉𝑐𝑠 𝑉𝑐𝑏

𝑉𝑡𝑑 𝑉𝑡𝑠 𝑉𝑡𝑏

𝑑
𝑠

 𝑏 

1 − Τ𝜆2 2 − Τ𝜆4 8 𝜆 𝐴𝜆3(𝜌 − 𝑖𝜂)

−𝜆 + 𝐴2 Τ𝜆5[1 − 2 𝜌 + 𝑖𝜂 ] 2 1 − Τ𝜆2 2 − Τ𝜆4(1 + 4𝐴2) 8 𝐴𝜆2

𝐴𝜆3[1 − 𝜌 + 𝑖𝜂 1 − Τ𝜆2 2 ] −𝐴𝜆2 + 𝐴 Τ𝜆4[1 − 2 𝜌 + 𝑖𝜂 ] 2 1 − Τ𝐴2𝜆4 2

+ 𝒪 𝜆6

Here =sin(c), and A, ,  are all real 
This representation is easy for relating CP violation to specific decay rates.

𝜂 is the only CPV source in the Standard Model.

Unitarity condition VꝉV=1 gives six relations between the CKM matrix elements.
𝑉𝑢𝑑

∗ 𝑉𝑢𝑠 + 𝑉𝑐𝑑
∗ 𝑉𝑐𝑠 + 𝑉𝑡𝑑

∗ 𝑉𝑡𝑠=0 𝑉𝑢𝑑
∗ 𝑉𝑐𝑑 + 𝑉𝑢𝑠

∗ 𝑉𝑐𝑠 + 𝑉𝑢𝑏
∗ 𝑉𝑐𝑏=0  [𝓞 𝛌  + 𝓞 𝛌  + 𝓞 𝛌𝟓 = 𝟎]

𝑉𝑢𝑠
∗ 𝑉𝑢𝑏 + 𝑉𝑐𝑠

∗ 𝑉𝑐𝑏 + 𝑉𝑡𝑠
∗ 𝑉𝑡𝑏=0  𝑉𝑐𝑑

∗ 𝑉𝑡𝑑 + 𝑉𝑐𝑠
∗ 𝑉𝑡𝑠 + 𝑉𝑐𝑏

∗ 𝑉𝑡𝑏=0  [𝓞 𝛌𝟒 + 𝓞 𝛌𝟐 + 𝓞 𝛌𝟐 = 𝟎]

𝑉𝑡𝑑
∗ 𝑉𝑢𝑑 + 𝑉𝑡𝑠

∗ 𝑉𝑢𝑠 + 𝑉𝑡𝑏
∗ 𝑉𝑢𝑏=0  𝑉𝑢𝑏

∗ 𝑉𝑢𝑑 + 𝑉𝑐𝑏
∗ 𝑉𝑐𝑑 + 𝑉𝑡𝑏

∗ 𝑉𝑡𝑑=0 [𝓞 𝛌𝟑 + 𝓞 𝛌𝟑 + 𝓞 𝛌𝟑 = 𝟎]

Each of these relations can be visualized as triangle in the complex plane.

One side is still small, angles not that large.  Related to physics in BS system. 
All sides almost equal. Angles (relative phases) are large.  Related to physics in Bd 

system. 

relating elements which appear in strange and charmed particles, are flat (despite 
having same area), so that one of the angles representing the relative phases of the 
CKM matrix elements is tiny .   Related to K  & D meson system
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Why the Charm  ?
• SM larger CP violation effects are expected with heavy quarks, in which complex 

phase of CKM matrix can appear directly rather through virtual transitions.

• 𝐷0dominated by first two quarks families, and therefore large CP-violating effects 
are not expected.

•  Top quark loops which provide largest effects in 𝐾 and 𝐵 decays are absent for 𝐷. 

• Many channels are possible for 𝐷 mesons, which are not suppressed by small 
mixing angles.

• Leading to large decay widths making observation of small effects a bit difficult. 

• SM actually predicts very small mixing and CP violation.  
• 0.1 %  CP violation in decays can be searched in single cabibbo suppressed as 

SM predicts small asymmetries.

❖ Not only this but one can also improve and test the understanding of the QCD

❖ Decays of charmed mesons are currently the only way to probe flavor violation in 
the up-quark sector. 
➢ Non SM effects might show different patterns for the u and d. 
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Where to  study charm ?
𝒆+𝒆− colliders

CLEO (3.77, 4.17 GeV) 
3.5 × 106 (𝐷),  2.3 × 106(𝐷+) 

BESIII (3.77, 4.18-4.23, 4.6-4.7 GeV) 
1.0 x 107 (D0,+),  5x106(Ds+), 
0.8x106(Λ𝑐

+)

Clean environment 

Pure sample with no 
background.
Quantum Coherence.
No T-dependent analyses.

Belle (1 ab-1),     
1.3 x  109 (D), 
 109 (Ds+), 
1.5 x 108 (Λ𝑐

+) 

BaBar 0.5 ab-1

6.5  x  108 (D), 

High efficiency detection of 
neutral.
Time-dependent analysis.
High statistics control 
sample.
Higher trigger event.

𝒑ഥ𝒑 colliders

Tevatron (1.96 TeV)
1.3 x 1011

LHCb (7 TeV,8 TeV)
5 x 1012

Large production cross-
section
Large boost
Excellent time resolution.
Dedicated trigger required

𝜀~10 − 30%

𝜀~1 − 10%

𝜀 < 0.5%Large production

Belle II (0.43 ab-1 50ab-1),     
~5.5 x  108 (D), 108 (Ds+)
  6.4 x 107 (Λ𝑐

+), 
~1010 (D), 1010 (Ds+), 109 (𝛬𝑐

+) 
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𝐷0 − ഥ𝐷0 mixing
c ū

D0

c̄ u

ഥ𝑫𝟎

Mass : (1864.83±0.05) MeV   τD0 = (410.1±1.5) x10-15 s  

Time evolution  : | ൿ𝐷1,2 𝑡 =  𝑒−𝑖𝑚
1

,
2
𝑡𝑒−

Γ1,2𝑡

2 | ൿ𝐷1,2(𝑡 = 0)

Phenomenon of mixing can be described as a decaying two-component quantum state.

Mass eigenstates (D1, D2)  ǂ Flavor eigenstates (D0, D̄0).

𝑚1 𝑚2  and Γ1 (Γ2) are the mass and decay width of 𝐷1(𝐷2)

Flavor states

                | ۧ𝐷0 𝑡 =
1

2𝑝
[| ۧ𝐷1 𝑡 + | ۧ𝐷2 𝑡 ] and | ۧഥ𝐷0 𝑡 =

1

2𝑞
[| ۧ𝐷1 𝑡 − ۧ𝐷2 𝑡  

At t=0, states are produced as pure D0 or D̄0

| ۧ𝐷0 𝑡 = ۧ|𝐷0 cosh
𝑖𝑥+𝑦

2
തΓ𝑡 −

𝑞

𝑝
| ۧഥ𝐷0 sinh

𝑖𝑥+𝑦

2
തΓ𝑡 𝑒−𝑖𝑚𝑡−

ഥΓ

2
𝑡     

| ۧഥ𝐷0 𝑡 = ۧ|ഥ𝐷0 cosh
𝑖𝑥 + 𝑦

2
തΓ𝑡 −

𝑞

𝑝
| ۧ𝐷0 sinh

𝑖𝑥 + 𝑦

2
തΓ𝑡 𝑒−𝑖𝑚𝑡−

ഥΓ
2𝑡

 At later time can be𝐷0or ഥ𝐷0, depending on the value of mixing parameter x, y:

𝑥 ≡
𝑚1 − 𝑚2

തΓ
;  𝑦 ≡

Γ1 − Γ2

2തΓ
; തΓ ≡

Γ1 + Γ2

2
; ഥ𝑚 ≡

𝑚1 + 𝑚2

2

* under CPT  conservation assumption: |p|2+|q|2 = 1
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D0

c 

ū 
d,s,b d,s,b

u 

c̄ 
ഥ𝐷0

W+

W-

D0

c 

ū 

u 

c̄ 
ഥ𝐷0

K+K-,π+π-π0,
K+π-, π+π-  , 
etc

In SM, D0 meson can change to D̄0 via 

Double weak boson exchange
(Short distance effects)

Intermediate state common to both 
(Long distance effects)

SM predictions for 𝑥 and 𝑦 suffers from larger uncertainties.
Generally, Mixing in charm system strongly suppressed : |𝑥|, |𝑦| ~ 1%  

Sensitive to New Physics effects :  𝒙 ≫ |𝒚|

00

20

,

2

)(

DfADfA

tA
yix

p

q
Ae

dt

fDdN

ff

ff

t

==


+

+
→ −

20

2

)(
tA

yix

q

p
Ae

dt

fDdN
ff

t 
+

+
→ −

Observables at B factories :

dN(D0 →f)/dt is different function of 𝑥, 𝑦 (and 𝑞, 𝑝) for different Af, Af

Decay time distribution of accessible states D0, D0̄ are sensitive to  mixing 
parameters (𝑥 and 𝑦), depending on the final state.

D0 - ഥ𝐷0 mixing

Doubly Cabibbo Suppression
vanishes in exact SU(3)FLAVOR

Difficult to calculate
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CP violation in charmed mesons
Direct CPV (neutral and charged, mode dependent)

𝑫
𝒇

ഥ𝑫
ത𝒇

2 2
≠

𝐴(𝐷 → 𝑓)

𝐴(ഥ𝐷 → 𝑓)
≠ 1

CP violation in decay appears on the amplitude level. Occurs if two different amplitude 
contribute to a single decay 

Indirect CPV (neutral, common for all decay modes)
In Mixing : 
 CP violation in mixing occurs if a particle D0 can’t decay into a final state f̄ buts CP-

conjugate D̄0 can.    𝑫𝟎 ⟶ ഥ𝑫𝟎 ⟶ 𝒀+𝑿− ↚ 𝑫𝟎     ഥ𝑫𝟎 ⟶ 𝑫𝟎 ⟶ 𝒀−𝑿+ ↚ ഥ𝑫𝟎 
   𝒓𝒎 = 𝒒/𝒑 ≠ 𝟏

In interference  of decays with and without mixing: 
 If mixing followed by decay and direct decay interfere. Final state must be common to D0 
and D̄0.
Two conditions :

𝒙 =
∆𝑴

𝜞
≠ 𝟎

𝒂𝒓𝒈
𝒒ഥ𝑨𝒇

𝒑𝑨𝒇
≠0

𝑫
𝒇

ഥ𝑫ത𝒇
2 2

≠
ഥ𝑫 𝑫

𝑫
𝒇

ഥ𝑫
𝒇

2 2

𝑫
𝒇

ഥ𝑫
≠

𝒇
ഥ𝑫 𝑫

q/p
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How they study the charm

𝐷0

𝜋𝑠𝑙𝑜𝑤
+

𝐷∗+

Belle (II), LHCb

𝐷∗+ → 𝐷0𝜋𝑠𝑙𝑜𝑤
+

Charged of the slow𝜋 tell the flavor of D
For signal extraction and background 
reduction

Δ𝑀 = 𝑀 𝐷0𝜋𝑠𝑙𝑜𝑤
+ − M(𝐷0)

or  𝑞 = Δ𝑀 − 𝑚 𝜋𝑠𝑙𝑜𝑤
+

𝜀 𝐷∗ ~80%, 𝜔 𝐷∗ ~0.2%

Belle II  CFT
(Charm Flavor tagging)

𝜀𝑡𝑎𝑔
𝑒𝑓𝑓

~ 48% 

Double the sample size w.r.t. 𝐷∗+ tagged events

LHCb (Semileptonic 𝑩 decays)
𝑏 → 𝑐𝜇− ҧ𝜈𝜇

𝐵−

𝐷0
𝜇−

𝐾

ҧ𝜈

𝐾

𝜀: 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝜔: 𝑀𝑖𝑠𝑡𝑎𝑔𝑔𝑖𝑛𝑔

20% of the prompt tagging

+ - 0

𝑫𝟎(𝒄ഥ𝒖)

e+ e-

Fragmentation

c

ത𝒄

ത𝒄𝑞

𝑲+(ത𝒔𝒖)
Other daughters

Daughter
particles

Opposite 
side

𝝁+

Signal side

D*+

𝝅𝒔
+

Uses BDT with kinematic 
features and PID to 
predict tagging decision 
q and dilution r



Let’s start with the (not so) simple and easy  
measurement :

 Lifetime measurement

200 mm

100 mm

𝑡 =
𝑙𝑑𝑒𝑐

𝑐𝛽𝛾
        𝛽𝛾 =

𝑝𝐷0

𝑀𝐷0

σt  calculated from vtx error matrices

for charm hadrons,  ℓ is between 100 and 500 𝜇m

Momentum vector provides flight direction and 
helps determination of the decay distance 



A charm quark can decay weakly into a strange- or a down-quark and a 
W+ -boson, which then further decays either into leptons (semi-leptonic 
decay) or into quarks (non-leptonic decay).

➢ Predictions of the lifetimes of free quarks have a huge parametric dependence on 
the definition of the quark mass.

➢ Also, in the charmed mesons a very sizeable contribution comes from non-
spectator effects

Comparing lifetime calculations with measurements tests/improves our understanding of QCD 

❖ Precise lifetime measurements provide excellent tests of strong-
interaction theory e.g. HQE.



o Relatively long lifetime of the D+ meson, 2.5 times that of D0, implies there is 
reduction in hadronic partial widths. 

o This reduction is attributed to destructive interference between spectator 
amplitude and colour suppressed amplitude.

Possible interference between spectator diagram 
leading to the same final state  in D+

Bander, Silverman, Soni, PRL 44,7 (1979)

J. Hauser, Ph.D. Thesis Caltech

❑ Hadron lifetimes are difficult to calculate theoretically, as they depend on 
nonperturbative effects arising from QCD. 

❑ Lifetime calculations are performed using phenomenological methods such as 
the heavy quark expansion .

❑ Comparing calculated values with measured values improves our 
understanding of QCD, which leads to improved QCD calculations of other 
quantities such as hadron masses, structure functions

W-exchange for D0

D+ /D0 lifetime



Belle II has better (x2) time resolution than Belle/BaBar.

𝐷0 → 𝐾−𝜋+

𝐷+ → 𝐾−𝜋+𝜋+

PRL 127, 211801 (2021)



Ds
+ lifetime

The difference between D0 and Ds
+ is attributed  to :

o dominance of the spectator amplitude for hadronic decays 
o different color factors enter subdominant “exchange” D0 and “annihilation” Ds

+ 
amplitude

PRL 131, 171803 (2023)



Theory expectation: 𝜏 Ω𝑐 <  𝜏(Ξ𝑐
0) < 𝜏(Λ𝑐

+) < 𝜏(Ξ𝑐
+) 

LHCb 2018, 2022 : 𝜏(Ξ𝑐
0) < 𝜏(Λ𝑐

+) < 𝜏 Ω𝑐 < 𝜏(Ξ𝑐
+)

PRD 107, L031103 (2023)

𝝉 𝜦𝒄
+ =  𝟐𝟎𝟑. 𝟐𝟎 ± 𝟎. 𝟖𝟗 ±  𝟎. 𝟕𝟕 fs PRL 130,  071802 (2023)

Charmed Baryon lifetime

Recently Belle II  confirmed the result of the Ω𝑐  of LHCb 
  and also precisely measured the Λ𝑐

+ 



Heavy quark expansion fails to predict the newly observed hierarchy.

Recent calculation by  Gratrex, Melic, Nišandžić, JHEP 07(2022) 058 shows agreement in 
baryon sector

❑ Include the Darwin Contributions  and dimension-seven four-quark operator 
contributions.

❑ In addition, they also include existing next-to-leading order ( NLO ) 
contributions to the  Wilson coefficients of two-quark operators at dimension-
three and four-quark operators  at dimension-six. 



❖ Precision measurements of these BFs help to constrain the parameters of the low-
energy effective models.

❖  In addition, the BFs are important inputs in the precise determination of the Ds 
decay constant 𝑓𝐷𝑠

+   and |Vcs|

o Mass difference between Ds
* and Ds is slightly larger than the neutral pion mass 

by about 2 MeV.
o This makes 𝐷𝑠

∗ → 𝐷𝑠𝜋0 and 𝐷𝑠
∗ → 𝐷𝑠𝛾 the dominant decay modes of the Ds

*

o Strong decay 𝐷𝑠
∗ → 𝐷𝑠𝜋0 violated the isospin symmetry.

o The isospin violating effect is attributed to the 𝜋0 − 𝜂 mixing effect, which is 
driven by the mass difference of the up and down quarks.

Belle II can reduce statistical uncertainty by 70% and also improve systematics 

Decay widths of Ds* have been theoretically 
predicted based on effective phenomenological 
models : chiral perturbation theory, light-front 
quark model, QCD sum rules , LQCD, NRQM, ..

𝐷𝑠
∗ → 𝐷𝑠𝜋0 / 𝐷𝑠

∗ → 𝐷𝑠𝛾



Pure leptonic D(S) decay

𝑽𝒄𝒅(𝒔)

𝒇𝑫(𝒔)
+

Γ 𝐷 𝑠
+ → ℓ+𝜐 =

𝐺𝐹
2𝑓

𝐷(𝑠)
+

2

8𝜋
𝑉𝑐𝑑(𝑠)

2
𝑚ℓ

2𝑚𝐷(𝑠)
+ 1 −

𝑚ℓ
2

𝑚
𝐷(𝑠)

+
2

2

One can extract CKM matrix element 𝑉𝑐𝑑(𝑠) :

Extract 𝑉𝑐𝑑  in D+
𝑉𝑐𝑠  in Ds+ 

Decay constant 𝑓
𝐷(𝑠)

+    calibrate Lattice QCD 

Test Lepton flavor universality



T. Wang CKM 2023

𝐷𝑠
+ → 𝜏+𝜐𝜏

𝐷𝑠
+ → 𝜇+𝜐𝜇

BESIII, PRD 108, 112001 (2023) BESIII, PRD 108, 092014 (2023)

ℬ = 5.41 ± 0.17 ± 0.13 %
ℬ = 5.294 ± 0.108 ± 0.085 × 10−3

𝑓𝐷𝑠
+ 𝑉𝑐𝑠 = (247.6 ± 3.9 ± 3.2) MeV 𝑓𝐷𝑠

+ 𝑉𝑐𝑠 = (241.8 ± 2.5 ± 2.2) MeV
Statistical precision improved by factor of 1.5 Most precise single measurement

𝑹𝑫𝒔
+ = 𝟏𝟎. 𝟎𝟓 ± 𝟎. 𝟑𝟓  consistent with the SM value of 𝟗. 𝟕𝟓 ± 𝟎. 𝟎𝟏 

Test on Lepton flavor universality

BESIII unique opportunity to study 𝑒+𝑒− → 𝐷𝑠
∗±𝐷𝑠

∓



𝟐𝟒𝟏. 𝟖 ± 𝟐. 𝟓 ± 𝟐. 𝟐

𝟐𝟒𝟖. 𝟑 ± 𝟑. 𝟗 ± 𝟑. 𝟐

𝟐𝟒𝟔. 𝟕 ± 𝟑. 𝟗 ± 𝟑. 𝟔



Direct CP violation in charmed mesons
Direct CPV (neutral and charged, mode dependent)

𝑫
𝒇

ഥ𝑫
ത𝒇

2 2
≠

CP violation in decay appears on the amplitude level. Occurs if two different 
amplitude contribute to a single decay 

Most promising channels are Cabibbo-suppressed decays because CPV may arise 
from the interference between the tree and the penguin amplitude
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First observation of CP violation in charm

Measurement of time-integrated CP asymmetries in 𝐷0 → 𝐾+𝐾− and 𝐷0 → 𝜋+𝜋− decays

14 × 10644 × 106

9 × 106 3 × 106

𝐷0

𝜋𝑠𝑙𝑜𝑤
+

𝐷∗+

𝐵−

𝐷0

𝐾

ҧ𝜈

𝐾
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𝐴𝐶𝑃 =
Γ 𝐷 → 𝑓 − Γ(ഥ𝐷 → ҧ𝑓)

Γ 𝐷 → 𝑓 + Γ(ഥ𝐷 → ҧ𝑓)
𝐴𝑟𝑎𝑤 =

𝑁𝐷0  − 𝑁ഥ𝐷0

𝑁𝐷0 + 𝑁ഥ𝐷0

𝐴𝑟𝑎𝑤 = 𝐴𝐶𝑃 + 𝐴𝑝𝑟𝑜𝑑 + 𝐴𝑑𝑒𝑡

If the kinematics are similar then one can expect  same to cancel.

Δ𝐴𝐶𝑃 = 𝐴𝑟𝑎𝑤 𝐾𝐾 − 𝐴𝑟𝑎𝑤 𝜋𝜋 = 𝐴𝐶𝑃 𝐾𝐾 − 𝐴𝐶𝑃 𝜋𝜋

Not simple, one need to perform reweighting procedure to match kinematics of 𝐷0 → 𝐾+𝐾− and 
𝐷0 → 𝜋+𝜋−

Run2 result:

Δ𝐴𝐶𝑃 = −18.2 ± 3.2 stat. ± 0.9 syst. × 10−4 

Δ𝐴𝐶𝑃 = −9.0 ± 8.0 stat. ± 5.0 syst. × 10−4 

Run1 result:

Δ𝐴𝐶𝑃 = −10 ± 8 stat. ± 3 syst. × 10−4 

Δ𝐴𝐶𝑃 = −14 ± 16 stat. ± 8 syst. × 10−4 

Combining the two modes + Run1 measurement:
Δ𝐴𝐶𝑃 = −15.4 ± 2.9 × 10−4 
First observation of charm CPV at 5.3𝜎

PRL 122, 211803 (2019)

JHEP 07,041 (2014)
PRL 116, 191601 (2016)

SM estimate

Δ𝐴 𝐶𝑃
𝑆𝑀~

𝛼𝑠

𝜋

𝑉𝑢𝑏𝑉𝑐𝑏
∗

𝑉𝑢𝑠𝑉𝑐𝑠

∗ ~10−4 
But can also be as large as

Δ𝐴 𝐶𝑃
𝑆𝑀~few − several × 10−3 



Time-integrated CP asymmetry between decay rates doesn’t  only correspond to 𝑎𝑓
𝑑 

but is affected by 𝐷0 − 𝐷0 mixing

𝐴𝐶𝑃 𝑓 =
׬ 𝜀 𝑡 Γ 𝐷0 → 𝑓 𝑡 − Γ 𝐷0 → ҧ𝑓 𝑡 𝑑𝑡

׬ 𝜀 𝑡 Γ 𝐷0 → 𝑓 𝑡 + Γ 𝐷0 → ҧ𝑓 𝑡 𝑑𝑡
= 𝑎𝑓

𝑑 +
< 𝑡 >𝑓

𝜏𝐷0
Δ𝑌𝑓

𝜀 𝑡  is the time-dependent reconstruction efficiency
Δ𝑌𝑓 is related to parameters describing mixing and interference between mixing and decay

< 𝑡 >𝑓 is the average acceptance-dependent decay time of D0 mesons in the experimental 

sample

𝐷0

𝜋𝑠𝑙𝑜𝑤
+

𝐷∗+

Prompt D0 
Raw asymmetry (A) in 𝐷0 → 𝐾−𝐾+ decays

𝐴𝑟𝑎𝑤 =
𝑁𝐷0  − 𝑁ഥ𝐷0

𝑁𝐷0 + 𝑁ഥ𝐷0

𝐴𝑟𝑎𝑤 = 𝐴𝐶𝑃 + 𝐴𝑝𝑟𝑜𝑑 + 𝐴𝑑𝑒𝑡

𝐴𝑝𝑟𝑜𝑑 =
𝜎 𝐷 − 𝜎(ഥ𝐷)

𝜎 𝐷 + 𝜎(ഥ𝐷)
𝐴𝑑𝑒𝑡 =

𝜀 𝑓 − 𝜀( ҧ𝑓)

𝜀 𝑓 + 𝜀( ҧ𝑓)

Production asymmetry of D*+ Detection asymmetry of 𝜋𝑠𝑜𝑓𝑡
+

Nuisance asymmetry



Correct raw asymmetry A using samples of Cabibbo-favored D0/Ds decays (where CPV can be 
neglected)
Two methods to cancel Nuisance asymmetries:
D+ decays, as used in Run-1 analysis (𝐶𝐷+)
Ds

+ decays, 𝐶𝐷𝑠
+

𝐴𝑟𝑎𝑤 =
𝑁𝐷0  − 𝑁ഥ𝐷0

𝑁𝐷0 + 𝑁ഥ𝐷0

𝐴𝑟𝑎𝑤 = 𝐴𝐶𝑃 + 𝐴𝑝𝑟𝑜𝑑 + 𝐴𝑑𝑒𝑡

𝑪𝑫+

𝐴𝐶𝑃 𝐷0 → 𝐾+𝐾− = 𝐴(𝐷∗+ → [𝐷0→ 𝐾+𝐾−]𝜋𝑠𝑜𝑓𝑡
+ ) − 𝐴(𝐷∗+ → [𝐷0→ 𝜋+𝐾−]𝜋𝑠𝑜𝑓𝑡

+ )

+𝐴(𝐷+ → 𝐾−𝜋+𝜋+) − [𝐴(𝐷+ → ഥ𝐾0𝜋+)  − 𝐴( ഥ𝐾0)]

𝑪𝑫𝒔
+

𝐴𝐶𝑃 𝐷0 → 𝐾+𝐾− = 𝐴(𝐷∗+ → [𝐷0→ 𝐾+𝐾−]𝜋𝑠𝑜𝑓𝑡
+ ) − 𝐴(𝐷∗+ → [𝐷0→ 𝜋+𝐾−]𝜋𝑠𝑜𝑓𝑡

+ )

+𝐴(𝐷𝑠
+ → 𝜙𝜋+) − [𝐴(𝐷𝑠

+ → ഥ𝐾0𝐾−)  − 𝐴( ഥ𝐾0)]

Where 𝐴( ഥ𝐾0) involves detection asymmetry of neutral kaons, mixing and CP-
violating effects.
For each kinematically weighted sample, raw asymmetry A is determined  with 
simultaneous fit to positive and negative final state invariant-mass distributions.

One has to be careful in re-weighting  and is done based on the particle pT, 𝜂, 𝜙 and 
same cuts are used. To avoid statistical overlap, sample of 𝐷0 → 𝜋+𝐾− is randomly split into two

PRL 131, 091802 (2023)



𝐴𝐶𝑃(𝐾+𝐾−)

𝑪𝑫+

𝑪𝑫𝒔
+

𝐴𝐶𝑃 𝐾+𝐾− = 13.6 ± 8.8(𝑠𝑡𝑎𝑡) ± 1.6 (𝑠𝑦𝑠𝑡) × 10−4

𝐴𝐶𝑃 𝐾+𝐾− = 2.8 ± 6.7(𝑠𝑡𝑎𝑡) ± 2.0 (𝑠𝑦𝑠𝑡) × 10−4

With an overall correlation coefficient 0.06 and are found to be compatible within 1 standard 
deviation

𝐴𝐶𝑃 𝐾+𝐾− = 6.8 ± 5.4(𝑠𝑡𝑎𝑡) ± 1.6 (𝑠𝑦𝑠𝑡) × 10−4

Direct CP violation parameters 𝑎𝐾𝐾
𝑑  and 𝑎𝜋𝜋

𝑑  are calculated from  
combination of 𝐴𝐶𝑃 𝐾𝐾  and ∆𝐴𝐶𝑃 𝐴𝐶𝑃 𝑓 =

׬ 𝜀 𝑡 Γ 𝐷0 → 𝑓 𝑡 − Γ 𝐷0 → ҧ𝑓 𝑡 𝑑𝑡

׬ 𝜀 𝑡 Γ 𝐷0 → 𝑓 𝑡 + Γ 𝐷0 → ҧ𝑓 𝑡 𝑑𝑡
= 𝑎𝑓

𝑑 +
< 𝑡 >𝑓

𝜏𝐷0
Δ𝑌𝑓

𝐴𝐶𝑃 𝐾+𝐾− = 𝑎𝐾𝐾
𝑑 +

< 𝑡 >𝐾𝐾

𝜏𝐷0
Δ𝑌𝑓

∆𝐴𝐶𝑃= 𝑎𝐾𝐾
𝑑 − 𝑎𝜋𝜋

𝑑 +
< 𝑡 >𝐾𝐾 −< 𝑡 >𝜋𝜋

𝜏𝐷0
Δ𝑌𝑓

One can then fit and try to get global 𝜒2 , taking correlations 



First evidence of direct CPV in  𝐷 → 𝜋𝜋 at 
level of 3.8𝜎

U-spin breaking 𝑎𝐾𝐾
𝑑𝑖𝑟 + 𝑎𝜋𝜋

𝑑𝑖𝑟 ≠ 0 at the level of2.7𝜎  

U-spin is approximate but the result implies large U-spin breaking, which 
exceed SM expectation of  ~30%  by almost a factor six, at 2.0𝜎
   Might be sign of new physics : additional scalar particle or a flavorful Z’

S. Schacht JHEP03 (2023) 205
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My naïve understanding?

Difficult to estimate in SM. 

Δ𝐴𝐶𝑃 = −15.4 ± 2.9 × 10−4

Physics beyond SM seems a tempting approach

In order to pin-point the reason for this, one need to measure precise CP asymmetries 
in other charm decays.

QCD dynamics enhancing P and PA ?

QCD dynamics enhancing P and PA by factor of 7  can’t enhance |𝐴𝐶𝑃
𝑑𝑖𝑟 𝐷0 → 𝐾𝑠𝐾𝑠 | or 

|𝐴𝐶𝑃
𝑑𝑖𝑟 𝐷0 → ഥ𝐾∗0𝐾𝑠 | by same factor of 7.

But there are other ways, one can enhance in SM
Possible enhancement if rescattering through scalar resonance close to D0 mass, might  
enhance CP asymmetry in the SM

Enhancement is a consequence of 𝜋+𝜋− and 𝐾+𝐾− coupling via the FSI, whose strong phase 

contribute to both amplitudes with opposite sign, due to CPT invariance. If 𝑎𝐶𝑃
𝑑𝑖𝑟(𝐾𝐾) is 

confirmed by more precision to be positive, this may be disfavoured.

U-spin breaking 𝑎𝐾𝐾
𝑑𝑖𝑟 + 𝑎𝜋𝜋

𝑑𝑖𝑟 ≠ 0 at the level of 2.7𝜎  

S. Schacht , A. Soni, PLB 825, 136855 (2022)

I. Bediaga, T. Frederico, P.C. Magalhaes PRL 131, 051802 (2023)

It is crucial to measure all CP 
asymmetries of singly-Cabibbo 
suppressed charm decays in order 
to test different theoretical 
scenarios
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Search for CP violation in D0
→ KSKS

Ko et al PRD 84, 111501 (2011)

ACP (D0 → KS
0KS

0 ) = (− 0.02±1.53±0.17 )%  

In Belle II,  we expect to reach sensitivity of  ±0.23 % with 50 ab-1.

PRL119,171801(2017)

The Belle II Physics Book, PTEP2019, 12, 123C01 (2019)

ACP (D0 → KS
0KS

0 ) = (− 3.1±1.2±0.4±0.2 )%  

𝐴𝐶𝑃 𝐷0 → 𝐾𝑠𝐾𝑠 = 𝐴𝑟𝑎𝑤 𝐷0 → 𝐾𝑆𝐾𝑆 − 𝐴𝑟𝑎𝑤 𝐷0 → 𝐾𝑠𝜋0 + 𝐴𝐶𝑃 𝐷0 → 𝐾𝑆𝜋0 + 𝐴𝐾0/ ഥ𝐾0

➢ SM limit 1 % for direct CPV in D0 → KS
0KS

0

➢ SCS decays (such as D0 → KS
0KS

0 ) are special interest: 

possible interference with  NP amplitude could lead to larger 

nonzero CPV.

▪ CP asymmetry in this decay is sensitive to a different mix of 

amplitudes compared to  𝐷0 → 𝐾+𝐾− and 𝐷0 → 𝜋+𝜋− 
▪ Provides independent information which can help to learn about 

CPV mechanism in charm

Belle

PRD92,054036 (2015)

𝐴𝐶𝑃 𝐷0 → 𝐾𝑠𝐾𝑠 = 𝐴𝑟𝑎𝑤 𝐷0 → 𝐾𝑆𝐾𝑆 − 𝐴𝑟𝑎𝑤 𝐷0 → 𝐾−𝐾+ + 𝐴𝐶𝑃 𝐷0 → 𝐾−𝐾+

LHCb

Recent measurement : −1.4 ± 1.3 ± 0.1 % (Belle  + Belle II) K. Lalwani  PPC2024



DCS

SCS

SCS

SCS

CF

DCS

SCS

(2.1 ± 2.1 ±0.4)%

(0.2 ± 0.3 ±0.3)%

(6.4 ± 4.4 ± 1.1)%

Some other measurements from D

Belle, PRD 103, 112005 (2021)

LHCb JHEP 06 (2021) 019
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𝐴𝐶𝑃 sensitivity 

0.13 ± 0.19 ± 0.05

−0.009 ± 0.065 ± 0.048

0.005 ± 0.042 ± 0.029

LHCb, PRL 122,191803 (2019).

Belle II compliment LHCb in neutrals
The Belle II Physics Book, PTEP2019, 12, 123C01 (2019)



A tale of two asymmetries

𝐴𝐶𝑃 =
Γ 𝐷 → 𝑓 − Γ(ഥ𝐷 → ҧ𝑓)

Γ 𝐷 → 𝑓 + Γ(ഥ𝐷 → ҧ𝑓)

𝐴𝑇 =
Γ 𝐶𝑇 > 0 − Γ(𝐶𝑇 < 0)

Γ 𝐶𝑇 > 0 + Γ(𝐶𝑇 < 0)
ҧ𝐴𝑇 =

Γ −𝐶𝑇 > 0 − Γ(−𝐶𝑇 < 0)

Γ −𝐶𝑇 > 0 + Γ(−𝐶𝑇 < 0)

𝑎𝐶𝑃
𝑇−𝑜𝑑𝑑 =

1

2
(𝐴𝑇 − ҧ𝐴𝑇)

▪ Obtain asymmetry 
from difference in 
partial widths.

▪ What we measured is 
Araw which include 
other nuisance 
parameters also.

▪ Need control mode to 
correct or cancel the 
nuisance parameter

▪ Measure asymmetry in triple products
▪ 𝐶𝑇 = 𝑣1  ∙ (𝑣2 × 𝑣3)
▪ 𝐴𝑇 ≠ 0 can also arise from final-state 

interaction. Strong phases can produce 
nonzero value even if the weak phases 
are zero, that is CP and T violation are 
not necessarily present. 

▪ Strictly speaking, the asymmetry is not in 
fact a T-violating effect.

▪ One can isolate T-violating signal with 

𝑎𝐶𝑃
𝑇−𝑜𝑑𝑑  

▪ 𝑎𝐶𝑃
𝑇−𝑜𝑑𝑑  doesn’t include any other 

nuisance parameter
𝐴𝐶𝑃 ∝ sin 𝜙 sin 𝛿 𝐴𝑇 ∝ sin 𝜙 cos 𝛿

Weak and strong phase differences



T-odd correlation in 𝐷+ → 𝐾+𝐾𝑠
0𝜋+ℎ−

𝐶𝑇 = Ԧ𝑝𝐾+  ∙ ( Ԧ𝑝𝜋+ × Ԧ𝑝ℎ−)

Michel Bertemes



Made by Longke Li𝑎𝐶𝑃
𝑇−𝑜𝑑𝑑



M.G Jao, HQL 2021



Search for rare decay D0→ PRD 93, 051102 (2016)(R)

Decay is sensitive to search for new Physics :

mediated by FCNC (𝑐 → 𝑢), forbidden in the tree level and highly suppressed due to 

GIM in SM

SM Prediction : B ~ 10-8  PRD 66,014009 (2002)

In MSSM B ~ 10-6 with gluinos exchange  PLB 500, 204 (2001)

D→π0π0, ηη

ηπ0, K
S
π0, K

L
π0

CLEO 2003

BESIII 2015
BaBaR 2012
Belle 2016

Signal: 4±15

Set world’s best limit at 8.5×10−7 in absence of a signal

In Belle II, with 50 ab-1, one might expect to reach : 10-7-10-8.
The Belle II Physics Book, PTEP2019, 12, 123C01 (2019)



Search for CP violation in FCNC D0
→V,  V=φ, K̄*0, 0 

Radiative charm decays are dominated by long-range non-perturbative processes
▪ enhance B.F. up to 10-4, 
▪ whereas short-range interactions are predicted to yield rates at the level 10-8.

PRD 52, 6383 (1995) arXiv:1509.01997

PRL 109, 171801 (2012)

943fb-1

PRL118,051801(2017)

The Belle II Physics Book, PTEP2019, 12, 123C01 (2019)

❖ In some SM extensions sizeable CP asymmetry expected in radiative charm decays:

▪ 𝐴 𝐶𝑃
𝑉𝛾

> 3 %   signal of New Physics



https://cds.cern.ch/record/2314208/files/Warwick_tara%20nanut%2016.04.pdf

LHCb unofficial !

https://cds.cern.ch/record/2314208/files/Warwick_tara%20nanut%2016.04.pdf


Signal

𝜋0 peaking background

𝜂 peaking background

𝐷 → 𝐾
∗

𝛾

https://inspirehep.net/files/55197dccfeeb4e06ac6c75d3f9f620b1

LHCb run 1 data unofficial

LHCb unofficial !



• As mentioned earlier c→ uγ decays might have some contributions coming from the non-

minimal supersymmetry which is NP scenario.

• Therefore, one can search for NP using c→ uγ transitions. It was suggested that NP will 

result in deviation from

𝑅𝜌/𝜔 =
Γ(𝐷0 → Τ𝜌0 𝜔 𝛾) 

Γ(𝐷0 → 𝐾∗0𝛾)
=

tan 2𝜃𝑐

2

B. Bajc et al PRD 54 5883 (1996) studied cabibbo suprpressed D0, D+ Ds
+ radiative weak 

decays in order to find the best mode to test 𝑐 → 𝑢𝛾 decay

They calculated the ratios between various Cabibbo suppressed and Cabibbo allowed 
charm meson radiative weak decays, as predicted by SM. 
They found  Ds

+ radiative decays offers much better test for 𝑐 → 𝑢𝛾

𝑅𝐾 =
Γ(𝐷𝑠

+→𝐾∗+𝛾) 

Γ(𝐷𝑠
+→𝜌+𝛾)

= tan 2𝜃𝑐

Decay Mode Branching Fraction

D s
+  → ρ+γ (3-5) * 10−4

D s
+  → K ∗ + γ (2.1-3.2) * 10−5

S. Fajfer et al. PRD.56.4302

Belle (II) seems perfect place to search for these decays

B ( D s
+  → ρ+γ) < 6.1 x 10 -4 (@ 90% CL)  BESII I  arXiv:  2408.03980

Radiative Ds decays



T. Wang HQL 2023



T. Wang HQL 2023



T. Wang HQL 2023

𝐵− → 𝜇𝜇𝜋−



T. Wang HQL 2023



T. Wang HQL 2023





T. Wang HQL 2023



YoungJun Kim, 
ICHEP 2024



YoungJun Kim, 
ICHEP 2024



▪ Various GUT  and many SM extensions and SUSY predict BNV, and 
as a consequence nucleons can have finite, if long, lifetimes.

▪ In all these theories baryon (B) and lepton (L) number violations are 
allowed but the difference ∆(B − L) is conserved.

▪ D ➔ pl(e/μ) simultaneously violate B and L but conserve ∆(B−L).
▪ Several models of proton decay, e.g. in GUT, superstrings and SUSY 

can be augmented to provide predictions on possible decay 
mechanisms.

▪ No tree level diagrams allow D → pl in SU(5).
▪ The X and Y bosons have charge 4/3e and 1/3e and couple a quark 

to a lepton, hence they are sometimes called ‘‘lepto-quarks.’’

The branching fractions for 
D ➔ pe+ are predicted to 
be of the order of 10−39 



BESIII, PRD (2022) 105, 032006

BESIII, PRD (2022) 106, 112009

Belle, PRD 109, L031101 (2024)



D0 rare decay summary



D+ rare decay summary



Ds
+ rare decay summary

Λ𝑐
+rare decay summary



Search for D → invisible decay

inclusive

D

sig

N

fDN
fDB

0

)(
)(

0

0



→
=→



90% CL upper limit at 9.4×10−5

PRD95, 011102 (2017)(R)

Luminosity, ab-1 Inclusive D yield, 
 in 106

Belle 0.9 0.6

Belle II 50 38

Reconstruct 𝐷𝑡𝑎𝑔
(∗)

, 𝑋𝑓𝑟𝑎𝑔 𝑎𝑛𝑑 𝜋−. Get Mmiss to get inclusive D0 sample.         

The Belle II Physics Book, PTEP2019, 12, 123C01 (2019)

NP contributions such as scalar Dark matter, right-handed neutrino or 

Majorana fermion could substantially enhance the value up to 10-15

  DM search associated with D meson  : alternative way for search for DM.

In the Standard Model (SM), D meson decay to     helicity suppressed by a 

factor of 

 PRD 82, 034005 (2010)

PLB 651, 374 (2007)

PR 117, 75 (1985)





CPV in charmed Baryons 
https://indico.cern.ch/event/1184945/contributions/5437898/attachments/2716989/
4719351/CKM2023.pdf 
 

https://indico.cern.ch/event/1184945/contributions/5437898/attachments/2716989/4719351/CKM2023.pdf
https://indico.cern.ch/event/1184945/contributions/5437898/attachments/2716989/4719351/CKM2023.pdf
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D0
→K+π- wrong sign analysis

D0 K+π-

DCS

D0̄
Mixing CF

ū

uc

s̄

W-

d

ū

D0 K+

π-
V*

ud

Vcs

u

c̄
D̄0

ū ū

c d

W+
u

s̄

D0 π -

K+
V*

us

Vcd

Doubly Cabibbo Suppressed (DCS)

Mixing 

Cabibbo Flavored (CF)

𝑅 𝑡 =
𝑁𝑊𝑆(𝑡)

𝑁𝑅𝑆(𝑡)
= 𝑅𝐷 + 𝑅𝐷𝑦′Γ𝐷0 𝑡 +

𝑥′2 + 𝑦′2

4
(Γ𝐷0 𝑡)2

𝑅𝐷 =
𝐴𝐷𝐶𝑆

𝐴𝐶𝐹

2

𝑥′ = 𝑥 cos 𝛿 + 𝑦 sin 𝛿 , 𝑦′ = −𝑥 sin 𝛿 + 𝑦 cos 𝛿

𝛿 = 𝑎𝑟𝑔
𝐴𝐷𝐶𝑆

𝐴𝐶𝐹
𝑥 =

∆𝑚𝐷0

Γ𝐷0
𝑦 =

∆Γ𝐷0

2Γ𝐷0

  → strong phase not directly measurable at B-factories

Same initial-and final state
Interference between the two amplitude will occur

In the limit of CP conservation

y’ and x’2 accessible

D0 K-π+

CF

D̄0
Mixing DCS

Right sign CF 
dominates the Right 
Sign decay amplitude

Normalize wrong sign rate to the right sign to obtain

DCS interference mixing
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𝐷0 − ഥ𝐷0 mixing at B factories

200 mm

100 mm

Experimental method

Tag and suppress background
➢ D*+ →D0π+

slow

➢ Flavor of D0 →using charge of πslow

➢ 𝑝𝐶𝑀𝑆

𝐷∗
 > 2.5 GeV/c to eliminate D0 from B decay

Measure D0 proper time 𝑡, its error 𝜎𝑡 by 
reconstructing D0 momentum and flight length 𝑙

𝒕 =
𝒍𝒅𝒆𝒄

𝒄𝜷𝜸
        𝜷𝜸 =

𝒑𝑫𝟎

𝑴𝑫𝟎

σt  calculated from vtx error matrices

Mixing parameters (x’2,y’) extracted by the fit to the  time-dependent ratio of 
wrong sign to right sign decays

𝑅 𝑡/𝜏𝐷0 =
∞−׬

+∞
Γ𝑊𝑆 𝑡′/𝜏𝐷0 ℛ 𝑡/𝜏𝐷0 − 𝑡′/𝜏𝐷0 𝑑(𝑡′/𝜏𝐷0 )

∞−׬

+∞
Γ𝑅𝑆 𝑡′/𝜏𝐷0 ℛ 𝑡/𝜏𝐷0 −𝑡′/𝜏𝐷0 𝑑(𝑡′/𝜏𝐷0 )

ℛ 𝑡/𝜏𝐷0 −𝑡′/𝜏𝐷0  is resolution function of the real decay time t’.

𝑫𝟎 → 𝑲+𝝅− 
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2980710±1885 events 11478±177 events

Gaussian + Johnson SU

WS decay D0
→ K+π-

D0
→ K-π+ D0

→ K+π-

RWS: (0.385±0.006) %

976fb-1

Belle, PRL 112, 111801(2014)

ΔM=M(D*+
→D0(→Kπ)πs

+)-
        M(D0

→Kπ)

with mixing
without mixing

τ = 1/Γ𝐷0

Divide sample into N  bins of decay 
time and fit M

Fitting ratios less sensitive to resolution 
function

Belle, PRL 112, 111801(2014)

N=10
N=5

BaBar, PRD 98, 211802(2007)

3.9σ5.1σ

384fb-1

976fb-1



61The Belle II Physics Book, PTEP2019, 12, 123C01 (2019)

LHCB, arXiv:2407.18001Most precise measurement by LHCb
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CP-odd decays: ℬ 𝐷0 → 𝐾𝑠𝜔 = 5 times ℬ 𝐷0 → 𝐾𝑠𝜙  in PDG
Measure 𝑦𝐶𝑃 in 𝐷0 → 𝐾𝑠𝜔 for the first time.

Utilizes the full Belle data set.
Parameter 𝑦𝐶𝑃 is determined by 

𝑦𝐶𝑃 = 1 − 𝜏(𝐷0 → 𝐾−𝜋+)/𝜏(𝐷0 → 𝐾𝑠𝜔)

Lifetime fitting is performed with resolution (triple Gaussians) and background 
(with nonzero- and zero-lifetime components),

We get  
𝑦𝐶𝑃 = 0.96 ± 0.91 ± 0.62−0.00

+0.17 %
Statistical, systematic, and from possible CP-even decays in the final state.

91K 1375K

𝑦𝐶𝑃 in 𝐷0 → 𝐾𝑠𝜔 Belle PRD 102, 071102(R) (2020) 

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.102.071102


Vishal Bhardwaj, IISER Mohali

The  Charm

Not so calm
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Thank you 
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