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LHCDb observes charm CPV

1903.08726

AArp=Ap(D? - KTK™) — Ap(D° = ntn7)

= (=1.54 £0.29) x 1073

> S0 , first observation of CPV in charm

Big News !



CP Violation .
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CP: Charge-Parity symmetry

Matter vs  Anti-matter

Particle-Antiparticle symmetry

+ Matter-Antimatter asymmetry of the Universe

+ CP violation is required by Sakharov conditions
[Sakharov, 1967]

*CPV in the SM is not large enough, thus a
window to New Physics



Milestone by observed charm CPV
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SM: 3 families and 6 flavors of quarks



Milestone by observed charm CPV
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At the beginning, Gell-Mann: 3 quarks
Li, Yang: Parity violated

C and P violated, but CP conserved



Milestone by observed charm CPV
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CP Violation in 1964 “&



Milestone by observed charm CPV
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1973, KM: 3 families and 6 quarks —> CPV



Milestone by observed charm CPV
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/ KM mechanism —> CPV




Milestone by observed charm CPV

Charm CPV
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Milestone by observed charm CPV

Charm CPV ppveror
Observation

LHCb 2019 !! ch
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Milestone by observed charm CPV

Charm CPV gy
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Direct CPV in charm

~

tree V.S. penguin
W u
E 1 i
Vchud / Vcsvus V bV b




CPV in SCS decays: tree v.s. penguin

+ Ambiguity in penguins

u
* heavy quark expansion 1/m., c M s

m.=1.3GeV, converges slowly .,,—t g ,;,.
in exclusive decays

* AAcp(K*K, n+n”) predicted from 10-4 to 10-2

Grossman, Kagan, Nir, '07; Bigi, Paul, '11; Isidori, Kamenik, Ligeti, Perez, '11;
Brod, Grossmann, Kagan, Zupan, ’11, '12; Feldmann, Nandi, Soni, '12;
Bhattarcharya, Gronau, Rosner, ’12; Cheng, Chiang, ’'12; Li, Lu, FSY, '12;
Franco, Mishima, Silvestrini, '12; Hiller, Jung, Schacht, '12.
Khodjamirian, Petrov, '17.

The only prediction Cheng.Chiang,12: (—=1.51 +0.04) x 10~
of O(10-3) Li, Lu, FSY,12: (=0.6 ~ — 1.9) x 1073
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Exp Averages of AAce
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Understanding charm CPV

AD? — KTK™) = \,TEE 4 )\ PEE
.A(DO =7 ) = ANT T+ NPT

PKK

TKK

AAcp = —2rsinvy (

PWW
sin 088 4 T siné”)

r = |)\b/)\d,s|

2rsiny = 1.5 x 107
AAcp = (—1.54+£0.29) x 1072

KK T
* |P | sin 5KK | |P | sSind™ | ~ 1
|’7'KK| |’7'7r7r|

Li, Lu, FSY, PRD86,036012(2012); 1903.10638
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PKK . 7)7r7r . f}) .
(;TKK:sm(SKK—I— :Tmlsmém) ~ 1 * HSH](S ~J 1/2

topological approach Perturbative QCD
Li, Lu, FSY, ’12 Khodjamirian, Petrov, 17
T o KK o |7D| S
,77>’7T7r — 0.666)%134 ’ and % — 0.4561131 m Y, a? Y 0.1
-3 —4
Acp ~ 10 Aqp S 10

Kev: Long-distance >\m/ q -
y; non-perturbative ’ ’ R

Understand: tree —> penguin; Branching ratio —> CPV
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Topological Amplitudes
B

- Including all strong
interaction effects

- Amplitudes >< <

extracted from data

(d) E
Chau,86’; Chau,Cheng,87’; Bhattacharya, Rosner, 08’; Cheng, Chiang,10’

- Always in the flavour SU(3) symmetry limit,
but losing predictive power

18



Factorization-Assisted Topological-
Amplitude Approach (FAT)

% AL
ol

(d) E

Li, Lu, FSY, ‘12

Dynamics In factorization:

» Short-distance:
Wilson coefficients

> Long-distance:
hadronic matrix elements

'

Non-perturbative quantities

'

Extracted from data
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W-annihilation (A) . = s
W-exchange (E) >M< <

(e) A (d) F

(P, P>|H |D)p 4 = Vermbas (i) 1722( - )
147 ff E.A ﬁ CKMPq,s \M fD D f%
Li, Lu, FSY, '12

\ - \N

A: blg,S(lLL) — g’s‘elgb?/,s
- 1 E

E: bgs(,u,) — Xg,sel(bq:

perturbative, |nonperturbative
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Modes ' Br(exp) Br(this wora) [ A(S;I}/I x 1073

D’ — 7wt 1.45 + 0.05 1.43 0.58

D°—= K"K~ | 407 =*0.10 4.19 —0.42

D’ — KK 10.320 = 0.038 0.36 1.38

D° — 7070 0.81 = 0.05 0.57 0.05

D’ — 70y 0.68 + 0.07 0.94 —0.29

D’ — 7'y 0.91 £0.13 0.65 1.53

D’ — nn 1.67 = 0.18 1.48 0.18

D’ — nn' 1.05 = 0.26 1.54 —0.94

Dt - 777" | 1.18 £0.07 0.89 0

D" - K"K’ | 6.12+0.22 5.95 —0.93

D" — 7'y 3.54 = 0.21 3.39 —0.26

D" — 7ty 4.68 + 0.29 4.58 1.18

D — 7°K* | 0.62 +£0.23 0.67 0.39

D — 7w*K" | 2.52+0.27 2.21 0.84

D{ — K" g 1.76 = 0.36 1.00 0.70

Dy —K'n' | 1.8%05 192 )\ —1.60 J
—~— —  —m

1. Understand QCD dynamics @ 1GeV
by Branching Ratios

2. then
predict
charm CPV

Li, Lu, FSY, ’12



Modes Br(exp) Br(this work) A(S;I}/I x 1073

DY — 7t 1.45 + 0.05 1.43
D’ — KtK~ 4.07 = 0.10 4.19

1. Understand QCD
dynamics @ 1GeV
by Branching Ratios

2. Then predict
charm CPV

2012
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2016

2019

— 2012, Theory [Li,Lu,FSY,PRD2012]
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Factorization-Assisted Topological (FAT) approach

Li, Lu, FSY, ’12



2.CPVinD - fKs

> DC 0

1—A2/2 —\1/8 A AN3(p — i) + AX®(p — i) /2
Voekm = ( —X+ A2N°[1 —2(p +]/2 1—A2/2 — \4(1+4A4%)/8 AN? )

AN3(1 — p—in —AN? + AN 1 — 2(p +in)]/2 1— A2\/2
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Postulated in literature:
deducting kaon mixing,
data reveal direct CPV in charm

DT oK (Dt - Knt)—-T(D™ — K2n™)
“r ~ (Dt - K%nt)+T(D~ — K27~)

ASS + AL,

Lipkin, Xing, '95; D’Ambrosio, Gao, '01; Bianco, Fabbri,
Benson, Bigi, '03; Grossman, Nir, '12; Belle, 12

24



However...

Full decay chain
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- ,
Acp(t) =(AEp(0) + AZK(1)

Indirect CPV Direct CPV
in kaon mixing in charm decays
Re(€)= 10-3 Im(Vchus/ VcsVud)=)\~6= 10-5
I II—————5m
t

[—(O T~ ) [—(O

DT T DT Tt
\ ) /
KO

T — T —iI—_——,
Z.z. Xing, '95; Grossman, Nir, '12 Bigi, Yamamoto, '95 26



Acp(t) = Ag(l(t) + Adlf(t) ’

CPV induced by

mother decay and daughter mixing
Im(E) Re(Vcd*Vus/Vcs*Vud)=1 04~-3

D.Wang, FSY, H.n.Li, P

T
\\ 7T+ /
KO

T —I—,
nys.Rev.Lett 119, 181802(2017)
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S
A t Non-negligible
crll) f Measurable
5 .
direct CPV )
B ] T —— 3 4 :.' 5 ls
/5\\ N ~~~~~~~
_10 ‘~* ~~~~~~ KO mIXIng neW CPV
15 FAT approach
: total
ASp -——-- A'§2 ----- - AdL ... ANEW




Be"e: Evidence for CP Violation in the Decay D™ — Kgn+
PRL109,021601(2012) [arXiv:1203.6409]

ADT KT _ I'(DT - Kdnt)—T(D~ — K2n™)
cp (Dt - K%nt)+T(D- — K%r~)

ASS + AKL + 4 opint

D+—>Kg7r+
AC’P

—0.363+=0.094+0: 67)% Belle

AL = (—0.339 + 0.007)%

AZE = (—0.024+0.115)% AAC=(-0.006+0.115)%
Belle [Wang, FSY, Li, 17]
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AAcp = Acp(D" = " Kg) — Acp(D] — KT Kg)

New Observable -

revealing
new CPV effect

Acr(t) ~ [A5H(D + M + Az (0]

Cancel some systematic errors * |
@ LHCDb & Belle-ll T IR O

[Wang, FSY, Li, "17] 30




Summary

+ CPV in DO->K+K- and pi+pi-
- Understandable in the Standard Model
- FAT approach works well in charm
+ New CPV effect is found in CF D— Ksf
- mother decay and daughter mixing
- To be subtracted to extract direct CPV

+ Charm CPV is becoming more charming
with precision at order of 10-4
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