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LHCDb observes charm CPV

1903.08726

AArp=Ap(D? - KTK™) — Ap(D° = ntn7)

= (=1.54 £0.29) x 1073

> 50 , first observation of CPV in charm




LHCDb observes charm CPV

Strange particles:
CP violation in K
meson decays

J. W. Cronin,

V. L. Fitch et al.

1973 \

The CKM matrix
M. Kobayashi and
T. Maskawa

2001

Beauty particles:
CP violation in B°
meson decays
BaBar and Belle
collaborations

2019

Charm particles:
CP violation in D°
meson decays
LHCDb collaboration

An important milestone
in particle physics
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Matter vs  Anti-matter

+ Matter-Antimatter asymmetry of the Universe
+ Sakharov conditions: [Sakharov, 1967]

1) C and CP violation

2) Baryon number violation

3) Out-of-equilibrium dynamics
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CP violation

* Asymmetry between particle and anti-particle

Acp(f; t) —

[(DO(t) — f) +I'(

* Non-vanishing Acp requires two terms of amplitudes, with
different weak phases and strong phases

A= Alei¢1ei5l + Azei¢2ei52

Acp & 2rsin(o; — oy)sin(¢p; — ¢,)
r = <1




% Can be classified by SM CKM suppression

*
VCS wd

% Cabibbo-favored (CF) decay
- originates from ¢ — s ud ~ 1

- examples: DO —K-m*

% Singly Cabibbo-suppressed (SCS) decay ~ A
- originates from ¢ — q uq
- examples: DO —nm and D% — KK
VCdVJS

% Doubly Cabibbo-suppressed (DCS) decay o)
- originates from ¢ — d us ~ A

- examples: DO —K*m-

A =0.225
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Outline

1. CPV in Cabibbo-suppressed processes
e A p=Ap(D’ - KYK™) — A p(D° — nt77)

2. CPV in Cabibbo-favored D to neutral Kaons



1. CPV in Singly Cabibbo-
Suppressed (SCS) modes



Direct CPV in charm
Scenario1: SCS

4 )

tree V.S. penguin
W u

el o
Vcd Vud / VCS Vus Vcb Vub




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.

Cheng,Chiang,12: (—1.51 = 0.04) x 1073
Li, Lu, FSY,12:  (=0.6 ~ — 1.9) x 1073
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Measurements of AAcp

Measurements Publication | World Average

2011LHCDb (D*) (-0.82+0.24)% PRL108,111602

(-0.74+0.15)%

2012 CDF -0.62+0.23)% PRL109,111801

° LHCDb-
-0.34+0.18)% CONF-2013-03 (-0.33+0.12)%

2013LHCb (B) (+0.49+0.33)% PLB723(2013)33

) (- )
(- )
2012 Belle  (-0.87x0.41)%  1212.1975
2013LHCb (D*) (- )

2014LHCb (B) (+0.14+0.18)% JHEP07(2014)041 (-0.25+0.10)%

2016LHCDb (D*) (-0.10+0.09)% PRL116,191601 (-0.14+0.07)%
2019LHCDb(all) (-0.15+0.03)%  1903.08726 (-0.16+0.03)%
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Exp Averages of AAce

2012.05, Theory [Cheng,Chiang,PRD2012]

2011
— 2012.03, Theory [Li,Lu,Yu,PRD2012]

2012 '

2013 e

2014 —o—]

2016 i

2019 o

| | |
10 -5 0 5 «10-3



Understanding charm CPV

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

PKK

AAcp = —2rsinvy (

. P
sin O | smmo™”
TKK ’7'7r7r

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
(s ) e [Brin ~ 17

topological approach AU =0 over AU=1
Li, Lu, FSY, '12; Cheng, Chiang, 12 Grossman, Schacht, ‘19
Pﬂ-ﬂ- ' 124° PKK '131° ~ .
o = 0.66¢134°,  and TRE = 0.45¢131 Dol Sin(dstrong) = 0.65 £ 0.11

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

Understand: tree —> penguin; Branching ratio —> CPV
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The QCD “dilemma”

r fm

1/2000 1/200 1/20 1/2
0.5 | | | |

confinement

hadrons

0.4

D

S
0.3
B hadone?/ /.
0.2 ™ Theory works here * :
y S We live here
0.1 ‘
asymptotic

— <€ freedom

0 | | m
0.001 0.01 0.1 \IJ

1/Q GeV-

[S.Olsen’s talk @ HIEPA2018]
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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
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Factorization-Assisted Topological-
Amplitude Approach (FAT)

% v/v i Dynamics In factorization:

» Short-distance:
Wilson coefficients

>w< % » Long-distance:
hadronic matrix elements

(d) E

Li, Lu, FSY, ‘12
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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) >< ><

() A (d) F

GF | fP fP')
<P1P2‘j—[eff‘D>E,A — ﬁVCKMbg?(M)fD’n%)( ]152 —)
Li, Lu, FSY, 12
\ i
A: bIC?S(ILL) — 2,5‘6 gb(“
1 E
E: bl () = e Pas

nonperturbative

SU(3) breaking effects contributions
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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

2013

2014

2016

2019

— 2012, Theory [Li,Lu,FSY,PRD2012]

!
-10

! !
0 5 x10-3

Factorization-Assisted Topological approach

Li, Lu, FSY, ’12



Modes Br(exp) Br(this work) A(S;I}\)/I x 1073
DV — 7t 1.45 + 0.05
D°— K"K~  4.07*+0.10 —0.42

( D" — K°&%  0.320 + 0.038 138 )
D° — 7079 0.81 + 0.05
D’ — 77 0.68 = 0.07 —0.29

( D' — 70y 0.91 = 0.13 1.53 )
D’ — nyn .67 = 0.18

( DY — nn 1.05 * 0.26 —0.94 )
D' - 77" 1.18 +0.07
D" —=K'K" 6.12+0.22 —0.93
D" — 7'y 3.54 = 0.21 —0.26

( D" - w7 4.68 = 0.29 [.18 )

D — 7m’K*

0.62 = 0.23

D - 7K' 252+0.27
Df = K*'n 176 % 0.36
D{ — K" 1.8 + 0.5 —1.60

Factorization-Assisted Topological approach

Li, Lu, FSY, ’12



Implications of LHCb2019

1903.08726

AAgp=Ap(D° - KYK™) = Aep(D° — ntn)

= (=1.54+0.29)x 1073

Yy \

1. Charm CPV 2. Precision
of order 10-3 of order 10-4




Implication: What next potential
to observe charm CPV?

1. Charm CPV of order 10-3 ‘ 2. Precision of order 10-4

1) Large branching fractions
= 2) Fully charged final particles @LHCb
3) Large production

Br(Dt - K*K 7nt) =9.5%x 1073

Comparedto Br(D" - ztz7) =14 %1073
which dominates error of
Li, Lu, FSY, 1903.10638 AAqp=(—1.54%+0.29) x 1073
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What is the next potential mode
to observe charm CPV?

Br(DT™ - KK 7zt) =9.5x 107

N2
AcpDt = 'ty =10"" - \/ : Qin, Li, Lu, FSY, 14

Acp(DY - KK =0.2%x 1072 M ) X<

Acp(Dt = KTK,(1430)) = — 0.88 X 107>

Li, Lu, FSY, 1903.10638
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2. CPVin
Cabibbo-Favored (CF)
and
Doubly Cabibbo-Suppressed (DCS)
modes

Precision —> 104 ?
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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
260



New Physics in D-f Ks°

Ad’“" 2r f5in in 5fj
l

( )

SM: ¢=0(10-4)
i NP: ¢$=0(1)

J

Search for new physics at tree-level
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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
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However...

Full decay chain

29



- ,
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 30



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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Time-dependent
& Time integrated CPV

time of Ks flying
Jp;>\\\\
KS <

p(e)



S
A (t) Non-negligible
PR Measurable
5 ',
? direct CPV ' ¥
i N 1 --.2'~~-_~~3 4 "' 5 TS
/5\\ \\\\ NN\‘\»':’
~~’~,~ ," ~ new CPV
=100 N K® mixing .
% total FAT approach
70
At((l)lg ____ Agp ''''' - Agl;;; -------- ré?:,w



tz/TS

Time-Integrated CPV

total

tz/'l's

34
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Belle: Evidence for CP violation in the Decay D* — Kn*
PRL109,021601(2012) [arXiv:1203.6409]

ADT KT I'(DT — K3n™T)

—I'(D™ - Kgm™)
+T'(D~ — K2n™)

(1)

:0.094::0.067)% Belle

0.007)%

AZE = (—0.024 £ 0.115)%
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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] 36




New CPV @ Ultimate Precision
@9t )

CF mode SCS mode Yield

K LHCb: Aaggp=(—154+1

[1406.2624] LHCb @ 3 fb-1 [1602.03160]

4 )
mode L (fb~1) Acp (%) elle Il at 50 ab™
D+ — Kort 977  —0.36 +0.09 +0.07 +0.03

| Belle |l book, 1808.10567 |
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A(D = fK2) =
fANP )
— (0.1 ~1
Asm (0 )%

A Moy ADGs(l n NP eiquP 67:5NP)

A [x107°]
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0.602\

0.004 ___0.006  0.008 0.01




A(D = [K§) = AZh + ABEs(1+ el )

A2 = O(107°)

Even if

SM
\ AC’P ;

Promising for
new physics!

~

— (0.1~ 1)%

[ NP ) /
Acp _ O(10)

0.

39

0.002 0.004 __0.006 0.008 0.01



Vekm =

(

\

Left-Right Symmetric Model

SU(Q)L X SU(Q)R X U(l)B_L — SU(Q)L X U(l)y

|

(

0

cos fet®1

sin fet?2

WL
Wr

eigbo
0
0

B cos (
sin (e~

o)

—_ SlIl 9€Z(¢1 _¢3)

cos fe (P2 3) )

40

— sin (e

cos (

)

u

W,
Wy

d.s




_9IRMwy 1

r

o _ '_ T gL M NN
o- e PR
< | ® 0.00<r;<0.01 et

| ® 0.01<ry<0.02 A
=2l | e 0.02<ry<0.03 o
® 0.03<r,<0.04

-2 -1 0 1 2

dir,D%-KQ %
Acp

constrained by AMg, AMp,, AMp_, |€|, SJ/\Ing and ¢§:

41



Advantages — Acpr(D— Ksf)

1. Less ambiguities. Only tree diagrams, easily
established in theory, extracted from Br’s.
Compared to SCS processes with penguins.
FAT approach works well.

2. More clear to signal NP. NP may have large
CP phase

3. Large branching fractions to measure. CF
processes.

42



Summary

+ CPV in DO->K+K- and pi+pi-
- Understandable in the Standard Model
- Next potential is D+ ->K+K-pi+
+ 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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Thank you for your attention!






u dls

%4
Tree . 7 .
u <

Penguin c q

46



PKK 7)7r7r
(:TKK: sin 658 + :T““: siné”) ~ 1

* :%Sin5~1/2 or Im{P/T|~1/2

7)7r7r PKK

FAT2012 T = 0.66e**",  and TRE = 0.45¢"3
P a4+ agr 1 1o
= = X — (0.36¢ 1"
u T a
”" ry = 2mg/m. = 2.8, where mJ = m2 /(m,+my)

ay = —0.036 —20.098, ag = —0.031 —20.098

g ( A I ag(p mg
Cuali) = Cos = S 3 29090, 2) + 1S T [y 1) + o)

o () mz

. . ()‘SW) ﬁ q 2\y _ e .
Cao(p) = Cas + — - q;q )\bC (1, () = — B [Csg(p) + C5(p)],




D — fK3(—nrn™)

.

_ Drn(t) = Tan(t)
Acp(t) = Lrr(t)+T

. Apcs  A(D — K°f) (46
Define: = — — T €Z(¢+ k» stron hase
Ak AD—K'f) | . P

~A2~0.05

weak phase

v

Tree amplitudes !!!

Can be extracted from data of branching fractions
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Acp(D) = AE (1) + AdE() + A1)

AE (1) = 2e TstRe(e) — 2¢ T

+ Im(e) sin(Amt)

| N

:Re(e) cos(Amt)

A?}fg( t) = e Lst 27 ¢ sin 5f Dt e

SM: ¢=Arg [V Vus/ViVua] =

(—6.240.4) x 1074 w_ o

ARG (1) = —4rin 0 [6_

_ T (Im(e) cos(Amt)

G

— Re(e) Sin(Amt))] Mother decay,

daughter mixing
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gb — A’rg [—VCEVUS/VCZVUdJ — (—6.2::0.4)

Acp(tl LT K 1y K TL

_ —2Re(e) + 2r1n O —Wm Of

v

CPV In kaon mixing

(10-3)

— rf COS ¢h COS Oy \

direct CPV New CPV effect

(10-5) (10-4~-3)

Sensitive to New Physics CP phase

50



Time-dependent CPV

D" — 77K\
Acr(t)[x107]

400

200

-200

-400

~600




Searching Strategies
1. Binned D' - K'K ™

m2... (GeV¥c

Branching

: CP Violation
Fractions

10~/ ‘Benchmark

2.4x%x 1073 02x%x 1072

1.8 X 10—3 —0.9 X 10_3

Li, Lu, FSY, 1903.10638
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Searching Strategies
2. Phase Space Integrated i Lu Fsy, 1903.10638

(1) ACP(D+ — K+K_7T+) _ACP(D+ —> ]Z'+]Z'_]Z'+)

_AraW(D+ — K+K— +) AraW(D+ N 71' T )
Br=0.95% Br=0.3%

(2) ACP(D+ — K+K_7T+) _ACP(D;_ —> K+]Z'+7Z'_)

[AraW(D+ > KYK 1 +) AI'aW(D-l— —ﬂ+ﬂ+)]
Br=0.95% Br=9%
- [AZ DS - K*a*n) = AT D — KK x|
Br=0. 66;’?0 Br=5.5%



