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Experiment

r(p° - f(t)) =T (D° - f(©)
r(D° - f(t)) +T(D° - f(©)

<> |nd(f)

Time-dependent CP asymmetry Ac(f(®) =

Time-integrated asymmetry A, (f)= ad"(f)+

LHCb: (11/14/2011) 0.92 fb'! based on 60% of 2011 data
AAp =Ap(D2— K*K-) - Ap(DY— mtrr) = - (0.82+0.2140.11)%

3.5¢0 effect: first evidence of CPV in charm sector

CDF: (2/29/2012) 9.7 fb!
AA-p= -(0.621+0.21+0.10)% 2.7c effect

Belle: (ICHEP2012) 540 fbt
AA-p =-(0.87£0.41+0.06)% 2.1c effect



Expt Year AAcp(%) Tag

LHCb 2011 - 0.82+0.24 m D - D@
CDF 2012 - 0.6240.23 m

Belle 2012 - 0.87+0.41 m

LHCb 2013 0.49:0.33 " B > D v, X
LHCb 2014 0.14+0.18 n

LHCb 2016 - 0.10+0.09 m

LHCb 2019 - 0.182+0.033 m

LHCb 2019 - 0.090+0.079 n

LHCb (14'+16°+19’) = AA_, = (- 0.154+0.029)% 5.3c effect
Aagptir = (- 0.15620.029)%

Recall that LHCb (*11) = Aapd'" = (- 0.8210.24)%

Is this consistent with the SM prediction?



Consider tree T and penguin P amplitudes
AD® > wtn™) = A4(T + Py) + AP, Ay = ViV
=3 (g = 25)(T 4 AP) = 5 2(T + ZP)
AU =1 AU =20
with  AP=P4—P, 3IP=P4+0P
AD® - K*K™) = 24Py + A(T + B,)

= ~(Aq — A5)(T = AP) — ~ 1, (T + XP)

ald (nm) = Im (Ajiis) Im (;Iil;) =13 x1073 ‘ﬂ Sind

adf (KK) = Im (222) Im (7555) = =13 x 1078 |7 sindx

It appears that direct CP asymmetries in D° - n*n~, KT K~ are
both smaller than 10~* if |P/T| = O(ags(m,)/m) ~ 0.1



To evaluate various amplitudes we rely on topological
approach for tree amplitudes (T, C, E, A) and QCD-

Inspired approach (e.g. QCD factorization, pQCD) for
short-distance penguin amplitudes



Topological tree amplitudes
For Cabibbo-allowed D—PP decays (in units of 10° GeV)
T=3.113£0.011 (taken to be real)
Rosner ('99)
C =(2.767 + 0.029) exp[i (-151.3%0.3)°] Wu, Zhong, Zhou ('04)
E = (1.48 £ 0.04) expli (120.9+0.4)°] Bhattacharya, Rosner (08,10)
HYC, Chiang ('10, ’19)
A = (0.55 + 0.03) expl[i (23*7-10)°]

» Phase between C & T ~ 150°

E
» W-exchange E is sizable with a large C
phase = importance of 1/m_ power A
corrections
» W-annihilation A is smaller than E ' T

and almost perpendicular to E

The gxkab pEnp & s'ttoerygpoiit ofl €isi e>apnrioach el omagsited ©wnd
stronppihac® ofaakshl togetosfieat ereéfamplitude are determined



Based on LCSR, Khodjamirian and Petrov ("17) obtained
‘P = 0.075£0.015

KK

T

P
= 0.093 £ 0.011 —
0.093 £ 0.011, ‘T

NS

close to naive expectation of P/T=0O(as(m.)/m) ~ 0.1, but

(5) ~ 0.23¢ 41507, (5) ~ 0.22¢ 41507
T T T KK

in QCDF+ topological approach [ HYC & Chiang ('12)], and

(5) %0.30(33'1100, (B) ~ 0.24¢ 10"
T T T KK

In pQCD + factorization-assisted topological amplitude (FAT)
[ Li, Lu, Yu ('12)]
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C (color-suppressed) E (W-exchange) A (W-annihilation)
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S, Pew PE, PEg, PA, PAgy

AD® > ntn™) =A4(T + E; + P; + PE; + PA,) + A,(P, + PE + PA,)

=~ (Aq — A)(T + Eq 44P) —~2,(T + E4 +ZP)

ADY > K*K™) = A4(P4+PE; + PAy) + A(T + E; + P, + PE; + PAy)

=~ (Aq — 2)(T + Eg = AP) =~ 1, (T + E; +3P)



Pl + PR + pAd
T+ FEs — AP

P+ PES + PAS
T+ Ed+ AP

Aadll, =—1.30 x 1072 (‘ sind, ., + ‘

Sin O
viwis

= —1.30 X 10_3(CKK Sin5KK + CTL'TL' Sin577:77:)

In SU3) limit, Cxx= Cryy Skx = Onn

(i) €~0(0.10—-0.30) ifonly TandP areconsidered
(i) C€Csind ~0.60+0.11 from 2019 LHCb data

(ili) Csind ~3.2+0.9 from 2011 LHCb data

Case (i) which is called AU=0 rule by Grossman and Schacht can be
achieved in the SM.



B pQCD +FAT [Li, Lu, Yu ('12)]

T ratio enhanced
0o P+ PEY 1+ pAd ... by afactor of 2
(P) ~ 0'2461110 = ( + + ) — 0.45 e1131
KK KK

P? + PE® + PA? 1040
P 100 —p — 0.66 1134
( ) ~ 030" ( T+ B+ AP ) ‘
T

T T+ Es — AP

= Aa%l ~-1.0x1073 Li, Lu, Yu ("12)

B QCDF + topological approach

P*+ PE*+ PA*\ o e P¢ + PE? 4+ PAY ] 0.29716F
T+Ei+AP )~ 7%  \UTT+E —AP = ) 0.29 £i17°

SU(3) violation in E amplitudes is fixed from D°— K°KO, K*K-, wtr~, n0r?

I: E'=110"VE, E* =0.62¢""97TE
II: E4=110eP1VE, E*=142¢"13%F

E%:cu - qq

6.8x10°° (I

= Aaly z{ s hases close to 7t !
~49x10°5 () P 10



rf(% “ . Large LD contribution to PE (or P+PE) can

& f arise from D%— K*K- followed by a
" O _resonantlike final-state rescattering

v HYC, Chiang (’12)

It is reasonable to assume (P + PE)!P~ E
Ansatz justified recently by DiwWang= L(C):L(E):L(P)=-2:1:1

(PS + PE® + PA® + (P + PE)™P

=0.81¢""
T+ El+ AP )M ‘

PY+ PE?+ PA + (P + PE)'PY ] 0.48¢&%
T+ Es — AP . N 0.48 4126°

dir {(—0. 1394+ 0.004)% (I) (12)

= Aacp = (—0.151 + 0.004)% (II)

It is the interference between tree and long-distance

dir

penguin that pushes Aacp up to the per mille level



B If Aa%d were not measured by LHCDb, what would be the size of
DCPV expected in D system?

A(D} - K*n) = \/—12 + P;)+A,(A+ Py)] cosg

—[)Lde +@+ C+A+ Ps)] sinqb
Large DCPV at tree level arises from interference between T & C

Tree DCPV can be reliably estimated in diagrammatic approach as
magnitude & phase of tree amplitudes can be extracted from data

= al¢ = (-0.75+0.01)1073, a'% = (-0.81+0.08)103
= tree DCPC at per mille level

B Another example: D° - KK

—1.05 x 1073 Solution I

(tree) , 10
) DOy KoKo) =
Qg sKs) {—1.99><1o—3 Solution II

If DCPV of D° - K.Ks is seen at percent level = new physics 12



D— VP decays

Meson Mode Representation

DO K*~ 7t YTy + Ep)
K~ pT Ye(Tp + Ev)
KO n0 % sd(Cp — Ep)
K pP 75Ysa(Cv — Ev)

E:z st(%(CP + Ep)cy —Evsy)

K " n' —st(%(cp +Ep)sy + Evey )
Kw —%st(cv + Ev)
K'¢  —Y.Ep

Dt Kt Y.(Tv +Cp)
K’ pt Yea(Tr +Cv)

D KKt Yyu(Cp+Ay)
K'K*+ Y(Cy +Ap)
pt n0 % sd(Ap — Ay)
ptn - sd(%(AP-I-AV)Cqs —Tpsy)
ptn’ st(%(z’ip + Av)sy +Tpcy)
1t p®  I5Yea(Av — Ap)
Tt w %st(z‘lv + Ap)
7t ¢ YoaTy

D P !
Tp T
Vv P
P V
Ep Ey

Tp, Cp: P contains g of D meson
Ty, C,: V contains g of D meson

E., Ap: P contains g, of q,q,
configuration
E,, A, V contains g, of q,0,

13



Five solutions with y2,,, < 10

in units of 107°(e.pp)

Set Ty | Tp| 07 Cv| e Cp| 0Cp |Ev| Omy
|Ep| 0pp [ Av | 04y [ Ap| 0ap Xmin 1t quality

(S1’) 2.194£0.03 3.32+0.06 100+3 1.75+£0.04 31243 2.10+0.02 201+1 0.29+0.04 33413]
1.69+£0.03 109+2 0.204+0.02 3275, 0.21+£0.03 3577,° 588  11.74%

(S2') 219+ 0.03 3.23+0.06 264+3 1.74+0.04 50+3 2074002 201+1 0.36+0.05 8"
1.69+0.03 109+2 0.20£0.02 349" 0.224+0.03 237, 6.39  9.41%

(S3’) 2.1940.03 3.56+0.06 6145 1.69+£0.04 220+3 2.02+0.02 201 +1 0.58+0.06 283+ 5
1.69+0.03 108+3 0.23+0.02 77+5 0.18+£0.03 1117 7.06 6.99%

(S4') 2194+ 0.03 3.50+0.06 10675 1.74+0.04 26273 2.09+0.02 201+ 1 0.38 £0.05 30873,
1.69+£0.03 109+2 0.25£0.02 627  0.14£0.03  4477% 734 6.19%

(S5) 2.19£0.03 3.54+£0.06 26875 1.67+£0.04 10775 2.04£0.02 201+1 0.62795° 43+4

1.69£0.03 108+2 0.264+0.02 324+5 0.13+£002 320121 857  3.56%

Size of each amplitude is similar in all five solutions, but
strong phases vary.

14



All five solutions fit CF modes well, but may lead to very
different predictions for some of SCS modes, especially
D° - nw, Dt > n*w and DT - ntp°

B

- 1w 0.117+0.035 1.46 3.28 0.13 0.64 2.59
DT - ntw 0.28+0.06 0.87 0.98 0.22 0.43 1.38

Solution (S3’) gives a best accommodation of SCS data, while
other solutions are ruled out.

15



in units of 103

Mode Btheory Bexp Mode Btheory Bexp

DY = ntp~ 5.1540.21 515+0.25 | D% — 70w 0.13+£0.02  0.117 £0.035
DY — 7= pt 10.10 £ 0.37 10.14+0.4 DY — 70 0.95 £ 0.02 1.20 4 0.04
DY — 79,0 3.79+0.12 3.86+0.23 | D°— qw 2.09 £+ 0.09 1.984+0.18
DY - KYK*  1.6540.06 1.65 £ 0.11 DY = p'w 0.02 £ 0.00 —

DY - K~K*™ 456+0.15 4.56 £0.21 DY — n¢ 0.19£0.02  0.181 £ 0.034¢
D 5 KK 0254001  0.246+0.048 | DO — np° 0.59 + 0.06 —

D' S KK 0344006 0.336+£0.063 | D°— n'p° 0.06 £ 0.00 —

Dt — 7tp0 0.68 £ 0.09 0.83+£0.15 | DT — npt 0.94 + 0.42 —

Dt — aVpt 4.44 4+ 0.59 — Dt —p'pt 1.23 £0.11 —

Dt = ntw 0.22 £ 0.05 0.28+0.06 | Dt — KK 5924018  3.71%0.16
Dt = g 487+0.10  559+0.10 | DT - K K*t 16.28 + 0.61 34+ 16
Df = atK* 2064 0.08 2.234+0.33¢ | D} = nK*t 0.46 £ 0.19 —

D — 7°K**  0.9240.06 Df = n'K*t  0.4140.02 —

Df — Ktp° 1.22 + 0.06 2.5 +0.4 Df - Ktw 0.99 +0.05 0.87 +0.25
Df — K%* 7.6440.33 Df — K+t¢ 0.12 £0.02 0.18 £ 0.04

BFs of D} - n°K**,K%p* absent in 2020 PDG, Br(D* - K°K**) =34 + 16
poorly measured. The gap was filled by BESIII in 2021.

16



In our approach, all SCS data can be accommodated by

solution S3’ except
D" - K*K**: 592 +0.18 (theory) vs 3.71+0.16 (expt),

D} - K*p®: 1.22+0.06 (theory) vs 2.5+ 0.4 (expt).

Needs to be clarified in near future

17



Direct CP violation

B Asinthe case of D> PP, we assume long-distance
contributions to (Py p+PEyp) are of same order as Epy

(Py + PEy)!P~ Ep(S3"), (Pp + PEp)'? ~ Ey(S3"),

B Six golden modes: D° > mtp~, KYK*,
D™ - K*K*°, np*,
D} -» wtK*°, nOK**

B Dueto LD penguin contributions, our predictions of DCPV in
D— VP are in general substantially larger than that of
PQCD + FAT

18



acpd'" (1073)

FAT
Mode i agy” ag et ai P g al?V(2q)
DY — ntp~ 0 —0.00£0.00 —0.01140.000 0.77 £0.22 0.76 £0.22 —0.03/
DY — T pt 0 0.01 £ 0.00 0.008 £ 0.001 —0.13+0.08 —0.11 £0.08 —0.01
DY — 7YpY 0 —0.01£0.00 —0.004+0.000 0.28 £0.16 0.27 £0.16 —0.03
DY -5 KtK*— 0 —0.01£0.01 0.011 £+ 0.000 —0.85+0.24 C-0.85+0.24 —0.0E
DY 5 K- K*t 0 —0.03£0.00 —=0.009 £ 0.000 0.08 £0.09 0.04 £ 0.09 0
D° — KOF*O —0.03+£0.02 —-0.03+£0.02 —0.03 £0.02 —0.03 £0.02 —-0.03£0.02 —-0.7
D? — FOK*O 1.07 +0.12 1.07 +0.12 1.07 +£0.12 1.07 =0.12 1.07 = 0.12 —0.7
D° — 7% 0 0.04 = 0.00 0.04 £ 0.01 —1.51 £0.87 —1.43+0.87 0.02
DY = 7% 0 0 —0.004 0 —0.004 —0.0002
D - nw —-0.13+£0.01 -0.12+£0.01 —0.13 £ 0.01 —-0.35+0.10 -0.35+0.10 —-0.1
DY = n'w 2.06 £ 0.11 1.93 £0.11 1.93 £0.11 1.48 £ 0.61 1.23 £ 0.60 2.2
DY — no 0 0 0.009 0 0.009 0.003
DY — np® 0.45+ 0.03 0.51 = 0.03 0.49 £ 0.03 0.16 £ 0.30 0.26 £ 0.31 1.0
DY — n'p® —0.65+0.06 —-0.63+£0.06 —0.62 4 0.06 —0.17+0.23 —-0.13+£0.23 —-0.1

acp(KTK*™) —acp(t*p™) =(-1.61+0.33) x 1073
Recall that acp(D%— K*K") - acp(D°—> mrr-) = (-1.5640.29) x10°3
19

acp(D® - KgK*°) = (1.07 £ 0.12) x 1073



Mode fin agir ag " aGrre™) G agy (24
Dt — ntp0 0 0.33 £0.02 0.10£0.01 0.83 £ 1.36 1.26 £1.34 0.5
Dt — 7%t 0 0.10 £0.01 0.04 £ 0.00 —0.58 £0.52 —0.44£0.52 0.2
Dt = ntw 0 0.01 £0.01 0.08 £0.01 0.93 £ 2.28 1.03 £ 2.28 —-0.05
Dt — 7t ¢ 0 0 —0.004 0 —0.004 —0.0001
= DT — npt —1.85+0.51 —-197x£0.54 —-1.93=£0.55 —2.31+£0.92 (=2.50=£0.98 —OE
Dt = n'pt 0.23 £ 0.05 0.20 £0.05 0.21 £0.05 0.39 £0.16 0.34+£0.15 0.5
= Dt — KK —011£001 —0.14+0.01 —0.11 £ 0.01 —0.77 £ 0.24 C-0.80£0.24 O£
Dt 5 K K*t  —0.04+£001 —0.050.01 —0.05£0.01 —0.06 = 0.06 0.04 £ 0.07 0.04
= DI — 7t K*° 0.18 £ 0.02 0.24 + 0.02 0.19 £0.02 1.25£0.41 32 +0.41 —0.I
= D} — 7'K*t 0.13 £ 0.02 0.12£0.03 0.11 £0.03 1.35 £ 0.40 @0.40 y
DF — Ktp° 0.14+ 0.03 0.11 £0.02 0.15+£0.03 —-0.26+0.12 -0.29+£0.12 0.3
D — K%* 0.06 £+ 0.02 0.08 £0.02 0.08 £0.02 —0.10£0.10 —-0.07£0.10 0.3
DY — nK*t 1.18 £ 0.23 0.86 = 0.16 0.95+0.18 0.95£0.75 0.40 £0.70 1.1
DY - n'K*t —-019+0.04 -0.16+0.04 0.14 +0.04 —-0.33+£0.19 -0.24+£0.19 —0.5
DF = Ktw —-0.15+0.03 -0.14+0.03 —0.16 £ 0.03 0.27 £ 0.14 0.28 £0.14 —-2.3
DY - Kt¢ 0 —0.32+0.02 —0.14+ 0.01 —0.88+1.61 —-1.33+£1.59 —-0.8

Golden modes: Dt - Kt K% np*, D}Y- ntK*°, n®K**

20



DCPV in 3-body D decays

BaBar ('07) = D° - ntn~n¥ is almost saturated by ptrn~, p "t p°n?

Acp (x107°)

3.70
2.96
0.8F
2.22
1.48

0.74

0.4F

Sy o(GeV?)

-0.74

-1.48
0.2f

-2.22

-2.96
00 . . . .
0.0 0.2 0.4 06 08 1.0

Sy o(GeV?)

Magnitude & sign of local CP asymmetries vary from region to region

It can reach 4 x 1073 level in some region & becomes very

negative of order —5 x 1073 in other region due to interference
21



Conclusions

B The diagrammatical approach is very useful for analyzing

hajronic D decays
B Ihterference between tree and long-distance penguin
accounts for Aa.p at per mille level in both PP & VP decays

B Six golden modes in D —» VP decays

B CP asymmetry difference between K*K*~ and ¥ p~ is very
similar to the observed CP violation in KK~ and *r~,

acp(K*K*™) —acp(mtp™) = (-1.61+0.33) x 1073

B Dalitz plot of CP asymmetry distribution of 3-body D
decays is studied. Local asymmetry varies in magnitude and
sign from region to region
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from M Saur & Fu-Sheng Yu

LLY: Li, Lu, Yu
AAcp (x107%) CC: HYC, Chiang
] - Theory
4 Experiment

! CC LLY xP
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