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Outline

- History of charm CP violation



CP violation in charm?

+ CP violation is required for the matter-antimatter asymmetry in the Universe [Sakharov, 1967]
+ CPV in the SM is not large enough, thus a window to New Physics
+ CPV in strange and bottom mesons have been well established.

+ But how about charm CPV?

- Before 2019, Yes or No? J

. After 2019, SM or NP? ?
:

=1.275 GeV/c?




Observation of charm CPV

21 March 2019: Discovery of CP violation in charm particle decays.

An important milestone in the history of particle physics.

[ AAcp = (-0.154+0.029)% ] LHCb, PRL122, 211803 (2019)
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History of charm CPV

topological diagrams light-cone sum rules

~—1x107" <2x107*
Grossman, Kagan, Nir Li,Lu,FSY; Cheng,Chiang Khodjamirian, Petrov

2007 2011 2012 2013 2017 2019

LHCD LHCDb LHCDb

(—0.84 +£0.24) x 1072 (=3.3+1.8)x 107 (=1.54+0.29) x 10~

AArp=Arp(D° - KTK™) — A p(D° — nt77)



AAgp=Ap(D° > KTK™) — Aep(D° - nt77)
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Saur, FSY, Sci.Bull.2020

Th: the only predictions of O(10-3)

CC: topological approach + QCDF
Cheng, Chiang, 2012

LLY: factorization-assisted topology (FAT)
Li, Lu, FSY, 2012

Exp: LHCb, PRL122, 211803 (2019)

Topological diagrammatic
approach successfully
predicted the charm CPV !!!




Outline

- Dynamics of hadronic charm decays



Implications of charm CPV

AD® = KYK™) = A\, TEE £ \PEE . A(D® = 7tn7) = AT + AP,

PKK K prT
AAcp = —2rsinvy ( TRK sSin 0 | T sin 0 ) r =X/ s

2rsiny = 1.5 x 107?
AAqp = (=154 £0.29) x 107>

PKK 7)7r7r
i ( TRE sin 88 4 T Siném) ~ 1

v" Charm is different from bottom

|P/T|cha,rm ™~ 0(1) U.s. |P/T|bottom ™ O(O]‘)
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Implications of charm CPV

P/T]

charm

~O(1) w.s. |P/T|bottom ~ 0(0.1)

r fm
1/2000

asymptotic
— < freedom

0.001

0.01

0.1 1

1/Q GeV-1

from S.QOlsen

v" Large non-perturbative contributions
In charmed hadron decays
Cs3_6 P

~0(01) < Z~O0(1)

The observation of AA,p is SM or NP?
Chala, Lenz, Rusov, Scholtz, '19

It requires dynamics !
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Dynamics of hadronic charm decays

Tree

Penguin

CPV

AAcp = —2rsinvy (

PKK

TKK

sin 088 4
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Tree diagrams are determined by
data of branching fractions

Understand the dynamics at 1GeV

Relate the penguins to the trees,
with the known dynamics at 1GeV

SinW) Then reliably predict charm CPV



Theoretical methods for hadronic weak decays

Theoretical
approaches

Advantages Disadvantages

QCD-inspired : (Almost) first-principle for dynamics, Difficult for non-perturbative
QCDF, PQCD, SCET very predictive for B decays contributions, thus difficult for charm

............................................................................................................................................................................................................................................................................................................................

Final-state Suffer very large theoretical
interaction 5 uncertainties

SU(3) irreducible Based on approximate flavor :
representation symmetry, no additional assumptions

............................................................................................................................................................................................................................................................................................................................

Topological Include non-perturbations, _ .
: - Mathematical foundation is not clear
diagrams successful for charm phenomenology

Li,Lu,FSY, 2012; Cheng,Chiang, 2012
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- According to the weak flavour flows

Topological Diagrams

- Including all strong interaction effects :

A S

(a) T (b) C

short distance + long distance >< <
- Amplitudes extracted from data
(c) A (d) E
Chau,’86; Chau,Cheng,’87;
Meson Mode Representation Bexp (%) B (%)
D° K ot V* V(T + E) 3.91 = 0.08 3.91 + 0.17 T = 3.14 = 0.06,
K°#° j-vcsvud(c E) 2.38 = 0.09 2.36 + 0.08
K%y ViV, = (C + E)cos¢ — Esind | 0.96 = 0.06 0.98 + 0.05 189410
KOn’ ey {(c + E)sing + Ecosd] 1.90 + 0.11 1.91 + 0,09 C = (2.61 = 0.08)e i152=17)
Dt ROt V*V (T + C) 3.07 = 0.10 3.08 + 0.36 | o
D} ROkt VEV. (C+ A) 2.98 + 0.17 2.97 + 0.32 = (L. 53+8 8%)8’(122‘2) ,
at 0 <0.037 0
s V*V,,(v2Acosd — Tsing) 1.84 = 0.15 1.82 = 0.32 = (0.39+0.13) FiG13)°
any VE V., (\2Asing + T cosd) 3.95 + 0.34 3.82 + 0.36 0.09

Cheng, Chiang,’10




Topological Diagrams -

- According to the weak flavour flows = Wfé _M

- Including all strong interaction effects :

short distance + long distance Y
s T
- Amplitudes extracted from data

(c) A (d) E
Chau,’86; Chau,Cheng,’87; k
T=314+0.06 C=(2.61*0.08)e {1521 E = (1.53%33%)e122+2", A = (0.397013)1C173)°
C a,(4,.) long-di i
c g-distance dominated
— | ~ 0.8 > ~ 0.1 _
T ap(u,) in charm decays

Cheng, Chiang,’10 Li, Lu, FSY, 12
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Flavor SU(3) breaking

- Flavor SU(3) symmetry breaking effects are important in the singly Cabibbo-suppressed modes

Meson Mode Representation Bexp (X 1073) Biheory (X 1077)
DY A ViV + E) 1.45 = 0.05 2.24 = 0.10

. same in the SU(3) limit

Kt Ig'— ViV, (T + E) 4.07 = 0.10 1.92 = 0.08 . . A
K°K° VEVidEr + ViV EL 0.64 =+ 0.08 > vanish in the SU(3) limit
| - . ] GF fP fPo
- Li, Lu, FSY, "12: factorization hypothesis Na Vexmbg's (m)f Dm%( ]lcz )

-+ Cheng, Chiang, '12, '19: similar to factorization FE¢=1.10¢""1FE . E* =0.62e 197 E
- Muller, Nierste, Schacht, '15: linear SU(3) breaking Hgysy, = (ms —mg)ss
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Modes Br(exp) Br(this work Agy

D’ — 7ta | 1.45+ 0.05 1.43

D’ — K*K~ | 4.07+0.10 4.19

D’ — KK’ 10.320 = 0.038 0.36 1.38

D’ — 7070 0.81 + 0.05 0.57 0.05 :
DP — 0y 068+ 007 004 0% 1. Understand QCD dynamics
D" — 7%9' | 0.91+0.13 0.65 1.53 @ 1GeV

D’ — nn 1.67 = 0.18 1.48 0.18 by Branching Ratios
D’ — nn/ 1.05 + 0.26 1.54 —0.94

Dt — 7 7" 1.18 £ 0.07 0.89 0

Dt - K"K’ | 6.12+0.22 5.95 —0.93 :

Dt —mty | 3.54+021 339 || —0.26 2. then predict

Dt —aty | 4.68+0.29 4.58 1.18 charm CPV

D{ — 7°K* | 0.62 = 0.23 0.67 0.39

Df — 7tK° | 2.52+0.27 2.21 0.84

Df — K*n 1.76 + 0.36 1.00 0.70

10

Di — K*n/ | 1805 192 )| ~1.60 j

@ BESIII & CLEO

H.n.Li, C.D.Lu, F.S.Yu, PRD2012

16



Outline

- Final-state interactions and charmed baryon decays



Charmed baryon decays

- Charmed baryon decays are the next
opportunity and challenge of charm physics

- No any real CPV predictions N

w. 4

, W Z /W/Z
- Dynamics are more complicated . . |
(T)

color- favored tree emitted color- suppressed emitted  color- commensurate

- Many more topological diagrams

+ more partial waves . C; . C; . C!

* SU(S) irredUCible representatiOnS can nOt W- exclrzre)nge1 W- exc(:lrzrg)nge 2 Bo(va)tle

provide information on penguins

- Final-state interactions (FSI) are necessary

18



Final-state interactions

- FSls of resonant contributions have been

considered for charm CPV [Schacht, Soni, '22] o
£,(1790)

- But lack of enough information on the resonances

- FSls of rescattering mechanism have been 0
_|_
successfully used to predict the discovery channel f/
of 2t - ATK zn [FSY, et al, "17] e [ 4
Ec’)+ , y++

- It deserves to develop the rescattering mechanism
for CPV of charmed baryon decays

19



» Conventional method: optical theorem + Cutkosky cutting rule

S

— D2)

H. Y. Cheng, C. K. Chua and A. Soni, Phys. Rev. D 71, 014030 (2005)........
; ; Abs|M(P; — P3P,)] A =my +Nhqcp
E d2p1 d3p2 4 ¢4
! 2 _ A2 — — ) —
> <: ! mz Az Z / A7 32E1 / 27T)32E2( ﬂ-) 0 (p3 +p4 P1
: p —A {Pl 2}
E , . M(P; — {Png})|T*(P3P4 — {P\P,)}).
Strong model-dependent in charmed baryon decay:
decay mode | Topology diagram | Experiment(%) | Short-distance n
t oyt E, 0.39 + 0.06 - 6.5
A - pw C,C',E, E,,B 0.09 + 0.04 2.83 x 107 0.65
Only a part of the imaginary contribution is included......
5 s « Off-shell effects
, / | m’— A7 D R e
NG| PR \i\l, * Lost contribution
€ J.J.Han, HY. Jiang, W. Liu, Z.J. Xiao, and F.S. Yu, ” Chin. Phys. C 45, 053105 (2021).
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» Improving method: Loop integral - > ¢
A-CI- > 'K+ A=‘mk +T’AQCD
Y A°
M|P, B; V] , .

. 11)1 * L
= —1/ (27 )4JBBPJ\ pPU(pa.s4) 5(1)2’-|— ma)(A + Bys)u(p. S)Gﬂ. (p3, A3)(p1 + k)X
T

9 1 A% —m3 A3 — mQ Az —m3
(p7 —m7 +i€)(p3 — m3 +ie)(k? —m3; +ie)|\ A — p3 A2 — p2 A7 — k2

* The complete amplitudes with real part and strong phase

({0., 0., —1.57956 x 10~ + 6.40596 x 107 i} {4.65132x 10" + 1.10998%x 107°4, 0., 0.}
L {0., —1.00635x 1075 + 1.46048 x 10774, 0.} {0., 0., 4.56956 x 10~ - 2.83047x 10" i} ,

* The process dependence of the parameters is greatly reduced

The contribution of the real part is on the same
order as the contribution of the imaginary part!

21



Only one parameter explain all the 8 experimental data!

22

Preliminary results by C.P.Jia, H.Y.Jiang, FSY

» Branching ratio: 7 = 0.6+ 0.1
1
(B, = BsV) = <2 2 ST IAB. — ByV)P |
8Tm; 2 = 2
decay mode | topology [experiment(%)| Short-distance prediction(%) 3f-pATA: AT Ay
A* 5 A%+ | T,C',E,,B | 4.06+0.52 4.91% 8+ 0.8 S o %
A¢ - po C 0.106 + 0.014 | 1.92 x 10~¢ 0.09 + 0.03 10: """"""" 0 5 i
At > St E, 0.39 + 0.06 - 0.49 + 0.22 7OV
A > pw |C,C',E{,E,,B| 0.09+0.04 | 2.83x10°° 0.08 + 0.04 S
Af - 2tpf C',E,,B < 1.7 - 2.0+ 1.0 ) | |
Af - 39t C',E,,B Isospin - Isospin " e
Af - It C',E,, B 1.7 £ 0.21 - 1.8+ 0.7
At - pK*° C,E; 1.96 £+ 0.27 3.47 x 107> 29+ 1.2
Af - ZHK*0 C', E, 0.35 + 0.1 - 0.28 + 0.13



Triangle diagrams

T D at p*
K
VudVC py A? mt ot o
n n n ) n
P p p
0 0
P > >
K+ K*+ ,D K+ p K*+
VMS V;‘i‘ A-(i,'- : ! K+ > Y K*+ > A 20
0 0 0 I\
A p A p A po

CPV can be easily obtained within the rescattering mechanism

Ay Ay+ A A,

23




Dependence on 7

-~

Branching fractions

Decay asymmetry a

~

» The decay asymmetries and

-3 . -
x 10 CPV are insensitive to 7,
2.0 i
. whose dependences are
+ | 0.0+ T — :
AN — po 1_0/ | mostly cancelled by the ratios
0.5‘ o 2 2 —
[ -1.0f Hyf —|H ;1 | =
ool — o v N | Q= 2 2 ACP: =
\ 0.50 055 0.60 065 0.70 0.75 0.80 P J Hyi| +|H_y_1 '+
/ Branching fractions Decay asymmetry Direct CPV \
X 107 x 1074
6 2.0F 5
5 1.5% al
+ 0 4 1.05 s
AC — pp 3 0.5f 3/
2L ooh apa— ' ' R = n 2;
1 ' 0.55 0.60 0.65 0.70 1
Qb e e —0'5:_ o
0.50 055 060 065 070 0.75 0.80 -1.0°

\_

BR(A} = pntrn™) = (4.60 £0.26) x 1073

I I 1 1 | 1 1 I i l L 1 I 1 i | n
0.50 0.55 0.60 0.65 0.70 /

24

Preliminary results by C.P.Jia, H.Y.Jiang, FSY



Outline

- Topological diagrams = Irreducible representations = FSI+QCD



SU(3) irreducible representation approach

- Zeppendfeld, 1981 » First SU(3) relations for B decays  with reduced amplitudes

- Savage and Wise, 1989 - First tensor contraction formulae » SU(3) irreducible representation

b(c) = 414293, q; = u.d,s 30303=3,53;56d 15

A = diD"H(3,)i(P)L(P)* + B5D'H(3,):(P)y: P) + cED"H(3 )k(P)’“(P);I+d§DiH(3p)k(P)g(P)’?

( ( :
+asD'H (30)i (P)1(P)Y + 5D H(3,)i(P)}(P), + D' H(3:)1(P)¥ (P), + d5D'H(3:)1(P)! (P)*
(P)](P)}, + be D'H(6)F,(P)1.(P); + ce D'H(6)%,(P)](P)},
)

_I_CLGDz ()fy
+ a1 D'H(15)5 (P)] (P)}, + bisD'H(15)%,(P)1.(P)| + c15 D'H(15)% (P)} (P)L.

14 SU(3) irreducible representations for D — PP modes

20



Topological diagrams

- Under the SU(3) flavor symmetry

* Tensor indices are all contracted

- Completeness of topological diagrams:
P -For D — PP:A;L — 2(A§ — 1) = 14 diagrams
\ / / -For D — PV: Af = 24 diagrams
A = T Di Hk Pl P] + - With the complete set of diagrams, we can then
j =~k i discuss the independence of diagrams

l

color-favored tree-emitted amplitude, T

o
H = H5(q"qx) (@ c) D.Wang, C.P.Jia, FSY, 2021
27



Topological diagrams

A = TD'HE(P)I(P)} + CD'HE(P)(P)k + ED'HI(P)} (P + AD"H],(P)}(P)L
k

+ TESDH(PY(P)f + TS D'HS,(PY(P) + TP D'y (P)) (P)} + TYC D', (P)) (P)}

| P)f(P) TLSDZH <P>§<P>’;+TQ"DZ’H&<P)£<P>§+TQCD%‘H@<P>§(P>5§

i ‘—Q—. D< .>® < Before: directly draw all possible diagrams

c Now: systematically obtain all the diagrams
i > ®<0 ,—SZ. B @ |

14 topological diagrams

28



- W % <

6 tree-like
singlet

8 quark-loops

b<bQ§ZWM

bod bo Foh 75

J.Wang, C.P.Jia, FSY, 2021



Topological diagrams = Irreducible representations

A=TD’ Hz](P)Z(P)i + CD'HY(P)!(P), + ED'H.,(P)E(P)L + AD'H],(P)k(P)}

(P)](P)} + TP DML, (P)(P)Y + TEC DA (P)!(P)}
k

(P) )i
+ THAD'HY (P)S(P), + T D'y (P);(P)f + TP D'y (P)!(P)§ + TCD'H};(P)! (P)}
+ TOAD"H(P)S(P), + T D'H(P)j(P)i-  topological approach
H=H(7 q) (¢ c) 303®3=3,03,®6® 15
3 1 3 1
M = 08 (SHG: = SHE)) + 08 (SHE); — SHB0;) + eHE)F + H(15)}

A = dDHE)(PH(P); + BEDHE)(P(P)] + GDH(B)k(P)(P)] + dsDH(3,)i(P) (P)]
}+ AD'H(B0)k(P)F(PY) + d5D'H(30)k(P) (P)}

(P + DU PP "
1(P)k + bisD'H(15)E(P).(P)} + c1s D'H(15)% (P)! (P)}.. SU(3) decomposition



Topological diagrams = Irreducible representations

. . . kK .
Equivalence is obvious: /1;; is decomposed or not

T x Di@(P)Z (P)i =T x D'(P)](P)jx

k3 1 k3 1 - K
. [5]. (gHB) = gHBp)) + 0 (gHBp)i — gHBe)i) +emH(6)™" + H(15)u]

_E-A b TES —TA5 _-T+C
ag = A 6 — A 9 Ce = A 9
. E+A : TES y 745 . T+C
- 15 — y 15 — y 15 — ’
Relations of 8 i D3
aé: §E—§A+TLA, 0,13): —§E+§A+TQA,
parameters 3 o1 1 s 3
bgz gTES_gTAS_I_TLS, bgz_gTES’_l_gTAS_I_TQS,
1 3 1 3 3 1. 3 1
ch = —5T+5C0- gTES + §TAS +THC, = T—2C+ gTES - gTAS +7T9C,
Linear combinations
dl = gT—%C—éE+gA+TLP, db = —éT+gC+gE—%A+TQP

31



Topological diagrams = Irreducible representations

» The Equivalence was firstly pointed out by [X.G.He, W.Wang, 2018]
* The invariant tensors are the bridge between the two approaches.

Wigner-Eckart theorem

To p0|Og ical Mathematlcal form el F 8] —————— Universality of topologies
. TDA
Permutation/Combination
a Iag rammatic Physncal explanation Tensor ; Completeness of topologies
g A
p
o Relation between TDA and IRA
®
\ 0 Group theory
S _g —_— linear correlation of topologies
2.
> Splitting of topologies
= . .
in flavor symmetry breaking

Irreducible

representation
32

D. Wang, C. P. Jiaand F. S. Yu,
JHEP 09, 126 (2021).




Topological diagrams = QCD + FSI

QCD = Short-distance contributions of topological diagrams

Topological diagrams = QCDF

_ 3 . 3 . - 3 " 3 . 001
T = AM1M2 _041 + §a4,EW — 5044,Ew] ) C = AMle _a2 + §a3,EW o §a3,EW] ) £ oo
[ 3 u 3 c I 3 U 3 C
E = Ann, _51 T §b4,EW - §b4,EW]7 A = Am _52 T §B3,EW - §B3,EW] ’
- 3 ) 3 c ] 3 ) 3 c (A])in (B5)
Tas = Ay | Bs1 + 50saEw — §b5’4,EW] , Tes = A, | Bs2 + 5Ps3.Ew — 5553,Ew]

M;sz4) in Gev?
|m(AM1M2ﬂ51) in GeVv3

Doing a global fit

[T.Huber, Tetlalmatzi-Xolocotzi, 2021] T e T e
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Topological diagrams = QCD + FSI

Final-State Interaction = Long-distance contributions of topological diagrams

l i
\Q// / | P} g
| k D;
? <\/ = = [
| k
\ | B ,Plk
. j P e A(D:, P, P} VE, Pl PF)
Propagator Propagator
‘ ‘ I ‘ Set HE™ = HY
| P
DqumPngL ' Pfquszﬁ ' P;lvkqplk ' 5ip5lm5jn ' 52’(1
il / N\ |
T diagram I Strong vertex ‘ Strong vertex Set D, = D;
Propagator
» Topological diagram = Quark diagram = Triangle diagram
[D.Wang, 2021]
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Summary

- The discovery of charm CPV is a milestone of particle physics

- To make it clear from SM or NP, it is required to know the dynamics of
hadronic charm decays

- Topological diagrams approach is successful to predict the charm CPV

- Rescattering mechanism of final-state interactions is developed to predict
CPYV of charmed baryon decays.

- Topological approach = SU(3) irreducible representations = FSI + QCD

Thank you very much!
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CPV In SCS decays: tree v.s. penguin

+ Ambiguity in penguins

u
|14
* heavy quark expansion 1/m., mc ¢ M s

=1.3GeV, converges slowly in .ﬁ g a.
exclusive decays

* AAce(K*K, nt7’) predicted from 104 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.
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PKK | prr| P .
(TKK sin 688 4 - 8111(5”) ~ 1 * 7 SlIl(S ~ 1/2
topological approach AU =0 over AU=1
Li, Lu, FSY, '12; Cheng, Chiang, 12 Grossman, Schacht, ‘19
P i134° pri i131° ~ ’
T = (.66e¢ , and TR = 0.45¢ ‘p0| Sm(éstmng) = 0.60 £ 0.11

Kev: Long-distance 2 / q e
y: non-perturbative ’ T

Understand.: tree —> penguin; Branching ratio —> CPV

38



Dynamics of hadronic charm decays

Before reliable predictions on penguin diagrams
*Firstly describe tree contributions
Both tree and penguin are similar dynamics at 1 GeV

* Tree contributes to branching fractions, which have
fruitful experimental data

* Without explanation of the data of branching fractions,
no reliable prediction on the penguins and CPV

39




Topological Amplitudes

T %

T=314%0.06, C=(2.61%0.08)e 1521
_ +0.07Y ,i(122+2)° _ +0.13Y ,i(3172)°
E = (1.537508)€ : = (0.397559)€
Meson Mode Representation Bexp (%) B (%)
DY K o™ ViV,.(T + E) 3.91 = 0.08 3.91 = 0.17
K°#Y 71-V2‘S V,s(C — E) 2.38 = 0.09 2.36 = 0.08
Ko7 VEV, [ \{.(c + E)cos — Esine] 0.96 * 0.06 0.98 = 0.05
K’n’ Vi ud[ =(C + E)sing + Ecosg] 1.90 £ 0.11 1.91 = 0.09
D+ Ko7+ ViV, (T + C) 3.07 = 0.10 3.08 = 0.36
D¥ ROK* VEV,(C + A) 2.98 * 0.17 2.97 + 0.32
atad 0 <0.037 0
7t n ViV, (\2Acos¢ — Tsing) 1.84 + 0.15 1.82 +0.32
R ViV, (v2Asing + T cosd) 3.95 =+ 0.34 3.82 + 0.36
Meson Mode Representation Bexp (X 1072) Biheory (X 1073)
DO Tt V* V(T + E) 1.45 + 0.05 2.24 + 0.10
070 \/-V;',‘d V,,(C'— E') 0.81 £ 0.05 1.35 = 0.05
'y -V qudE’ cos¢ — ?-VZ.‘SV,”C’ sing 0.68 * 0.07 0.75 = 0.02
m0n/ — Vi VuE'sing + ViV, C' cose 0.91 = 0.13 0.74 = 0.02
NN ql- Va(C' + E'cos?* ¢ + VZ‘S V,(2E'sin’¢p — 75 C' sin2¢) 1.67 = 0.18 1.44 + 0.08
nn' 5 VoiVua(C' + E')sin2¢p + ViV, (E'sin2¢ — \/% "'cos2¢) 1.05 + 0.26 1.19 * 0.07
K*K- VvV, (T + E') 4.07 = 0.10 1.92 + 0.08
K°K© V* VugEl + ViV EP 0.64 * 0.08 0

(a) T (b) C

E

(c) A (d) E

Cheng, Chiang,’10

Under flavor SU(3) symmetry

SU(3) breaking effects
should be considered



Flavor SU(3) breaking

- Flavor SU(3) symmetry breaking effects are important in the singly Cabibbo-suppressed modes

AD® = z*n™) = ViV, (T + E)
ADY - KtK™) = V£V (T + E)

A(D® — K°K?) = VXV, E;+ V¥V, E,

CS  US

Meson Mode Representation Bexp (X 1073) Biheory (X 1073)
DY Tt Vi V(T + E) 1.45 = 0.05 2.24 = 0.10
70 a =V.4Vua(C' — E) 0.81 £ 0.05 1.35 = 0.05
07 V;‘dvudE’ cos¢ — TVZ‘SVL,SC’ sing 0.68 + 0.07 0.75 = 0.02
07/ — Vi VuaE' sing + ViV, C' cosé 0.91 = 0.13 0.74 = 0.02
nn qi V¥ V,a(C' + E')cos* ¢ + VCSVus(ZE’smzcb yl-c’ sin2¢) 1.67 = 0.18 1.44 + 0.08
nn' 5V Vua(C' + E')sin2¢p + ViV, (E'sin2¢ — J-C’ cos2¢) 1.05 + 0.26 1.19 + 0.07
K"K~ ViV, (T + E) 4.07 = 0.10 1.92 = 0.08

K°KO V* VEL + VAV, E? 0.64 = 0.08 0



What’s more?

» Topological diagrammatic approach is powerful at the charm scale: successfully
predict the charm CPV and Xicc discovery channels. So far so good.

» Currently it is a phenomenological approach, but what is its mathematical foundation?
» Further studies: Deep understanding on the topological approach

» What is the complete set of topological diagrams?
» Are they all independent with each other?

» Can the SU(3) breaking effects be systematically studied?

Topological diagrams = SU(3) irreducible representations
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Everything is tensor

6

: i
Heft = G—\/g > Vi Vaas (Z Ci(u)Oz‘(u)) — Vo Vb (Z Ci(p)Oi(p) +08g(u)089(u))
q=1 _

| q= =d,s 1=3

H = Hi; (T @) (T c) Gijh =t S

SU(3) symmetry

5T+ 5T nt K™ Lm0
(P); = T —%TFO | \}6778 K | 7 O m O
K~ FO — 2/3778 0 0 m

X.G.He, W.Wang, 2018; D.Wang, C.P.Jia, FSY, 2021
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Implication: What next potential

to observe charm CPV?

1. Charm CPV of order 103 | 2. Precision of order 10-4

1) Large branching fractions

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

Comparedto Br(D° - ztz7)=1.4x 107>
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?

NS
AcpD* = ) =107" - \/ : Qin, Li, Lu, FSY, ‘14

Acp(DT - KK =02 %1073 E / X/
s
0 : q @

Acp(DT - KK ,'(1430)) = — 0.88 x 1

Li, Lu, FSY, 1903.10638
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Searching Strategies -
1.Binned D* - K*K~z*

Branching

CP Violation

Fractions

2.4% 1072 0.2%x 1072

1.8 X 10—3 —0.9 X 10_3

Li, Lu, FSY, 1903.10638
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What is the next potential mode

to observe charm CPV?

Acp (x1073) Ace (x107%)

3.70
2.96
2.22
1.48
0.74

-0.74
-1.48
-2.22

[ -2.96
0‘0 s s s ' . A s A '
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Sy no(GeV?) Sy m(GeV?)

Figure 1: CP asymmetry distribution of D° — 7+ 7~ 7? in the overlapped region of p(770)*
and p(770)° with s+ 0 versus s,— o (8;+,-) in the left (right) panel.

Cheng, Chiang, 2021
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Decay - Short-distance contributions: factorization
amplitudes - Long-distance contributions: FSI rescattering

guark exchange

» Theoretical uncertainty is under
control in the ratio of branching

fractions of different processes
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