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Photon Polarization in the SM Complementary: cosd, vs sinJ;

a®@ O

Global CPV from N7 scatterings

W u,c,t
b S b= > — S « Precise prediction on strong phases is far beyond cp
u,c ,C,t W W _ Isiné| Icos o]
3 W boson control currently \/W\/
* Complimentary CPV observables proportional to '
A y couples Only to P v prop of N AN I\ AN N scatterings decay processes global CPV CPV of cosf < 0 CPV of cosf >0

left-handed sin & or cos & cover all the (0, 27) region
( )reg A N A U A Nm— Atta~ A - (AT a7 )K~ 5.9% 8.0% 3.6%
- Whatever the strong phase is, either |siné | or oA NS NS N man € [1.2,1.9]GeV | A? - (At+r ) _41% _5.4% _2.4%

chirality flip on external line | cos 6| would be larger than 0.7 which is large T N — pr® A > (pr0) K- 5 8% 5.2% 5 7%
enough for measurements max € [1.1,25]GeV| A — (pr®)m™ ~3.9% ~3.9% ~3.7%

u
1 — .
X 50,q" (mb z% +|ms %) b quarks in SM

Photon is dominantly . :
left-handed in b .A(b L S R’)’R)g?/j - % * It might reduce the sensitivity of CPV on the strong phase, aé,z & cos & sin @,

quark decay in SM .A(b R — SLYL )ggl mp avoid the theoretical uncertainties on strong phases, and e
I ——— ———

 sin d,sin @,

then increase the possibility of observation of baryon CPV cp J.P.Wang, FSY, 2407.04110

right-handed in anti-b quark decay J.P.Wang, Q.Qin, FSY, arXiv:2211.07332
7




20195 —/ELHCb A (@l 20235 = [ELHCLIfITR 2024 M ELHCbIIYR

Photon Polarization Baryon CP Violation Everything of baryon CPV
of b->sgamma: Theory (l) by T-odd and T-even correlations
Why? What? When?

Fu-Sheng Yu

Lanzhou University . : : miim -

LHCb workshop @ PKU, 2019.12.15

FSY, Kou, C.D.Lu, JHEP (1305.3173) : .
Akar, Ben-Haim, Hebinger, Kou. FSY, JHEP Based on [J.P.Wang, Q.Qin, FSY, arXiv:2211.07332]

(1802.09433)
W.Wang, FSY, Z.X.Zhao, 1909.13083 LHCDb workshop, 2023.4.15

4th LHCb workshop @ Yantai, 2024.7.30

Photon Polarization in the SM Complementary: cosd, vs sinJ;

a®@ O

Global CPV from N7 scatterings

W u,c,t
b S b= > — S « Precise prediction on strong phases is far beyond cp
u,c ,C,t W W _ Isiné| Icos o]
3 W boson control currently \/W\/
* Complimentary CPV observables proportional to '
A ~y couples Only to P Y prop of N A A\ FAN N scatterings Qe SeUSSeS e CPV of cosf < 0 CPV of cos0 >0

left-handed sin & or cos & cover all the (0, 27) region
( ’ ) g II \ / \ ! \ ! \ Nﬂ- —) A++7r— b 8'0% 3°6%
- Whatever the strong phase is, either |siné| or o NSNS NS mxn € [1.2,1.9]GeV | At - _5.4% —9.4%

u
1 — .
X 50,q" (mb z% +|ms %) b quarks in SM

chirality flip on external line | cos 6| would be larger than 0.7 which is large T N — pr® - 5.2% 5 7%
enough for measurements mux € [1.1,2.5]GeV - —3.9% —3.7%

Photon is dominantly . :
left-handed in b .A(b L S R’)’R)g?/j - % * It might reduce the sensitivity of CPV on the strong phase, aé,z & cos & sin @,

quark decay in SM .A(b R — SLYL )ggl mp avoid the theoretical uncertainties on strong phases, and e
I ——— ———

 sin d,sin @,

then increase the possibility of observation of baryon CPV cp J.P.Wang, FSY, 2407.04110

right-handed in anti-b quark decay J.P.Wang, Q.Qin, FSY, arXiv:2211.07332
7




Outline

1. CP violation and non-leptonic decays
2. Topological diagrammatic approach

3. Generalized factorization, QCDF, PQCD

4. Final-state interaction, rescatterings



Introduction on CP violation

2

Definition: Acp = [G~>f)-Tu~]) = Al =14
T TG NATE =) AP+ AP
VCKM < VEX;KM
Ar = |ay ‘ei(51+¢1) 4 ‘QQ‘ei(5z+¢z) ¢, » : weak phases, flip signs under A, < Kf
A- — ‘al‘ei(5l—¢1) 4 ‘a2‘6i(52—¢2) 01 5 : strong phases, keep signs under A, < K]z
A - 2\a1a2\ SiIl((SQ — 51) sin(cbg — gbl)
CP —
a1]? 4 |az|* 4 2[a1az| cos(d2 — d1) cos(d2 — ¢1) N "
QO™
CPV conditions: 1. At least two amplitudes @7

2. with different weak phases
3. with different strong phases

» Tree + Penguin - ﬁ%;% "
B |

4 (c) P, PGy




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) = 19,93, q; = u,d,s 333=3,03;D6d 15

A = AT Bi(H3) (M) (M) +C3 B;(M)%(M);.(Hs)*+B; Bi(Hs) (M) (M)’+D3 B;(M)’(Hz)’ (M)}
+A§ Bi(He), (M)\(M);+Cg Bi(M)}(He);. (M);+Bg Bi(Hy),! (M) (M);
+AT, B, (H))! (M) (M) +C{,B;(M)' (Hzs)]" (M)}, + By B;,(Hzs);! (M)% (M);.

» Recent applications in singly charmed baryons by Chao-Qiang Geng’s group and
in doubly heavy-flavor baryons in Wei Wang’s group

See Xin-Qiang Li’s talk



Topological Diagrams

Decaying amplitudes are classified according to the weak flavour flows

All the strong interaction effects are included. Therefore, non-perturbative

contributions are all considered.
> Chau,’86; Chau,Cheng,’87

a )

WEHN &SI E WA &5Y

. 3 WIEXE WAIHR[E y
( W ) MW \
0 w w "0 v, [ g A ()
Penguin: " %<8 %%i@ "8 '
g \/ : M, M \ /f
k (¢) P, PSy (d) S, Pow (g) PE, PEgpw (h) PA, PApw j
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Topological Diagrams
BIE IR, ESRMMIEFR N IR

aHEN, SE{EIT,

DAY =PV
|C/TI~C/TI~E/TI~O(Agcn/me)~1

Non-leptonic decays of =/

BB

Modes Br(first)(x10~%) Br(final)(x10~?) Representation
p(D* /D) ) 8. 0.2 Ccm Ved Vud
p(Df/D°K™) 0.4 0.01 Ccm Ved Vus
(pK~nt/ST)(DT /D7) @ 80. 2. Cem Ves Vud
(pK 7t /ST (DS /D°K™) 3. 0.1 Ccm Ves Vus
(Afnt)(mT7m™) 3. 0.2 -(Ct Ved Vud)
(Afnt)(K*T7r™) 0.2 0.008 Ct Ved Vus
(AFn ) (K =) ) 50. 3. Ct Ves Vud
(Afn +)(K+K ) 2. 0.08 Ct Ves Vus
Afn™t © 30. 1. Ccb Ved Vud + T Ved Vud
AFKT 1. 0.06 Ccb Ved Vus + T Ved Vus
(AfnT K= JE5)nt &  400. 20. Ccb Ves Vud + T Ves Vud
(AfnTK~/EH)KT 20. 0.9 Ccb Ves Vus + T Ves Vus

- discovery channels: Br=0O(10-3~4)

34
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My talk at LHCb China group in 2016.12
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ARINFN = 9T+ CPIR A
IP/TI~O(Aqcp/mc)~1

2011

—i2012, Theory [Li,Lu,FSY,PRD2012]
2012
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2016 i
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Topological Diagrams
EHEEETE., BENNNESE
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Naive Factorization »p, )

< PP H./|B> = Z; < Py|i*0 >< By|j,|B > ——
1 Po|Hegyl 1 < P j, | Q‘Jf‘,l B 3 1P, (P)
+ Zy < P|j*|0 >< Pi|j,|B > L
A1t {ER1% Bauer, Stech, Wirbel, 1987 (1900 citations) 215 AL [Bjorken, 1988]

G * ]‘ — 1]
(PuPa[Hegs|B) = i 2 VoV (7.0 + Cy) fra(my = md) EP =T (m3) + (1.5 2



Naive Factorization

< P B|He|B> = Z1 < P|j"0 >< Pyj,|B >
+ Zy < P|3%|0 >< Pylj,|B >

A F1t 1% Bauer, Stech, Wirbel, 1987 (1900 citations)

G
(P1Pa|Hegr| B) = ZTFVbV* ( Ci +C; ) fr,(m —

/

o]#R1: 32y, FoaetAfL, FTCPV O] RR2:

E1E3: TAEIE « FAEFACE

B

P, (Py)

\7
I

] A

~

Py (P,)

= 1E R4 [Bjorken, 1988]

my) Fy

BEARAK N

m3) + (1 < 2)




Generalized Factorization

ff £ Ali, Kramer, C.D.Lu,
(84'q | Hess|b) = Z C7 () (sq'q|O;]b)™ hep-ph/9804363 (600 citations)
t,J
: 1 a, a
Csff = C3 GZW (Ci + Cp + Cy) H Z; (TV —I—fyvlogm?>3/i Cj+--,
o= - ¥ |2 e T - an ()| o 2. 33T AEMETTAREIELE,
| | ' RS X R P AR

AF|(z) = —4 /Olda:a:(l—a:) log [l — zx(1 — x) — i€] %%ékzé%g
1. 558, BSSHAI, H3BERIFCPVY B15T: HNEEESRALIINE

—

W2 EFRETT[C.Q.Geng, Y.K.Hsiao, C.W.Liu, et al], KSBEEER[FSY, et al]
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QCD Factorization

B

(M,M,|O}|BY = FE=M1(0) / 0D, (2)T (z) + (M, — M)

+ / dEdady® 5(€) B, (2)® s, ()T (€, 2, 9),

H £ E F 1Y See Xin-Qiang Li’s talk

/I\

B EE: §ETQCDRY™8UEHR, U ZE=. MERESENAIN A, E4E1
IH, B4R DMRAERIITR IR 5 To IR IR

0@l BinREFYE, EEF ~ 1/X1X2Q2 — o0 when x; , — 0,1,

-[0)@R2: SEMENKBERRIMEBIE, CPEA), [FZ2RNEREH AT, BRFRIR.

L

Beneke, Buchalla, Neubert, Sachrajda, 1999 (1400 citations) See Yue-Long Shen’s talk
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PQCD approach

« PQCD approach (based on k; factorization):
retain transverse momentum of parton k-,

. propagator ~ 1/(x;x,0” + k;) > vvvvvv > > > l
-BETHHEREFH, BOR . ‘ . .

FAIERR 7 AU EE,

R R I BT S 5] R HBCPRN() GFA  QCDF  PQCD b
B-omtn~  -5+3  —6+12  +30+20  +32+4

o # g Ab\ /'\"!'I I

PRI EEREITSE! | B-K*n~  +10+3  +5+9  —174#5  -83+04

-CPVIERZFIEE RIN! ! |

Keum, H.n.Li, Sanda, hep-ph/0004173 (800 citations); hep-ph/0004004 (700 citations)
C.D.Lu, Ukai, M.Z.Yang, hep-ph/0004213 (600 citations)

12



A\, decays in PQCD

Ay — pr~ (S wave) : "H8 R SO . %\;XC PV*E 5\ /
Ny — pr~ (P wave O
Ay — pK~ (direct) o+ |
Ay — pK~ (S wave) —_—
Ay — pK~ (P wave) > :
Ay — pa; (1260)(UD) —— | See Ya Li’s talk
Ay, — pK{ (1270)(30°)(UD) | —l
Ay — pK T (1270)(60°)(UD) | —t—
—50% —30% -10% U 10% 30% 50%

J.X,Yu, J.J.Han, Y.Li, H.n.Li, J.P.Wang, Z.J.Xiao, FSY, 2409.02821

13



ARatHE{ER

» R RKEIFMNTEANDEER

A= S8"?A
fE AT B E B R R FETT th B BRI SR
o A6 B {E M HH B HENSHEEER
#J\ﬁﬂﬂau y k80 = KAV

e L. Wolfenstein, Phys. Rev. D 43, 151 (1991).

RIFAr5%: AF and A2 CPV

10(980)

>

Y K

p >

C.P.Jdia, H.Y.Jiang, J.P.Wang, FSY, JHEP2024

Z.D.Duan, J.P.Wang, R.H.Li, C.D.Lu, FSY, 2412.20458

T.L.Feng, Q.Qin, H.Q.Shang, FSY, to appear

»-
D .

A(1520)

> DOy

See Qin Qin’s talk

14

Ag — A(1520)f,(980) —

(pK™) (7 7™)



 [ree:

*Penguin:

CPV via Nr rescatterings
vy dls /K- A — Sl/ 2 AO

(\@ 6-6—6\;0+A%> T
\E YN

Short-distance -+Long-distance

weak decays  Ngxg — Nr, Nar

*weak phases  -strong phases

15

» Different chirality

= different helicity

= different partial waves
= PWA interference

= difference of strong phases
= CPV

J.P.Wang, FSY, 2407.04110

Fu-Sheng Yu



Nr scatterings
Nrr — Nr

6/ 5/24

- N* usually from Nx scatterings

6/ 5/24

Kaon Photoproduction

Eta Photoproduction

Eta-Prime Photoproduction
Pion-Deuteron (elastic)
Pion-Deuteron to Proton+Proton

mail message).

All programs expect energies in MeV units. All of the soluti
Some are unstable beyond their upper energy limits. Extrapc
Increments: The programs will not allow an arbitrary numt

WCM = 1100.0[ 25.0] 2500.0 MeV

N 0.67_ - - ' ' -
=t - |
- - gl
E | E| g i)
-Data from SAID m |
dla 1o rogra = = I
E I =l
https://gwdac.phys.gwu.edu/ 2 £l
[ }
. ol 2 iy JLbbit
GW .9‘% INS DAC Services [SAID Program]| o2 | oz F |¥ Tﬂpm T P 4T 1 '{ ! t
4'!9 t
aSUDVa -0.32 -0.11 4 : : : : .
(R WCM = 1100.0[ 25.0] 2500.0 MeV WCM = 110000 5.0] 2500.0 MeV
— Data Analysis Center — . 1T\Ihe SfAIt]l)1 Partial;)Wave 13(r11a(11ysii1 Faleilligy is based
. . » New features are being added and will first appear
Institute for Nuclear Studies Abyeers el 6/ 5/24 7t-N 6/5/24 1t-N
THE GEORGE WASHINGTON UNIVERSITY 0.35 ; - T1 0.68 .
WASHINGTON, D -3 N
| SHINGTON, DC Fl‘ - P13 I EXJX’X ;»X‘Xx/x ’ =t
e il LRt T 7] '
INS DAC Home - /XXZ - I = |
» INS DAC [SAID] g | (! R =
INS Home Instructions for Using the Partial-Wave Analyses = /S XRXXIHXXHIOCOC s -
Pi-N Newsletters . f" | i
Obituary R.A. Arndt The programs accessible with the left-hand side navigation t = | -
' available through the SAID program. Contact a member of ¢ E E I
Pfsr:iealL'cstV‘r{]i:i’fn :\]nalyses at GW If you enter choices which are unphysical, you may still get ) —
Pion-Nucleon garbage out' rule). Please report unexpected garbage-out to t - i
Pi-Pi-N
Kaon(+)-Nucleon Note: These programs use HTML forms to run the SAID co [?) I [?, I
AEERHIIEEDD setup first. The output is an (edited) echo of an interactive se Lt oAt
Pion Photoproduction . . . .
Pion Electroproduction SSH version. If the default example fails to clarify the speci: -0.24 034

WCM = 1100.0[ 25.0] 2500.0 MeV

-Partial-wave amplitudes with strong phases!

-Data driven, model independent. Skip resonances, more precise strong phases.

16



CPV with Nr scatterings

decay processes Scenarios global CPV CPV of cosf < 0 CPV of cos@ > 0
Nm— ATt~ S1 8.0% 3.6%
mnr= € [1.2,1.9]GeV Ay — (AT T T)K™ 52 6.3% 5.3%
S3 4.3% 7.0%
l J.P.Wang, FSY, 2407.04110 (CPC2024)

~

LHCb: (5.4+£09x0.1)%

J

a model-independent investigation of angular distributions [36] or utilising scattering

L HCDb: data to extract the hadronic amplitude [28]. Applying this method using 7*n — prta™

o503 16054  Scattering data [37], an estimate of the CP asymmetry in A) — R(prtn~) K~ decays
aligns with the measurement in this work.

28] J.-P. Wang and F.-S. Yu, CP wviolation of baryon decays with N7 rescatterings, Chin.
Phys. C48 (2024) 101002, arXiv:2407.04110.

17 Fu-Sheng Yu
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. FEMEICH AR SRS, ERRNETERRERRENELS A

- A) (B)FBERRE (EFES) : POQCDAIE
- A)EREIERRE (—RIMEFREDS) « ASHEEER=AESE
- A) BHERRT (BPMEFRERD) | REERHBIESE See Qin Qin’s talk

- BIRS5XWERGE, AEEHERYERRE

Thank you !






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

20



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.

* One topological diagram is found independent.

: Mathematical form - Wigner-Eckart theorer1> Universality of topologies
Topological [EweN 9 Invariant ty of topolog
n n ( - - -
. . P tat Combinat
dlag rammath Physical explanation Tensr ermutation/Combina Ion, Completeness of topologies

%)
=
Z
o — Relation between TDA and IRA
®

N ) Group theory

A .g » =1 linear correlation of topologies
3
§' _ Splitting of topologies

\) in flavor symmetry breaking
Irreducible

D. Wang, C. P. Jiaand F. S. Yu,

representation JHEP 09, 126 (2021).

21



of branching fractions
Understand the dynamics at 1GeV

u dls
— Tree diagrams are determined by data
Tree W 5%/58

dls

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

Penguin ‘dgﬁl :

A A — g |7DKK| (SKK | ‘Pﬂﬂ‘ an 37T . i
CPV op = TR\ RR) T vt Then reliably predict charm CPV

22



Branching Fractions: topological diagrams

» Hierarchy of topological diagrams in heavy quark expansion
SCET: IC/TI~IC/TI~E/T INQ(AQCD/mQ) Leibovich, Ligeti, Stewart, Wise, 2004
charm decay: |IC/TI~IC/TI~E/TI~O(Aqgcp/mc)~1

- BESIII measurements on A" decays are important BESIII, 2016

Représentation Bexp
Asd(C + E) (3.04 +0.17)%

Aed(T —C"+ B — E)//2 (1.24 £ 0.08)%
AodE (1.18 £ 0.27)%

Br(Af = pd)/IVusl?=2% —» Br(Eff - ZFTK*) = 0(%)

}

m++ + o+ =t
e 2ATTK ™

So far dynamics is almost ready

23



Effective Hamiltonian and Four-fermion operators

Current—Current:

Q1 = (Cabg)v—a (3sca)v—a Q2= (cb)y_a (5¢c)v_2a \\//
QCD—-Penguins : /d/\

Qs=(8b)v—a Y  (@Qv-a Qi=(Babg)v_a Y (d8%a)v-a

q=u,d,s,c,b q=u,d,s,c,b
Qs =(8b)v—a Y,  (@)v+a Q6= (5abg)v-a Y (48ga)v+4a
q=u,d,s,c,b q=u,d,s,c,b

Electroweak-penguin:

3 _ _ 3
Q7 = 5 (Sb)V—A Z €q (QQ)V+A Qg = 5 (gb)V—A Z eq((jq)V_A
qzu,d,s,c,b q:u,d,s,c,b
3 ) 3., )
Qs = 5 (Sabp)v-a Y eq(@s9a)v+a Q10 = 7 (Sabs)v-4 Zd: beq (@890)v -4
q:u,disﬂc,b q:u7 ?S,c’

See Xin-Qiang Li’s talk

Buras, hep-ph/9806471 (900 citations)
Buchalla, Buras, Lautenbacher, Rev.Mod.Phys 1996 (3000 citations)

24



Theoretical approach for dynamics

-The above crude argument needsto y@ | § CS | /CB [ CB
be justified by comprehensive QCD Ofﬁ j O VvV ——V =

T E, C, B
b d d

b _ q h N q d _ ¢ _ d
- 0—> -0—> > >
CalCUlatIOI lS L 14 n n
u u u u
u > u u o> u b o> d b o> d
d o d U d > d U u o u u o> u
b

*There are more non-factorizable Z

(\ D | ,,
topological diagrams, such as PC2 L CS L CS ‘topological diagrams

and the exchange diagrams PE1, PE2 =

*They can be calculated by PQCD

L *Feynman diagram
based on the k T factorization

25 Fu-Sheng Yu



A\, — p form factors in PQCD

*In 2009, form factors are two orders smaller than LatticeQCD/experiments, considering

only the leading twist of LCDAs [C.D.Lu, Y.M.Wang, et al, 2009]

In 2022, considering high-twist LCDAs, results are consistent with Lattice QCD [J.J.Han,

Y.Li, H.n.Li, Y.L.Shen, Z.J.Xiao, FSY, 2022]. Consistent with power counting by SCET.

Lattice/exp PQCD(2009) PQCD(2022)

0.22+0.08 §0.002%=0.001F 0.27x0.12
twist-3 twist-4 twist-5 twist-6 total
exponential
twist-2 0.0007 -0.00007 -0.0005 -0.000003 0.0001
twist-3+~ -0.0001 0.002 0.0004 -0.000004 0.002
twist-3~F -0.0002 0.0060 0,00000 0.00007 0.006
twist-4 0.01 0.00009 0.0000007 0.26
total 0.01 0.008 0.25 0.00007 0.27 + 0.09 & 0.07

20

Fu-Sheng Yu



Direct CPV

M = u,(S+ Pys)u _ Il
o Ys)Up, 1) —yy

S = |S;|e¥stel?t + |Sp|ei53’1’ei¢1’

P = |P;|e“rte'?t 4 | P,|erre!?r

S=— {|5t|6i53’t6_i¢t + \Sp|ei5s’1’6_i¢?}
P = |Py|e¥rte™ "t 4 | P,|e"rrer

27

(S +1PR), D=2 (P +|PP)

*Four strong phases
* Two terms of CPV

Fu-Sheng Yu



Direct CPV

= U ‘ﬁ‘ B |ﬁ‘ Q D
M= (S + Pysuy, L= (ISP +IPP), T=_575 (5P +1Pf)

Sy e0s,tiPt |Sp|ei‘53’1’ e'Pp
P;|e“rtel®t 4 | P,|errettr
S = — {|St\tfﬂiés’t«s_i‘b]t + \Sp|ei53’Pe_i¢P}
P — |Pt|6?:519,t6_7:¢t _|_ |Pp‘€i5p’pe_i¢p

S
P

*Four strong phases
*Two terms of CPV

2 _|1§|2 _ |P|2

S2+|P P
S|2+ P2+ |S|2+ |P
sin(dst — 0sp) + 78in(dpt — dpp)

K + [cos(0s+ — 0sp) + 7 cOS(dp ¢+ — 0pp)] cOs Agp

. I —
dar
a —
CP— 14

2

f_
= =

sin A¢

J.P.Wang, Q.Qin, FSY, 2411.18323
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Direct and partial-wave CPVs

A(Ap = ph) = itp(S + Prys)uy,

P(Ab —)ph)—F(Ab —)ﬁil) 0 0
Ad“A—> h — _ IN'x |S|“"+«|P Kk~ 0.5
p(As = ph) = (A, — ph) + (A — ph) 517+ K] P

Sz_ SQ P2_ p2
AS wave __ _L AP wave __ L

SZ+ SZ P2+ PZ

NE K| P>

A((ijlrp ~ Ko AS Wa,ve_|_,{PAP-wa,ve Kg = Kp =

NEEXIV4E NEEXIV4E
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Final-state interaction = Topological diagrams

FSI| = Long-distance contributions of topological diagrams [D.Wang, 2021]

4 .
B
D;
A%
. Pk
P} il
\ . < < - - ~/ . . .
F J ‘ L(E) l A(D’iv PzJ by, Vika Pi] Pik)
Propagator Propagator
‘ ‘ ‘ ‘ Set HE™ = H!
k pJ k :
D HY" Py Pl | PRV Pyl - (P VP - 8ipOimjn) - |dig
e / N\ }
T diagram ‘ Strong vertex ‘ Strong vertex Set D, = D;
Propagator
» Topological diagram = Quark diagram = Triangle diagram
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FSI = QCD = Topological diagrams = SU(3) irreducible representations

Mathematical form Invariant ngner-Eckart theorem Universality of topologies
<
Permutation/Combination
Physical explanation Tensor ; Completeness of topologies
— Relation between TDA and IRA

Group theory

» =1 linear correlation of topologies

uonisodwod3p (N)NS

_ Splitting of topologies
in flavor symmetry breaking

<€

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

CPV can be easily obtained within the rescattering mechanism

weak phase VidVe o ar— yt V.VE A Kt

strong phase from on-shell intermediate state

/
Y

/

A J
\/\
Y
/
-
/
/
/
7/
\ [/
/
/
/

- sy -

C.P.dia, H.Y.Jiang, J.P.Wang, FSY, JHEP2024
TS Z.D.Duan, J.P.Wang, R.H.Li, C.D.Lu, FSY, 2412.20458
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/ Branching fractions \

Af —pp”

4.5

40 —— Prediction

o35
x 3.0
m 2.5

2.0

1.5

» Branching fractions are
very sensitive to 7

| 2
[Nx  2(S]+ |P22|)+m—‘2’(|S+D|2+ 1P|?)
V

__ Y

Dependence on 7

-~

decay asymmetry

Decay asymmetries CP violations \
A —pp’ A —pp’
S 5 ——————————————————————————
2.0F ;
. 4:'
1.5} — < L 3t —  dirCP
: x
1.0F z 2f — CP
| 2
0.5} =t _
- - 2N
[ _— < L
0.0f ' A, O:/
- @) _1_ — P;CP
-0.5 :
----------------------- _2 [y L L L L L L . . . 1 . L L L L L . . . 1
0.50 0.55 0.60 0.65 0.71 0.50 0.55 0.60 0.65 0.70
n n

- The decay asymmetries and CPV are insensitive to 7,
whose dependences are mostly cancelled by the ratios

H,

1
)2

H—l,—%

H,

1
)2

I -T
; Aop = ——
Ho, T 4T

_/
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CPV from N scatterings
A = S1/2 A,

A = Upg1/2+ (A + Bys)ua, Py '
+ UNn1/2- (A + BYS)UA,, S 11

1
A = (Aa1 — Aage,) f m_ A

: . 1/2* 1/2°
1 *Penguin @huNn Ka46+P11f1/ — d46-S 11 1/ +---)m_

B = (a1 — A )8} m, )

~

- Tree =@ham %1 (P11f11/2+ —S | ) _—

.

1/2+ 1/2-
+a (Pngl/ —51181/ +---)m+75 U,

A= (—=A,a; + ﬂ,a46_)f1%_m_ a46:i: — a4 + Rha6 1/2~

1/2%
+ 6146—P1181/ —046+51]gl +---)m+75 Up,

~ 1_
B=(-A,a,+ /lta46+)812 nm,

Ay — (NDK™: A, =V, VE 4 =V,V -weak phase estrong phase
Ay = (NDT™ Ay = VigVE, 2=V, V% difference difference

My = my, &My J.P.Wang, FSY, CPC48,101002(2024)
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Rescatterings: Data driven

. Rescattering mechanism for CPVin B~ = (z72z7)K~, (KTK)K".
Model-independent analysis of zzx — KK data [Bediaga, Frederico,
Lourenco, 2013; H.Y.Cheng, C.K.Chua, 2020; Alvarez Garrote, Cuervo,

Magalhaes, Pelaez, PRL2023]

( A(B~—zta P~) )FSI ey ( AB~ =’z P7) ) B R N
A(B_ — K_I_K_P_) S-wave A(B_ - K+K—P_) S-Wave -
Ves Vi
- Rescattering mechanism for charm CPV. Model-independent ; /_\
analysis of 7zx — KK data [Bediaga, Frederico, Magalhaes, D sta-  KTK
PRL2023: Pich, Solomonidi, Silva, PRD2023]. ) v \5/‘
‘edVud rr— KK

‘AAshort dlstance‘ < 2 X 10—4 V.S. AAFSI (6 4+ 1 8) X 10—4
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Rescatterings: Hadronic loops

* CP violation can be enhanced by final-state interaction in B meson decays [Suzuki,

Wolfenstein, 1999; H.Y.Cheng, C.K,Chua, Soni, 2005] and charmed baryon decays [X.G.He,
C.W.Liu, 2024; C.P.Jia, H.Y.Jiang, J.P.Wang, FSY, 2024]

P D* D

T D D

» Rescattering mechanism have been successfully used to predict the discovery channel of
27 — ATK " nTa™ [FSY, Jiang, Li, Lu, Wang, Zhao, 2017]

—cc

1]

Topology: C quark exchange hadronic triangle
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Hierarchy to topological diagrams

* |In the heavy quark expansion,

C E A B A
CloLEl o 2P Sl of 2o

Leibovich, Ligeti, Stewart, Wise, 2004

* SO0 we only consider the color-favored emitted tree
diagram and corresponding penguin diagram. Exchange Bow e

d/s - /K™ /K"

) Vi Vi [;//7_

U .

» b ¥
0
A,

V :
ﬁb <=V-4 <= {Ir ( \ = 0 . =0r
: A
! N ’ U N
\ d \ \ d \
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Multi-body decays of A,

*Advantage: more resonances, more chances for large CPV

‘Disadvantage: Too many resonances, and with large uncertainties

N(1700) BREIT-WIGNER MASS 1650 to 1800 (=~ 1720) MeV
N(1700) BREIT-WIGNER WIDTH 100 to 300 (=~ 200) MeV
N(1710) BREIT-WIGNER MASS 1680 to 1740 (= 1710) MeV
N(1710) BREIT-WIGNER WIDTH 80 to 200 (~ 140) MeV
N(1720) BREIT-WIGNER MASS 1680 to 1750 (=~ 1720) MeV

N(1720) BREIT-WIGNER WIDTH 150 to 400 (=~ 250) MeV

Close to each other, with large decay widths. No clear dominant one.
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