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Experimental status of charmed hadron decays

2019: First evidence of CP violation in charm sector
PRL 122, 211803 (2019)

AZ(D® - K*K™) — AZND° - ntn™) = (=1.54 £0.29) X 107
* First evidence of CP violation in charm hadron decays.

2022: The first measurement of CP violation in charmed baryon two-body decays
Sci. Bull. 68, 583-592 (2023)

Aqp(AF = AK™) = 0.021 £+ 0.026

* The most precise CP violation measurement by far in charmed baryons.

2023: Measurements of strong phases in charmed baryon decays
PRL 132, 031801 (2024)

a(AT - Z°K1) =0.01 £0.16, 6p— 6= — 1.55 £ 0.27(+n)

* CP even and Cabibbo-favored, but very important to studies of CP violation!
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® Experimental status of charmed hadron decays 4

017 7 A M(AS 5 A'TH)
- . - M(AF —-A"KT)/s,
The SU(3) flavor relation: e # MM -EKT)
2 ///
— M2 L
=2 <Mi+Mf> O FP e lorR), o 2KREFG) . 0.03 0.06
- ——— (1FP+x%1GP), a=— : ;
ST M; | F|”+x%| G|
—h—

2 1
F(AF - Z%K%) = —F(AY - A7) — —F(AF = AYKH)

C \/6 SC —0.1 -+
If F and G are real, they are solvable
from experimental 1 and a!
— Leads to |a(Af — E°K1)| ~ 1 =0.2 - +

2023: Measurements of strong phases in charmed baryon decays
PRL 132, 031801 (2024)

a(AT - Z°K1) =0.01 £0.16, 6p— 6= — 1.55 £ 0.27(+n)

* CP even and Cabibbo-favored, but very important to studies of CP violation!
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e SU(3) flavor perspective of charmed baryon decays

> parameters 4 parameters
N pr
S wave amplitude : V, Vi F*"¢ 4V, V* F"
Do not need to consider F” in F?” cannot be determined

studying CP-even quantities. € ) with CP-even quantities.
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CKM triangle for b — d CKM triangle for ¢ — u



e SU(3) flavor perspective of charmed baryon decays

> parameters 4 parameters

N pr
S wave amplitude : V, Vi F*"¢ 4V, V* F"
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SU(3) flavor analysis

A, Tree + A, Penguin

N ——— —
Insensitive to CP-even quantities & undetermined

Rescattering

A, Tree + A, Tree X (Penguin / Tree)
N——_ —

Determined by the rescattering
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e SU(3) flavor analysis — Tree

SU(3) flavor representations :

1 L1 0 4
— — 1 1 ¥0
—— =0 ) —_ o () From PDG
= = —\/2A B =
%(WO+C¢77—|-8¢77/) T K™
P = T \}5( m° + cgm + Sen') K® ’

K~ K —S¢7 -+ C¢77,



e SU(3) flavor analysis — Tree

G i / / / / )
Hepr = 7; > ViVug (qu QT + Gy gq) +Ag ) CiQi| + (He),
_q,q9'=d,s 1=3~6
Qi = (ug')(gc) QY4 = (gq')(iic) 333=(1503,)® (60 3_)

*V — A dirac strucutre implied % off \ Qlerz - Q1:Qz |

Cabibbo-suppressed decays (¢ — u) C+ — (Cl - Cz) /D /ld 4+ /1s 4+ /119 — ()

Hopp — GF{ As — Ad C ((as)(5¢) + (55)(ac) — (dd])(ac) — (ud)(de))

\/§ 5 15
+C_((@s)(5¢) — (55) (1ic) + (dd) (1ic) — (ad)(dc))
)\b i - ]




e SU(3) flavor analysis — Tree
A, — A
2

Generalized Wigner-Eckart theorem f :Free parameters

S wave amplitude : N ARt Ay FP

prd= fU(PHIH6")i;(B) (B, + fPH(6" ) (Bo) ™ (BNL(PH] + fH(E);(B.)™* (PHL(B)]
+ @), (BYL(P] (B + F(BNY/H(15O)™ (POL(B.);,  SUG) tensors
b = fABNHAE)™ (P)L(B.); + f5(Be);H(3") (BN (P} + f5(B)H(3") (B! (P1)]
+f5(Be)iH(3") (BT (PN} + f5(B.);H(3") (BY). (P

HO6)=|0 ViVie —)—2% H(15)9 = 000 | - —A—2 0 0 | ViV 0 0
0 —Xs — 2 Vi Vs (000 "\ ViV 0 0 ) o\t 00 )]

Equivalent to quark diagrams analysis; see arXiv:1811.03480, 2404.01350
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e SU(3) flavor analysis — Tree

/1 B /1 s—d b
S wave amplitude : —— F* 9+ 1, F
2
Generalized Wigner-Eckart theorem f :Free parameters
Channels Fsd ol
b _ 7d —
AT = 2t K ﬂ(f2 ) ﬁng
AT — 3OKT ﬁ<fz_fd) ﬁzfg
A+ 5 pr \/§(fc+2fd+f€) V3 (4f'§+3f8)
c b C d __ 3 . a_ fb__fec | Fd ~b ~d e S _aofa __fb__Fd
AT S Ve ( i 3¢) | VBag(=3f o f+f)\/6%( fgifglfS)I\/gqg( Lt i$)
AE oot oo Bk
AF & AKT */6<fb_2f2+fd—2f€) \/5'(2f3bzz4f§l+f€)
0 0 0 //%oo\ [ 0 —Ag — 20 W;vud\ [ 0 V¥V )\8+%\ \
HO6)=10 ViVig —A—2 H(15)7 = 0 00| | —A—22 0 0 A vV, 0 0
A * * Ap
0 _)\3_71) cdvus \ \ 00 O)ij \ VesVud 0 0 /z'j \/\S_l_ 4 0 0 /m/k

Equivalent to quark diagrams analysis; see arXiv:1811.03480, 2404.01350
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e SU(3) flavor analysis — Tree
A, — A
2

Generalized Wigner-Eckart theorem f :Free parameters

S wave amplitude : S Ay FP

prd= fA(PYIH(6);(B) (B, + fPHB ), (B (BHL(PH] + fH®)i;(B.)*(PHLB)]
FIH(B ), (BYL (P (B,)*

fe(BT)gH(ISC)l{ik}(PT)L(BC)j , SU(3), tensors

5 19

To date, there are in total 30 data points but 9x 2(S & P waves) X 2(complex) — 1 = 3§

CP-even 7a.b,c.d,e wa.b,c.d
Jibedde, F&g:
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e SU(3) flavor analysis — Tree
o Korner-Pati-Woo theorem:

(9,919, | OEC], |B;) =0

BN} — K = B(AF — Z¥KD) A \

PLB 794, 19(2019)

 Eliminate 4 redundancies in # (15)

Color symmetric Color singlet
47+1.0)x 104 ~ (4.8 +1.4)x 107 SN _ N
( ) ( ) 01" == |(aq),_, (@), , +(7d),_,@)y_a| .
BESIII PRD 106, 052003 (2022)
4
qg qz

* Works without considering color-symmetry:

9
PRD 93, 056008 (2016), PRD 97, 073006 (2018), NPB 956, 115048 (2020) q — O
o -

L4, Wang, Yu Geng, Hsiao, Liu, Tsai Jia, Wang, Yu (:
JHEP 09, 035 (2022), JHEP 03, 143 (2022) q,
Hsiao, Wang, Zhao Huang, Xing, He
ql ql ‘ PRD 54, 2132 (1996)
Not able to determine both partial waves and complex amplitudes. Chau, Cheng, Tseng
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e SU(3) flavor analysis — Tree

o Sizable strong phases

-
Ad B(Eg — 2 1) =B(AT — EOW"')
’7'52
1
+3B(AS — AnT) — 8—28(Aj — )

C

BE - Eety) = (2.38 £0.44) %

X LQCD, CPC 46, 011002 (2022);
also Wang'’s talk in this morning.

= 1.37 £ 0.08

Belle, PRL 127 121803 (2021)

BE? - Ent) = (3.26 £0.63) %

- 2Im($*P)
[SI*+ 1P|

Channels Bexp (%) Qlexp B(%) o B

AY — pKs 1.59(8)  *0.18(45) | 1.55(7)  —0.40(49)] 0.32(29)
A — A°T | 1.30(6) —0.755(6) | 1.29(5)  —0.75(1) [ —0.13(19)
A =377 | 1.27(6) —0.466(18)| 1.27(5)  —0.47(2){| 0.88(2)
A - 2T7°% | 1.25(10) —0.48(3) | 1.27(5)  —0.47(2)[| 0.88(2)
Af - Z°K*| **0.55(7) 0.01(16) | 0.40(3) —0.15(14)] —0.29(22)
AF — A°K*T| 0.064(3) —0.585(52)| 0.063(3) —0.56(5)) 0.82(5)
AT — 2°KT| 0.0382(25) —0.54(20) | 0.0365(21) —0.52(10)] 0.48(24)
Af = nrt | 0.066(13) 0.067(8) —0.78(12) —0.63(15)
AT — 3T Kg| 0.048(14) 0.036(2) —0.52(10)f 0.48(24)
A — pr® < 0.008 0.02(1) —0.82(32)
AF =3ty 0.32(4) —0.99(6) | 0.32(4)  —0.93(4)} —0.32(16)
AT — pn 0.142(12) 0.145(26) —0.42(61)" 0.64(40)
AF - Xy’ | 0.437(84) —0.46(7) | 0.420(70) —0.44(25)] 0.86(6)
AY — pn/ 0.0484(91) 0.0520(114) —0.59(9) || 0.76(14)
=F - =207t —0.94(6) || 0.32(21)
=0 s 2t —0.71(3) | 0.36(20)
Channels X Olexp X o B

=c — A°Ks | 0.225(13) 0.233(9) —0.47(29)F 0.66(20)
Eo — Z7 KT |**0.0275(57) 0.0410(4) —0.75(4)} 0.38(20)
=0 — X°Ks | 0.038(7) 0.038(7) —0.07(117] —0.83(28)
Ze = XTK | 0.123(12) 0.132(11) —0.21(18)f —0.39(29)
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e SU(3) flavor analysis — Tree

PDG > 40

(1.43 £0.32) % SU(3)

Belle < 2 (272£0.09)%

(1.80 +0.52) %

BE - Eety) = (2.38 £0.44) %

X LQCD, CPC 46, 011002 (2022);
also Wang'’s talk in this morning.

= 1.37 £ 0.08

Belle, PRL 127 121803 (2021)

BE? - Ent) = (3.26 £0.63) %

- 2Im($*P)
[SI*+ 1P|

Channels Bexp (%) Qlexp B(%) o B

AY — pKs 1.59(8)  *0.18(45) | 1.55(7)  —0.40(49)] 0.32(29)
A — A°T | 1.30(6) —0.755(6) | 1.29(5)  —0.75(1) [ —0.13(19)
A =377 | 1.27(6) —0.466(18)| 1.27(5)  —0.47(2){| 0.88(2)
A - 2T7°% | 1.25(10) —0.48(3) | 1.27(5)  —0.47(2)[| 0.88(2)
Af - Z°K*| **0.55(7) 0.01(16) | 0.40(3) —0.15(14)] —0.29(22)
AF — A°K*T| 0.064(3) —0.585(52)| 0.063(3) —0.56(5)) 0.82(5)
AT — 2°KT| 0.0382(25) —0.54(20) | 0.0365(21) —0.52(10)] 0.48(24)
Af = nrt | 0.066(13) 0.067(8) —0.78(12) —0.63(15)
A — T Ks| 0.048(14) 0.036(2) —0.52(10)f 0.48(24)
A — pr® < 0.008 0.02(1) —0.82(32)
AF =3ty 0.32(4) —0.99(6) | 0.32(4)  —0.93(4)} —0.32(16)
AT — pn 0.142(12) 0.145(26) —0.42(61)" 0.64(40)
AF - Xy’ | 0.437(84) —0.46(7) | 0.420(70) —0.44(25)] 0.86(6)
AY — pn/ 0.0484(91) 0.0520(114) —0.59(9) || 0.76(14)
=F - =207t —0.94(6) || 0.32(21)
=0 s 2t —0.71(3) | 0.36(20)
Channels X Olexp X o B

=c — A°Ks | 0.225(13) 0.233(9) —0.47(29)F 0.66(20)
Eo — Z7 KT |**0.0275(57) 0.0410(4) —0.75(4)} 0.38(20)
=0 — X°Ks | 0.038(7) 0.038(7) —0.07(117] —0.83(28)
Ze = XTK | 0.123(12) 0.132(11) —0.21(18)f —0.39(29)

15




e SU(3) flavor analysis — Tree
/15 o /10,’
2

Generalized Wigner-Eckart theorem f :Free parameters

S wave amplitude F5=d 4 3, F"

prd= fUPHHE");(B) (BN, + FPHE )y (B BYL(PH] + FHE)y(B)™ (PHL(B)]
de(GC)ij(B*)i(P*){(Bc)"” fe(BT)gH(ISC)l{ik}(PT)L(BC)]’ : SU(3) tensors

Fro= foBNYH(15Y)™ (P (B,); +=fdBmdly

rd

~C b’Lk
- N J

f3red =0

To date, there are in total 30 data points and 5 X 2(S & P waves) X 2(complex) — 1 = 19

CP-even
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e SU(3) flavor analysis — Tree

CP asymmetries of AT — nz™ do not vanish, as parts

of the tree interaction contain penguin topology.

eff

7 ree = jgzb(c; D ((ag)(Gc) + (Gq)(ic))

qg=u,d,s

q=d,s

2C_ ) ((iig)(Gc) - (5161)(126))> 3

Too small compared to D meson’s: Channels

Adlr(DO

B(107%) A%p(107°%) AL ,(107°) AZ,(107°) Acp(107°)

AF — pr®

K+K—) _Adlr(DO N 7Z'+7Z'_) A+ s o
AT — pn/

= (—=1.54 +£0.29) x 107 AF = nat

AT - A°KT

0.16(2)
1.45(25)
0.52(11)

0.67(8)

0.63(2)

—0.61(39)
0.05(17)
—0.02(7)
0.12(20)

—0.03(10)

—0.43(48)
0.04(14)
0.01(4)
0.13(26)
0.03(5)

0.53(1.45)
—0.07(22)
0.00(4)
—0.28(40)
0.04(24)

0.42(1.15)
—0.24(26)
0.08(2)
—0.15(42)
0.19(18)
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SU(3) flavor analysis

A, Tree + A, Penguin

N ——— —
Insensitive to CP-even quantities & undetermined

Rescattering

A, Tree + A, Tree X (Penguin / Tree)
N——_ —

Determined by the rescattering

1073



® Rescattering

_ Tree FSR—s FSR—t
Zppr=-Lyppt+ LpBr T ZBBr

Assumptions:

1. Short distance transitions are dominated by the W-emission, including both color-
enhanced and color-suppressed.

2. B; € lowest-lying baryons of both parities.

3. The re-scattering is closed, i.e. B'P’ belong to the same SU(3) group of BP.
See Yu’s talks for B. = BV.



: Tree
o Rescattering — £ B BP

Tree

(BP|Zs3r |B.) =

Grr .
Tg Co (H )]+ C( )] | (Plaivus5a°10)(Blg;7" (1 — v5)c[Be)

G T .

75 O+ O] = C-@ )] | (PI@)a75(4")o 0N (BI(@;)7" (1 = 15)c B

_|_

From above, we deduce:

Lo = (P).BY(F} (7,)) + Fy (7)]) (B.),

where
()] = ; L9 (15 /lb<%(15b)g #(3,)5) %(39]‘5;)
()] = 2T )t + 24, (%(3_)%]{ _ %(3_)]‘5,@')

It is very important that 135, 6 and 3 share two parameters F ‘i, !
20



: FSR—s
o Rescattering — <% B BP

<31]:3§]I3{I: ) = — < (3§j%1;§) (3 i;tj;)}n;g)) (3 Erj}e’P’) >s—contract

‘ CNia o \J e y
x ) <((PT)’51(B)I¢11(BI)§11)((P/);z(B[)gé(B’)Zz)((P’T)?(B )é-(%_)Z(Bc)z»

At quark level generates
penguin topology
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® Rescattering — Net results

. Ag — /ld
Amplitudes ~ —— f + 1, f5
for=F+8 =), (2"“A - )Ty 1. fand f; share the same
A= ~ ~ ~
+ O— —
fe — r_S‘_—Z(r?\—Qm+3)T;, unknown F ,S ,T :
fd = F;—Z(Qri—ZrA—él)T)\_, fezﬁ"}L, _
A=+ PRD 100, 093002 (2019) also H. Y. Cheng talk
~ 7 — 2r_ _ = _
3 = g0 — 2L X —sn/2+ DT, 2. f can be determined
_ “—
by CP-even data.
o = D@r- =T s | > —(r2 + 11ry + )Ty g
3 24r_ + 6 6 A

o (T—2r_) ~_ 1 a1 (~+ ~_)
[SE 127" — 2 (FF +2F7)
3 8r_ 1+ 9 /\;:Q(TNL )T — 7 Iy +2Fy
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® Rescattering — Net results

A, — /Id
Amplitudes ~ —— f + 4, f;

~ ~

fb — F\;+‘§__Z(QTA_TA) N
=

fe = r_§ — Z(r§—2r>\—|—3)7~j_a
f¢ = Fy - Z(;"ﬁ—?"“/\—‘l)f\_» fe=Fy
b ;:2_:—2 —_;(TA—STA/Q—I—I) :
e _ (- ;4i)52;—6— Dg- > g(r?\ + 117y + )Ty
—+ 2mz
3 = r—gz_—fg—>§_ - 2 %(TWUQTI B i (FF +2y) |10 = Cg):;i o o
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® Rescattering — Net results
Arp(BY = pK7) = Arp(BY = Zt27) = (1.87 £0.57) - 1073

Channels B O Pp Acp Channels B O p Acp
AF Sopr® | 0.16(2) —0.61(39) 0.42(1.15) 0.21(2) 0 0
’ | —3.39(1.05) 1.08(1.55) | 2.27(22) —0.86(25)
AF St | 0.67(8) 0.12(20)  —0.15(42) || Zo0 _, v0_o 0.34(3) —0.04(12) —0.12(43)
—1.27(1.07) 1.41(68) 0.35(9) —0.11(11)
AF o A°K*| 0.63(2) ~0.03(10)  0.19(18) || o _, -+ 1.83(6) 0.02(7) 0.13(21)
’ —0.46(14) —0.13(25)| ° —0.03(4)  0.05(7)
=t o w0 | 2.12(14) 000(3) —032B6)) 20 o | oa32) O ¥
0.21(10)  0.02(18) 0.28(2) —0.12(3)
=+ L w0t | 30a10) 00U 01709 o L ooper | o) 00203)  010(14)
0.15(7)  0.08(13) 0.03(4) —0.06(6)
=F - 2K 1.04(14) 0.02(14)  —0.19(28) =) pK~ 0.20(2) 0 %
1.22(78) —1.39(46) —2.67(35) 1.01(32)
=F - A%t | 0.32(9) 0.0(19)  —0.15(49) =0 5 nKg/ | 0.71(6) 0 .
1.40(34) —0.02(43) —0.27(2)  0.11(3)
0, A% | 0.00(1) 0.07(20)  0.12(38)
0.89(22) —0.39(23)
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® Wish list on future experiments

*Rough estimate from statistics only

B BESIII —3
m Bellell(50 ab”) ACP at O(107~)
W STCF(0.2ab"') -3 o
Bl STCF(1ab') ACP at O(107) ‘ Upgrad

Aqpat 0107
S TE F Y}.‘ _A ® very large production cross-section

© large boost, excellent time resolution

(D © extremely clean environment
® Ksm ® quantum coherence

OELLE

© extremely clean environment
® quantum coherence

© high-efficiency detection of neutrals
© good trigger efficiency

Belle : A-p at O(107%) Measurements on f and y
‘ extract important information
Upgrade
of strong phases !

Belle Il : A-p at O(107)

Diagram from BE/\& 25

Special thanks to Z 5



® Some puzzles in 3-body decays...

There is not enough data to perform a comprehensive study. However...

A (Bl - prtK™) = A (A} - TtaKY)

¢

I (E_I_ —> p]Z+K_) ~ IOF (A+ — Z+7Z'_K+) *Provided that A, B are structureless
C C

| s J‘(A2 + K2 (m223) Bz) almlzzalmzz3 x AE*

(16 £6) x 1071 GeV
PRD 102, 071101 (2020) LHCb (66 i 13) X 10—15 GeV

(6.2£3.3) X 1071 GeV JHEP 09, 125 (2023) BESIII

PRD 100, 031101 (2019) Belle

Ours (422+39)x 107 GeV  (5.3x1.0)x 107> GeV

A simple solution would be replacing A“, B# with & functions, i.e. resonance. [l & {4

20

arXiv: 2403.06469 accepted by PRD; credit to 1) 5% -y l%



242 Evems-§

Tree[ ;Ld ¢t /Ib ( PengUin / Tree ) ] :'O':Zrcf::e::"em
_y
SU(3) flavor symmetry Rescattering 50

EVENTS 725 MeV
H
g 3

N
o

Measurements of / and y in near future

g
Z
%

10 ‘
Measurements of Ap in STCF, Belle Il, LHCb ;,i./"‘//-v'// L

2.5 2.75 3.25 3.5
Mete ™ [GeV]
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® Backup slide

PHYSICAL REVIEW D 81, 074021 (2010)
Two-body hadronic charmed meson decays

Enhancement of charm CP violation due to nearby resonances

Hai-Yang Cheng'* and Cheng-Wei Chiang'~

Ynstitute of Physics, Academia Sinica, Taipei, Taiwan 115, Republic of China 3 b
2 . . % oo .
Ph
, ysics szpartment, Brookhaven Natzqnal Laboratory,' Upton, New Yor.k 11973, USA | . Stefan SChaCht = AmarJ 1t Sonl
Department of Physics and Center for Mathematics and Theoretical Physics, National Central University,
Chung-Li, Taiwan 320, Republic of China
(Received 8 January 2010; published 22 April 2010)

4 Department of Physics and Astronomy, University of Manchester, Manchester M13 9PL, United Kingdom
b physics Department, Brookhaven National Laboratory, Upton, NY 11973, USA

b £(1790)

1. Jo might be a glueball which mainly decays to KK.

2. Its mass is too close to D meson, enhancing SU(3) breaking effects from mass spectrum.

3. There do not have known intermediate baryons play the same rule (?7)



® Backup slide

Ino-K- * YpNr— - IpaKk— - Is—Ant+ - In-507+ - GA5070
1 1 1 1
=1:9, :—=(1—2¢9,): —=(1+g9;): —=(9, —1): —=(1+g,
V6 ( ) V6 ( ) V2 ( i )
N . AT . T . TTNK . TNK . T
F1\/(1535) : F23(1620) : FZ(IGQO) : F2(1620) : F/\(167’0) : F/\(1670)
=44.14+14.8:3.51+1.53:6.63x2.70:13.7+10.5:80£1.9:12.8 £5.1,




