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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
An order larger than theoretical expectations!
* 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)

Arp(AF = AKT) = 0.021 £ 0.026
* The most precise CP violation measurement by far in charmed baryons.

2023: Measurements of strong phases in A7 — =K
PRL 132, 031801 (2024)

S5p—8g=—1.55+027(+7), a=0.01%0.16

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

The SU(3) flavor relation:
(4 4g)
M.+M) —M
r=2 —— (IFP+RIGP), a= 2T
87 M? |F|* +x2|G|?
+ =0 -+ - + 0+ I -+ 0+
F(AF — Bk = —F(AF - A% — —F(AF — A°K™)

NG

S¢

If F and G are real, they are solvable
from experimental 1 and a!

— Leads to |a(Af — E°K1)| ~ 1

2023: Measurements of strong phases in AT — =K

S5p—8g=—1.55+027(+7), a=0.01%0.16
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PRL 132, 031801 (2024)

* 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"

CS  US

Do not need to consider F” in F? cannot be determined
studying CP-even quantities. € ) with CP-even quantities.
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SU(3) flavor analys

o5 Vs Tree + V2V, Penguin

Insensitive to CP-even quantities & undetermined

Final State Rescattering

VesVis Tree + V2 V), Tree X (Penguin / Tree

Determined by the rescattering



e SU(3) flavor analysis — Tree

SU(3) flavor representations :

1 L1 0 4
— — 1 1 ¥0
—— =0 ) —_ o () From PDG
= = —\/2A B =
%(WO + cgn + sen’) T KT
P = T 75 (=m0 + cn + sp7') K® >

K~ KO —S8¢7 -+ C¢77,



e SU(3) flavor analysis — Tree *V — A dirac strucutre implied

G
K off = \/g [ Z A, (C1(ig)(qc) + Cy(qq)(iic)) + 4, Z CiQi] + (H.c.)
q:d,s 1=3~6

/lq — ququ /Id + A’S + /lb — O

Cabibbo-suppressed decays (¢ — u)

A — A,

\)

5 F5=d 4 3, F"

S wave amplitude :

Gr _

Hess =75 [O+((ﬂs)(§c)+(§s)(ﬂc) — (dd)(uc) — (ud)(dc)) ] PeT—
_ Leading terms

+C_((us)(5¢) — (3s)(tic) + (dd)(uc) — (ad)(dc))
" S

] C4 ((ad)(dc) + (dd)(ac) 4 (5s)(uc) + (us)(5c) — 2(uu)(uc)), . ——
rovide
- } | CP phase

g—

+Cy ) ((ag)(qe) + (q9)(uc))g, +2C- )  ((uq)(ge) — (qq)(uc))

q:uadas g:d,s



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

Generalized Wigner-Eckart theorem f :Free parameters

S wave amplitude : N ARt A, F?

prd= [{PME), (B B, + FHE), B BHLP] + FHES), (B (PHLB;
+JHE) (BYL(PHBM + BN HA)M (PHLB.);,  SUG), tensors
o= FeBHHAS) M (PLBL), + F5(B.),H(3") (BY (P + fi(Bo)iH(3") (BN (P

~

+f5(Be)iH(3") (BY)(PY)] + f5(B.);H(3") (BN (P

HO6)=|0 ViVie —)—2% H(15)9 = 000 | - —A—2 0 0 | ViV 0 0
\ , A
0 A\ — 2 ViV Nooo) Lveve 0 0 J a0 0 )]




e SU(3) flavor analysis — Tree
A, —

S wave amplitude : 5 L 4 TN
Generalized Wigner-Eckart theorem f :Free parameters

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 ]?a,b,c,d,e’ ]“c’%%d

10




e SU(3) flavor analysis — Tree

He, Shi, Wang Zhong, Xu, Cheng Wang, Luo

Equivalence to the quark diagrams analysis; see arXiv : 1811.03480, 2404.01350, 2406.14061

al, (1,15

(a7, as, a11) (@12, Q13, G14) (@17, Q18, G19)
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e SU(3) flavor analysis — Tree

Korner-Pati-Woo theorem:

Color symmetric  Color singlet

4
q, q,
<
C (70 — (:)
q;
e PRD 54, 2132 (1996)
qu q’l Chau, Cheng, Tseng

Eliminate 4 redundancies in /7 (15)

e Predict direct relations:

LA} — ZFKY) = (A} — 2K = s T (E) - E%Y)

PLB 794, 19(2019)

(7.1 +£0.4), X 10~
(69+1.4) %107

exp
arxXiv:2406.04642

(4.7+1.0)x 10~

~(4.8+1.4)x 107

PRD 106, 052003 (2022)

o Works without considering color-symmetry

PRD 93, 056008 (2016), PRD 97, 073006 (2018)

Lu, Wang, Yu Geng, Hsiao, Liu, Tsai

JHEP 09, 035 (2022), JHEP 03, 143 (2022), NPB 956, 115048 (2020)

Hsiao, Wang, Zhao Huang, Xing, He Jia, Wang, Yu

Not able to determine both complex phases.
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e SU(3) flavor analysis — Tree

o Sizable strong phases are found.

= e'v,) =(2.38 £0.44) %

X

LQCD, CPC 46, 011002 (2022)

= 1.37 £ 0.08

D
‘A IR 127 121803 (2021)

BELLE

= 7)) =(3.26 £0.63) %

BE, - E~x)
BE) - E-etr,)
| |
B(E) -

Values within parentheses represent the backward digit
count of uncertainties, such as 1.59(8) = 1.59 = 0.08.

Channels Bexp (%) Qlexp B(%) o B
A} — pKs 1.59(8) 0.32(29)
Al = nmt 0.066(13) gesq| 0-067(8)  —0.78(12) —0.63(15)
AT — ZTKg| 0.048(14) 0.036(2) —0.52(10) 0.48(24)
Al — 3T 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 — 2ty | 0.437(84) —0.46(7) | 0.420(70) —0.44(25) 0.86(6)
AT — py/ 0.0484(91) 0.0520(114) —0.59(9) 0.76(14)
= — 2077 1.6(8 0.90(16) —0.94(6) 0.32(21)
****1.43(32) * —0.64(5) —0.71(3)  0.36(20)

13

29 data points with 10 complex parameters.




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

de GC . B (P B, kl ]’Ee B H(15€ {ik} phyl B,), . SU(3), tensors
J k [ 1 [ k J
F :B*>3'H<15">§““}<P*>z<Bc>j B o BB R Y e o BRI,

rd

b\i/DT\] / D
— b

C/TJ

b\i /1D T\7 / DT\ k
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

14




e SU(3) flavor analysis — Tree

Acp(AT = nr™) # 0, as parts of the tree
Interaction contain penguin topology.

G
wTe = \/gﬂb(q Y (ag)(Ge) + (qg)ic))

qg=u,d,s

q=d,s

Too small compared to D meson’s:
Adzr(DO - KTK— ) Adlr(DO N 7Z'+7Z'_)

= (—=1.54 £ 0.29) x 1073

15

2C_ ) ((iig)(Gc) - (éq)(b'tc))> 3

Channels

B(107°) AZp(107°%) Acp(1077)

AF — pr®
AS — pn
AT — pn’
A =5 nm™
AT - A°KT

0.16(2) —0.61(39) 0.42(1.15)
1.45(25)  0.05(17) —0.24(26)
0.52(11) —0.02(7)  0.08(2)
0.67(8)  0.12(20) —0.15(42)
0.63(2) —0.03(10)  0.19(18)




SU(3) flavor analys

o5 Vs Tree + V2V, Penguin

Insensitive to CP-even quantities & undetermined

Final State Rescattering

VesVis Tree + V2 V), Tree X (Penguin / Tree

Determined by the rescattering



® Rescattering, solving penguin/tree

_ 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.
17



® Rescattering, solving penguin/tree

. Tree
ff B BP — g B BP

From figure, we deduce:

Tree
gBCBP

where

CAIE

0 0 0 (
HO)=|0 ViVie —A—2 | Ha5)7=

0 _)\s D % chtzvus \

2

/%00\

0 00

+ £

\O OO/

]

FSR—s
B _BP

[

\

0

3y

4

ch Vud

+ £

FSR—t
B BP

~/

= (PY).B)(F} (7.)] + Fy (7_)

_)\s — 34ﬂ ‘/:Svud \

0

0

0

0

/

]

LT ) + 24, (7/(3_)1'5]{ _ 7/(3_)]’5,;’)

[

VeaVus

\ A3

It is very important that 135, 6 and 3 share two parameters F ‘i, !
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Vi Vs As + 22 \

0

0

) (B,),

A=A .. .. - N
(155 + 4, (%(1519);5 + H3,)5 + %(39]5,@)

0

0
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® Rescattering, solving penguin/tree

d4q pﬁ }///l T m] q/’t}/ﬂ + mB/ 1
<°CZESII3{;S> — Ug J EB,BP c B B'P FBTric;/: ) g
C BI,;”P’ (2][)4 I pl%c _ mIZ I q2 _ m]%/ (q _ ch)z _ m}%, . P .

1. Fgrﬁefp, and g p/p' depend on q2 otherwise a cut-off has to be introduced.

2. Sum over the intermediate hadrons B,, B" and P".

At quark level generates
penguin topology
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® Rescattering, solving penguin/tree

d*q pPRY,+my q"y, + my 1
(Zppr’) = Uug J g8 BP——; gB,B'P’ Fg'wp | up
Dt B];P, Qmy* " pg —mp U g*—my (g —pp)—mp C

| [ dq
— Up J' Z I gfﬁépng,prng,BP I(q°) Ug

At quark level generates
penguin topology

20



® Rescattering, solving penguin/tree

Tree —
2 Fy PngBPngBP Substitute Z <B1 5‘1<BI /
B,B’.P’

« Y << P@f(g@;(%_)g(&h) ((pf>;§<ﬁ,>f,gz<3f>g + r_(P’)]é(E[);z(B')ZZ> ((PT)Q(E)J,;(B,)% + r_<Pf>f,g3<E>;;<B,>g)

B,B’,P’ * * * *
—S Q- /BRI 1 /R\U I I I i ar_+1 1
(ZLppr’) =S <(JDT>],1<B)fk1 + r_(PT)Jkl(B)jl) (5{« 5 _E(Szk 5k> ((%-)%Bc)ﬂ — (Z_), (Bc)k>
*

At quark level generates
penguin topology
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® Rescattering, solving penguin/tree

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

Fy, including effective color S, containing the g~ I, containing the g*

number and form factors. dependencies of couplings. dependencies of couplings.

22



® Rescattering, solving penguin/tree

| Ag — /1d
Amplitudes ~ ———f + 4, f
fo = Z(QTA —"“A) )
ot
fe = Z(TA—QU+3) ,

~

& = Fy, — Z (2r3 —2ry — )Ty, f¢=F

N T _2~

b . _

3 = S o —Z("“A—5"“>\/2+1) :

e DE-Tr) ]

¢ — T S 4+ ; —(7~/\+11m+1)TA ,

W r_(Tr— —2) ~_ 1 o L~ ~
f3 = 8—|—27"_ S — Z §(T)\+1) TA — Z (FV +2FV) )

A=

(fbfcfdfe) ( FV’S_ T_) - (fg’fg’fg)
23 PRD 100, 093002 (2019) _




® Rescattering, solving penguin/tree

z—zd

Amplitudes ~

~ ~

fr=F

A==:

7 F;—Z(Qri—QrA—éL)TA_, fe=Frt

——f+ A f3

v +8T - 2(2"“3—"“,\)@_,

f¢ = r_S™ — Z(ri—Qm\—i—S)T)\_,

ST — Z(T)\ — 5ry/2 + 1)

5 0 (r— —2

S 8+2r_

=  (r—+ 12 —-Tr_ )
S 24 + 6r_

g r—(Tr— —2) 5_
Js = 8+ 2r_ S

b rd
(F2. 15 L f°) «—

(Fy

A——_

SPDEICERIL

A=

87, T7) —

~

)

PN
Z@@+@ﬂ0 1 -

ST+ ) —(r/\+11m+1)T;,

)
2mg

(3Cs+C)m, —
(C, + C)m,

= =]
(f39 fg’ f3)
24 PRD 100, 093002 (2019) _

(3G, + Cs)




® Rescattering, numerical results

1. Ap in the same size with the ones in D
meson! If confirmed, it suggests the natural

AAqp = (1.75%0.53)- 107

sizes of A-p are around 10—, Channels

No need of NP to explain data !

0.21(2)

2.13(21) —0.81(23

2. In the U-spin limit, we have that

0 0

L i 0.20(2)
Acp( 5 St ) — _ACP< — pK ) —2.51(33) 0.94( 30 )
—0.61(39) 0.42(1.15
Hence it is reasonable to measure AZ —pr° | 0.16(2) —1.95(61) 0.53(95)
AAep=Acp (B = Ttn7) — Ap (B0 — pK™) . AY Snrt | 0.67(8) 0.12(20) —0.15(42)
—0.68(69) 0.71(54)
3. The main uncertainties are from strong phases. AF s AOKH| 0.63(2) —0.03(10) 0.19(18)

Measurement on /; can greatly improve!

—0.49(12) 0.02(21)

29 data points with 10 complex parameters.
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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/\& 26

Special thanks to Z 5
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Tree[ ;Ld ¢t /Ib ( PengUin / Tree ) ] :'O':Zrcf::e::"em
_y
SU(3) flavor symmetry Rescattering 50
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Measurements of / and y in near future

g
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%

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

2.5 2.75 3.25 3.5
Mete ™ [GeV]




Backup slides




Tawaki

1he Rainforest Penguin

(4‘:3;“ L

WILDERNESS LODGE

AKE MOERAKI

WILDERNESS LODGE

LLAKE MOERAKI

=y
Tawaki: A Wildlife Treasure

Tawaki breed in jungle-like temperate rainforest along the
rugged Lake Moeraki coastline. To see tawaki on wilderness
beaches is one of New Zealand’s great wildlife experiences.

The Rainforest Penguin

Tawaki, or the Fiordland Crested Penguin (Eudyptes
pachyrhynchus), are unique among penguins.

They breed in temperate rainforest, only in the
southwest corner of New Zealand. During the July to
December breeding season they are most easily seen
along the Lake Moeraki coastline.

Tawaki build their nests beneath logs and boulders.
These will be deep in the forest, often hundreds of
metres inland and up steep hillsides.

Adults must negotiate the pounding surf, wild beaches
and dense undergrowth as they make their way
between the Tasman Sea and their rainforest nests.

Guided Penguin Trips

Since 1989 Wilderness Lodge Lake Moeraki has taken
guests to see tawaki under a special license from the
Department of Conservation.

Our guides are experts in penguin ecology and delight
in sharing this once in a lifetime experience with
guests.

Hike through lush rainforest to a wilderness beach
then sit quietly as penguins emerge from the surf and
make their way across the beach and into the
rainforest.

Guided penguin trips last about 3 hours, include light
refreshments and require a low to moderate level of
fitness. Group sizes are always kept small.

wildernesslodge.co.nz

)ienguins seen on each trip (see

couraging result
g term monitor-
ki breeding suc-
n stark contrast
strophic  decline
fellow Eyed pen-
on on the south-
h Island coast-

ber of Penguin

rease growing from an average

Tawaki Facts

Tawaki are the world’s only penguin to breed in
temperate rainforest.

They stand 60cm tall (2 ft) and weigh approx. 4kg.

Females lay two eggs each year but only chick is
ever feed. This chick grows quickly while the other
generally won’t survive more than a few days.

The breeding season runs between July and early
December. Outside of this period tawaki are at sea,
fishing and sleeping on the surface of the ocean.

The main threats to tawaki are domestic dogs,

introduced stoats (weasel family) and disturbance.
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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,




® Rescattering, solving penguin/tree

_ pTree FSR—s FSR—t FSR—u )
chBP—chBP_I_gBCBP +3BCBP +3BCBP +...(.)
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Why are there matters? 1. . J

., = 5 .
‘ "




