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BESIII Data Taken near Threshold

* 20.3fb'at Ecm 3.773 GeV:ete ™ — L|)(3770)—>D5
* 7.33fb" at Eom 4.128 - 4.226 GeV: ete™— DD

Production of charm hadron pair

® A
Tag one side

e;+—'¢(3770) ¢ to study another side

" ¢

Fully reconstruction Recoil four-momentum

Clean s.‘ample missing particle (neutrino)

Hadronic decays (Semi)-leptonic decays
&

Absolute branching fraction
Amplitude analysis
etc.



Hadronic decays of charmed mesons

» Topological Diagram Approach--Understand SU(3) breaking,
addressing the source of CP violation.

M, Mode Amplitude
w l
D’ - Ktn~ Aas(1.23T + E)
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ﬁ/lds(c_ E)
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> D — PP hlgh eff|0|ency, low background no interference, (usually)
high precision. Good for Acp, n - n’ mixing etc..

> D —-SP, D—- SV, (D— SS): Understand the nature of light scalar
mesons, a,(980), f,(980), K(700), f,(500) etc..

» D — VP : Clarifying the nonperturbative mechanism. Better than the

PP and VV, due to the multiple-amplitude composition of P and the
polarization in VV.

» D — VV : Polarization in charmed decays.
» D — AP : Study axial-vector mesons, a1(1260) K1(1400) etc.. 3



Events/(1 MeV/c?)

Data: 7.33 fb-1
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BF of D hadronic decays

Method: Double Tag

4.128 - 4.226 GeV

D -K*K n*

D ->nntmw

D ->K'n'mw

T T
Df »n*n’ n,.

D s iy )

Di—-mn'n'
PY

L D 5 KiK' n'm

; .
+ DI K{K*

N
P RPN PPN B

D »mm, D} > Kinr D} - n’ ni’»'”‘L. Dy — KgKgm*
T (l \‘l } L |"'i""7"-:"'i"' I ‘l" :
=, D': - nx'z'x" by —»w n'n’f"\ + data
-~ signal
~ background
'MM — fit result

1.9 1.95 2

1.9 1.95 2

M, (GeV/c)

JHEP 05(2024)335
Global fit
15 decay modes

Mode B (%) PDG B (%)
D} — KYK* 1.502 +0.012 £0.009  1.453 £ 0.035
Df - KtK—n*t 5.49 +0.04 £ 0.07 5.37 £+ 0.10
D} — KQK*r0 1.47 £+ 0.02 £ 0.02 1.47 £+ 0.07
Df — KOK%nt 0.73 £ 0.01 £ 0.01 0.71 + 0.04
Df - KtK—n*t7z%  55040.05+0.11 5.50 £ 0.24
Df — KK ntr~  0.93+£0.02+0.01 0.95 £ 0.08
Df — KJK-ntxt  1.56 £+ 0.02 £ 0.02 1.53 £ 0.08
D} — atrta~ 1.09 £ 0.01 £+ 0.01 1.08 + 0.04
Df — 7ty 1.69 £ 0.02 & 0.02 1.67 + 0.09
D} — 7tx0 9.10 +0.09 £ 0.15 9.5 £ 0.5
DY - ntatay 3.08 £ 0.06 £ 0.05 3.12 + 0.16
D} — nty 3.95 4 0.04 £ 0.07 3.94 £ 0.25
Df — nta0y/ 6.17+0.124+0.14 6.08 4+ 0.29
D} — Krtr0 0.51 £+ 0.02 4 0.01 0.54 £ 0.03

DY - Ktntn~

0.620 £ 0.009 £ 0.006  0.620 £ 0.019

v

much improved precision!!!

Achieved the desired goal
of D} BF measurement!



Ap calculation JHEP 05(2024)335
Mode Acp (%) PDG Acp (%)
D¥ —» KJK* 0.294+0.50+0.21  0.09£0.26
Df - KTK—n* 0.4840.264+0.24 —0.540.9
D - KIK*r° —0.85+1.97+046 —2+6
D —» KYK2n* 1.144+1.58 +0.44 345
Df - K*K—n*7" —0.664+091+0.33  0.0£3.0
D¥ —» K¢K*rtnr~  2.00+£237+0.70 —6+5
D¥ —» KOKFrfr® —0244+1.05+1.07 4.1+28
Df - nEpto- —0.884+1.174+£0.38 —0.7£3.1
DF — 7y —0.44+0.894+0.19  0.3+0.4
DF — %70 1.054+1.454+0.62 —1+4
D — rrntay 2.42+2.8540.78 -
DF — oty —0.594+0.76 +£0.20 —0.94+0.5
DE — nEq0y/ —1.60+£2.574+0.64 0+8
DF — Kon*7" —2.17+4.65+1.10 3+6
DF —» K*ntn~ 1.814+2.01+0.45 4+5

No significant asymmetries are observed.
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Why Amplitude Analysis?

« Must first recognize the respective limitations of particle
physics experiments and theories.

- Experiments: e, u ,m ,K ,p , and y as well as n°/n K as final state
particles.

* Theory: only estimates for two-body decays are available.
« Forexample, D° - K'’n? 5 K n"n’and D° - K" n* - K n*n".
 Extracting intermediate processes from measured final-

state particles is essential for connecting experiments and
theories.

 Amplitude analysis provides the key solution for achieving

this goal.
/ M(p) - CnAn (p) \ Amplitudes of

i qb intermediate
— n
Cn — /On@ processes

Magnitudes and phases: free parameters in fits

Total amplitude



Amplitude analysis of D* - KJKdm*

Events / (40 MeV/c?)

Events / (40 MeV/c?)

PRD 110.092006 (2024)

200 F
150 f

100 [

7.93fb1@E,,,,=3.773 GeV
1177 candidates with >89% purity

v Precise measurement of D™ — KYK*(892)*
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TABLE 1. Theoretical predictions of B(D" — KYK*(892)")
and the previous experimental measurement.

Model B(D* — K{K*(892)") (x1079)
Pole [12] 6.2+1.2

FAT (mix) [13] 5.5

TDA (tree) [1] 5.02 £ 1.31

TDA (QCD-penguin) [2] 490 £0.21

TDA [14] 7.90 £0.25

BESIII measurement [11] /8.69 + 0.404 £ 0.64y + 0.51pF

-

/

(872 i 0-285tat. + 0-15syst.)><10_3 PRD 104, 012006

Consistent with the previous BESIII measrement but with improved precision



Amplitude analysis of D? - KJn? 7

B arxiv:2510.25111
% Dominant contribution D° - K*(892)°x"
o T T c > > 5
— a ~ L ] o *0
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LA L BN B
— 800F (©) 1 d
§ xZ/ndf = 1.2 { Data
% 6007 1 Fit result De w
3400_ ] Background d} o
> — & (8927 u < < aj "
§ 2001 #, o 00 0
(Ksﬂ: )S~wave
) 0 0s %1‘ s 2 Ks('n’) : 0 0..0_0
W02 (GeVireh) e Precise BF measurement of D* — K¢m'n
Amplitude B(D" = K70 (%)
TDA 3.61=0.18 B(DO - KS(-)T[OT[O) —
FAT [mix] 3.25
0
bole 5010 (1.026 % 0.008¢,¢. + 0.009y. )%
CLEO [from D' —» K=n*n’]  2.74+0.23(stat.)+0.41(syst.)
CLEO [from D° — Konz°]  4.16+0.37(stat.)+0.33(syst.) consistent with PDG value (0.91 + 0.11)%

This work 2.46 + 0.06(stat.) £ 0.04(syst.) with precision improved by a factor of 10
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Amplitude analysis of D™ - ' x
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( p(77C ‘ > g @ 0 c > }'J\/ T 5 > u ( > '{Fm 177 > u
wr v e a 8 geeeea (1] p(T70)+ 1 ] p(770)
[& » d D+ D €(<< Dt ( .
d __a
D™ w0 u ] 0 L _0
p(T70)F B (7 . T
d < d d < d d < d d < < d’
W -external emission W -internal emission QCD penguin QCD penguin exchange
Recall measurements of D? —» wn~
Testing CP violation and Bt - ntn " by LHCb }
- B 1 p(770)T
Decay mode DT (%) D~ (%) Arr(%) D W <
D) — p(770)+(H) 70 64.3+234+0.9 | 632421406 | 09+1.8+0.6 d] 0
D) — p(1450) T ()70 494+0.8+08 | 56+08+08 | —7.2+6.84+6.8 d d
+(-) +(-) _
D — f2(1270)7 43+04+0.2 | 47104402 | =5.0+£5.7+2.7 W -annihilation
D) o (197 g _waver T() | 11.64£0.94£0.5 | 11.44£0.9+0.5 | 0.8+1.8+1.1 ;




Amplitude analysis of D} - n*n%y PRL123, 112001 (2019)
- Observation of D} - a,(980)n

Sub-sample with

+ + -0
DS - T " Full sample M+ 0 > 1.0 GeV/c?
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Dots with error bar: data; solid: total fit; dotted: D& — p*n; dashed: D&
- a(980)m (with a stat. significance of 16.20).



Branching Fraction Results of b} — ntn%n
PRL123, 112001 (2019)

Fit to the invariant mass M+ g0, 1O
get the yield. 0.2 B yield: 2631477

B(DF - ntn’n) = (9.50 £ 0284, + 0.415y5. )%

PDG value= (9.2+1.2)% 0.1 :

BF(sub-moden )= B(DT — 777"y FF(n)

Branching fraction (%)  BeSH

B(DT — p™n) = 7.44 £ 0.52stat. £ 0.385ys. PDG value = (8.9+£0.9)%

B(DF — ag(980)T7%)* = 1.46 £ 0.15410¢. £ 0.234ys.

B(DF — a0(980)°7+)* = 1.46 & 0.15tar. £ 0.234ys. } First observation !
*here, ao(980) —

« B(DJF - ay(980)*mY is larger than other measured pure W-annihilation decays

(DS - pn, Df - wn™) by one order.

11



Observation of D - a,(980)n

7.9fb1@E,,,,=3.773 GeV
L I e m— 3—.'.'.'I""

Phys. Rev. D 110, L111102 (2024)

MA(mm) (GeVZ/ch)

Events/(25 MeV/c?)

< | o’ | =~ < 100 pM 3
> 100k (b) P a,(980) T* § > ® . a,(980)* 1"
S e 2,980 | & T a,(980)°n*
g ] = % 501 .
£ 1 & 2 1 (d L Ty
T | = | & s W
1 2 0 1 e 1.5 — 1 - 2 | o 3 0™ 1 — 1.5 =
M?%(mn) (GeV?/ch) M(@m) (GeV/c? MA@ (GeV?%cY) M () (GeV/c?)
A B . . . ] T ) ) ] ]
100l 1678 candidates with 74% purity | < so- + 1226 candidates with 66% purity -
- (o) 1= W S (g% TS [\ ]
i > < 60 1 %60
500 S s50f  f S g0 1 S 40
L g ‘2 i ] ‘g L
ok ; o  Ap—— o . G“'Hl 0.|5 i \ .,_..,,.,...,.T...A.&.ﬂ.w.....h Gi‘ i 7177 ) H?_S;j L 07 »
M) (GeV/c?) M) (GeV/c?) M @) (GeV/c?d)

0 . 0 S +2.5
B(D” - ap(980) " t™)/B(D” - a¢g(980) ") =7.5
_0-85tat.

B(D" - a¢(980)*7?)/B(D* > a(980)°m") = 2.6 £ 0. 6515 + 0.3gyst

= Disagrees with theoretical predictions by orders of magnitude in diquark model

+ 1. 7syst.

The external W-emission diagram dominates the D — a,;(980)m decays in the diquark
scenario, contrary to expectations of its negligible contribution due to the very small
ao(980) decay constant[1]. [1] Phys. Rev. D 110, 094052(2024).
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More discussion for D — a,(980)x

In 2-quark scenario,

Phys. Rev. D 105, 033006(2022) by H. Y. Cheng et al.

DO —alm VVua(T' + E)
—ag T V*Vua(T + E)
T < |T

In tetraquark scenario,

Phys. Rev. D 110, 094052(2024) by H. Y. Cheng et al.
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Amplitude analysis of D} - Ttim ™1
PRD 104, L071101 (2021)

2139 events W|th purlty > 85%

of il e o @
60 I Background

&

o 40

; 20

D

> " 0s 0.5 1 1 15

n M@ (GeV/cZ) M(m) (GeVic?) M) (GeVi/c?)

a "y b (d)] | T ] T

~100 —Dj>w e

2 fy

5 ;

S 50

m &

1 1.5 0.5 1 1 1.5
M) (GeV/e?) M(mnn) (GeV/ie2) M(rrm) (GeV/e?)

(=)

B(DF - ntntrn )=(3.12+0.13£0.09)%

Amplitude Phase FF(%)

55.4+3.9+2.0
8.1+1942.1

a1(1260)" (p(770)°71)n 0.0(fixed)
a1(1260)" (fo(500)7")n  5.040.140.1

a0(980) " p(770)° 25+0.1+01 67+25+15

n(1405)(ao(980) 7 1)r™ 0.24+£0.24+0.1
n(1405)(ao(980) 7 )7T 0.24+0.24+0.1
£1(1420)(a0(980) 7)™ 4.3 +£0.2+0.4
f1(1420)(ao(980) 7~ )rt 4.34+0.24+0.4
[a0(980) 7 t]sm™ 0.1+024+02 514+1.2+0.9
[a0(980) 7 |sn 0.1+024+02 344+08=+0.6
[fo(980)n]s7™ 1.44+024+03 6.2+1.7+0.9
[fo(500)n]s7™ 2.5+0.2+£0.3 12.74+2.6+2.0

0.7£0.2+0.1
0.7£0.2£0.1
1.9£+£05+0.3
1.7£0.5+£0.3

a,(980)"

p(770)°

B(DS - ag (980)p°, af(980) - ntn)
=(0.21+0.08+0.05)%

Larger than other w-annihilation
decays.

How about D& — ad (980)p°? Does
it have the same branching fraction?
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Amplitude analysis of D} - '«

OTL'OT]

arXiv 2603. 18521

60

B( D;' - T[+T[OT[O77 ) 20,
=(2.97+0.23+0.14)%

=}
1

1 15
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05

B YA
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L)

g

W
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Events / (30 MeV/c?)

1 ) 1.5
M, ., (GeVic?)

. + .+. .

@

60)

Not observe DF — ag (980)p°.... o
But an interesting peak on t*n &l

0

T 15
.7 p—— (GeV/c?)
e —— Data
] — Total fit
— Background

---- D} —a (1260
D} —>a0(980)+f 0(500)
D} — v (n’n%. n

12

M.,

T
o0 (GeV/c?)

) - -~
1.8 S-wave

Amplitude Phase (rad)

FF (%) BF (%) Significance

D} — a1(1260)%n, a1(1260)T — p(770) " 7° 0.0 (fixed)

99.7 £52+£29 1.77 £0.21 £ 0.12

> 100

D — a0(980) T fo(500) 28 +£02+03 331+49+68 0.98+0.16 & 0.22

> 100

D — 77 (7°7°) s —waven -0.8 £0.24+0.3

94 +19+41 0.28 £0.06 = 0.13

4.50

Dominated by a; (1260)n and observe D, — SS
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Amplitude analysis of D™ - Ttrm ™1

arXiv 2604. 10444

I *'Dat'a I | T
200+ —D'snntnn
[ Background B(D-I_—)CLO (980)+p(770)0)
¥ 0 ¥
o B(DF —ao(980)0p(770)T)
§ 0.55 :I: 0.08stat_ :I: 0.05syst,
Q 0 e
2 1 1.5 1 1.5 1 1.2 1.4 1.6 1.8
= M. (GeVic?) M, (GeV/c?) M., (GeVic?)
= ] | | LR EEL A + + ot
3 o B(DT = 71 1 n|non—n’)
= .
2 (3.20 £ 0.064tas. + 0.035y5t.) x 1073
50 '
0 0.5 1 0.5 T 05 1
M. (GeV/c?) M. . (GeV/c?) M. (GeV/c?)
Amplitude o) FF(%) Significance (o) BF(x107%)
Dt — 7t nt w1 decay:
Dt — a0(980) " p(770)° 0 (fixed) 14.7+1.1+£1.0 First observation 4.74+04+0.3
D™ — ao(980)" fo(500) 55+0.1£0.2 23.2+23+£22 > 10 75+£0.7£0.7
D™ — n(1405)7™ 24+0.1£0.1 11.2+14+15 > 10 3.605x£0.5
Dt — f1(1285)r* 49+0.1+0.3 17.3+0.9£0.8 > 10 55+03=%0.3
Dt — f1(1420)7™" 6.2+0.1%+0.1 164+1.6+25 > 10 52+05+0.8
DT — [a0(980)*7F)s—waver™ 3.5+£0.1£0.3 34.3+28+3.2 > 10 11.0£09=£1.0

16



Amplitude analysis of D - ¥ m

OTCOT]

I T T T T |
¢ Data

— D'>nr*nnn
50t [ Background |

i
b

Events / (20 MeV/c?)

1 1.5 1.5
M n (GCV/ C2) M °n'n (GeV/ C2)
I I I I I I I I | I I I I | I I
0.5 1 0.5 1 0.5 1
M, (GeV/c?) M., (GeVIc?) M.._...(GeV/c?)

B(Dt — 7t 7%7%|non—m')

DT — 7t 7%7% decay:

arXiv 2604. 10444

(2.43 £ 0.11g00¢. £ 0.045y6t.) x 1073

DT — a0(980)°p(770)* 0 (fixed) 35.0+3.5+2.6 First observation 8.5+0.9+0.6
Dt — a0(980) £o(500) 0.4+0.1£0.0 34.6+3.1+1.0 > 10 8.4+08+0.3
DV — n(1405)7™ 2.6 £0.34+0.2 43+1.7+£0.7 5.1 1.04+0.44+0.2
Dt — f1(1285)7™" 2.94+0.24+0.3 12.84+1.94+0.7 > 10 3.1+05+0.2
Dt — f1(1420)7™" 59402+0.3 17.8+3.0+ 1.6 > 10 434+08+04
Dt — [a0(980)°7%) s—wavert 4.440.240.2 11.04+2.6 £ 0.9 8.6 20 E06E07Z
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Events/(27.0 MeV?/c*

Amplitude analysis of D} - K*K n™

The best precision for Golden mode D} — ¢m*

Process BF (%) PDG 2024
Dy — K*(892)°K™, K*(892) —» K7™ 2.64 £ 0.064, £ 0.07, 2.58 +0.06
Dy — ¢(1020)z", $(1020) —» K"K~ 2.21 £ 0.05 £ 0.07 2.21 + 0.06
Dy — S(980)z™, S(980) - K"K~ 1.05 & 0.04, == 0.064y 1.11 &+ 0.19

Dy — K{5(1430)K™*, K(1430)" = K=" 0.16 £ 0.03,, & 0.03,5 0.18 +0.03
Dy — fo(1710)77, fo(1710) —» K*K~  0.10 £ 0.02, £ 0.03.,s 0.07 & 0.03
D{ — fo(1370)x", f¢(1370) = KTK™  0.07 £ 0.024, £ 0.014 0.07 +0.03

—
LI L

§
LI B

D — K"K n" total BF 5.47 £ 0.084, £ 0.1345 5.37 £0.10
PRD 104. 012016 (2021) Both a((980) and f,(980) decays to K"K~ .
i o] . . Impossible to separate them here
o
2 mg_ [sospin configurations:
2 1,(980) =1 —» (|K*K~>-|K°KO >)
1 AN fo(980) 120 - (JKFET>+ [KOKO >)

1

3 a1 s The comparison of K*K~ and K§KJ

m (KK ) (GeVZc) e (K ) (GeValc™)
spectrum will reveal more information!
18



Amplitude analysis of D} —» KoKom™ PRD 105, 1051103
- Observation of interference between scalar mesons

412 events with purity of (97.3 + 0.8)%.

& 60F 100]
§ : —— Data | §100_
é) L () — Total fit s |
401 0p" ¥ = :
=F KK (892) \ &
= [ e S(1710)r* | g >0
é 20 " £
i B =
O i .":-: : i S i
& T P bt 1* | e ol

1 12 1.4 6 8 0.8 1 1.2 1.4
/ M KK (GeV/c?) \]\ M Ko (GeV/c?)

destructive interference: a,(980) and f; (980)\\

abnormarl enhancement at f;,(1710)

B(D& » K{KIm™) = (0.68 £ 0.0454,, £ 0.015y5. )%

Amplitude BF (107°)

DT - K°K*(892)t - K°K%xnt 30 =03 E01
s S =

D} — S(1710)z+ — KK+ 3.1+ 03 £0.1
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Observation of new a,-like triplet in D, decays

D - K§Kdnt  PRD 105, L051103

[1] Eur. Phys. ]. C 82, 225 (2022).
[2] Phys.Rev. D105, 114014 (2022).

constructive interference: new neutral a,-like and f,(1710)

[3] PRD 104, 072002 (2021)

A new q, isospin triplet!

Q, 60F
S I —— Data |
2. (@) — Total fit | Amplitude BF (10-%)
o KK (892)' | Dy — K*(892)°K* 4.77+0.38 +0.32
z S(1710)m* } D} — K*(892)TK% 2.03 4 0.26 + 0.20
2 20¢ Dt — ay(980)*2° 1.1240.25 +0.27
0 At L D} — K*(1410)°K+ 0.88 +0.21 £ 0.19
- S €2, <2 K- S D — ay(1817)t7° 3.44+£0.52 £0.32
12 14 16 18
MK§K_’; (GeV/c?) . D(iuble tag methfd 0
destructive interference: a,(980) and f,(980) * DJ — ay(1817)"m"” is observed for the first time

D;. N KS(-)K-I_T[O PRL 129’ 182001 * Significance > 100-

v [ @ - kEE2

2 ook KK (892)"

> —- K*K (1410)

S e a,(980)

> 50 —  a,(1817)'1’

g >l

)

>

= AR5 1 WS e

1 1.2 14 1.6
M KK (GeV/c?)

|

« M=1.817 + 0.008 + 0.020 GeV/c?
« I'=0.097 +0.022 + 0.015 GeV/c?

» The isovector partner of f;(1710)[1] or X(1812)?[2]

e Same resonance observed in 7. to Tnn by BaBar[3]?

N
e
i I
2 1
l'.‘
1 \ _
1
[l
1
.
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Study of D* - KJa,(980)*

Among D — SP, D™ - K2a,(980)" is, except kr,
the only decay free of weak-annihilation
contributions.

PRL 132, 131903 (2024)

2.93fbl@E,.,,=3.773 GeV

1113 candidates with 98.2% purity

- First Observatikgn two-quark tetraquark state-
3 | internal W-emission rescattering
>100- . ag(980)F
S I e
L 1 a +
g ( ) ¢ > W > 5 KO (d) - : (% OR0\+
. _ . : (I()(()(\U)
2 50F + d " s s
s b Dt
@t 8 “}(1( (980)* ., [¢ C: s
| )\ IOV, D*{ - "%(1430)0 } ()
0_ A ,,++ d < < d 7 4]\U (1430) < i K
0.8 I 1.2
M. (GeVic) B(D* -» K{ntn) = (1.27 + 0.044.4: + 0.034,,5:)%

« B(D* - K§a0(980)+, ay(980)" - w*n) = (1.33 + 0.05,,4 + O.O4sy5t)%
* Provide sensitive constraints in the extraction of contributions from

external and internal W-emission diagrams of D — SP

« Understand the inconsistency between theory and experiment of the D

- a,(980)*P[1-3].

[1]Phys. Rev. D 105, 033006 (2022).
[2]Phys. Rev. D 67, 034024 (2003).

[3] Phys. Rev. D 81, 074031 (2010) 21



Amplitude analysis of D? - K{n%n

% Do E* 89210 arXiv:2512.23389
— Nk (892)
| 2001
Impacts predictions from the topological diagram approach, §1'5 § ok | {
affecting CP violation and DCS branching fraction estimates. % Tk = |
< 1 = 100f
‘ \ oM, 3 £ Lt
c > > S } C > > [_E 50 -~ + i
n M 0.5
CE Qj | L L [ 0 B e i O M =2 e e
w+ g 1 1.5 0.8 1 12
s } é: qj} M2, (GeV/ch) M0 (GeVic?)
K0 \%
g
@ -« < d q < <«—3 - :
Ey PEy )()} — Total fit T 200; + + H»{»
L - Background ; [
Ey/determines the — I —aoox’ | S 150f - -
. : PE , affects predictions for ol r I i I~ T
The BF determines the ; mangud(? of the > | DCSdecays and CP violation : Keon |2 | | 1 1]1
magnitude of Ey penguin diagram lculati I — &mg 3 loop L
PE. calculations. ol I ]
r \ @ soF |l 4
L - _l"“L._Ytﬁo- ,.:J ;
0= 2 14 0 ;,=r2:: — 6
M, (GeV/c?) M., (GeVie?)
% D° - KJa,(980)° . i (O
_ Amplitude BF (107°)

Branching Fraction (x10~?)

Source D"channel D channel
BESIII 9.88+0.37+0.42 13.3 £ 0.5+ 0.4 [35]
qq model 0.55 [2] 6.5 [2]
Tetraquark 9.5-15.0 [2] 13.5 [2]

Favor prediction under tetraquark model

Helps determine the T-diagram contribution

DY — K3a0(980)°,a0(980)° — 7'n 9.88 £+ 0.37 £ 0.42
D° = K%a2(1320)°,a2(1320)° — 7%  0.08 +0.11 4+ 0.11
D — K*(892)%, K*(892)° — K27° 1.2240.09+0.11
D — K*(1410)°n, K*(1410)° — K37° 0.56 + 0.14 + 0.16

DO — (Kg’WO)S—waven

0.64 £ 0.10 £0.10

D° — K*(1680)°7°, K*(1680)° — K$n 0.19 4 0.07 + 0.05
D° — K3(1980)"7%, K3(1980)° — K3 0.45 +0.15 £ 0.16
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[2] Phys. Rev. D 110, 094052(2024) by H. Y. Cheng et al.



Study of D} - ¢p(mTn n®, KT K )m*

+ 0.+ Phys. Rev. Let
Dff »m'mn mon 011904 (20
NO C T T " I\ L A
> 200" ¢ :

150F
Lo -
~ 100F

) -
T 50F
gJ C

of
“ 705

1 1.5
M (r*rrl) (GeV/e?)
« B(Df - o™
= (5.08 £ 0.32 + 0.10)x10

o >t

« B(D} - pnt,p > KTK™)
/_(2 21+ 0.05 + 0.07)%

D} -» K*K-m* PRD 104,012016

B(¢p-ntn—n)
BGoKTE-) =0.230 + 0.014 + 0.0

deviates from PDG 0.313 £+ 0.010 by > 4o0.

t2-51)34’ First Measurement
Component Phase (rad) FF (%) BF (107%)
fo(1370)p™ 0.0(fixed) 249438421 50840804043
f0(980)p+ 39940134007 126+21+1.0 2.5740.4440.20
] [ f2(1270)p" 1.11+0.10£0.10 95+ 1.7+0.6 1.94+0.36+0.12
E a (p+p )s 1.10£0.184+0.10 35+ 1.2+0.6 0.71+0.25+0.12
1 p(1450)* 043+0.18+0.17 46+13+0.8 09440.27+0.16
(p p(1450) )p 458 +0.16+0.09 86+1.34+04 1.75+0.27+0.08
[ o((pm) = 7¥na)m™ 290+0.15+0.18 24.9+12+04 5.08+0.324+0.10
w((pm) = m  TO)m 322+021£0.09 69+08+0.3 1.41+0.17*0.06
af (p°nt)sm® 3.784+0.16+0.12 125+1.6+1.0 2.5540.3440.20
ad((pr)s — 7T 7)™t 4.82+0.15+£0.12  63+£1.94+1.2 1.294+0.39+0.24
m(1300)°((pm)p — 7w~ 7%)at  2.2240.144£0.08 11.7+£234+2.2 2.39+048+0.45

T T |
) HBC 1972

-3 OSPK 1976

ND 1991
CMD2 1995
CMD2 1998
SND 2001
CMD2 2011
PDG fit

BESHI(n*n*nw 7’7’

10

| | | I

0.28+0.09

0.283+0.015
0.291+0.015
0.328+0.017
0.295+0.019
0.324+0.017
0.316=0.011
0.313+0.010
0.222+0.025

0.230+0.017

| | |

|
|
1 BESHI (" 7w n’)
|
|

S 0

R, (n*n’/K*K)

23
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Amplitude analysis of D} - G(K2K)n*

D —» KYK)nt

Phys. Rev. Lett. 135, 161902 (2025)

Phase (rad)

FF (%) BF (%)

0.0(fixed)

70.9+ 1.3+ 1.5 1.32 £ 0.05 £+ 0.04
DY — K?K*(892)T 0.68+0.17+0.21 22.84+ 1.3+ 1.5 0.4240.03 £ 0.03
D} — K2K*(892)t —2.40+£0.18 +£0.31 17.44+ 1.2 4+ 0.9 0.31 £ 0.02 £ 0.02

v&)
= ~ 04" + a Amplitude
1000-(] ¢ KSK*(892) ® Dy = gr*
O T KK (892)
S
=500 0(1020)r"
20
(D) L
> M_‘_
= 1 2 3
Mi{m (GeV?/c?)

v' Observation of the K9 — K!
asymmetry in the D — K¢ V
(Interefrence of CF and DCS decays)

B(DF-KJK*(892)1)-B(DF K K*(892)*)
B(DF »K2K*(892)*)+B(DF »K K*(892)*)
= —0.134 % 0.054¢5¢ + 0.0344yst

Model DAT(F4) DAT(F1)

DI — K'K*T —0.164 £+ 0.032 —0.159 4+ 0.028

Predictions by H. Y. Cheng et al., PRD109, 073008

v’ Measurement of ¢

| T T
BRAMON [8]

T T

0.62

FISCHBACH [10] 0.68
BENAYOUN [11] 0.71
DUBNICKA [12] 0.644+0.017 =
| HBC1972[15] 089010 | = ——
HBC 1977 [16] 0.71+0.05 e
HBC 1978 [17] 0.8210.08 I
OLYA 1978 [14] 0.70+0.06 —_—
CMD2 1995 [18] 0.6810.03 —
CMD3 2008 [19] 0.638+0.022 8§
PDG average [13] 0.740+0.031 —
PDG fit [13] 0.690+0.014 -
This paper 0.597+0.033 —
| ! ! ! ! l ! ! !
0 R 0.5 1
______________ O e e -2

B@®=KSKD) () 597 + 0.023

B(¢p—K+TK™)

stat T 0-024‘syst

deviates from PDG (0.740 + 0.033) by > 30. 24



Amplitude analysis of D* - ¢p(KoK))n*

+ 07,0 _+
. ~2000
D™ - K S K LT[ ArXiv: 2605.11464 <}, (p XNy, = 67,9156 = 1.2
Q
= (@
Amplitude Phase (rad) FF (%) BF (1073) %1500’ .
D¥ = gt 0.0(fixed) 2024 £0.97 £0.65 1.60 £ 0.06 = 0.04 = } Data — Fitresult
Dt — K?K*(892)* 2.3440.094+0.09 40.214+0.83+0.26 2.3340.06 +0.03 S 1000} BKG - $(1020)7*
Dt — KZK*(892)T 5.50+0.09+0.09 38.06+0.79+0.25 2.2040.06 4 0.03 = CK892°KY - K'(892)°KY
>
————————————————————— I aa}
I I 0 - N
| B(d KO KO 1 15 2 25 3
22t 0,611 + 0.023 | M, (GeVIey
: B(¢p—KTK™) |
_____________________ I - - - -
Test isospin symmetry breaking with
——— - the » > K*K~ and ¢ - K°K° couplings
BRAMON [3] 0.62 .
FISCHBACH [5] 0.68 . 0.9
BENAYOUN [6] 071 ] [ — PHSPcor. Ave. in Charm: 0.611 £ 0.023
DUBNICKA [17] 0.644+0.017 -
...................................................... B = PHSP + QED corr. || PDG average: 0.740 + 0.031
HBC 1972 [8] 0890.10 - ~._ = PHSP + QED + VMD [ ]PDG fit: 0.690 = 0.014
HBC 1977 [9] 0.71:0.05 — 0.8 +QED -+ VMD corr. D=0,
HBC 1978 [10] 0.82+0.08 —_— B | I
OLYA 1978 [7] 0.70-:0.06 —_— a : :
CMD2 1995 [11] 0.68+0.03 — > 0.7l
CMD3 2018 [12] 0.638=0.022 — L I '
PDG average [1] 0.740+0.031 — B : 1
DG BEIL] o DO90L0OLL || —— - ' '
BESIII Ds [20] 0.593+0.031 — 0.6— : :
This work 0.628+0.032 — i | 1
Ave.in Charm 0.611:0.023 — i : :
I 1 1 1 i I 1 1 1 1 1 1 1 - I 1 1 1 1 I 1 1 1 1 | 1 1 1 1
0 05 1 0.9 0.95 1, 1.05 1.1
R’ g'/g
KK 25




D-VVinD! » ' n

Events / (10 MeV/c?)

20

T (.+. -

g

w
S
1 LI

0.6

J‘I:OJT,

(GeV/c2)

I

M

" (GeV/ c2)

ottt

1

M_

v Measurement of ¢

B(p-mntn~m

)_0.222 + 0.019

B(¢p—~K*K™)
deviates from PDG (0.313 + 0.010) % by > 3o. . B(D+ — ¢P+) =(3.984+0.33+0.21)%

oo (GeV/cZ)

LA et

stat T 0. 016syst

(GeV/cZ)

+ Data
— Fit result

— Background

'B(DJr - wpt)=(00.99+0.08+0.07)%

0

TN

0

PRL 134, 201902 (2025)

wt

S

pure W-annihilation D} - wp™
about 50% D-wave

Dy

u
W+ o pT
d
C P P S
()
S « <« S

Pure external W emission D} — ¢p™

dominated by S-wave

Larger than other WA decays
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Amplitude analysisof D™ - K n¥n*n

7.93fb @E,,,=3.773 GeV

Events / (10 MeV/c2?)

Events / (10 MeV/c?)

Events / (10 MeV/c?)

600f

500

400

200r

1000;

0.6 08 1
M) (GeV/c?)

1500F

1000f

5007

' 15
MK ) (GeV/c?)

Events / (10 MeV/c?)

Events / (10 MeV/c?)

3000r

2000r

1000;

t{ Data

Tgtal fit

——— K (892)°p(770)*
——— (Km),__ p(T70)"

-----

——— K,(1400)(K (892)mm*
I Background

0

26709 candidates with >98% purity
JHEP 05(2025)195

D-VV

v" Measurement of D*

N I_(*Op+

(dominated by S-wave)

Intermediate process

BF (10-2)

Dt — K*(892)°

p(T70)F, K*(892)° — K—nt, p(770)" — 7t 70

4.35 £ 0.07 £ 0.17

DT — K;(1270)°7 %, K1 (1270)° — K~ p(770)T,

p(770)*

— 7t

0.24 £ 0.02 £ 0.02

Dt — K;(1400)°7+, K (1400)° — K*(892)7, K*(892) — Kn

0.46 £+ 0.01 £+ 0.02

D — K(1460)°7F, K (1460)° — K*(892)m, K*(892) — Kn

0.32 £ 0.01 £ 0.02

Dt — K(1680)* 7,

K(1680)*0 — K*(892), K*(892) — Kn

0.25 £ 0.02 £ 0.05

Dt —

p(770)*

— gta0

1.16 £ 0.04 £ 0.05

)
)

— (K~ +)S wavep(770)
)

Dt — K(1460)°7, K(1460)° — K~ (7t 7%)y

0.53 £ 0.05 £0.03

MK (GeV/c?)
800-
600- ;
o - N

A h,

2000 .r’ )

J'I.

0 8 1 1 2 14
MK (GeV/c?)

Dt — K(1460)°xt, K (1460)° — (K~ 7)yn 0.22 £ 0.03 + 0.02
Dt — (K= p(770)T) 4w, p(770)T — 7t 70 0.11 £ 0.01 = 0.01
— (K*(892)m) 4+, K*(892) — K7 0.05 £ 0.01 + 0.01
— (K*(892)07+) 4, K*(892)° — Kt 0.05 £ 0.01 £0.02
— (K= )y p(T70)F, p(770)T — 70 0.03 + 0.01 £0.01
— (K~ (x+70)y) prt 0.05 % 0.01 +0.01

Decay channel and Collaboration

B(Dt — K*(892)°

p(770)*7) (x1072)

Dt - K—ntnt7%, current analysis

6.52 £ 0.11 = 0.26

Dt —» K~rtrtaY MARK-III [4]

7.2 +£1.8+£21

Dt — Kg7r+7ro

70, BESIII [21]

5.82 £ 0.49 + 0.29

« B(D* > K ntntn®) = (6.06 + 0.04 + 0.07)%
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Amplitude analysis of D - K=K *n%rn°

60 ‘
8w | | 8 arXiv 2603.25649
s | Ty :
é 20 k é D VV
§ | el B I — 0 *— prx+
IR S e sl v Measurement of DY - K*"K
1 11 12 13 14 15 16 03 04 05 06 07 08
M(K*K) (GeVic?) M(x°9) (GeVic?)
p : (dominated by S—-wave)
o o Amplitude Magnitude  Phase ¢, (rad) FF (%) Significance (o)
S S
£ S DO[S] — K*(892)TK*(892)~ 1 (fixed) 0.0 (fixed) 26.8 + 3.5 + 1.7 >10
£ g DO[P] — K*(892)TK*(892)~ 0.70+£0.08 3.00 +0.16 £ 0.11 8.0+ 1.8 + 0.9 7.3
53] 53]
I D[D] — K*(892) T K*(892)~ 2.01+0.39 533+0.20+013 44+15+05 3.5
M(K x°2%) (GeVic?) D — K*(892)T K*(892)~ - . 40.2 + 4.2 + 1.5 .
21 £ 100 D° — K1(1400) " (— K*(892)*7%) K~ 2.034+0.29 1.17+0.18+0.12 83+20+1.5 6.8
“% ; D — f1(1420)(— K*(892)*K~)n®  0.85+0.14 1.38+0.17+0.24 3.1+08+0.5 -
e g 5 D — f1(1420)(— K*(892)"K*)n®  0.85+0.14 1.38+0.17+0.24 3.1+08+0.5 -
; ; DO — f1(1420)x° - - 81+21+11 7.7
4 o 4 DO — n(1405)(— ao(980)7°)7° 1.664+0.18 2254 0.26 £0.30 19.0 £ 2.9+ 1.9 7.8
ol ! 0 S e e n !
12 13 _1-4 5 16 17 07708 03 1T 12 DO — 1(1475)(— K*(892)" K t)x° 2.064+0.20 120+ 0.15+0.20 14.8 + 1.7 + 1.2 -
M(K'K*x% (GeV/c?) M(K*z9% (GeVic?)
D° — (1475)(— K*(892)TK~)7° 2.06+0.20 1.20+0.15+0.20 14.8 + 1.7 & 1.2 -~
2 —— daa D° — n(1475)7° . - 33.7+39+24 >10
% fit
g - background Total 102.3
S KK~
P K (1400)
g 7 £ (1420~ K'K 0 + _ 0 0 -3
s war-ape B(DY - KTK~n°m®) = (0.73 +£ 0.03 + 0.01)%10

07 08 09 1 11 f2 ———- (475->KK
M(K 7% (GeV/c?)
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D} - K*K*n~ (n")

Data: 7.33 fb!

4.128 - 4.226 GeV

Phys. Rev. D 109, 032011 (2024)
--Doubly Cabibbo-suppressed (DCS) decays

tag L D5 KK .
T T 4(). T T T T . ] — = .opencharm n
- PR - R ) 60p . 10F - 0p- l 1 L 30 Oea ]
D—K'K'n D—-K'KnTr Di—»nnm Di—>KK N - 1
60' T 30_ ] 5 B .other
'\——w—'—d 2
L ] ~
A 0 A 2 N ] S 20:
S =
= 20p 1 10f o C
X - 2 19
f'\S O } } o } N
> 1or D KK 6f Dion, T
§ 0
Ez Sk < + T .DsD;
‘E ,——-ﬂ 2F = o L Ds% K'K TITCO .opencharm
@ § 20 an —
= O Tt o T é’ : .other
15¢ Ds_m“{p"n. 20l Ds_mwp 1op + Data E;’ : +
10p < e — Fit result ;fa 10
Sk h 10r TS : ! o= = =D oK =
1 L ! L = = Background
0 0790 195 2.00 0 Uy o5 300
2
Mtag (GCV/L ) Msig (GeV/CZ)
DCS decay BOE a0+ CF decay Ber® (o l0r2) BhE ok [BEPC (x107%) x tan* O
D} » K¥Ktn™ 124702 40,06 Df - K*K~ =t 5.37+0.10 2341050 0:801012
D;L - KKtz n° - <& [ D'f = Kt E-ntq? 5.504+0.24 < 3.09 < 197
D} - K*K*m~: 33.3%7§ signal events, D} - KTK*n~n®: No significant signal.
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Dt - K+1TO, K+1], K+1], arXiv:2506.15533

Data: 20.3 fb-! 3.773 GeV --Doubly Cabibbo-suppressed (DCS) decays

[ D' K" - D'—>K'n
60 [ Ty [ Ty
- = Data [ = Data
[ —  Totfit 20 —  Totfit
| —- Slgnél - —- Signal
— BK L
40

sideband

M; (GeV/c?) Mjé (GeV/c?) M; (GeV/c?)
Signal decay Dt - Ktqn9 DT — K™n DT — Ktn/
CLEO [12]  2.28+0.36 % 0.17
Belle [13] 1.154+0.16 £0.05 1.874+0.19 £0.05

BaBar [14]  2.52+0.47 £ 0.26
BESIHI [15] 2.324+0.21+£0.06 1.51+0.25+0.14 1.64+0.51+0.24

PDG [16] 2.08 & 0.21 1.25 +0.16 1.85 = 0.20
DASU(3)L [1] 1.59 £ 0.15 0.98 + 0.04 0.91 & 0.17
TASU(3)B [2] 2.54 & 0.06 1.04 £ 0.01 1.07 £ 0.01

GFRE [3] 2.2+0.4 1.2+0.2 1.0+0.1

FDWC [4] 1.97 0.66 1.14

This work | 1.45 £+ 0.06 £ 0.06 | 1.17+0.10£0.03 1.88+£0.15+£0.06




Quantum Correlation

Quantum correlated data: e*e~— P(3770)—D°D?
Best laboratory to measure strong-phase parameters

CP-odd: ¢(3770)= (D°D° -D° D°) = (D,D_-D_D,)
N\

]PC =1

CP-even eigenstate
CP-odd eigenstate

—» D° K-
*Inputs for CPV studies at B experiments . ,

oche O8=7 fDK‘

\. DO K- —/
*The CKM angle y/ds:

self-conjugated decay: CP fraction [, - GLW/GGSZ method,;
strong phase ci(’) and si(’) - GGSZ method
non-self-conjugated decay: the coherence factor R and averaged
strong phase difference § — ADS method
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Determination of

 An update measurement of the asymmetry between
CP-odd and CP-even eigenstate decays into K n™

B(D- — K n")

— B(D_|_ — K_7T+)

—2r8™ cos 68T + y

30% more precise !

Asee = B(D- — K 7t) +

- 557=(187.67

B(D_|_ — K_7T+)

8.9+5.4
9.7-6.4

1+ (rf

5’
EPJC 82,1009 (2022)

=0.132 = 0.011 £ 0.007

Km
op

CP even

CP odd

|

KK~
z'r
o
K_’\‘”ﬁ””
Kll’}xu
Ko

b aF & o

Kix"
Kiniyy)

——

Kp'(nan’) —e—

Kin'(yzx)
Kin'itzan)
Ko
Ko
KI,' ”u”u

R B

——

v o

e

.oe

| I

| IR R

0 0.01

Determlnatlon of CP fraction

i —
o @
'
o .
N
e
., —
o
ot
S
0.0 00: 0.006
Nt
~ (b)
—
'nin® -
—
0005 0.001 15 00:
N-

DY 5 ntn—nt

F, = 0.735 + 0.015

-
+ 0.005
PRD 106, 092004(2022)

Ken'(x n‘n) R
Ken'(e%y)
Kan ———
Kno ——
v ——
e — —4- DT/ST yield ratio
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Quantum Correlated D°D° pairs O o BES]]I

. . . Production mechanism C

% Studies of quantum correlations in —
+ - . YDD ete” — DD ~1
ee 2y — ~ C, = -1 ete” — D*D — DD~ +1
— Quantum correlated C-odd D°D° pairs used at Coo = +1 ete— — DD — DD #° _q
Y (3770) for D-decay strong phase measurements ete~ — D*D* — DD 4y 1
@ First observation of quantum correlations in etet - XDD efe™ — D*D* — DDz  +1
and C-even constrained D D pairs ete” — D*D* — DD 7’z -1

C |DD) = kCexp |DD) — (1 — k)Cexp |IDD)  Contribute more statistics for quantum-correlation studies!!

T T T T
- === Quantum-correlated prediction Y DDc=+1 § 7DD [C = +]1]
DD 1.015 4+ 0.066 I DD[C=-1] § 'DDC=-]] ¥  1y/27°DD [C = -]

By

Production mechanism K

D*D — m°DD 1.028 4 0.024
D*D* — 7DD |1.027 £0.017
D*D* — vv/7°7°DD [0.963 % 0.060

N
1

—
1

Corrected yield
Uncorrelated normalization

k=1: coherent
k=0.5: incoherent

o

' ‘{‘r T i
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Measurement of 8 B o BES]]I

% Sk 1s the strong-phase difference between D° - K~ mtand DY —» K*n~ decays
D —isD AD" — K nt) D i ude of the rati
.6 KT =
Km ADY S K at) Tk 1S the magnitude of the ratio

key input for measurements of the charm mixing parameters and CKM angle v

&% Use the quantum correlated pairs to measure Ok

- - _ S Observabl Val
— CPtags (K*K~,ntn~, ntn~n®, K{nP) ource servable alue
(Tk7zCOSOkr) D — CP TRy COSOK,  —0.070 £0.008 £ 0.0015
T T
D — K3ntn™ . Cos O, —0.044 £0.014 £ 0.0018
— Kdm*m™ tags (rg;C0S8x,; and 1y, Sindy,) D — KSn*n~  rRosindf,  —0.0220.017+0.0031
$® Extract Ok

5D = (192 g+1l.0+1. Z) agree with global average §L = (190.2 4 2.8)°

[LHCb, CERN-LHCb-CONF-2024-004]

% BESIII combination (with BESIII 2.93 fb~14(3770) result) 34
+6.9+3.470 O = (187.6557551)°
5K7T = (189.2T77,737%)
[BESIIL, EPJC 82,1009(2022)]



Expected precision for y

Strong phase measurements with data at E.,, = 3.773 GeV.

Decay Parameter | o ected O expected o(y)ILHCb
(20.3 fb-1) (200 fb-1)

KOh*h- ci, s; 0.5° 0.2° ~5°/Run 1+2
Km Sp =5 ~1.5° -
Knnm R, 6p ~2.5° =7 ~6°/Run 1+2
KK Rcosép, ~3.0° ~0.9° <6°/Toy Run 1+2
Rsindp
h*th™m Ci)Si - - -
T Ci)Si 0.88° ~0.3° ~9°/Run 1+2
KKnm Ci)Si 12.7° ~4° -
Kdnnm Ci» S; ~1.2° ~0.4° -

/

1/5~1/6 smaller (~1°) with LHCb Run 3+4 data



Summary & Outlook

* Charm hadronic decays are key labs to understand non-perturbative QCD

 Amplitude analysis is a robust approach that bridges theory and experiment
* branching fractions for key D — VP decays, including D - K*m and D, — ¢r.
* branching fractions for decays involving scalar or axial-vector
* the CP-even fraction for D° multi-body decays
* measurement of the phi decay
e polarization observablesin D —» V'V

« KJ — K} asymmetry, U-spin symmetry, and quantum correlations

* More interesting results are coming using 20.3 fb~1 ¢ (3770) data.

Thanks for your attention!
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