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BESIII Data near Threshold

* 20.3fb" at Ecm 3.773 GeV: ete™— P(3770)—DD
* 7.33fb'at Ecm4.128 - 4.226 GeV: e*e™— D.D:

Production of charm hadron pair

® y
¢ Tag one side

QK?‘/&(@?’WO) e~ to study another side
)
T l ‘
Fully reconstruction Recoil four-momentum
Clean sample missing particle (neutrino)
Hadronic decays (Semi)-leptonic decays

Absolute branching fraction
Amplitude analysis
etc.
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Motivation

« Charm Decays: The Best Probe of |V ;| and |V ]

Pure & semi-leptonic channels provide the most precise measurement.

oy V.. M 0.97367 + 0.00032 0.22431 + 0.00085 0.00382 + 0.00020
\/CPI?I\%}?O24 = |(V; V= V4| = 0.221 + 0.004 0.975 + 0.006 0.0411 + 0.0012
Viie Yo Y 0.0086 + 0.0002 0.0415 %+ 0.0009 1.010 + 0.027

* Verifying the unitarity of the CKM matrix to test the SM.
V4% + |Vosl? + |Vy|? = 0.9984 + 0.0007 ~0.07%

Veal? + [Ves|? + [Vep]? =1.001 + 0.012 ~1%



Motivation

Leptonic decayf

G 0t
W+
DI - fD<+s>
X V*
X
| X %
+ — S 2
]p — O— F(D(S) 4 l+1/) = 87 |VCd(S)| my mD(-I;) <1 - m12)+ >
(s)
— s 2 my m,;
P = (DY - 1Tv) = © v o+ | 1 — 1
J 1 ( )~ V) oy | cd(s)| mD(;g m12)*+ + m123*+
(s) (s)

* |Vea(s)| measurement = Test CKM matrix unitarity

* Decay constant measurements = Calibrate LQCD calculations
e Ve 1 v Ty

D*10™>: 1 :2.67

Test lepton flavor universality (LFU) DY10°5: 1 :9.75

* Branching Fractions B, ;; =



D" - utv,

20.3 fbl@E_,,,=3.773 GeV PRL 135, 061081 (2025)

| 4Data
600 genppr  [Vsig =2833E£57 4 e Tp ., =T9, . [1+2C,] = Radiative
= I :#}:ﬂ})ackground 4 ] correction term
E 400 ‘_:gilzf*bvgl\lfggmund 1 1 Short-distance electroweak correction increases
= i BF by 1.8% [PRD98,074512, NPB196,83]
§ I 2 Long-distance electroweak correction [inner
% 200 [~ bremsstrahlung and virtual pho&on] reduce BF
3 I ) ] by 2.5% with 0.6% uncertainty of unknown

X P - electromagnetic correction [PRD98,074512]

%22 01 00 oL N

My (GeV?/c?) D* - yu*v, background is simulated in the fit

B(D* - utv,) = (4.034 £ 0.080 + 0.040)x10~*
Precision is improved by 2.4x

fo+|Veal = (48.02 £ 0.48 & 0.24 + 0.12,,¢ = 0.15g) MeV

fpr =(2135+21+1.14+ 08+ 0.7) MeV (~1.2%) Most precise
|Veal = (0.2265 + 0.0023 + 0.0011 + 0.0009 £ 0.0007) 8



DT - ttu,viatt - Ty,

+ +
D™ = 77, 7.93 fb1@E,,=3.773 GeV  Ng;q = 283 + 32 JHEP01(2025)089
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B(D* > ttv,) = (9.9 + 1.1 + 0.5)x10~*
FotlVeal = (459 £ 2.5 + 1.2 + 0.1j,,,) MeV

fo+ = (204 + 11 + 5+ 1) MeV (~5.9%)
Voq| = 0.216 + 0.012 + 0.006 + 0.001 (~6.2%)

LFU: ;—T = 2.45 + 0.31 consistent with SM 2.66 + 0.01

u
To be updated using the 20 fb™! full dataset
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D" - e v,and D™ - ye™v,

20.3 fb'@E,,,=3.773 GeV

CPC 49, 063001 (2025)

CPC 49, 083001 (2025)

T

80 __ 20 —— Data =
18 — Fit (@ 3
T el t Data % 16E N\ Signal 3
N% - — Signal E 14E D* - n%*v, BKG =
§ - D" —>n’e'v, BKG S 12 Other BKG 3
S 40— = -
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= 20 & 6 g ..
i ! 4‘ Tl
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D* — e*v, is helicity suppressed. D* — ye*v, can reduce this suppression.
Theo. Prediction: B(D* - e*v,) < 1078, B(D* - yetv,) = 107>~ 1073
B(D*T - etv,) < 9.7x107% @90% C.L.
B(D* - ye*v,) = 1.2x10™> @90% C.L.

Help to estimate background in D™ - u*v,
10



Comparison of [+

| | | |
ETLAGZI(2+1+1EPJC82(2022)|869

|
212.110.7

FMILC(2+1+1) PRD98(2018)074512 212.7+0.6
FMILC(2+1+1) PRD90(2014)074509 212.6+0.4
ETM(2+1+1) PRD91(2015)054507 207 .4+3.8
ETM(2+1+1) LATTICE2013(2014)314  202.0+8 ——i

FMILC(2+1+1) LATTICE2013(2014)405 212.3+0.3+1.0
FMILC(2+1+1) LAT2012(2012)159 209.2+3.0+3.6
HFLAV21 ............ PRD107(2023)052008 ............... 2 OSIi 44 ..............................................
CLEO,uv PRD78(2008)052003 207.248.7+2.5
BESIII,uv 2.9fb" PRD89(2014)051104 204.2+5.3+1.7 e

BESIII,tv 2.9fb  PRL123(2019)211802224.7+22.5+11

BESIII,tv 7.9fb,PRL123(2019)211802204+11+5

BESIILUV  203fb",PRL135061801  213.5+2.1+1.5
| ] l l l l l | |

0 100 500
f . (MeV)




Comparison of f ¢

EfM@i1+1)  PRDOY(2015)054507' ' od7ockq T |
FMILC(2+1+1) PRD98(2018)074512 249.9+0.4
FLAG21(2+1+1) EPJC82(2022)869 249.9+0.5
HFLAV21 PRD107(2023)052008 252242 5
CLEO PRD79(2009)052002, t,v  251.8+11.2+5.3
CLEO PRD80(2009)112004, v 257.0+13.3+5.0
BaBar PRD82(2010)091103, 1., v  244.6+8.6+12.
Belle JHEP09(2013)139, 1o, v 261.1£4.8+7.2
BESIII 6.32 fo'' PRD104(2021)052009, t,v  249.7+6.0+4.2
BESIII 6.32 fp! PRD104(2021)032001, ©,v  251.6+5.9+4.9
BESII 6.32 fo'! PRL127(2021)171801, 1,v  251.12.4+3.0
BESIII 7.33 fb'' PRD108(2023)092014, t,v  255.0+4.0+3.1
BESII 7.33 fo' JHEP09(2023)124, 7,v 253.4+4.0+3.7
BESIII 10.6 fo! PRD110,052002, tv, D'Ds  259.6£3.7+4.6
BESIII 0.482 fb''PRD94(2016)072004, uv =~ 245.5+17.8+5.
CLEO PRD79(2009)052001, uv 256.7+10.2+4.0
BaBar PRD82(2010)091103, uv 264.9+8.4+7.6
Belle JHEP09(2013)139, uv 248.8+6.6+4.8
BESIII 3.19 fb'' PRL122(2019)071802, uv ~ 253.0+3.743.6
BESIII 6.32 fo'' PRD104(2021)052009, uv  249.8+3.0+3.9
BESIII 7.33 fo! PRD108(2023)112001, v, 248.4+2.5+2.2
BESII 10.6 ib™ PRD110,052002, uv, DDy 253.2+6.1:3.7

BESIII Combined 1V

BI?SIII Combined TV + Uv
]

253.93+1.54+1.82

252.08fr1 .34+1.8
I |

2
|
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f
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Outline

*Charmed meson

*semi-leptonic decays
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Motivation

Semileptonic decays cq\ M
¢ N (WY TN Y e e e e e e e

D+ I
(s) 7 | P = pseudoscalar
¢ — I'S = scalar
P ~ 'V = vector
f ? ' :
* | A = axial-vector
Gip3 2 2
2 F
dr/dq* = X —|Veae | |f+(a*)]
' Weakinteraction: | Strong interaction: |
CKM matrix | |  Form factor

_______________________________________________

|Vea(s)| measurement = Test CKM matrix unitarity

Form factor f, (0) measurements = Calibrate LQCD calculations
* Branching Fractions B, ;. = Test lepton flavor universality (LFU)

e Rare decays = Search for new physics effects beyond the SM =



D - Pl+Ul

I(D - PUvy)/dq? o |Veaes)| |+ (a?)]
PRI 2 o (Bpe + B, 1B+ ol

* Fit the measured partial decay width in different g bin

* Taking the correlations among g* bins into account

* FF parameterized in different form

v" Single pole model v" Modified pole model
0 0
fr(a®) = f+(q)2 fr@) =—— Lt 7
1- M12wle (1 - Mzz)ole)(l - aMlz)ole)
v 1ISGW?2 model v’ Series expansion mode
2 (0]

£4(8?) = f+(@had) 1 + = @hax — )72

ao(to)(1+ ) Ti(to) [2(2, to)*
k=1

1+ = b oa t)



D - K¢tv,(£ = e, )

PRD 110, 112006 (2024)

7.9fb1@E ., =3.773 GeV

10° . .
D'— Ke*v, D'- K urv, D 0
\ y*mdf=1.7 y2mdf=1.4
10
> 107 i // R .h...---;"i<r«”"""’*t::;:.-,,—, .......
© Al e e’ porolics et el .
& o S
3
g 1 : : : : : :
€ 10°F D' - Kgetv, D'— Kgutv, DT
2 v2mdf=0.7 y2mdf=1.1 E
S 10°
= » ]
102 ///\;'L"-._,,:‘: . : /“L—/,\—: 4
/// ,,,,,,,,,,,, . J’a': R4 o .,,'T'::,____E
1 e [/1"J_.‘J. RTEPETE: =\ i :-:I_ .' T N R
-0.1 0.0 0.1 -0.1 0.0 0.1
Umiss (GeV)

* BF measurement:

B(D° > K~e*v,) =(3.52140.009 +0.016)%
B(D® - K~pu*v,) = (3.419£0.011 £ 0.016)%
B(Dt - K% *v,) = (8.864 + 0.039 + 0.082)%
B(D* - K°u*v,) = (8.665 £ 0.046 + 0.084)%
 LFU test (SM: 0.975%0.001):

R2/eK” = 0.971 4 0.004 + 0.006(~0.7%)

RD K" = 0.978 £ 0.007 + 0.013(~1.5%)

AT/AqQ? (ns'GeV2c4)

- -
| Decay width in q? bin

q
!

1001 D'—Ketv,
<data
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—z series(2 par.)

100 D'SK ',
<data

—1z series(2 par.)

50 .

1001 poRev, ]

I -<data |

—z series(2 par.) |

S0 .
100 i D"—>K0u"v'l

<data ]

—z series(2 par.) |

50 1

0.0 0.5 1.0 1.5
q2 (GeV¥/c?)

X))

1.5}

D‘)—>K'e"ve
edata
-z series(2 par.)

1.0}
0.5} .
- DOAK'p."vIu
[ edata
1.5 - -z series(2 par.)
1.0}
0.5} -
L D'>Kety,
[ edata
1.5 - -z series(2 par.)
1.0}
0.5 -
L D'>K phv,
[ edata
1.5 = series(2 par.)
1.0}
0.5 [ 1 1 L
0.0 0.5 1.0 1.5
q? (GeV¥c?) 16




D - K¢tv,(£ =e,n

Simultaneous fit

K2 PRD 110, 112006 (2024)
e T f+ (@)

(a) r(©
~ -.—Datan:E']e"ve E L — This work | T T T | T T T T T T
".‘: :%ge;lf eve 4 L5¢ LQCD calculation v LCSR Int. J. Mod. Phys. A 21, 6125 (2006)  0.661+0.067 —_—
Il —Kety, ~ LQCD uncertainty I LFQM J. Phys. G 39, 025005 (2012) 0.79:0.01 -
"y 50_' ] Mf: I ] CCQM Front. Phys. 14, 64401 (2019) 0.78+0.12
o Ir ] RQM  Phys.Rev.D 101, 013004 (2020) 0.716 .
S LQCD Phys. Rev. D 96, 054514 (2017) 0.765+0.031 —
< [ ] LQCD Phys.Rev.D 104, 034505 (2021) 0.7380+0.0044 >
0 05 1 —15 0~50 B ¥ B LQCD Phys.Rev.D 107, 014510 (2023) 0.7441+0.0040 - LQCD
G (GeV/c!) G (Gevycl [ LQCD_ PhysRevD 107,094516 2029 ozdsasoonst | * . 0.4%
F ' ' iy /A [ ' ' fOK (qz) Belle  Phys.Rev.Leit. 97,061804 (2006)  0.695+0.007:+0.022 — ’
Aso: @Data:K'u*v ] r (@ ' ] BaBar Phys.Rev.D 76, 052005 (2007) 0.727+0.007+0.009 —
».T; I :Raﬁe;ﬁou*Vi I E‘gscﬁ‘fjjwlaﬁon ] CLEO Phys.Rev.D 80, 032005 (2009) 0.7365+0.0041:0.0041 -
& 601 —K"wv: 1~ LQCD uncertainty ] BESIII Phys.Rev.D 92, 112008 (2015) 0.7478+0.0062:+0.0113 —
2 40l - R “f; [ . BESIIT Phys.Rev.D 96, 012002 (2017) | 0.7245+0.0041+0.0115 —
o ~ . 1 ] BESIII Phys.Rev.Lett. 122, 011804 (2019)  0.7327+0.0039+0.0030 o
SZO_ um a\ss ] M BESIII Phys.Rev.D 92, 072012 (2015) 0.7367+0.0026:0.0036 .
< \ [ ] This work Simultaneous fit of D— KI*v 0.7366+0.0011+0.0013 *
[ 015 11 1I5 4 0.50 015 i 1I5 | 1 1 ! | ! 1 1 | 1 ! 1 |
’ T @GV T @GV 0.2 0.4 § 06 08
________ A K(0)
L decay width in g2 bin | | Form factor in ¢* bin |

> f£(0) =0.7366 + 0.0011 + 0.0013 (~0.24% ) improved by > a factor of 2

> Main uncertainty of |V.| from the LQCD calculations in the input fX(0)(~0.42%)
17
(~2% before)



DT - né v,({ =e,n
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l T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T
LCSR  JHEP 1511,138 (2015) 0.429+0.165+0.141 H—e—H
LCSR  Phys.Rev.D 88,034023 0.552+0.051 b4
LFQM  Phys.G 39,025005 (2012)  0.71 .
CCQM  Phys.Rev.D 98,114031 0.67+0.11 e
CCQM  Phys. (Beijing) 14, 64401  0.36+0.05 Hed
CLEO  Phys.Rev.D 84,032001 0.38+0.03+0.01 jol
BESIIT Phys.Rev.Lett.124,231801  0.39:+0.04:0.01 o ~9.0%
BESIII Phys.Rev.D 97,092009 0.35+0.03+0.01 ol ‘
This work 0.345+0.008+0.003 ¢ | ~2. 504
I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 |
-2.5 -2 -1.5 -1 -0.5 0 0.5

£1(0)

B(D* - netv,)

B(D" - 77.U+Vu)

arXiv: 2506.02521, submitted to JHEP

1.5 {
(@) ®n u'v i
—_ series(% par.) (W) ¥ nzze’”v:l (b) .
~ |- .zseries(2 par.) (e) ®N"__H*V 0.8
3 | ¥ ev! ; f+ (0)
N 11. |
% L 0.6
2 Al < L
2 2 s |
= = 0.4
=05 4q =k
g [
— 0.2
< [
% 0.5 i 15 % 0.5 1 15
q2 (GeV¥ %) q2 (GeV¥ %)

BF measurement:

(9.75 + 0.29 + 0.28)x107*

(9.08 + 0.35 + 0.29)x10~*

LFU test:
Ry/e = 0.93 + 0.05 £ 0.02(~5.8%)

Form factor

F2771(0) = 0.345 + 0.008 + 0.003(~2 5%)



Dt - nttv,( = e, )

1 _ PRL 134, 111801 (2025 :
20.3fb1@E .,,=3.773 GeV : (2025) )
X n B ' _ L + ]
100k D" TI'H+Vu —— Data 100 D' — netv, —— Data 0.6 L 4D - n'lvl+Vp (a) | 1.5 - — This work ---CCQM [1] (C) 5
—— Data fit I — Data fit __ J [ —..CCQM [6] —LCSR [7] ]
i ==D'5n'n" L Other background L Data fit r 1
S‘ ) » _ | -~ LCSR [8] ---LCHO [10] ]
> - == D'on'ntrw e
&) L Other background -
= |
S so 50
z | : 2
5 _—|—|—|—|- AF/A q H . } } } -
2 I &D" - ne'y, (b) 1 " 4 AT,/AT, (d)
0 N 0 . < | — Data fit | 4-_ — SM prediction _
—0.2 —0.1 0.0 0.1 0.2 0.2 —0.1 0.0 0.1 0.2 z 0.4 1 o -
U, i (GeV) - |
: : ’ 0.2}
» First observation of D™ - nu™v, (8.60) ™

B(D+ N 77,/1+VM) — (192 i 028 i 008)x10—4 0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8

q? (GeV?/c#)
B(DT »ne*tv,) = (1.79 +0.19 + 0.07)x10~* (precision improved by 2.4 times )
* LFU test: n —n mixing angle:
Ryje = 1.09+0.19 + 0.03 ¢p = (3981 08+ 0.3)°

« 10|Vl = (5.92+0.56+0.13)x1072

19

* f1(0) =0.263 + 0.025 + 0.006



Comparison of |V 4]

1.6%

The semi-leptonic decays have
potential to yield better precision

(Stat. Uncertainty < 0.5%) depending

on the uncertainty from LQCD.

2%

I I I I I I I I I I I I I I
éKMfitter PD(L | 0.22486to.50067 s
HFLAV21 PRD107,052008 0.2208:0.0040 L
CLEO PRDB80,032005,x""e*v, 0.2381+0.0066+0.0025 ol
BESIII PRD92,072012,7'e*v,  0.2278+0.0034:0.0023  *
BESII PRD96,012002,x%", 0.2243+0.0058:0.0026 ™
BESIII PRD97,092009,ne*v,  0.2264+0.0338+0.0318 H—+—+
BESII PRL124,231801,nu*v,  0.242+0.041+0.034 H—e—H
BESII PRD110,052012,K’%*v_ 0.238+0.018+0.036 et
BESII PRD89,051104,u*v, 0.2165+0.0055+0.0020
BESIII PRL123,211802,tv 0.238+0.024:0.012 ——
BESIHI JHEPO01,89,t*v, 0.216+0.012+0.006 Fed
BESII PRL135,061801,u*v,  0.2265+0.0023+0.0015 ¢
BESI o, Oqm [8FT1€ Y. 020800100007 | Y,

-06 -04  -0.2 0 0.2
IV |
cd

The current best precision is
from pure-leptonic decays

20



Comparison of |V |

I I I I I I
CKMFitter PDG 0.97349::0.00016 .
HFLAV21 PRD107,052008 0.9701:0.0081 . B
CLEO  PRDS0,032005 Kew, 09648:00000-0078 —— | K& v, simultaneous fit (stat sys~0.2%)
0L+
BESW  PRDOZTIZONS K 087700080016 [ Main systematic uncertainty from the
BESIII PRD96,012002, Ke'v, 0.946+0.005:0.016 ...
BESIII PRD92,072012, K'e*v,  0.9624:0.0034:0.0062 : LQCD input f _|{< (O))
BESIII PRL122,011804,1< uv,  0.9572:0.0050+0.0057 ' 0.5%
BESIII PRD110,112006,Kr, 0.9623:0.0015:0.0043 :
BESIII PRL122,121801, ne*v, 0.900:0.020+0.057 e
BESIII PRD108,092002, ne'v, 0.913:0.014+0.057 !
BESIII PRL132,091802, nu*v, 0.911+0.020:0.057 ot
BESIII PRL122,121801, n'e’v,  0.903+0.060:0.077 i
BESIII PRD108,092002, n'e’v,  0.941:0.044:0.081 et
BESIII PRL132,091802, n'u'v, 0.907+0.067+0.078 H——H
BESIII |Combine uv+TV 0i9820¢0.0052¢0.0071 °| 1.0% The best precision for
— 1 — 0 — 1 pure-leptonic decays is 1%
IV |
CS
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D - K*(892)l"v;( = e, u)

e BF measurement:
7.93fb'@E,,,=3.773 GeV

B(D® > K°n~p*v,) = (1.373 4 0.020 £ 0.023)% PRL 134, 011803 (2025)
B(DY - K°r7etv,) = (1.444 4+ 0.022 + 0.024)% JHEP 03 (2025) 197
B(D* - Kdn%e*v,) = (0943 +0.012 + 0.010)% JHEP 10 (2024) 199
B(D* - K{n%u*v,) = (0.896 + 0.017 + 0.008)% PRL 135, 171801 (2025)
 Using the Partial wave analysis method « FFofD — K*(892)

B(D® > K*(892) u*v,) = (2.062 % 0.039 + 0.032)% v (0)
= = 1.42 4 0.03 + 0.02 (3% — 49
B(D® - K*(892)"e*v,) = (2039 + 0032+ 0034)% "V~ A (0) - r2 T 003 £002(3% —4%)

B(D* - K*(892)%%v,) = (5.29 + 0.07 + 0.06)%

P 0,4y = (5 ) ry = 420 _ 575 +0.03 + 0.01 (5% — 6%)
B(D* - K*(892)°u*v,) = (5.00 + 0.10 + 0.06) % A1(0)
<+ Data Hm Simulatied background [ Fit
- 4 (a) X2/Nbin = 1.4 <1 (b) X2/Nbin = 1.1 4 (c) X2/Nbin = 1.2 6 (d) Xx2/Nbin = 0.8 (e) Xx2/Nbin = 0.9
O O 3 +
s &= 4 ) 4 +
22 T 1AW — M%{L\ S 2 M
= = o 2 N o . M
o 20 ~ =2 °1
C:D 0 30 2 0_ S 0 I—L| S 0_
NS 7 X2/Nbin = 1.0 NS 3 + +)(2/Nbin =12 2 7 X2/Nbin = 1.0 ; 1 X2/Nbin = 1.2 : . X2/Nbin = 1.0
X g X ol S s * |5 £
@ n? e e 04 * J
C C 0 w
E 2 E 1 2F *, 2
0 0 ( mnn S ——— 0_—-‘ ( e —— 22
0.5 1.0 0.0 0.5 1.0 -1 0 1 -1 0 1 . . .
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D - K*(892)l"v;( = e, u)

Jn atn o S R N - O T 7.93fb1@E,,,=3.773 GeV
) ﬁfﬁ%g'** HeoTH % PRL 135, 171801 (2025)

-0.1

e = I N
< . ' < IR s e e e ——n

4 R i ST

2 03

oo oot N
S IE: | UFE - LRUtest

0.0

0.1—% n 0.1:*:_1_ | +_“_ Ru/e — 0.94‘ i 0.02 i 0.01

0.1

= 0.0 3 !
o =2 0.0 * T

== 3
T

©
@ 0.0

——

TH

-0‘;0 0.2 0.4 0.6 0.8 1.0 -0';0 0.2 0.4 O::B 1.0 -0.;0 0.2 0.4 0.6 0;’:! * lsospin teSt:
. 'qz ('GeVZI/c“). . . ‘qz (.GeVZI/c“)' . ‘ .qz (-GeVZ'/c“)' .
0.1 0.1 _ = 4, -|— . -I— .
% 0.0 :i::-‘?:—{—_“_’so.o _+__"_ — RK 77:+/K.87T0 4 02 - O 06 — 0 10
|  First measurement of full set of CP asymmetries

g2 (GeV?/c*)
—o—

e and averaged angular observables with A.p

——]

——

« All measured null-test observables A.p, < S;_¢ >

ne-
'0-2_1_:*: -0.3

o1 +% @szi;tq;!_* and < A,_o > agree with the SM predictions.

11 0.0 0.2 0.4 0.6 0.8 1.0
g? (GeV?/c*)
21.0
3
I } :
FF g

0 00 02 04 0.6 0.8 1.0
g2 (GeV?/c*)



Events / (0.010 GeV/c?)

D+ — foe+ve

7.33fb @Ey, =4.128-4.226 GeV (e*e” — DD

D
o

B
o
T

553
(=)

0.8

PRL 132, 141901 (2024)

10

dI'/dg? (ns'/GeV?*/c#)
~
1

(a)
--Data
—Fit

x2/NDF = 0.8

ccoM 039002

0.5

q* (GeV¥c*)

* BF measurement:
B(DF - £,(980)e™v,, f,(980) » t*m~) = (1.72 + 0.13 + 0.10)x1073

(b) -
o7k LFQM  0.24+0.05
LCSR  0.30+0.03 .
—~
“;a: 06 F QCDSR  0.48+0.23
= QCDSR  0.50+0.13 — .
05F % | pr 0.46 .
2
8| CLFD 045
04 [ g
% | Thiswork 0.518+0.018+0.036 bt
0.3 . 5 |- L L |- L L L L L L T L L
1 0 0.5 1 ° =02 0 0z 0.4 0.6
2
% (GeV7/c*) f °(0)

¢ = (19.7 + 12.8)°( s5 is dominant based on |f;,(980)) = sing |\/%(uﬁ + dc?)) + cos|ss))

* First form factor measurement with simple pole model and Flatte formula:

This work

CLFD [6]

DR [0]

QCDSR [7]

QCDSR [8]

LCSR [9] [LFQM [11]

CCQM [12]

10(0)

0.518 :l: 0.018stat :t 0.0365yst

0.45

0.46

0.50 £0.13

0.48 +£0.230.30 £ 0.03|0.24 = 0.05

0.39 £+ 0.02

Difference (o)

0.1

0.2 4.3 4.3

2.8

¢ in theory

(32 £ 4.8)°

(41.3+£5.5)°

35°

(8F2h° (56 £7)°

31°

£10(0)|V,5|=0.504 + 0.017 + 0.035
* Form factor f.°(0)=0.518 + 0.018 + 0.036

.« BT - £,(500)etv,, f,(500) > ntr™) < 3.3x10

~4 3t 90% C.L.

24




D - ag/fol™vi(€ = e, p)

> mtn Tty 2.93fb" @Eq,=3.773 GeV PRD 110, 092008 (2024)

r .0 15—
_10°F = data _ = data : ] [ ]
g : — signal(p’u*v,) < 10 — signal(p’e*v,) ~ 08 (@) T [ (b) |
= F — signal(f (500)u*v,)| = — signal(f (500)e*v,) 0 w1 [ . ]
§ .- D+—>(1)}Lo*’vM ' § 10° == D'>0 eOJ'Ve % 0.6 : +£0(§gg)e+\’e b 1.0 —Zserles 7
g == other BKG é , == other BKG _E.'? ey 4 £,(S00)*v, 1 < I 1 i
P P £ 04 1 &t ! '
5 5 10 e 0.5~ =
2 2 <02 5 : ]

14 1 . N, I E E \l\__z : ;
0.5 1 0.0 —————t— 0.0 ———t
M,.. (GeV/c?) M,.. (GeV/c?) 8-0 0.5 - (Gel\';()2/64) 1.5 2.0 8.0 0.5 - (Gel"?zlLA) 1.5 2.0

* BF measurement:
B(D* - fo(500)u*v,) =(0.72+0.13 % 0.08)x1073
B(D* - f0(500)8+1/e) = (0.60 + 0.06 + 0.05)x1073
* FF measurement: f 9(0)=0.350 + 0.027 + 0.015

D° - m~ne*v, 7.93fb'! @E,,,,=3.773 GeV PRD 111, L091501 (2025)
| Caof : @ (P S o
g < :
O 1sf T 3 |
S < 2f \ i
S10 E : ] ]
2 5 N ]
Er 5 ;
° 0 - I0f2‘ | I0f4l | IO.I6I -
Uniss (GeV) 7 (GeV¥cH) 7 (GeVY/cd)

* BF measurement:
B(D° - a4(980) e*v,,ay(980)" > nn) = (0.86+0.17 + 0.05)x10~*
* First FF measurement: f,°(0)=0.559 + 0.056 + 0.013 25



Event / (40 MeV/c?)

Event / (40 MeV/c?)

arXiv: 2407.20551

20F (a)

1

Event/ (10 MeV)

B’ K rn’
- non-DD decays

Other D decays

Event / (10 MeV)

- H 0 n 1 h P S =
v 1.2 14

M, (GeV/c?)

D - by(1235)e™v,

Events / (5.0 MeV)

D - A'€+Vg

7.93fb'@E_,,,=3.773 GeV

- p'— Kznﬂe*vc
- ) LN Kgn+n'n"

=a) =]
> >
— T T

FS
>

[\
>

o0
>

D
>

=
<>

Events / (5.0 MeV)

[
=] (=)

0 -
—0.10 —005 0.00  0.05

(GeV)

mlSG

PRD111, L071101 (2025)

[ ¢ Data

[ — Signal

[ —BKG I

- —-BKG II
[ _.BKG III
[ --BKGIV

—_—
/<

iy NSy

~0.10 0. 05 0.00 0.05 0.10

(GeV)

mlSS

D - K;(1270)u*v,

First observation of D® — b;(1235) e*v, and evidence for D* - b;(1235)%"v,

B(DO > by (1235) e *v,, by (1235)™ - wr™) = (0.72 £ 0.187 00

)Xx1074(5.20)

B(D* — by (1235)%*v,, b;(1235)° » wn®) = (1.16 + 0.44 + 0.16)x10~%(3.10)
First observation of D — K;(1270)u*v,

B(D° — K1(1270)"u*v,) =(0.78 £ 0.11

B(D* - K, (1270)u

tv,) = (2.36 + 0.20

+0.05

—0.09 —
+0.18

—0.27

+0.15)x1073

+0.48)x1073 e



Events / (5 MeV)

D - R1(1270)e+ve

20.3fb'@E ., =3.773 GeV Phys. Rev. Lett. 135, 091801 (2025)
F C - 1.0
200F (@) <+ Data 2005— (b) il{:‘?‘ i
150 — %?&ground 150 D"gn—> Krn'n'm 0.5
- — Background
100 F £ 0.0
505 -0.5
01 005 0 005 01 015 01 005 0 0.05 1.
Umiss (GeV) —~ T - ;
. - E 2@ = B
 First determination of the FF of X A | f o wmy
2 2 e T LFQMLI [9]
—_— g 3 - / —— LFQM2 [10]
D - K;(1270)e*v, and extractthe 8, 2. 2 |,
| g
— ) )
ry = —(4.3+1.04+2.4)x1072 2 | 3 ,
R0 RO 80 TR 20 80
0K, (°)

r, = —(11.2 4+ 1.0+ 0.9)x10~2
_ Ok: the mixing angle between
fDq—>K1(127O) = fDq—>K1A sin O + fDq—>KlB cos Ok K1(1270) and K;(1400)

* The BF ratio of the two dominant components in the K;(1270) decay to be

B(K1(1270)->K*m) _ .
B(K1(1270)>K*p) (203+2.1+87)%

 Up-down asymmetry A'ud = 0.01 £ 0.11 (Consistent with SM predicted values
0.092 + 0.022) 27



Outline

*Charmed meson

*hadronic decays

)

M;W (GeV
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Why study hadronic decays of charmed mesons?
» Topological Diagram Approach

Mode Amplitude
M, D’ = Ktn™ A45(1.23T + E)
N@ A Y M DZ - Kzn() L a(C~E)
<> <> o \\ f " D"~ K™ Ads [% (C + E)cos ¢ — Esin 45}
\/ D° — K%' Ads {ﬁ (C+ E)sing + Ecos qb}

Dt — Kzt Aas(C + 0.71A)
Dt - K70 L 24s(1.23T = 0.71A)

(a) T ) C
[ g 1"\11 \ A\ll D+ N K+ 1 \/5 .
| ‘ . | n Aas [ (1.05T + A) cos ¢ — 0.81A sin (/)]
' |
\.\ ,‘ M J W o DT — K™ /Lb[ (1.05T + A) sin¢ + 0.814 cos (]5}
’ Df — KK+ gs(1.27T +1.03C)
) E () A

» D — PP: high efficiency, 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. Well defined
quark content of V. Better than the PP and VV, due to the multiple-
amplitude composition of P and the polarization in VV.

S-S

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



Observation of D - a,(980)n

MA(mm) (GeVZ/ch)

Events/(25 MeV/c?)

—
o
S

(o
=)
T T

1 2
M2(mm) (GeVZ/cd)

- ()

1678 candid

| |
Events/(25 MeV/c?)

eV

Events/(25 M

1 e CLlaia P TY S 3l 1.5 cad
M(mm) (GeV/cd)

B(D” - ay(980) " c™)/B(D” - a¢(980) ") =7.5 +
_O-Sstat.

p™

Gt ey,
h LT

P 2,(980) "
- 2,(980)T |

50

1
M@m) (GeV/c?

N7/

-

'
)

ates with 74% purity

R SO —

05 1

M () (GeV/c?)

MEm) (GeVZcd)

Events/(25 MeV/c?)

7.9 @E y=3.773 GeV _

80f
60|
40¢

2014,

1 l 1 1 1 1 2 1
MA@ (GeV?%cY)

St

1226 candi

Phys. Rev. D 110, L111102

Events/(25 MeV/c?)

Events/(25 MeV

Gi‘

T 15
M (1) (GeV/cd)

100" pM .
I (f) ..... a0(980)+7t0
T a,(980)°n*

501 | .
I ++ ++ : 4 ++ |
L i + ]
0== R

- D
S [e]
T T T T T

[\
[en)
T T

M) (GeV/cd)

dates with 66% purity

\**/

B(D* - a9(980)*1?)/B(D* - a((980)°n") = 2.6 £ 0.6, + 0.3y

= Disagrees with theoretical predictions by orders of magnitude

The external W-emission diagram dominates the D — a4(980)m decays in the diquark

scenario, contrary to expectations of its negligible contribution due to the very small
a¢(980) decay constant[1].

[1] Phys. Rev. D 105, 033006(2022).

—_




S 011904 (2025)
C\/l(; — — T — T Component
= - ] fo(1370)p*
% 200:— ¢ 7 £0(980)p"
S » | f2(1270)p"
O 1502_ (pTp")s
— - (p(1450)* 0%
\\/ 100__ (pTp(1450)°) p
% F 1 [On oa
GC,) 50:_ . w((pr) > m )T
> 03 ai (p°7*)sm°
L al((pm)s = wrm~w0)mt
0.5 _1 0 1.5 5 7r(13%0)0((p7T)P = atr a%)rt
M(nrn®) (GeV/c?)
T T |
. B(Ds-l_ — qbn"', ¢ — 7'[+7'[_7'[0) HBC 1972
_ OSPK 1976
= (5.08 £ 0.32 +£ 0.10)x1073
ND 1991
- — + -
* B(Dy - ¢n™,¢p > K"K™) CMD2 1995
= (2.21 4+ 0.05 + 0.07)% CMD2 1958
/ SND 2001
D} > K*K-m*t PRD 104,012016 CMD2 2011
___________________ PDG fit
I B + 0 I BESIII( +t- 0 0)
| BOoT T ) _0.230 +0.014 +0.010
: B(¢p—~KTK™) : BESII ("t )
|
!

Study of D} - ¢(nTn n®, KT K )n*

D+ —>T[ T 7.".07.[+ Phys. Rev. Lett. 134,

First Measurement

Phase (rad)

FF (%)

BF (107%)

0.0(fixed)
3.99+0.13 £0.07

249+38+21
126 +2.1£1.0

5.08 £0.80 £ 0.43
2.57+0.444+0.20

1.11 £0.10 £0.10

95+£1.7£0.6

1.94 £0.36 £0.12

1.10 £ 0.18 £0.10
0.43£0.18£0.17
4.58 £0.16 £ 0.09

3.5+£1.2+£06
46x£13x£08
8.6+1.3+£04

0.71+£0.25£0.12
0.94+0.27£0.16
1.75£0.27 £ 0.08

2.90+0.15+0.18

249+12+04

5.08 £0.32+0.10

3.22£0.21 £0.09
3.78 £0.16 £ 0.12
4.82+£0.15+0.12
2.22£0.14 £ 0.08

6.9£08=£0.3
125+1.6+£1.0
6.3+£19+£12
11.7£23+£2.2

1.41 £ 0.17 £ 0.06
2.55 & 0.34 + 0.20
1.29 4 0.39 & 0.24
2.39 4 0.48 + 0.45

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

| | |

deviates from PDG 0.313 £ 0.010 by > 4o. : L

0

R o ('

IK*K")

0.5



Amplitude analysis of D} — (KoK

+ 050+ Phys. Rev. Lett. 135,
Dy —» KgK|m 161902 (2025)

z
)
> 0+,% N (a) Amplitude Phase (rad) FF (%) BF (%)
> 1000t (]5 KK (892) DF = ¢nT 0.0(fixed) 70.9+ 1.3+ 1.5 1.32 £ 0.05 +0.04
) i KK 892)* DY - K?K*(892)* 0.68+0.1740.21 22.84 1.3+ 1.5 0.4240.03 £ 0.03
\0 I 1K ( D} — K2K*(892)t —2.40+£0.18 +£0.31 17.44+ 1.2 4+ 0.9 0.31 £ 0.02 £ 0.02
S s00l| 1020)r*
g - 0(1020) v Measurement of ¢
(7)) L
E - | T T T T I T T T T
°>) i .- BRAMON [8] 0.62
aa 1 2 3 FISCHBACH [10] 0.68
2 2 4 BENAYOUN [11] 0.71
Mgy (GeV7ie?) |_pusvickarz  osssoorr M -
HBC 1972 [15] 0.89+0.10
. 0 - 0 HBC 1977 [16] 0.7120.05 —
v Observation of the K¢ — K; HBC 1978 17 e -
. 0 OLYA 1978 [14] 0.70+0.06 —_—
asymmetry in the D - K /LV CMD2 1995 [18] 0.68+0.03 —
CMD3 2008 [19] 0.638+0.022 e
(Interefrence of CF and DCS decays) PDG average [13] 0.740+0.031 .
N PDG fit [13] 0.690:0.014 -
. B(D;'—>K§K*(892)+)—B(D§|_—>KLOK (892)+) This paper 0.597+0.033 ——
0 k 0 k | 1 1 1 1 | 1 1 1 1
B(Df -KQK*(892)*)+B(Df »K K*(892)*) 0 L 05 1
= —0.134 £ 0.055ca;, + 0.034gys;, =~~~ - === =" i
Model DAT(F4) __ DAT(r1y) | 282K 597 4 0.023,,, + 0.024
_ I + - — stat — syst
DI — K'K*" —0.164%0.032 —0.150 £0.028  B@=KTKT)
|

deviates from PDG (0.740 £ 0.033) by > 3o0.

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



0,0

T[ PRL 134, 201902 (2025)

D-VVin D! -» nfntn ™ n

T |

(+

20

u
J’_
N . R
c toof 1 1 ] pure W-annihilation D} - wp™
o | T 1 ] about 50% D-wave
- 50 o b
Sart C 1 1 i i
< 0.6 : : ; W—|— B P
0 M, (GeV/c2) M, (GeV/c2) (GeV/cZ) d
+ (b * . c | > S
: T + ++ 7] + Data
' ] +
i — Fit result Dy ¢
; I T | — Background s < < s
' ' N ¥ el + +
M., (GeV,CZ) M, (GeV/cz) Pure externarl W emission D — ¢p
dominated by S-wave
v Measurement of ¢
R Larger than other WA decays

B(¢p-»ntnm

BGRE 2-0222 + 001910 + 001655 'B(D} > wp*) = (o. 99 + 0.08 + 0.07)%




Outline

*Charmed meson

*quantum correlation

/ DO K" \
@) fo K-

B [
\. DO K- ——/




Quantum Correlation

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

CP-odd: (3770)= (D°D° —D° D°) = (D,D_—-D_D,)

CP-even eigenstate \

JPe =17 .
CP-odd eigenstate
/’ 5 K‘
*Inputs for CPV studies at B experiments . ——c> fo -
\. DO K- —/

*The CKM angle y/d;:
self-conjugated decay: CP fraction F, - 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
35



Quantum Correlated D°D° pairs

% Studies of quantum correlations in
ete” > y* > XDD
— Quantum correlated C-odd D°D? pairs used at
Y (3770) for D-decay strong phase measurements

% First observation of quantum correlations in e*et — XDD

and C-even constrained DD pairs

7.13 b~ @4.13 — 4.23 GeV
PRL 135, 171901 (2025)
PRD 112, 072006 (2025)

BESII

Production mechanism

ete” — DD

ete” — D*D — DD~
ete” — D*D — DD 7°
ete™ — D*D* — DD ~

ete” — D*D* — DD 1
ete” — D*D* — DD 7°xn°

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

Production mechanism K

DD 1.015 + 0.066 I DD[C=-1

D*D — vyDD 1.044 4 0.044
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

ﬁ

Corrected yield
Uncorrelated normalization

k=1: coherent

%T

T

=== Quantum-correlated prediction

I
(]

T T

DD [C=+1] & 47"DD[C=+]]
DD [C = —1] § /7°2°DD [C = 1]

_HT _ﬁ_ _h_

k=0.5: incoherent 0 == g T .I.:_L : ] _ ;_L
s K g g KK KT
Ia) NPURCE 0 s | 00 Vs DD _ O yse DO _ 0 s x FVS
DD — i (4 i T AT K5
CP eigenvalue -1 -1 +1 -1 +1 -1
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7.13 fb~! @4.13 — 4.23 GeV
Measurement Of 61(7‘[ PRL 135, 171901 (2025) BES]]I

PRD 112, 072006 (2025)

&% Sk is the strong-phase difference between D° - K~mwtand D° - Kt~ decays
TD e_iéID{r _ A(DO — K_7T+> D
Ko ADY - K nt) > TKnm

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

1s the magnitude of the ratio

® Use the quantum correlated pairs to measure Ok

— CP tags (K+K_, 7T+T[_, 7T+7T—7T0, KS(')T[O) Source Observable Value
(TkzCOSOKr) D — CP rR _cosd2_ —0.070 £ 0.008 + 0.0015
0 5 5 D — Kirtn~ e cosdR, —0.044 £ 0.014 4 0.0018
— Kgm¥n™ tags (1, cosOxy and Ty Sindy) 1, Kot P2 gin2_ —0.022 +0.017 + 0.0031
% Extract 6k

SR = (192.87159729)" agree with global average O, = (190.2 £ 2.8)°

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

% BESIII combination (with BESIII 2.93 fb~1y(3770) result) 37
0%. = (189.257575%)° 5R, = (18T.6759751)°

[BESIII, EPJC 82,1009(2022)]



Outline

*BESIII dataset

*Charmed meson

*pure leptonic decays
*semi-leptonic decays
*hadronic decays
*quantum correlation

*Prospect
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Summary & Outlook

* Pure and semi-leptonic charm decays are idea for measuring |V ¢4(s)|, decay

constants and form factors of charmed mesons.

* Current most precise measurement

V.. = 0.5%from D —» K£v, (dominate uncertainty: LQCD form factor)
Vea = 1.2% from Dt — u*v,. (D° - n~e™v, will yield the most precise V)
 No evidence of LFU violation found = 0.7% precision level.

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

® The copious decay products provide idea platform to investigate the natures light

hadrons, such as a¢(980), f,(980), f3(500), a;(1260) ¢...

® The threshold dataset at charmed meson pair is the unique place to measure

strong phase of charmed meson decays.

e More studies are on the way using 20.3 fb~14(3770) data.
Thanks for the attention



