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I Motivation I

Vud Vus Vub
VC KM — Vcd Vcs Vcb
Via  Vis Vi

What is the importance of the CKM Matrix?
> Standard Model

* explains how quarks of different flavors can transform mto one another during

weak interactions — Quark Flavor Mixing
> CP Violation

* essential for explaining the matter-antimatter asymmetry in the universe

> New Physics

* Precision measurements of its elements can reveal deviations from the Standard
Model, hinting at new physics beyond it
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Il Motivation I
How to determine the elements |V ;| and |V 4| of the CKM Matrix?
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> Obtained from the experiment with Leptonic and Semi-Leptonic
Decays of charm hadrons

. G2 2 m2 2
« Leptonic:T(c - ¢7v,) = _F |ch| |fD|2m§mD( __e)

. Semi-Leptonic: T—X24n3|ch| IACRINAE

» Uncertainties of CKM :
« Contributed by |V |(6 = 0.6%) and |V _;|(c = 1.8%)
> |V, Measurement = Test CKM matrix unitarity
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I Motivation I

What else can be determined with Leptonic and Semi-Leptonic Decays?

> Latest LQCD predicts the decay constant f, and form factors f,(q?)
o fp+ =212.1(07)MeV (o = 0.3%) .
* fp+ =249.9(05)MeV (o = 0.2%) Need experimental
. fDOK(g2) = 0.7452(31) (0 = 0.4%) Measurements to calibrate

LQCD calculati
. fg_’”(qz) = 0.6300(51)(c = 0.8%) QCD calculations

» Measurement the branching fraction

Test lepton flavor universality (LFU)
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. BESIII experlment
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» Designed luminosity (L):
1.00 x 1033 cm™?s™! @ 3.773 GeV

» 1In 2022, peak L reached 1.1 times of the
designed L

BEPCII and BESIII
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» MDC:o0,/p=0.5%@1GeV, 04/4x = 6%
» TOF: o7 = 68(110) ps for barrel (edncap); end

cap TOF was upgraded in 2015— 60 ps
» EMC: o /E = 2.5%(5%) ps for barrel (edncap)
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Dataset and method [

Data sample E.,(GeV) Line(fb™1)
ete” - Y(3770) - DD 3.773 20.3
ete” - DIp:T 4.128-4.226 7.33
ete” -» D:*D:” 4.237-4.669 10.64
ete” > ATA; 4.600-4.669 4.5

» e*e” annihilations data near threshold

« Double-tag method

* Clean environment
» Undetectable neutrinos

 extract the (semi-)leptonic signals

* Uniss = Emiss — |pmiss| and Mrzniss = Erzniss B |p12niss|
» Measurement of the branching fraction with double-tag method:

Bsig = NNtag'Sig Systematic uncertainties from the ST mostly canceled

ftagsig
tag ttag
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Single Tag Yield [N

> ete” > Y(3770) - DD > ete” » DID:Y

« D°~16.9 x 10° « D;~0.8x10°
« D ~11.0 x 10°
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Single Tag Yield [N o

> ete” - DYDE > ete” > AFA;
« D;~0.12 x 10° « A;~0.12 x 10°
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El status of [V,

> 7.93 fb~1@3.773 GeV
> Phys. Rev. D 110, 112006 (2024)

. . 10 D'— II('e"ve | D'— I‘(_va
> Branching fractions: F y2mat=17 /=14
« BMD°-> K etv,) =(3.521+0.009 +0.016)% .
+ B(D'-> K p*v,) =(3.419+0.011+0.016)%
- B(D* - K%*v,) = (8.864 + 0.039 + 0.082)%

- B(D* - K%utv,) = (8.665 + 0.046 + 0.084)%

Events / (0.004 GeV)

> LFU test:
B(D°->K~ ptv,)
B(DY->K-etv,)

B(D*-K°utv,) _
BT KO 0, 0.978+ 0.007 +0.013

consistent with SM: 0.975+0.001

=0.9711+0.004 + 0.006
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Bl status of V|

. . dar
> Simultaneous fit to s to all four channels: Phys. Rev. D 110, 112006 (2024)

* f%(0) = 0.7366 £ 0.00114,, +0.0013,¢ (Teyp = 0.23%)
+ |Ves| = 0.9623 4 0.00154, +0.0017,,5 + 0.0040 ocp (Gexp. = 0. 18%&01 gcp. = 0.45%)
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I This work 1l L g - 3
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< I LQCD uncertainty . 1 The precision will be
T 1% 1t r—+—+="T 1 improved by 1.5 times.
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Status of |V ] Df - utv,

> 7.33 fb~1@4.128-4.226 GeV > Phys. Rev. D 108, 112001(2023)

0 + +
~ [ | Matched y(t") D{— u*v,
~ [ | Unmatched 7(") D - uw'v,
300~ [ Real-D, and non-D;

10°

[

200

100

Events / (8 MeV?/c%)

0z 01 0 01 02
ME.  (GeV®/cY
> B(Df - p*v,) =(5.294 £+ 0.108 + 0.085) x 1073
> for = (248.4 £ 2.5, + 2.2 )i(0exp. = 1.4%)
> [Vesl =0.968 £ 0.0104,; +0.009, ;(0crp = 1.4%)
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3 [T AR 0 - <y via ¢ = v

> 6.32 fb~1@4.178-4.226 GeV > 7.33 fb~1@4.128-4.226 GeV
> Phys. Rev. Lett. 127, 171801 (2021) > JHEP 09, 124 (2023)
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T - et v,V »T" o ptv, v,
+ + —
* B(DY » t'v,) = (5.27 £0.10 £ 0.12)% « B(D} - ttv,) =(5.37£0.17 £ 0.15)%

* for = (25114 2.4gap £3. 051 )i(0exp. = 1.5%) = fpp = (253.4 £ 4. 05100 & 3. Toyst )i(Texp. = 2.2%)
[Vesl =0.978 1 0.009,; £ 0.0125y6 5(Texp = 1.5%)  |Vg| = 0.987 + 0.0164,; + O. 014yt ;(Texp. = 2-2%)
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Status of |V | D - tv,viat" > Y,

> 6.32 fb~1@4.178-4.226 GeV > 7.33 fb~1@4.128-4.226 GeV
> Phys Rev. D 104, 052009 (2021) > Phys. Rev. D 108, 092014 (2023)
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> Tt > n+VT > 1t -» tv, with BDT
« B(Df->1ttv,) =(5.214+0.25+0.17)% « B(Df->1ttv,) =(5.44+0.17+0.13)%

* for =(249.7 £ 6.0 +4.25y5 )i(0exp = 2.9%)  * fpr = (255.0 £ 4.0t + 3. 45yst )i (Texp. = 2.1%)
* |Vcs| =0.972 £ 0.0235, = 0. 016syst.;(aexp. =2.9%) - |Vcs| =0.993 +0.0155,¢ +O. Olgsyst.;(o'exp. = 2.0%)
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Status of |V | D} - ttv,viatt > iy,

> 6.32 fb~1@4.178-4.226 GeV
> Phys. Rev. D 104, 032001 (2021) Simultaneous fit to M2 . at various energy points
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« B(D} - 1tv,) =(5.29+0.25+ 0.20)%
* fpr =(251.6 £ 5.9 4.9yt )i(Texp. = 3.0%)
Vsl = 0.980 £ 0.0234,; +0.019, ;(Texp. = 3.0%)
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Status of |Vcs| Df > £Tv,viaete” - Dg
> 10.64 fb~1@4.237-4.669 GeV

D! - ttv._ constrain the same BF
> Phys. Rev. D 110, 052002 (2024) s 7 b Vo COTBUA ame st
i D:_)T:vT + Data ;D:—)‘C;VT ¢+ Data -
- 60_—]):_>l'1+le + ¢+ Data 400._ :::;:t J 150;_ ::;:rt-:l _
kS — Best fit I [ - - Dioutv, |
- — Signal | 100F D! K"t .
% -------- Background — 200 . F \ e Other bﬂks"’“"d:
S 40 Il T
S (5]
< i aQ &)
S I = 3
I € S
é 20 2 200F t Dus 2
pbi- = s - — Best fit )
i 150 I
-0.2 01 0 0.1 0.2 100p i
M, . (GeV7/cd) 505- , *»’ i +
» B(D} - p*v,) =(0.547 £ 0.026 + 0.016)% e d ]
4 n 0.0 0.5 extml.? 1.5 2.0 0.2 0.0 02.2 0.42 40.6 0.8
. B(DS - T v,) =(5.60+0.16 +0.016)% Eqm ' (GeV) M, (GeV/ct)

FoiVeslyty, = (246.5 £ 5.95ar. £ 3.65y5t )i(Texp. = 2.8%)
foilVeslery, = (252.7 £ 3.65tar. 4. 55y5¢. )i(Texp. = 2.3%)
Vs utv, = 0.986 £ 0.0235, *+0.014g,,, £ 0.003;,put5(Fexp. = 2.8%)
o |V, rty, = 1.011 £ 0.014,, + 0.0185y5 £ 0.003;,put 5(Texp. = 2.3%)
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El status of |V,

> 4.5 fb~1@4.600-4.669 GeV "
300k data
» Phys. Rev. Lett. 129, 231803 (2022) ~ > — total it
" % ; 200 e
3|==DATA: A7 > Ae'v, o L et . g{a B TS
(g | LQCD: A —)A.c!v! B % @ 0.8k g‘a 3 ::“-. SR E} 100
LH_l : - ;-;'.-,-,.-' -5.0_| 06 W/W 11/////////////%///////////// (88
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a & 08F B 77 / >
= S b W 8 ols
! = 0.6 W < o
0 0.5 I 049 0.5 I 5 003
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0 012 OI.4 O.I() 0.I8 i 112
> B(Af - Aetv,) =(3.56+0.11+0.07)% g? (GeV?/ch)
> Vsl = (0.936 £0.017; +0.024,cp. +0.007,, ):(0exp. = 3.2%)
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Status of |V 4] D* - ptv,

> 20.3 fb~1@3.773 GeV ool LNDOF=10 -
> Phys. Rev. Lett. 135, 061801(2025) o [CAlibackgrowna A ]
T 600[ - mny, ‘~ -
E i —gihg' background

. . = 400

» Branching fractions: > 0

+ B(D* - ptv,) = (4.034+0.080 + 0.040) x 10~* S ool

= -
> Radiative correction: ‘ S

. %z oL 00 0.1 0.2
« T(D* > ptv,) =T(c— £7v) [1+2¢,)] M2, (GeV?/c

w
1. Short-distance electroweak correction increases BF by 1.8% [PRD98,074512, NPB196,83]

2. Long-distance electroweak correction [inner bremsstrahlung and virtual photon] reduce BF by
2.5% with 0.6% uncertainty of unknown electromagnetic correction [PRD98,074512]

> fp+r = (213.5 £ 2. 155 T 1. 1gys £ 0.8inpur. £ 0.7gm )i(Oexp. = 1.2%& 0,y = 1.3%)
> [Veql = 0.2265 £ 0.0023,; +0.0011,,5 +0.0009;,,,. *0.0007gy ;(0cyp = 1.1%& 0,y = 1.2%)
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Status of |V 4] D" - ttv viaT" > TV,

> 7.93 fb~1@3.773 GeV
> JHEP 01 089 (2025)
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» B(D" »1ttv.) =(9.9+1.1+0.5) X 10~%; (Precision of BF is improved by 1.8)
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Bl status of |V.,|

> 2.93 fb~1@3.773 GeV ths ReV D 96. 012002 (2017)
. 3.0
ths ReV D 92 072012 (2015) * 0o, [ e, /]
—e— Data —e— Data
6 T G-(: 2.0 \ — — Single Pole Model _| 2.5 |- — — Single Pole Model Z
D rety, , (b) D*—mety, o Modified Pole Model Modified Pole Model
—e— data | 8 - — data > r ISGW2 Model ] i ISGW2 Model 1
= N —— Single pole model | — Lacb 8 1.5 —— z series (2 par.) 4 _20F —_—z ser?es (2 par.) N
‘i 4 Zﬂs::i;dizogzrn;odel | ‘_'0., I z series (3 par. (:.19: z series (3 par.)
"Si:) z series (3 par:) :E_: 2 1 C:S 10 | E_"' 15 | |
5 i ! ] % 0.5 1.0 - R
-
%0 1 2 3 % 1 2 3 00 0 1 2 3 o 0 | ; 2I 3
¢ (GeVc) P (GeVirc ¢ (GeV2/c?) q? (GeV?/c?)

D° > metv,
> f7(0) = 0.6372 £ 0.0080;,, +0.0044, (0cyp = 1.4%)

> |Ves| = 0.2155 £ 0.0027, + 0.00144yg +0.0094 ocp (Gexp. = 1.4%&01gcp. = 4.6%)

DT - nletv,

> f7(0) = 0.622 + 0.0124,, +0.0035 (eyp. = 2.0%)
> |Ves| = 0.210 + 0.0044, +0.0015,5 +0.009 gcp (Teyp = 2.0%&0 gcp. = 4.7%)

Results of 20.3 fb~! on going, simultaneous fit to ;_qrz with four channels

The precision will be improved by 2.5 times.
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Status of |V 4| A: - ne'v,

> 4.5 fb~1@4.600-4.669 GeV

Graph Neural Network based technique effectively
» Nature Commun. 16, 681 (2025)

separates signals from dominant backgrounds
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GNN output for n/A classification GNN output for i/ A classification

First determination of |V,.4| from charmed baryon decays

> B(Af » ne*v,) =(0.357+0.334+0.014)%
> [Veal = 0.2084 0.011,,, +0.007 qcp % 0.011,, ; (0 = 8.2%)
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Summary

Comparison of |V .| and |V

= 0.45%

= 0.9%

I I R I T L B B I B A T
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Bl Summary I

*CPC 44, 040001 (2020)

»> Purely leptonic and semi-leptonic decays of charm hadrons are
important for determining CKM matrix elements, calibrating LQCD

> Precisions of |V | and |V 4| have been reduced to 0.6% and 1.2%,
respectively

> 20.3 fb~! data @3.773 GeV is ready at Jul. 2024, more precision
measurements will be presented

> Additional 3 fb~! data @4.178 GeV in future” will further improve the
precisions in D¢ sector
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