The (semi-)leptonic decays of charmed mesons at BESIII J
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BESIII experiment

BESIII experiment

® \/s=(1.85—4.95) GeV @ TOF: o7 = 68(110) ps for barrel (endcap);
@ Peak luminosity: 1.1x10%3 cm™2s~! ©@3.773 endcap upgraded in 2015 o1 = 60 ps

GeV
@ MDC: op/P = 0.5% @ 1 GeV; 04g/ax = 6% @ EMC: 0g/E =2.5%(5%) for barrel (endcap)
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Main goal
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@ Leptonic and semileptonic D decays are the most important way to determine \Vcd(s)\

o Latest LQCD: fp+ = 249.9(05) MeV (0 = 0.2%), fp+ = 212.1(07) MeV (0 = 0.3%),
fP=K(0) = 0.7432(31) (0 =2.4% — 0.4%), £P7™(0) = 0.6300(51) (o = 4.4% — 0.8%)

@ Decay constant fD?;) and FF £ (0) measurements=-Calibrate LQCD calculations

@ BF ratios=Test lepton flavor universality (LFU)
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BESIII dataset and double-tag method

@ D) meson: ete™ — 1(3770) — DD

Liny=(2.9324+4.995+4-8.157+4.191) fb~

@ D meson:

©3.773 GeV
1=20.27 fb~*

ete™ — DED:T©4.128-4.226 GeV, L;;=7.33 fb~!
ete™ — DiTD:~©4.237-4.669 GeV, Li,=10.64 fb~!

@ Advantages: Clean, double tag method
@ Single-tag yields in data:
@ 293 fb~! (7.9 fb~!) (20.27 fb~!) data

NDJ ~ 2.4M (6.6M) (16.9M) with 3 golden tags
NEp ~ 1.6M (4.3M) (11.0M) with 6 golden tags

@ 7.33 fb~! (10.64 fb~!) data
Ngz ~ 0.8M (0.12M) with 16 possible

B (BMNAKE)

tags

(Semi)leptionic D decays
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Leptonic decays

Df — utv, and Df — 71y, via efem — DEDET

Events / (8 MeV?/c%)

B (BMNAKE)

7.33 fb~1©4.128-4.226 GeV
PRD108(2023)112001

[ —4 Data
b [ | Matched y(x") D}— w*v,

[ [ Unmatched y@")Di— w'v,
300 [ [ Real-D, and non-D;

IN=2515+52
200 i

100

B I
M2y, (GeV/ch)
@ B(Df — pty,) =
(5.294 £ 0.108 4 0.085) x 1073
° ij = (248.4 £ 2.5 +2.2) MeV
@ |Vis| =0.968 + 0.010 + 0.009
Highest precision to date
~ 1.4%

Events/ (0.1 GeV)

Df - v, 7T = pty,o,
JHEP09(2023)124

) T
O

o

® B(DF - rty,) =
(5.37 +0.17 + 0.15)%
) st+ = (253.4+4.0 £ 3.7) MeV
0 |V| = 0.987 + 0.016 = 0.014
Precision ~ 2.2%

(Semi)leptionic D decays

Events / 0.02

Pull

Df = 1Vv,, 7t = i,

PRD108(2023)092014
FN=2411+75
400~ — PDF: Total 7
[ I PoF: signal ]
200; M roF: BkG 5
o ‘ ‘ ‘ | ‘ ]
TN WAL LA T
o . ) +}‘+ it +7‘f [ 'l 3
-0.6 -0.4 -0.2 0 0.2

BDT

@ Boosted decision tree method
@ B(DFf = 7tu.) =
(5.44 £0.17£0.13)%
) fD;r = (255.0 £ 4.0 £ 3.4) MeV
@ |Vie| =0.993 +0.015 4 0.013
Precision ~ 2.0%
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Df — p*v, and DI — 77v, via efe” — DD

10.64 fb~1@ 4.237-4.669 GeV arXiv:2407.11727 D+ — 77, constrain the same BF
T+ = e+1/ez/.r Dus + — 7T+1/ } Data
60 DT — 'ty + Data 400 —smai | 150} o
€ L — Best fit N=2845+83 —Dity,
Pl — Signal } 100F DK% ]
> [Use MUC cut AN - BKG ,, 2000 12 +Other BKG
S 40 | S g ' 3
I IN=507+26 g : = &
g [ ‘?5200 Tt = ptuuns S % O+ 2t 700,
3 2 - BKG e —-D{A“vi}‘
§ 20 = 150F 1= ,g;;f,;‘& ]
= 100 { J b
{ P
(b - ‘ ooin =rres 50 t E
-0.2 -0.1 0 0.1 0.2 . el =
mlss ( GeV2 /o 4) 0.0 05 :“::!‘(")((;evl)s 2.0 -02 0.0 02 2 G()e :72[(;4) 0.8
@ B(Df — ptv,) = (0.547 +0.026 &+ 0.016)% @ fp,|Ves|pw, = (246.5+£ 59+ 3.6) MeV (~ 2.8%)
e B(D — 7tv,) = (5.60 £ 0.16 + 0.20)%
@ R(r/p) = 10.24 + 0.57 (SM:9.75::0.01) ® | Ves|rv, = (252.7 + 3.6 £ 4.5) MeV (~ 2.3%)
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D" — e'v. and D't — (T

7.33 fb~1©4.128-4.226 GeV PRL131(2023)141802

Events / (0.05 GeV*/ %)
)
©
Q

(DXt — et

® Data

Total fit

Signal

DTV, with T eV,
[ Other backgrounds

B(Dit — efve) =

i S TP
0 0.2 0.4

M2, (GeV¥/cd)

(21753 4£0.2) x 107°

6.32 fb~'©4.178-4.226 GeV PRD110(2024)012003
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First experimental study of the D*) purely leptonic decay

F“’tal =70+ 28 eV (LQCD) = fp.4 = (214755 £ 44) MeV
*+/ + = 1.12+0.01 (LQCD) = meil = (1227719 + 12) eV

Indirectly constrains the upper limit on the Ft"tal from the MeV

(<1.9 MeV@90% C.L. PDG2024) to sub-keV Ievel

B (BMNAKE)

(Semi)leptionic D decays

@ Upper limits are set at 90% C.
@ B(D*" = etv) < 1.1 x 107°
@ B(D*" = pTy,) <4.3x107°

L.
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Summary of leptonic Ds decays

Em@(??‘n Egggiggﬁ;g#g T adraedy T T CKMFite | Pleraza@bzzsacol | obraseroon L
+1+ 5 249.9+0.4 I3
PRD107(2023)052008 I
FLAG21(2+1+1) EPJC82(2022)869 249.9:05 4 HFLAV21 (2023) 0.9701+0.008L
CLEO PRD79(2009)052002, Ty 0981+0.044:0021  +=4
PRD107(2023)052008 <
Ef Eém PRD79 goug)észmuz W ﬁi éif 2453 r—es CLEO PRD80(2009)112004, 1w 1.001+0052+0019  +et
CLEO PRD80(2009)112004, T,v 257.0+13.3450 et CLEO PRD79(2009)052001, T,y 1.079+0.068:0.016 —
CLEO PRD79(2009)052001, r v 277.1£17.5¢4.0 [EE— BaBar PRD82(2010)091103, Te,v 0.953+0.033£0.047  Het
BaBar PRD82(2010)091103, TV 244.628.6+12.0 H—e—irt Belle JHEP09(2013)139, Tey, v 1.017+0.019+0.028 ot
Belle JHEPO9(2013)139, Te, v 2611+4.8£7.2 andl BESIII 632fb? PRD104(2021)052009, ;v 0972£0.023:0016  #
BESIII 6.32fb? PRD104(2021)052009, T, 249.746.0£4.2 w4t BESIII 632fb PRD104(2021)032001, tv 0.980+0.023:0.019  wt
BESIII 632fb PRD104(2021)032001, Ty 2516:59+49  wet BESIII 632fb1 PRL127(2021)171801, Tov 0978:0.009:0012 =
BESIII 632 fb} PRL127(2021)171801, Ty 251.1+2.4+3.0 ] BESII| 7.33fb  PRD108(2023)092014, 1,9 0.993:0016+0.013
BESIII 7.33fb PRD108(2023)092014, T,y 255.0+4.0£3.1 - BESIII 7.33fb1 JHEP09(2023)124, 1,v  0.987+0016:0.014 =
BESIII 7.33fb? JHEP0S(2023)124, 1,y 253444037 Lon BESII| 10,64 bt &rXiv:2407.11727, 1v,D°D,  1011+0.014+0.018
BESII 10.64 fb*ar Xiv:2407.11727, v, D'D." 259.6+3.7+4.6 et :
CLEO PRD79(2009)052001, v 1.000£0.040:0.016
BESIII 0.482 fb* PRD94(2016)072004, pv 2455¢17a+51»—1 pRDgz(mlO)Dglm | T
PRD79(2009)052001, v 256.7+10.2+4.0 BaBar (2010) 4 1032+0033:0029  bed
BaBar PRD82(2010)091103, pv 264.9+8.4£7.6 [A— Belle JHEP09(2013)139, pv 0.969+0.026£0.019  #et
Belle JHEP09(2013)139, pv 248846648 BESIII 0.482fb* PRD94(2016)072004, v 0956+0.069+0.020  +——
BESIII 319fb? PRL122(2019)071802, v 253.0+3.743.6 Wt BESIII 319fb? PRL122(2019)071802, v 0.985:0.014:0.014 ™
BESIII 632fb! PRD104(2021)052009, v 249.8£30439 e BESIII 6:32fb  PRD104(2021)052009, v 0973:0012:0015  #
BESII| 7.33fb? PRD108(2023)112001, pv  ~2484+25+2.2 - BESIII 7.33fp" PRD108(2023)112001, pv  ~ 0.968+0.010:0.009 W
BESII1 1064 fb & Xiv:2407.11727, v, D'D.” 253246.1+3.7 — BESIII 10.64fb? arXiv:2407.11727, v, D'D; 0.986:0.023:0.014
BESIII Combined T 25393:154:182 ™ BESIII Combined v 0.9892+0.0060+0.0071 +
BESIII Combined T+ kv 252.08£134£182 ™ 0=09%| |BESIII Combined v+ pv 0.9820:0,0052+0.0071 + 0.9%
Il Il Il Il Il Il Il Il Il Il ‘ ‘ ‘
Il Il Il Il Il Il Il Il
0 100 200 1
o; (MeV) Ve

@ Averaged BESIII results, precisions of fp, and |Vcs|: 0.9%
@ B(DF — ptw,) = (0.5310 £ 0.0099 £ 0.0053)% and B(DF — 7+ v,) = (5.359 & 0.067 =+ 0.074)%
R(7/pn) = 10.09 £ 0.28 (o ~ 2.8%), consistent within SM (9.75+0.01) 1.20
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Df — n"etve and DF — npty,

Data: 7.33 fb~1©4.128-4.226 GeV
Df — netv, PRD108(2023)092003

&
3

AT/AG (ns"GeVeY)
»

£(q)
H

[
by

0.

[ R F  E [ e Yk
@ (GeVch)

@ Precision of BFs and FFs are improved by a
factor of ~1.4
B(DF — netrve) = (2.255+0.039+0.051)%
B(DF — n/etre) = (0.81040.038+0.024)%
] fz (0) = 0.4642 £ 0.0073 + 0.0066

fz/ (0) = 0.540 £ 0.025 + 0.009
@ 71 —n’ mixing angle
ép = (40.0 £ 2.0 + 0.6)°

B (BMNAKE)

Df — n"puty, PRL132(2024)091802
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@ Precision of BFs are improved by a factor of ~6
B(DF — nutr,) = (2.235 £ 0.051 £ 0.052)%
B(DF — o' ptv,) = (0.801 £ 0.055 + 0.028)%
@ First extraction of the FFs via semimuonic decays
’
f_z (0) = 0.465 + 0.010 =+ 0.007; f_?_ (0) = 0.518 +0.038 £+ 0.012
@ Most precision test of lepton flavor universality in Ds sector
’
RZ/e = 0.991 + 0.029 £ 0.016; RZ/e = 0.988 + 0.082 £ 0.031
@ First extraction of the forward-backward asymmetry parameters

(AlL) = —0.059 + 0.031 + 0.005; (AllL) = —0.064 + 0.079 + 0.006
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Df — ntn~e'veand D" — ntn 4Ty,

7.33 fb~'@4. 128 4.226 GeV PRL132(2024)141901
DY — £,(980)%e* Ve Df — f0(500) etve

= 8 ~ Data
Z e — Fit = ool
L2 x2/NDF = o5 | =
z af osf
2 2f oal
o 03
o 05 1 o 0.5 1
G (GeVi/eh) > (GeV?i/ch)y

@ B(DF — f(980), +,—eTve) =
(1.72£0.13 £ 0.10) x 107% = 4.22 x 10~® cos? ¢
@ gg mixing angle: sin ¢(1/v/2)(uli + dd) + cos ¢ss
¢ = (19.7 £ 12.8)° = s5 component dominates
+
o £ PO ) — 0,518+ 0.018 +0.036

@ B(DF — f5(500), 4, - eTre) < 3.3 x 107%@90% C. L.

B (BMNAKE)

2.93 fb~'©3.773 GeV arXiv:2401.13225

+ +o—
D" - n"n uty,

Ve

+ data

T

Events/ (18 MeV/c?)
2
'\

2
a

i R i

D—>7r7re
+a:

M... (GeV/c?)

0.5

M... (GeV/c?)

(a)

AT/AG? (ns"GeVet)
b

08 1
+£,(500)e*v,
0.6 Hr500uy, 1 _
=
. .5

) 4 (GeVch)

@ Bpt+fy(500), 4

H+V}.L

G (GeV/ch)

=>closer to tetraquark assumation

° BD+—>pO+ _;L+VM

° fD+ —f5(500) 0) =

0.350 £ 0.027 £ 0.015

° Rﬁ/e = 0.88 £ 0.10 (SM~0.96),
RGO — 1 14 4+ 0.28 (SM~0.90)

n/e

(Semi)leptionic D decays

1.5

2.0

= (1.6440.1340.11) x 1073

= (0.7240.1340.10) x 10~3
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Df — K"K u*v, and D — KKe' v,
7.33 fb~1@4.128-4.226 GeV
D — K"K ptv, JHEP12(2023)072

wl ¢ o N =) 1725+ 68
— Total it
Signal process
400~ —-Di-K'Kr H
- DI-K'K7r =t

-+ Other BKG

Events/ (0.015 GeV)

an

U, (GeV) T T ——

@ B(DF — ¢uty,) = (2.25 4 0.09 £ 0.07)%, precision improved by 4.3
@ Assume S—wave is f(980):
B(DF — (980)ut vy, fo(980) — KTK™) < 5.45 x 10~4@90% C. L.

@ R?, =0.9440.08
w/e

0 ry= L0 =158+ 017+0.02, r; = 220} = 071+ 0.14 4 0.02

B (BMNAKE) (Semi)leptionic D decays

7.9

Events/ (5.0 MeV)

fb~1@3.773 GeV PRD109(2024)072003

11

- -l -
-0.1 -0.05 0 0.05 0.1

10| —signal MC D KIK'etv, | ~Signal MC D KIKle*v
= Inclusive MC = Inclusive MC
+Data 2" 4pata

2

0.1 -0.05 o 0.05 0.1 -0.1 -0.05 o 0.05 0.1
U i (GeV)

@ Explore a9(980) —> KK,

D — a9(980) k€™ ve is expected
within (1 ~ 3) x 1075

Upper limits are set at 90% C. L.
B(D® — K2K~etre) <213 x 107°
B(DT — K2K2eTve) < 1.54 x 107°
B(Dt — KT K~ eTve) < 2.10 x 1072
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Semileptonic decays
D" — Kir’e"ve and D’ — K 7'uty,

7.9 fb~1@3.773 GeV

D° —>‘K_7T‘O/,L+UM

arX|v 2403. 10877

iDta  NDT[f= 6436 £ 119)
~Total fit
—Signal process
DK
DKl
-+Other BKG

Dt - Kirlet v, arXuv 2408. 04422 1500
Npt = 3852 + 7J_Tomm . £ e %
Sl oK@y, .. Signal i_ 4 21000

g Background g'
3 §- il £ 500
3 I i 2
5100 C b - N =
N 42
A st i
Ly 0 0.1 . - i
Upie GeV) e °
@ B(DT — Kin%etre) = (0.881+0.017 £ 0.016)%
B(DT — K*(892)%tve) = (4.97+£0.11 £0.12)%
0 ry= 70 =1.4340.0740.03 °
ro = 223} = 0.72 4 0.06 + 0.02
o

B (BMNAKE)

(Semi)leptionic D decays

0
GeV)

s

U

Precision of BF is improved by a factor of 5
B(D® — K7 ,ﬁuﬂ) = (0.729 £ 0.014 £ 0.011)%
B(D® — K*(892)~uTv,) = (2.062 4 0.039 £0.032)%

Vo) _
rv= 2k = 1.37 4009 +0.03
ro = 420 = 0.76 £ 0.06 + 0.02

B(D° —K*(892) " utvy,)

BDOS K (892) eTve) — 0.96 £ 0.08, agree with LFU
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Semileptonic decays

D — K'e"v, and D} — he' v,

7.33 fb~1@4.128-4.226 GeV
Df — KeTv, arXiv:2406.19190

N — N ] bl
DT i +iha , K
g 24 - sk pke : /
> g ~moiiedpe | . ;
0] v - 2
§ al g aseres (2 ar) ";‘15
3 ke )
] )
5 z !
& <
™ by L) ; IV
Iy o 02 oo sl w32

0.0 ﬂ.‘l - .
My, (GeVrc) 6V 6V

@ Precision of BF is improved by a factor of 1.6
B(DF — KVetve) = (2.9340.23+0.12) x 1073
@ Precision of FF is improved by a factor of 1.7

£ (0) = 0.636 = 0.049 + 0.013

B (BMNAKE)

(Semi)leptionic D decays

10.64 fb~1©4.237-4.699 GeV arXiv:2406.01332

100

i v, 30k P e, 30 b e,

20f

10f

100F b:- gets,

Events/ (10 (MeV?/c)

01 02

M,’,,.Jc_evz/.-l_ '_ Sy —
@ Independent measurements via e" e~ — D" Dg

B(DF — netre) = (2.35+£0.11 +0.10)%
B(DF — n/etve) = (0.82 £ 0.09 + 0.02)%
B(DF — petre) = (2.21+0.16 £ 0.11)%

B(DF — £(980)] .+, et ve) = (0.15 + 0.02 + 0.01)%
B(DF — KPetve) = (0.24 £ 0.04 + 0.01)%
B(DF — K*0etwe) = (0.19 & 0.03 £ 0.01)%
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D(s) — K1(1270)e+ve and D(S) — b1(1235)e+1/e

7.0 fb '@ 3.773 GeV arXiv:2407.20551 -1 )
2.93 fb~1©@3.773 GeV arXiv:2403.19001 v arv 7.33fb"°04.128-4.226 GeV

D% — wrn~etve, N=135.6+8.9 PRD1Q8(2023)112002
0 —nlet - M@ . . u st
D% — Ke¢r~nOetue g + First observation: 5.20 . — JDF — Ki(1270)% v, E
Lop < e 13 : z =
T H ERL e 2 E
5:'4 3 3 g 2,1 T E
$14) \ Z & = W oAl RURIERIUI

M,

o1 O 0.1

w DY = wnletye | N =

Q
3

ot DF — b1(1235)%t v, E

s 10 i

005 S X -
Mo (GeVIc) Uy, (GeV) Uy (GeV)

Event / (40 MeV/c?)

)

s

Events/(4.0 MeV)

u,

~0.05 1.0

L 0.00 0.05 ~0.05 X 12 14 16
M (GeVich M (G Mo (GeVTc)

@ B(D® — b1(1235)7 |, — eTve) =

@ Dominated by Ki(1270) (0.72+ 0,18t8182) x 10—4 @ Upper limits are set at 90% C. L.

0 —at —
o B(D +?3’3(1(1270) € Vi)Bi o B(D+ N b1(1235)0|wﬂ.06+l/e) — [*] B(D;‘— — b1(1235)0‘wﬂ.0 e+l/e) <
(1.0519-33 1+0.17) x 10 (1.16 £ 0.44 + 0.16) x 10~* 6.4 x 10~*
@ B(Dt — K1(1270)%etw,) = I(D°— b7 et vy) @ B(Df — K1(1270)%et 1) <

(1.297049 4 0.23) x 10-3 ® DTSRty — 078+ 0.19+0.05, 41 % 104
consistent with isospin
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Summary and prospect

Summary and prospect

Current precision (%) Expected precision (%)
Channel for [Ves| R(7/p) for [Ves|  R(7/p)
D} — ptu, 1.09 1.09 28 0.97 0.97 25
Df — v, 0.94 0.94 ) 0.88 0.88 )
Channel Form factor |Vis| R(u/e) | Form factor |Ves| R(u/e)
D’ - K- etue 0.60 0.73 0.50 0.66
[ K- uty, 0.66 0.79 142 0.45 0.63 1.26
Df — netue 2.1 6.4 33 1.9 6.3 29
DY — nuty, 2.6 6.6 ’ 2.4 6.5 '
Channel o+ [Vedl R(7/1) o+ [Veal R(7/1)
D" = i, 2.8 28, 13 13 5
Dt — 7ty 11.3 11.3 6.4 6.4
Channel Form factor |Veq| R(w/e) | Form factor |Veq| R(u/e)
D’ — w:ewe 1.43 1.60 40 0.84 1.11 28
D’ — npty, - - - -

Expected precision with 20.27 fb~1@3.773 GeV (ready now) and another 3 fb~1©@4.178 GeV (plan)
New and more procision (semi-)leptonic decays will be explored
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Thanks for your attention
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