


BEPCII and BESIII
"{/‘\IEW a

it ]
SUNATUOXIANG
dLE &

I
NIEGEZHUANGXIAI

NGZHEN LR

Beijing Botenical

AEM
YONGDINGZHEN

FrLBE:

¥
DONGEETWANGX)

B
HUILONGGUANZHEN

I}

Fl n Peki
@ Itl.{?an e

;30
b
A

HIES
LOUZIZHUANGXIANG

k]
DONGBAXIANG=

T E

PINGFANGXIANG

o

Charm at BESIII | \W,

=T | SANJIANFANGXIA

FES
SIYINGXIANG



JW = o Libarang
HEE Seljing University
L BEPCII d BESIII i of Posts and
oA Telecommunications
b}
an Lot Hau.j.lan & B Milkiguang  REIEAZ
Xlnzhuang Tt RS smE;EIlI"GJ Eorei%-g | 5 Bridge  Xueyuan South Rd &
Fal o les Univers: B =
ﬂl | BEOH D“'""”ﬁ‘;-:‘ Sijigingzhen EEHEEAS ﬁ \ E] £
Elng Yoru| 1 @5\0 tay 2 seiing Jacions aign il
LRER % Ko e 3 Unesiye Beitaipingzhuang Sshengrieg
poting WOEAFE £ Xingshik 0gOU, China National ERZEAL [
e il RS ) 2 Zamore Uibrary New—_3 i A —
TR n 2 l &ijing
¥ Hp Yongyin ] Rt g Jinzhuang ZEo L Aguarum & | FHEA | Hebei Hale! k
n ;_I(r:d%ie S EH’ST‘%\E AR A FALTRR
Tikou 3 3 Golden
s: Harbor Hoel | Zhanghuacun e oo SelzheniRyne4
uanghuaishi o 4, 48 -8 —1 &
angcun’ )él:'j:a:gcun e %ﬁ%g Woliu HEMRLE XZlang e
T Kuzh Huayuan
TS S e wang uayu Capital i ;_9513&4:_ Guanyuan B = o,
Jiny{janzhuang o Ra Dinghui Xindadu LR z anmen
? North Bridge
Jinyuan Fushi Road Worth Eridg 1 g2 L
=) Bridge Fushi Rd s5® Elevated Bridge LAk Yuyuantanxiang = ;‘ 3 Beiha Park National Art
uang | JEH = BEEE R Fucheng Rd 55 & E I’éEEEGaIe) » Museum
T ™ . Huatian: L =@ 5 48 2 E R of Ghina
Wi EL Yuhaiyuan " ,'(@iJgI Ruicheng Hotel = u 2 PEEATE
ing s " EEE : b Hotel H#ERTE ruen [ 5
2o 5 B A i E il 3 7 arE fma] o Zhie
i3 : N B | 3 A ’
o ik q"’; B B 3 = 21 Community
#& Garden [ AYE MasterCard a The China Ej i
S T N Wikenriam = vl e e
Bajiac. AEE Monument 1/ ool i 9
@ BRI £ 1 FlS.-s"‘}E HhiE i i / Musxidi Southemn o Duanmen
Bnu%g Shijingshan = ST Fing Ra—f — Bidge. Sea Al
@ zon A ®
Pl singha g = [
Bk nghai Bldig
i HAR .
Qingta i o s Deiling West
cron o ooy Lrpoon zely "R | e
= 9 = AT el rldge
b EREH_[EE— L W B




AT

[BEPCII and BESII &




BEPCII storage rings: a T-charm factory
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Upgrade of BEPC (started 2004,
first collisions July 2008)

Beam energy 1..-2.45GeV

Optimum energy 1.89 GeV
Single beam current 0.91A
Crossing angle +11mrad

Design luminosity
Achieved
Beam energy measurement:

103 em 25!
1% 1033 em— 251

Laser Compton backscattering

AE/E =~ 5 x 1073
(= 50keV at T threshhold)

BES IR



BESIII

RPC: 9

layers ‘

Electro Magnetic
Calorimeter :

'%

e R

At BEPCII in Beijing: eTe™ collisions at /s between 2 and 5 GeV
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17 countries
83 institutions
500 members




12 years data taking at BESIII

Data sets collected so far include ok ' ' ' w;3770) . ' '

m 10 x 107 J/ip events Wt OO

m 2.7 x 107 ¢/ events —10°F e ‘ "f

= 12fb~ " onp(3770) 3 . .

m scan data between x “r o ' . .: -
2.0 and 3.08 GeV, ol e - .
and above 3.735 GeV Raaniingts

m large datasets for XYZ studies: 0k t e ‘ ‘ ‘ e
scan with > 500 pb~ per energy point 2 28 * Eem [zsev] 0 - *

spaced 10 — 20 MeV apart
14.8fb~ " in large datasets above 3.8 GeV

BESTIEE
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Charm production at BESIII —————

[ vD.D, ey 7 i
08 j D,’Ds T : 1 i
_ - DD
V5[GeV]  Line[pb '] decay chain '_8\ 08— ® o :
3.773 2930 ete™ — ¢(3770) — DD o 04 — 1 @ i
9000 (2021-2023) sl . ¥, 5
- Y ]
Y YV Ve o [}
zlgg 3;§Z 7 390 895 400 405 410 415 420 425
. ' Ecw (GeV
4.199 526.0 ete™ — D:D; om (GeV)
4209 517.1 6 b= in total CLEO, PRD 80 (2009) 072001
4.219 514.6
4.226 1047
>4f6 5?8(7) ete™ — ATAZ m DD pairs from (3770)

+9 fb™" taken in 2021-23. Goal is 20 fb™' by 2024.

m D] D; pairs near threshold, but

m D} D¥~ (= D; 7 or D; %) has much higher cross
section

m AFAZ cross section flat near threshold

BESTIEE
CharmatBESIII | W.Gradl | 9






Leptonic decays of charmed mesons

i
! _fﬁ'ﬁff’” W+ \\
a ff}‘u
Lfs e
Dg,
2
G2 ) m?2
T(DF — 0hvy) = 2E£2 |V Pm2mp, (1 — L
(Dq V) 8ﬂfoq} q| ‘mimp, m,

to leading order, neglecting radiative corrections

BES IR

Dg: charged, charmed meson, i.e. D* (cd) or Dy (c3)

Charm atBESIII | W.Gradl | 11



Leptonic decays of charmed mesons

G2 ?
I(Dy — £fvy) = éfgq\ch\ mngq (1 —

. 2 R
Precise measurement of szq ’ ch| allows determination of

szq, using global value for |[Vq|?

|Veq ’2, using lattice QCD result for fp,

charged lepton must have ‘wrong’ helicity for its chirality: decay rate suppressed with m?
e.g. for DT — v, SM predicts ratio of rates
erp:T=235%x10"2:1:267

BESTIEE
Charmat BESIII | W.Gradl | 12



Analysis principle: Double tag analysis

m Final state of signal decay: lepton (+ hadrons) + missing energy / momentum
m Difficulty: identify signal decay and separate it from background

m eTe” at DD~ threshold: clean environment,

p: Ep
no extra particles, closed kinematics \ _/
Q—
m Reconstruct one DT in the event (Dygg): Gt T <
know kinematics of the other D* ™

m Infer four-momentum of undetected neutrino:

e
o, E n\
H

oo H M
Pmiss = Pete— — thag — Py

BESTIEE
Charmat BESIII | W.Gradl | 13



Double-tag candidate in BESIII

DK vs. D*Dpty
CharmatBESIII | W.Gradl | 14 u KS ”I“;U



Single tag selection

m Single hadronic decay modes of D mesons have appreciable branching fraction
can use ~ 25% of the total D width for tagging
m Kinematic variables for tag-side selection:

AE = EE - Egeam
_ 2 =2
Mpc = Ebeam —-p tag

m Typically, select candidates in AE, use mpc spectrum to count ST events and to perform final ST
selection

Single-tag data samples:

Em [GeV]  L[b~'] DO yield DY yield D yield

3.773 293 2.7 x 108 1.7 x10°
4.009 0.48 13 x 103

4.13-4.23 7.33 0.8 x 10¢ .
Charmat BESIII | W.Gradl | 15 ‘|G|U




Double tag selection

Signal side selection (‘double tag’):
look in events with ST candidates for signature of signal decay

m Reject combinations with extra tracks
m Veto combinations with too much extra activity in calorimeter (Eextra)
m Apply criteria to further reject background based on detailed MC studies

m |dentify signal using one of r
100~
Umiss = LEmiss — ‘ﬁmissl é i N
Mzmiss = Er%ﬁss - ‘I_jmiss|2 :g, 50} JLL v
both peak at 0 for signal events = i
—%.2 0.0 0.2

014
M2, (GeV/ct) BESTIEN

Charm atBESIIl | W.Gradl | 16



Dt — (tv
Dt — ptv, DT — ttv,
BESII, Phys. Rev. D 89 (2014) 051104 BESII, Phys. Rev. Lett, 123 (2019) 211802
[T T T T T T

LI k)

Number of Events

1

Number of events/0.02 (GeV/c)?

0.2 0.4 0.6 %5 02 =1 o0 o1 o2 o3
M [GeVc!] M2, (GeV/cH):
409 + 21 signal events 137 + 27 signal events
B(D' — ptuy,) = (3.71£0.19£0.06) x 107* B(DF — 1Tvr) = (1.20 £ 0. 2455 £ 0.12555) x 1073
for [Veg| = 45.7 £1.2+0.4 MeV for [Veg| = 504 £ 5.1+ 2.5 MeV
Precision =~ 2.7% Precision ~ 11%

* First observation

BESER
Charm atBESIII | W.Gradl | 17



D — utv,

3.19fb~" at 4.18 GeV, Phys. Rev. Lett. 122 (2019) 071802 6.3fb~" at4.18-4.23 GeV, Phys. Rev. D 104 (2021) 052009

©
o

Events / 4 MeV%/c*

Number of events/0.02 (GeV/c’

51

S L aunal
I040 1960 1960 2000 2020
M,,(07) (VeVc?)

B(DF — pvy,) = (5.49£0.16£0.15) x 1073 B(Df — uTvy) = (5.35+0.13+£0.16) x 1073
for IVes| = 246.2 3.6 3.5 MeV for [Ves| = 243.1 £ 3.0 £ 3.7 MeV

using ¢ ID in the MUC

no MUC requirements; = 50% overlap in event sample, but
superseded by result shown on right

different analysis, different systematic uncertainties

BESTIEE
Charmat BESIII | W.Gradl | 18



Df — thu;

Phys. Rev. D 104(2021)032001 Phys. Rev. D 104(2021)052009
Dy = tpTv|v Df — [ty

63" 1745 + 48 6.3~ 946 + 46
»’Elw 4.178 GeV- :\t “ 4.189 GeV: :; 4.199 GeV. b
& iw g |
g E 2
€ 50 < §
% E 10| - | | lf»
g < AP \ g

M (GeVic) M,,[D;) (MeVic?)

B(D} — tFv) = (5.29 4 0.25 4+ 0.20) x 1072 (5.2140.2540.17) x 1072
for |Ves| = 244.8 + 5.8 + 4.8 MeV 243.0+ 5.8+ 4.0 MeV

Same dataset, but different 7" decay modes: independent results, excellent compatibility.

Precision ~ 1.5%
Charm at BESIII | W.Gradl | 19

Phys. Rev. Lett. 127(2021)171801
D — teTvvv

63"

4940 £ 97

T KK

s0)

100

S0k

) K ] 150
z 7 4
& aoftl

S

S feiltt,

P e

S ki

)

il

(5.27 £ 0.1040.12) x 1072
2444423429 MeV

BES IR



D and D; Decay constants

Take |V y(s) | from global fits to CKM matrix, determine fD+

BESIII, Chin. Phys. C 44 (2020) 040001

L T T T
; — — — — ; ETM(2+1+1) PRD91(2015)054507 2472441 o
T T T FMILC(2+1+1) PRDYS(2018)074512 249.9+0.4 .
g arXiv:2111.09849 [hep-la .9+0.5 +
FNAUMILC  PRD98,074512 2127506 1 FLAG21(2+1+1) arXiv:2111.09849 [hep-lat] 249.9+0.5
HFLAV21 arXiv:2206.07501 [hep-ex] ™
RBC/UKQCD  JHEP1712,008 208.7:2.87) —— CLEO PRD79(2009)052002, 7,v ——
CLEO PRDS0(2009)112004, v ——
ETM PRD91,054507 207.4:3.8 —— CLEO I'Rnw«znuumaznm Ty ——
a BaBar 2(2010)091103, [
Belle e
FNAL/MIL PRD90,074509 212.6:0.4°
© 6:0.45; T BESIII 0.482 " —
CLEO PRD79(2009)052001, 2567410240 —t
HPQCD PRD86,054510 208.3:3.4 —— BaBar PRDS2(2010)091103, 264.948.4:7.6 H—t
Belle e 248.8£6.6:4.8 Wt
FNALMILC ~ PRDS85,114506 218.9:11.3 ——— BESII3.19 b PRL122(2019)071802, uv Lol
BESIII 6.32 fb"! PRD104(2021)052009, v el
CLEO PRD78,052003, v, T,V 206887425  mememfim BESI 6.32 1" PRD104(2021)052009, =, ——
BESIII 6.32 fb"! PRD104(2021)032001, 7v —
BESINI PRD89,051104, pv 20385218 e BESI 632 0" PRLI127(202D)171801, 7v . ot
30; mlm [hep-ex], T,V 2543:4.043.3 ot
BESIIl Expected (20fb™), uv  203.8:2.0:1.5 —— 252, el
252141 7520 4 Combine
P . . P | . P 1 .
140 160 180 200 220 0 200 300
fo (MeV) fp; (MeV)

Charm atBESIII | W.Gradl | 20
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Semileptonic decays: form factors

For decay into one pseudoscalar P, one extra degree of freedom:
form factor f¥ (g?), function of four-momentum transfer g = pp — pp

dr Gz 2
d? = 24;3 B [Veq|“Iff (4%) 2

BESTER
Charm at BESIII | W.Gradl | 22




Decay dynamics for D°

AT/ (ns'GeV2c?)

100

80

60

— K eTv,

*

D°-Ke'v,
—e— data
—— Single pole model
Modified pole model
-- zseries (2 par.)

z series (3 par.)

—_
-
[¢)]
N

P (GeV?/c?h

fX(0)|Ves| = 0.7172 4+ 0.0025 + 0.0035

£K(0) = 0.7368 4 0.0026 £ 0.0036

BESIII, Phys.Rev.D 92 (2015) 072012

2.0 i T
D’-Ke'v,
L —e—data 1
—— Single pole model
..... Modified pole model
1.5 - - zseries (2 par.)
----- z series (3 par.) i
1.0 N
0.5 : ‘ ‘
0 0.5 1 1.5 2
o (GeV?/c*)

|Ves) = 0.9601 + 0.0033 + 0.0047 + 0.0239

Charm atBESIII | W.Gradl | 23

using SM constraint fit for Vi
using LQCD and LCSR for fX(0)

BES I



Branching fractions fOl’ D — /Zel/ BESIII, Phys. Rev. D 104 (2021) 052008

New approach: D — Ke™ v, and D — Ke™ 7, in the same event
largest semi-leptonic branching fraction, clear experimental signature

Advantage: statistically independent from hadronic tags, no dependence on hadronic BFs, absolute
measurement of B possible
Disadvantage: no access to form factor

B(D — Retvg) = | —1OT

Produced DD pairs in 2.93 fb ™' data at ¢(3770):

Npogo = (10597 + 28 4 98) x 103
Npip- = (8296 + 31+ 65) x 10°

BESTIEE
Charmat BESIII | W.Gradl | 24



D — Kev results

B(D® — K~ etve) = (3.567 +0.031+0.021) x 1072

B(DT — K% *tv,) = (8.684+0.14+0.16) x 1072

T(D° — K~etve)

BESIII, Phys. Rev. D 104 (2021) 052008

71_([)4_ S Koetv,) = 1.039£0.021 supports isospin symmetry within 1.9
L L B N BN NN LN B L L B BB EL AR ) BN OB
BES 3.82+0.40+0.27 b Ee—— BES 8.95+1.59+0.67
BESIII 3.505+0.014+0.033 - BESIIF 8.89240.05440.206 -
CLEO-c  3.50£0.03+0.04 - -
Belle 3.45+0.10+0.19 —_— BESIIP 8.59+0.14+0.21 —
E691 3.60+0.28+0.44+0.03 ——
CLEO 3.56+0.24+0.24+0.03 —_— BESIIF 8.60+0.06:0.15 1
CLEO2 3.86+0.110.17+0.03 —_— CLEO-c  8.83+0.10+0.20 —
BaBar 3.662+0.028+0.047+0.029 -
PDG 3.54940.035 | | PDG 8.73+0.10 -
Thlws ‘w‘or‘k‘ 315‘74‘%0\'0‘3‘%0{0\2‘5‘ T T This work 870014016 \ Bl 1.,
1 1.5 2 25 3 3.5 4 4 5 6 7 8 9 10

B(D’— K'e*v,) (%)

Charm atBESIIl | W.Gradl | 25

B(D'— K ev,) (%)

BES IR



Other ¢ — s¢™v SL decays with pseudoscalars

Phys. Rev. D 92(2015)072012

20 T
D°-Ke'v,
[ —data
— Single pole model
1.5 | " Mosifed pole model

-~ zseries (2par.)
- -~ 2 series (3 par.)

D° — K ety
05 . ; :
0 0.5 1 1.5 2
@ (GeV3/c?)

D=K(0)|Ve| = 0.717(03)(04)

Phys. Rev. Lett. 122(2019)011804

T T

1.5
=
N
hal

. DK uty
0 0.5 1 15
¢ (GeV¥cY)

FPK(0)|Ves| = 0.7148(38)(29)

Phys. Rev. D 96(2017)012002

Dt = K%*v
o 0.5 1 1.5 2
a2 (GeV?3/c?)

fP7K(0)| V| = 0.705(04) (11)

Phys. Rev. D 92(2017)112008

‘ ‘ ‘
D* — K™ n* nt* tag
Dt — Kletv

Events / (0.018 GeV/c¥)

[0} 0.5 1.5
g2 (Gev2/c4)

fP=K(0) V| = 0.728(06)(11)

Phys. Rev. Lett. 122(2019)121801

- - Simple pole

T T
+n &V

/ +n e Ve
— LCSR calculation

LCSR uncertainties

1 D+ — 1] ]

1 --- Modified pole
— Series 2 Par.
- 4+,
o 0.8 A+ Mo
g
%

o

0.6

0.4, )

0 05

F277(0)|Vis| = 0.446(05)(04)

15 02 04 06 08
(qu(GeVz/c")
D(0)| V| = 0.477(49) (1)



Dj — Xe*ve BESII, Phys. Rev. D 104 (2021) 012003

Mode ‘ Averaged B
; ine D— K= .
D > getu (237 0.11)% Single tags using D;7 — K™K~ 7~ only:
DF — yetve (2.32+0.08)% sufficient statistics, well-known backgrounds
Dt — et ve (0.80 +£0.07)%
0 ) . . . .
o Dy :(’;9%’3’: Eg-;‘ i g-g:gz’ Signal-side: require electron candidate with
s — * e’ Ve . . (V]
D — fo(980)e " ve, fo(980) — 7t | (0.30+0.05)% Pe > 200 MeV
Sum of Semielectronic Modes (6.34+0.17)%

Analysis requires very careful modelling of PID
B (D} — Xe"ve) [CLEO] (6.5+04)% efficiencies and mis-ID rates

D} — ttur — et Tvery | (0.96+0.04)%

Are there unobserved semi-electronic D~ decays?

BES IR

Charm atBESIII | W.Gradl | 27



Dj — Xe*ve BESII, Phys. Rev. D 104 (2021) 012003

Momentum spectrum of decay electrons

Mode Averaged B
D} — petve (237 £0.11)% 1800
D" — et ve (2.32+0.08)% _ 1600
D} — y'etve (0.80 £ 0.07)% S 1400 -
D} — K%, (0.34 £ 0.04)% S 1200
D} — K*(892)% ", (0.21+£0.03)% Q 1000
D — fo(980)et e, fo(980) — 7 | (0.30+0.05)% 2 zgg*
9] E
Sum of Semielectronic Modes ‘ (6.34+0.17)% o 400
200 F-
B (D} — Xe*v.) [CLEO] | (65+04)% o
C P S I S S [ S S A S S S SO S S
Df — THur — e Trvevs | (0.96+0.04)% 0 200 400 600 800 1000 1200
p (MeV/c)
Are there unobserved semi-electronic D~ decays? eXtraPOIating to pe < 200 MeV introduces model

dependence, 0.7% relative syst. uncertainty

B (D" — Xeve) = (6.30 £0.13 (stat.) +0.10 (syst.)) %

saturated bX sum of exclusive channels BES]]I

Charm at BESIII | W. Gradl



Form factors for SL decays, f</"(0)

Take |V y(s) | from global fits to CKM matrix, determine f (0)

BESIII, Chin. Phys. C 44 (2020) 040001

LS LA s B W s s T T T T T
HPQCD 0.747+0.0110.015 HPQCD 0.666£0.0240.021
BESL., 0.78:00120.03 BESII 0.73+0.14+0.06
- 0. -
e D’ ey,
Belle 0.695+0.007+0.022 ——
D'- Ke'v,, D' Ky, Belle | 0.62480.02:0.003
BABAR 0.727+0.007+0.009 D'> me'v,, D' ',
D' Kew, BABAR 0.61£0.02+0.005 —_—
CLEO 0.739£0.007£0.005 D’ ey,
g S 8
D'~ Kew, D= Kev, CLEO 0.666+0.019+0.005
BESIII 0.7368:0.0026£0.0036 D°- me'v,, D' ey,
D= Ke'
. BESIII 0.6372+0.008+0.0044
BESIII 0.748£0.007£0.012 D’ ey,
D' Kle'v, o
BESI|I 0.7246£0.0041+0.0115 EES“'(!L 0.6216£0.0115£0.0035  =e=
D'~ Kle'v, €V
BESIII 20fbt 0.7368+0.001+0.0036 BESIII 20fb™ 0.6372+0.0031+0.0044
D' Ke', D'> e,
o b b b s P I AR TSR N R B P
K T
f4(0) f.(0)

Charm atBESIII | W.Gradl | 28




CKM matrix e]ements Vcd and Vcs BESIII, Chin. Phys. C 44 (2020) 040001

T T T T
£ m‘ PDG18 ‘ ‘o.mssmunan ‘ .
DELPHI  PLBA439,209, W'->c§ 0.94:0.32+0.13 —_—
SMfit PDG18 0.22438+0.00044 PDG PDG18, D-KI'v 0.975:0,007+0.025 o
CLEO PRD79,052002, D} >1,,v 0.981:0.043+0.021 —.-
CLEO  PRDS0,112004, D] -1, v 1.001£0.052:0.020 ——
PDG  PDG18, D" Ory 0.214+0.003+0.009 = Oremmmmme CLEO  PRD79,052001, D}, v 1.080:0.068:0.016 —
BaBar PRD82,091103, D} >7,,, .,V  0.949:0.035:0.055 ——
Belle JHEP1309,139, D;atw‘ o 1.017+0.019+0.028 o
CLEO  PRD78,052003,D°-uv, T v 0.218+0.009+0.003 —_— BESII  PRD94,072004,D;—uv, ©, v 0.936:0.063+0.025 ——
CLEO PRD79,052001, D;ﬁp\’ 1.000£0.040+0.016 .-
BaBar PRD82,091103, D] —>uv 1.032:0.033+0.029 .-
BESII  PRD89,051104, D' v 0.2150+0.0055+0.0020  =—mommm Belle JHEP1309,139, D> 0.969:0.026+0.019 -
BESIII PRL122,121801, D »n'e’v 0.917+0.094+0.156 ——
BESIII PRL122,121801, D e’y 1.031:0.012+0.080 ——
BESIIl  Expected (20fb™), D*—pv 0.2150+0.0021:0.0017 - BESHI  PRL122,011804, D">Kv 0.955:0.006:0.024 o
BESII  PRL122,071802, D]y 0.985:0.014:0.014 -
BESII  Expected (6 fb"), D}—pv 0.985:0.010£0.012 -
T I S S S S ol et e T e
0.15 0.2 -1 -0.5 0 0.5 1
|Vcd| |Vcs|

Charm at BESIII | W.Gradl | 29 BES]H




Tests of lepton flavour universality (LFU)

Ratio of decay widths to different lepton flavours:

2
m2mps (1 — -
(Dt — ¢tv) ¢7b mZ

R = =
0= T(DF = ) L 2
ml/ mD+ < — )

in the SM, coupling of W to leptons universal
R depends only on masses of leptons and charmed meson

very precise prediction

similar relations for semi-leptonic decays

BESTIEE
Charm at BESIII | W.Gradl | 30



Tests of lepton flavour universality (LFU)

Deviations from SM prediction: charged intermediate boson coupling differently to leptons of
different flavour, e.g. leptoquarks

In some SUSY models (e.g. two-Higgs-doublet) couplings are standard-model like: I'(DT — ¢*v)
modified by lepton-flavour independent factor, leaving R unchanged.

Some intriguing hints for violation of LFU from B decays (LHCb, Belle, BABAR):
Retb——st4=), Ry (b — clv)

so, worthwhile to look in more detail,
and in the charm sector é

T
| HFLAV Af* =10 contours 4
n ]

0.35 -

LHCb1S X

First observations of D™ — 7t v o
and six semi-muonic D decays: _

JG|U
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Summary of LFU measurements in charm decays

PRL121(2018)171803
DO—K-  PRLI22(2019)011804 0.974+0.014 ~0.975 £, I
8
DO—p~  PRLI2IQ0I8)ITIS03  0.922+0.038 ~0.985 &
D'—p- PRD104(2021)L091103 0.90+0.11 0.93-0.96 5 s %— —
D*—K®  EPJC(2016) 76:369 0.988+0.033 ~0.970 Z ‘P‘ﬁﬁfﬂ/ﬁL =
05
D —n® PRL121(2018)171803 0.964+0.045 ~0.985 ¢ .:,(vaz,;\ ’ ;«cevz/f) )
D'—o PRD101(2020)072005 1.05+0.14 0.93-0.99
We - PRL122(2019)011804
D'— PRL124(2020)231801 0.9140.13 0.97-1.00
Dy - 1.05+0.24
Dyf>n’  PRDY7(2018)012006 1.14+0.68 ~1.0
Dy —¢ 0.86+0.29
AJS—A  PLB6T6(2017)42,47 0.9640.16 ~1.0 o s 1 15
24
Dttty PRL123(2019)211802 3.21+0.77 2.66 TEVID
T
/n D, —>t'v  PRLI27(2021)171801 9.7240.37 9.75

Deviation from one due to the different PS available

No deviation from SM within statistics
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Strong phase in DO — KSO 7-(+ T BESIII Phys. Rev. Lett. 124 (2020) 241802
Phys. Rev. D 101 (2020) 112002
Measurement of y with GGSZ needs strong phase

between D° and DP across Dalitz plot, will limit uncertainty on ¢
Direct measurement of strong phase requires quantum-correlated D°DP pairs. So far, only CLEO.

Use model-independent approach to measure phase
developed b)/ Bondar & Poluektov, Eur. Phys. J. C 47 (2006) 347

Determine amplitude-weighted averages

G = \/% /’|fD(mim2_)||fD(m2_mi)| x cos[Adp(m?, m% )|dm?% dm?

in symmetric bins i on the Dalitz plot

BESTIEE
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Strong phase in DO — KSO 7-[+ T BESIII Phys. Rev. Lett. 124 (2020) 241802
Phys. Rev. D 101 (2020) 112002

Exploit quantum-correlated D°DP pairs at ¢(3770):

Reconstruct signal decay vs. flavour specific, CP-even, CP-odd, and CP-mixed tags:

17 tag modes in total.

Effect of quantum correlation clearly visible: D° — K97t 71~ vs. CP tags

T T 4
CP-odd vs. K

= T T T 3F
CP-even vs. Kon'm

o X

> > T ]
) )

&) )

® &

ax ol

= 1 = 1 B

L ?
M. (GeVe?)

L ?
Mo, (GeVc?)

BES IR
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Strong phase in DO — KSO 7-[+ T BESIII Phys. Rev. Lett. 124 (2020) 241802
Phys. Rev. D 101 (2020) 112002

Use three binning schemes (regions with ~ constant strong phase):

m? (GeV?/c?)
N

m? (GeV?/c?)

m? (GeV?/c%)

=

0.5 0.5 0.5
BESIII
@ OF @ @
CLEO-c
-0.51 -0.5 -0.5]

Expectation from
BABAR/Belle amplitude model

- R YR
BESTER

L
-1 -0.5 0 0.5 1

[+
Charm at BESIII | W.Gradl | 36



Strong phase difference between D and D°

DO — Kg L7T+ 7T Phys. Rev. Lett. 124(2020)241802

pld
0.5
@ O
-0.51
aF
0 0 — — — —
D° — K@ KT K™ Phys Rev. D 102(2020)052008 D% - K~ mttm and K~ 7wt 0 jHepos021)164
1S M Satsieat S T S atitieal 350F E
1 — Total 1 — Total 300 F  BESII
— F[JAy?=2.30
e,
& 200F £ yP=11.
@ of w 0 So b E \C
CLEO-c
-0.5) -0.5 100F £ ix}g.?g
e AP=B.
Af — CLEO-c A _ cLEO< s0p- F—ax’=11.83
-1.5, * Babar Model -1.5, * BaBar Model 0.1 0‘2 0‘3 B‘A 0‘5 0.‘6 0‘7 ﬂ.‘E 0‘9 0‘.1 O.‘Z 0.‘3 D‘A 0‘5 D‘E ﬂ.‘7 D‘B B‘Q

%5 4 05 0 05 1 15 Y5 105 0 05 1 15
c c, R

.. . < BES TR
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Impact on 7y in B+ - DK+ BESIII, Phys. Rev. D 101 (2020) 112002

Toy study: use world average values for v, rg, dp, generate large samples of
BT — DK+ — [KOT = ]KT decays.

Sample s;, ¢; from BESIII measurement, determine +:

Mean: 73.3 Mean: 73.5 800 Mean: 73.5
sook RMS : 0.7 600 RMS : 1.2 RMS :08
g\! & g\. 600
S soof S E;
2 & a0or 2
] ] g oo
g aoor g g
200 a0l
200F
0 70 75 30 0 70 75 30 0 70 75 30
) ¥(°) ()

Using modified optimal binning, contribution to A<y due to strong phases in D decays is 0.8°

Sufficiently small for expected statistical uncertainties at LHCb prior to HL-LHC, and for Belle |l
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Charmed baryons

First hint for a charmed baryon at BNL prL34(1975)1125 (a) Charmed baryons
. 3.1 2 Bl2*
candidate for It — Al 7T 20 08
N R i AcKx
vpru AT i ? = (2080) |
774 (2940) /
Pﬂj i Zex i
K7
29 Fsot s om0y Ackm Los
- P 3/2- :': 15]
A ! z _ i LZ§£&DO) = gﬁn)
} 2 Agmr (2R AT Nt s o)
2 v
k] kg
} i E 2.7 n &L s
s - = m 32+ | yE (2845
h é Kﬁr—(@?g’ 312+ | YE(2645)
b 3
] -4 2 o . :
o . B
i (2520 ,
2.5+
= [+ 02
. ily 18
et TN - Spectroscopy is well
H described by th
quark-diquark madel
23 i

7 _\Vp - €
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A+

C

Situation before 2014:
fixed-target experiments (FOCUS, SELEX), et e~ B-factories
(ARGUS, CLEO, BABAR, Belle)

m Known decays only =z 60% of total width

m Many unknown decay channels

m Large uncertainties

m Most BF measured relative to AT — pK~ 7t

Large experimental uncertainties
= slow development in theory

Winter 2014: BESIII collects 567 pb~" at 4.6 GeV,
close to AT A, threshold

(35 days beam time)
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A data in PDG2015

Seale factor/  p

A} DECAY MODES Fraction ([;/T)  Confidence level (MeV/c)

A(1232)H K-

Hadronic modes with a p: § = =1 final states
(321 030)%

(68 0By % 1

pK*(892)° lal (213% 030)%

(118 027)%

A1520) 7+ fd (24 +06)%

pK‘-*nommnanz (38 +04)%

(45 +06)%

(17 £ 04)%

(35 +04)%

=t (46 +08)%

o 2)*—* ld (15 +05)%

(K™ 7" Jnonresonant ™ (50 £09)%
A1) R "(892) seen

(11+05)%

Hadronic modes with a p: S = 0 final states
(47 £25)x1073

pf(980) fd (38 +25)x10-3
priETE W (25*{6)»10’]

(11 04)x10-3
lal (112 023)x10-3
(48 +19)x107¢

Hadronic modes with a hyperon: S = =1 final states

(15 + 1.0 )x10~3 I

( 146+ 013)%
(50 13)%
LY
Axtatz (359 0.28)%
zusss)nm p (10 +05)% I
X(l}sS)‘w*x* - (75 + 14)x10-3 I

22.9%
25.0%
10.5%
13.3%
23.5%
11.4%
13.0%
33.3%
18.0%

66.7%
45.4%

53.2%
64.0%
36.4%

8.9%
26.0%

7.8%
200%

18.7%

45.4% I



Al

Situation before 2014:
fixed-target experiment
(ARGUS, CLEO, BABAR,

1 PDGZOW )

Fraction (/) Confidence level (MeVjc)

ap: §==1final states
(3212 030)%

(esa? 0Byw 1

m Known decays onl (e o | 22 |
24 +06)% 25.0%
: 18 % 04 ;x 10.5%
m Many unknown de Gerae ] sw |
(17 +04)% 23.5%
L (35 +04)% | nax |
m Large uncertaintie (aez o) e
(50 +09)% I 18.0% I
m Most BF measured e B
(11 £05)% 45.4%
Large experimental unc AR S=0tmimia | s |
(38 +25)x1073 . 2%
. 10-3 64.0%
= slow development in s [ oo
e | |
. hyperon: S = =1 final states
Winter 2014: BESIII coll w8 :
+_* e & < 6 % cL=of%
close to ;A thresho oot - NI S
%)
F(1385) " atat, £ - (75 4 14)x10-3 18.7%
(35 days beam time) :"_ |
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A7 production close to threshold

—~0.8¢
%0_7? by Giio Cross section measurement at threshold:
0_6; 4.6GeV BESIII, Phys. Rev. Lett. 120 (2018) 132001
0.5; :
E: BESIII dataset contains &~ 0.1M A pairs
04 )
0‘3;_51 _l_ BESIII compared to Belle via ISR Phys. Rev. Lett. 101
O-Zij/*/ - [ s G (2008) 172001
0.1;; '
R Ry R YWY WA TR, \4117-2“%‘7(“6%'(?) Cross section jumps abruptly at threshold!

BESTER
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BESIII A/ results from first round of data

17 publications from first 34 days of data taking at 4.6 GeV:

m Precise, absolute BF measurements for hadronic, Hadronic decay 2014 : 0.567 fb! at 4.6 GeV

. B . . A} - pK~m* +11 CF mod PRL 116, 052001 (2016;
semi-leptonic and inclusive decays pie T CEmodes @
PRL 117, 232002 (2016)

PRL 118, 12001 (2017)
PRD 95, 111102(R) (2017)
PLB 772, 388 (2017)

PLB 783, 200 (2018)

PRD 99, 032010 (2019)
CPC 43, 083002 (2019)
PRD 100, 072004 (2019)
PLB 817, 136327 (2021)
PRD 103, LO91101(2021)

m Observation of CS decay prtt ™

m Evidence for CS decay py

m First measurements for many decay asymmetries
m A spin

m EM formfactor near threshold

Very successful programme: increase energy, take more
data!
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AF—pKK, prm

A —nKsa*

Af—pn, pr

Af— Zrwnd

A - EOOK*

Af - Mgt

AY - g2ty

A} = BP decay asymmetries
AY - pKn

A} spin determination

Semi-leptonic decay

A —Acty,

A=Ay,

Inclusive decay

AF—AX
Af—e*X
A KOX

Production

A A cross section

PRL 115, 221805(2015)
PLB 767,42 (2017)

PRLI21, 062003 (2018)
PRL 121 251801(2018)

EPIC 80, 935 (2020)

PRL 120,132001(2018)
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A7 after 2015
A} data in PDG2015 PDG 2020

Hadronic modes with a p or n: S = —1 final states

Scale factor/  p 5 v
A} DECAY MODES Fraction (I;/l)  Confidence level (MeVjc) N pKs ( 150+ 0.08)% |, 44% s-11
£ r, pK-at (6.28+ 0.32) % S=14
Hadronic modes with a p: S = =1 final states ) pK*(892)° [ (196 027)%
pR® (321% 030)% Ty A1232) T K~ ( 1.08+ 0.25) %
pK-+ (st 0By % I— _ 'I Is A(1520)7+ [ (22+05)%
R+(892)0 " le  pK~m™ nonresonant (35+04)%
A(1232) K- (1182 0m% I 22.9% I rr nggrr“ ( 197+ 013)% [,50% s-11
A(1520)x+ (24 % 06)% 25.0% g T+ (1824 0.25)% First
p K==+ nonresonant (38 +04)% 10.5% fo  pK%y (16 +04)%
PRz (45 +06)% I 13.3% Mo pKYrta— (1.60+ 012)% |, 28% s=11
p?’.,‘ _ (17 +04)% 23.5%  pK-atad ( 446+ 030)% ,61% S=15
PRzt = (35 +04)% 1.4% Mo pK*(892) " [ (14+05)%
pK= =t =0 (46 £08)% 13.0% . 70
P — W (15 £08)% 333% M3 p(K” )rlonrscnint (464 08)%
) e ion)w I 18.0% I ' A[1232)K (892) seen
A1232) ",(';92)'" o Ms pK 2xtw (14 4 09)x1073
PR xtxtam (15 % 10)x107 I 66.7% I Mo pK-mt2r® (10%05)%
—a+ 2020 19
PRt a0 (11 £05)% a5.4% Hadronic modes with a p: § = 0 final states
Hadronic modes with 2 p: S = 0 final states I I Mz pm® < 27 x1074  cL=00%
prta (47 +25)x1073 45.4% rs pn (1244 030)x 103 First
p(980) fal (38 %25)x10-3 53.2% Mo pw(782)° (9 £4 )x107%
prtataa" (25 16)x10~3 I 64.0% I Mo pata— (4614 028)x10-3  First
pKT K= (11 % 04)x10-3 36.4% for  ph(980) [ (3523 )x]ﬂ’:‘
pé fal ( 112+ 023)x10-3 I I M p2nt2n= (23 + 14 )xlo’
pK* K™ non-¢. (48 +19)x10~% M3 pKTK™ ( 106+ 0.06) x 3369
" Ma  pé [ (1064 0.14) x 1073 o
ot Ndmkmﬁdﬁlm.s:;:hdml 5% I Ias pK+ K~ non- (53 + ,2)“0,;
s 0 (50;”]% 26.0% e por . (10 4 )x10~
N+ A . _4 | o7 pK*+ K~ x0nonresonant < 63 x10°5  Ct=90%
Axtata (359 0.28)% 7.8% M .
Z(mw wham T o t20% a8 )% 200% Hadronic modes with a hyperon: § = —1 final states
My Azt ( 1.30% 0.07)% s=11
2(1385) atat, £ - (75 + 14)x10-3 18.7% g Azt (71 =04)% |,78% S=11
I I R P < % o5
r3 Az~ 2mt ( 3.642 0.29)% s=14
Tag X0nt (1294 0.07) % L45% s=1.1
Mg It ( 125+ 0.10)% ,33%

Tis Ztn (44 £ 20)x1073
ST BESTT
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BESIII, Phys. Rev. Lett. 129 (2022) 231803

A semileptonic decays: LQCD vs data

LQCD: S. Meinel, Phys. Rev. Lett. 118 (2017) 082001

----- DATA: AL A ey, LQCD calculation used measured branching

_ 2= LQCD: Aj> Ae'v, . . . . H
T fraction as input: differential decay rate in rather
3 05
z good agreement
w01
=
=
= 005

ol

0 0.2 0.4 0.6 0.8 1 12

42 (GeV?/ch)

3|+ DATA: Ai> Ae'v,
= LQCD: Al Ae'y,

Form factors in data quite different from LQCD
calculations

1%
».

0.5 1 0 0.5 1
4 (GeV¥ch) 2 (GeV¥ch)

Availability of high-quality, precise data essential!

£ (g

0.5 1 ) 0.5 1
? (GeVZct) 72 (GeV¥ct)

BESER
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Heavier charmed baryons

(a)
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4.74 GeV
4.88 GeV
4.91 GeV
4.94 GeV
5.16 GeV
5.40 GeV

4

\s (GeV)
With energy upgrade to 5.6 GeV, can cover all
ground-state charmed baryons in detail

Study production and decays of excited charmed
baryons

BES IR



BESIII Quo Vadis?

m Flavour physics at BESIII: charm
m Large data samples compared to predecessors (CLEO, ...), but small compared to LHCb

Big advantage: production near threshold, closed kinematics, clean events, neutrals and missing
energy!

(Semi-)Leptonic decays of charmed hadrons

Unique data sample: quantum-correlated D°D° pairs to measure strong phases

just submitted our 500th paper: mini-workshop to celebrate on 31st May
https://indico.ihep.ac.cn/event/19694/timetable/

BESTIEE
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Upgrade to accelerator: BEPCII-U project

m Goal: improve luminosity at large /s
m Easiest upgrade: install more RF power, optimize machine lattice

m Bonus: running above /s ~ 5 GeV becomes feasible

charmed baryons besides Al: X, Z¢, Q.

BEPCI1-U vs BEPCII

1x10%

A5 07

Peak lurr

25107
Z-

5 20 2.5
Beam energy (GeV)
BESTER
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Outlook for BESIII

Currently running on 1(3770), with the goal to collect 20 fo~" in total

Challenge: improve systematic uncertainties!

Upgrade of inner tracking system (ageing):
installation of 3-layer CGEM detector (2024)

Upgrades to accelerator already performed

> better feedback systems

> automated switching from e™ to e™, for top-up injection (Lint + 30%)
» power supplies and cooling for magnets, to allow running at higher /s
» RF power upgrade to reach up to 5.6 GeV

Operate BESIII for several years after upgrade (2030?)

More exciting and precise results to come from the new larger datasets

BESTIEE
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Outlook for BESIII

m Currently running on §(3770), with the goal to collect 20 fo~ ! in total
m Challenge: improve systematic uncertainties!

m Upgrade of inner tracking system (ageing):
installation of 3-layer CGEM detector (2024)
m Upgrades to accelerator already performed

> better feedback systems

> automated switching from e™ to e™, for top-up injection (Lint + 30%)
> power supplies and cooling for magnets, to allow running at higher /s 4 N
» RF power upgrade to reach up to 5.6 GeV

Operate BESIII for several years after upgrade (2030?)

More exciting and precise results to come from the new larger datasets '
®
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Luminosity expectation Belle Il (ISR) vs BESIII (direct)

B2TiP WG7

Lum (pb™/10 MeV)
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ALY U \|.........!\|-|-|-|-!-uuuu‘-

O g

4
Ecm (GeV)

o EBel_\e, 1 ‘ab, ZQEO E

4.5

3020
.

Note: old luminosity projection for Belle II; current Line = 428 b1, targetis 4 ab~T by 4/2026
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