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Frontiers of the Standard Model 

non-perturbative QCD
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Charmed hadron
– key to the strong interaction 
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BESIII	
detector

LINAC

2004:	started	BEPCII	upgrade,
BESIII	construction

2008:	test	run
2009	- now:	BESIII	physics	run			

Beijing	Electron	Positron	Collider	(BEPC)

beam	energy:	1.0	– 2.3	GeV										

e+

e-

• 1989-2004		(BEPC):	
Lpeak=1.0x1031 /cm2s	

• 2009-now	(BEPCII):			
Lpeak=	1.0	x1033/cm2(4/5/2016)
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Energies of the BEPCII Collider

2 ~4.6(4.9) GeV
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Physics at tau-charm Energy Region
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Data for studying charmed hadron decays

𝑫(𝒔) & 𝜦𝒄 decays:
• (semi-)leptonic decays
• hadronic decays

Particle data group 2015

𝐷𝐷(

𝐷)*∗𝐷),

Λ.Λ/.

+scan data
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Precision measurement of CKM elements
-- Test EW theory 
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Three generations of quark? Unitary matrix?

Expected precision < 2% at BESIII

BESIII + B factories + 
LQCD

• Precision measurement of CKM matrix elements 
• A precise test of SM model
• New physics beyond SM?

CKM matrix elements are fundamental SM parameters that 
describe the mixing of quark fields due to weak interaction. 

BESIII + B factories + 
LHCb + LQCD

Xiao-Rui LYU 强子物理新发展研讨会，2020 9



Xiao-Rui LYU 强子物理新发展研讨会，2020

Double Tag (DT) techniques
• 100% of beam energy converted to D pair (Clean environment, 

kinematic constrains n Recon.  )
• D(S) generated in pair Þ absolute Branching fractions
• Fully reconstruct about 15% of D(S) decays

u Double tag techniques: Hadronic tag on one side, 
on the other side for missing-mass studies 
(Double tag efficiency is high.)
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Charmed meson decays
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D(S) Leptonic decays
Purely Leptonic:
• Extract decay constant fD(s) incorporates the strong interaction effects (wave 

function at the origin)
• To validate Lattice QCD calculation of fD(s) and provide constrain of CKM-

unitarity

Will be updated
using 4178 MeV data
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Observation of 𝑫, → 𝝉,𝝂, 𝝉, → 𝝅,𝝂/

5.1σ significance

137±27 signals

arXiv:1908.08877 [hep-ex]
accepted by PRL
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Decay constant fD(s)

• Precisions of LQCD results are superior to experimental ones
• Hint of slight tension between exp. & LQCD results
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D(S) Semi-Leptonic decays: e-mode
Semi-leptonic: form factor (FF)
• Measure |Vcx| x FF
• Charm physics:

• CKM-unitarity Þ | Vcx|, extract FF, test LQCD 
• Input LQCD FF to test CKM-unitarity
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D(S) Semi-Leptonic decays: 𝝁-mode
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Form factors 𝒇,𝑫→𝒉

Precisions better than those of LQCD results

17



Xiao-Rui LYU 强子物理新发展研讨会，2020

Form factors 𝒇,
𝑫𝒔→𝜼(9)

1st measurement
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Vcs and Vcd
BESIII: best precision and
systematic dominant
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Tests of lepton flavor universality 
SM prediction: 𝑹𝑫=2.67±0.01

BESIII: 𝑹𝑫=3.21±0.64 ±0.43
1𝞼 difference?

2.93/fb@3773MeV;
3.19/fb @
4178MeV

Semi-leptonic modes

2𝞼 difference?Future 20/fb @3773MeV data will improve these test.
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SL decays for spectroscopy study
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Studies on Ds
+→p`n and 𝝎𝝅,

• understanding the dynamical enhancement of W-annihilation
– Short-distance vs Long-distance

BF enhanced BR due to long-distance effect via hadronic loop

3.19 fb-1 @Ecm = 4.178 GeV   

PRD99, 031101(R) (2019) PRD 99, 091101 (R) (2019)
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Dalitz analysis of 𝑫𝒔, → 𝝅,𝝅𝟎𝜼
PRL 123, 112001 (2019) 

One interpretation by Yu-Kuo Hsiao et al, arXiv:1909.07327
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The 𝛬., decays 
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北京谱仪III粲重子物理

25



Xiao-Rui LYU 强子物理新发展研讨会，2020

c

u
d

sc

à Strange baryons (L[uds])
mu, md ≈ ms à (qqq)  uniform

à Charmed baryon (Lc[udc])
mu, md << mc à diquark + quark

(qq)           (Q)

à Charmed meson (D+[cd/])
md << mc à quark + heavy quark

(q)               (Q)

è diquark correlation is enhanced by weak Color Magnetic Interaction with a 
heavy quark.

a heavy quark (c) with an unexcited spin-zero diquark (u-d)
Quark model picture 

In some sense,	more	reliable	prediction	of	heavy-light	quark	
transition	without	dealing	with	light	degrees	of	freedom	that	
have	net	spin	or	isospin.

𝜦𝒄, may provide complementary powerful test
on internal dynamics to D/Ds does 
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2015年之前的粲重子衰变信息
𝜩𝒄,: relative to the decay of 𝜩*𝟐𝝅,

𝛀𝒄𝟎

𝚲𝒄,
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In 2014, BESIII took data above Λc pair threshold and run machine 
at 4.6GeV with excellent performance.

Energy(GeV) lum.(1/pb)

4.575 47.67

4.580 8.54

4.590 8.16

4.600 567.93

First time to systematically study charmed baryon at threshold!

PRL101	(2008)	172001

BELLE

Measurement	using	the	threshold	pair-productions	via	e+e-
annihilations	is	unique:	 the	most	simple	and	straightforward

Λc threshold production at BESIII

28



Physics output on the 𝜦𝒄,
• Published 17 papers (7 PRLs)
• … more will be coming

Hadronic decay

𝚲𝐜, → 𝒑𝑲*𝝅, + 11 CF hadronic modes PRL 116, 052001 (2016)

𝜦𝒄,→pK+K-, pπ+π- PRL 117, 232002 (2016)

𝜦𝒄,→nKsπ+ PRL 118, 12001 (2017)

𝜦𝒄,→pη, pπ0 PRD 95, 111102(R) (2017)

𝜦𝒄,→ 𝜮*π+π+π0 PLB 772, 388 (2017) 

𝜦𝒄, → 𝜩𝟎(∗)𝑲, PLB783, 200 (2018)

𝜦𝒄, → 𝚲𝜼𝝅, PRD99, 032010 (2019)

𝜦𝒄, → 𝚺,𝜼, 𝚺,𝜼′ CPC43, 083002 (2019)

𝜦𝒄, → BP decay asymmetries arXiv:1905.04707

Semi-leptonic decay

𝜦𝒄,→𝜦e+𝝂𝒆 PRL 115, 221805(2015)

𝜦𝒄,→𝜦µ+𝝂𝝁 PLB 767, 42 (2017)

Inclusive decay

𝜦𝒄,→𝜦X PRL121, 062003 (2018)

𝜦𝒄,→𝒆,X PRL 121 251801(2018)

Production

𝜦𝒄,𝜦𝒄* cross section PRL 120,132001(2018)
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Absolute BFs of Λc+ hadronic decays

• The absolute BF can be obtained by the ratio 
of double tag yields to single tag yields.

• a global least square fit to 12 hadronic
modes

ü First direct measurement on Ʌc BFs at threshold
ü 𝑩 𝒑𝑲*𝝅, : BESIII precision comparable with Belle’s
ü Improved precisions of the other 11 modes significantly

[Chin. Phys. C37(2013)106201]

• Absolute BF of Λc+  decays are still not well determined since its 
discovery 30 years ago. PDG2014: δB/B ~25%; BELLE2014: δB/B ~4.7%

• Tagging technique @BESIII will provide the	most	simple	and	straightforward
measurement PRL 116, 052001 (2016) 567/pb @ 4.6 GeV
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Semi-Leptonic mode

ST mode

BF for Lc
+àLe+ne

The tagging method and
missing-mass technique at
threshold.

11 hadronic single tag modes are used

Umiss (GeV)

Ev
en

ts
 /0

.0
10

  (
G

eV
)

( ) (3.63 0.38 0.20)%c eB e n+ +L ®L = ± ±

Ø First absolute measurement of the semi-leptonic decay
Ø Statistics limited
Ø Best precision to date: twofold improvement
Ø We also measure the muonic mode [PLB 767, 42 (2017)]

PRL 115, 221805 (2015) 

567/pb @ 4.6 GeV
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The first Lattice calculation on Lc
+ SL decays
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Lc decay asymmetries

sin 𝚫𝟎=−0.28± 0.13± 0.03

• 4(6)-fold angular analysis of the cascade decays of
Λ. → 𝑝𝐾P, Λ𝜋,, Σ,𝜋S and ΣS𝜋, based on 567/pb data

• Best precisions on the hadronic weak decay asymmetries
• The transverse polarization is firstly studied and found to be

non-zero with 2.1𝜎

PRD100, 072004 (2019)
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A theoretical Framework for Charmed Hadrons

• Topological diagrams + Symmetries + Experimental inputs 
Þ to understand the decaying dynamics, predicting 
double-charm baryon decays, CPV, etc. (predictive power)
– 𝜦𝒄, branching fractions used for global analysis  
Þ 𝜩𝒄𝒄,, → 𝜦𝒄,𝑲*𝝅,𝝅, and 𝜩𝒄,𝝅, are large enough for observation. 

𝑩𝒓(𝜦𝒄, → 𝒑𝝓)/|𝑽𝒖𝒔|𝟐 = 2 % 𝑩𝒓 𝜩𝒄𝒄,, → 𝜮𝒄,,𝑲(∗𝟎 	= O(%)

𝜩𝒄𝒄,, → 𝜦𝒄,𝝅,𝑲*𝝅,

Large enough for observation

𝚲𝒄, BFs from BESIII è Stronger predictive power

[PRL 117, 232002 (2016)]

from Fu-Sheng Yu
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CKM matrix element Vub

• B(𝑝𝐾*𝜋,) quoted BELLE’s result

• 10x Λ. data è < 2%

Nature Physics 11, 743 (2015)
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Yet unknowns

• Many of the following modes are not measured (~40%)
– most of the semileptonic (SL) modes 
– the singly Cabibbo-Suppressed (CS) and doubly CS hadronic

modes
– the neutron- and KL-involved channels

• Amplitude analysis of the three- and four-body decays
– important to study the excited hyperons

– to study the decay types of 𝐵 ]
^

,
𝑉 and 𝐵(`^

,
)𝑃

– not much have been done yet
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From BESIII physics (yellow) book to BESIII white paper 

2008 2020

M. Ablikim et al, Chin. Phys. C 44 040001 (2020)
DOI: 10.1088/1674-1137/44/4/040001D. Asner et al, Int. J. Mod. Phys. A 24, S1 (2009)
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High precision charm physics at thresholds

Observables Exp. measure BESIII Belle-II LHCb
𝐵(𝐷, → 𝑙𝜈) 𝑓e|𝑉.f| 1.1% 1.4% N/A
𝐵(𝐷), → 𝑙𝜈) 𝑓eP|𝑉.P| 1.0% 1.0% N/A
𝐵(𝐷, → 𝑙𝜈)
𝐵(𝐷), → 𝑙𝜈)

𝑓e|𝑉.f|
𝑓eP|𝑉.P|

1.0% 1.4% N/A

𝑑Γ(𝐷 → 𝜋𝑙𝜈)/𝑑𝑞^ 𝑓e→j 0 |𝑉.f| 0.6% 1.0% N/A
𝑑Γ(𝐷 → 𝐾𝑙𝜈)/𝑑𝑞^ 𝑓e→l 0 |𝑉.P| 0.5% 0.9% N/A
𝑑Γ(𝐷) → 𝐾𝑙𝜈)/𝑑𝑞^ 𝑓eP→l 0 |𝑉.f| 1.3% N/A N/A
𝑑Γ 𝐷) → 𝜙𝑙𝜈 𝑑𝑞^ 𝑓eP→n 0 |𝑉.P| 1.0% N/A N/A

BESIII:  20fb-1 @ 3770 MeV,  6fb-1 @ 4180 MeV (BESIII physics book) 
Belle-II:  50 ab-1 @ Y(4S)   arXiv: 1808.10567  (Belle-II physics book) 

LHCb: : arXiv:1808.08865 for upgrade-II 

Belle: 2.5% 
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Charmed baryon thresholds

BESIII Energy upgrade plan:
4.6 GeV à 4.7 GeV(Done!) à 4.9 GeV (by 2020)

5.4 GeV

4.
57

3 
G

eV

Xiao-Rui LYU 强子物理新发展研讨会，2020 40



Approved data taking
between 4.6~4.7 GeV in 2020

• We hope to accumulate ~10x more Lc pairs (~1M)
• Irreplaceable sample to systematically refresh the

whole Lc knowledge and impact relevant theoretical
and experimental studies

• Collected data at energy points:
4.61 GeV (~100/pb), 4.626 GeV (~500/pb),
4.64 GeV (~500/pb), 4.66 GeV (~500/pb),
4.68 GeV (~500/pb), 4.70 GeV (~500/pb)

• These data can also be used to study XYZ
physics, such as Y(4630/4660)

Xiao-Rui LYU 强子物理新发展研讨会，2020 41



Impacts on 𝚲𝒄 decay data
CLEOc
dominants  the 
Ds Branching 
Fraction 
measurements. 
(Sys. Err. 
Dominates CF 
modes. Many 
SCS&DCS 
modes 
observed.)

Can BESIII
dominate 𝚲𝒄 ? 
Most Brs are 
Stat. Error 
dominated. 
Many SCS 
&DCS modes 
NOT 
observed.
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Prospects on semi-leptonic decays

first
measurement

MC:	0.5M𝚲𝒄 pairs

~5s significance

Umiss (GeV)

Lc+àS+p-e+ne

Lc+àS0p0e+ne

Umiss (GeV)

MC:	
80M 𝚲𝒄
pairs

• Cleanest way to access the dynamics inside charmed baryon

Xiao-Rui LYU 强子物理新发展研讨会，2020 43



• Systematically study channels via 
W-exchange 

tLC =(200±6)×10-15 s tD0 =(410.1±1.5)×10-15 s tD+ =(1040±7)×10-15 s

Important ingredient contribution to explain the life 
times of Lc, D0 and D+ [PDG2017]: 

ü It is expected that the W-exchange (no helicity suppression) 
mechanism plays an important role in Lc

+ decays. 
ü Important to study the only W-exchanges Lc

+ decays: clean and 
straightforward 

BFs in PDG 2017
LC

+àX0K+ (5.0±1.2) ×10-3 BESIII will systematically study 
and precisely measure their 
branching fractions.

LC
+àD++K- (1.09±0.25) ×10-2

LC
+àS+K+K- (3.6±0.4) ×10-3

LC
+àS+f (4.0±0.6) ×10-3

Lc
+ hadronic decay

Xiao-Rui LYU 强子物理新发展研讨会，2020 44



Cabibbo-Suppressed 𝜦𝒄,	decays
• Many measurements are 

absent.
• Cabibbo-suppressed (CS) 

processes are essential 
for flavor SU(3) symmetry 
and its breaking

CS BF: Order of 𝟏𝟎*𝟑 or below

non-factorizable

W-exchange

Xiao-Rui LYU 强子物理新发展研讨会，2020 45



Hai-Yang Cheng etc, arXiv: 1801.08625

?
?

?

?

• Measuring the decay BFs of these decay channels can 
provide important data for understanding the W-exchange 
and non-factorizable mechanism. 

[in units of 10-3]

Predictions and Measurements

Xiao-Rui LYU 强子物理新发展研讨会，2020 46



SU(3) symmetry test in 𝚲𝒄 CS decays
• Based on (broken) SU(3) symmetry, there are predicted branching fractions of

SCS channels

• Crucial test using larger 𝚲𝒄 data set will be important to find large SU(3)
breaking effect in SCS decays
è Useful input to search CPV in charmed baryon sector
[PRD86, 014023(2012); JHEP 1210, 161 (2012)]

• No observations of 𝚲𝒄 → 𝚲𝑲,, 𝒑𝝅𝟎 and 𝒏𝝅,: important channels to test SU(3)
symmetry by examining 𝑩 𝚲𝒄→𝑵𝝅

𝑩 𝚲𝒄→𝚲𝑲s

SU(3) Broken SU(3) Exp./PDG
---

5.2±𝟎. 𝟖

<2.7

---

𝟔. 𝟏 ± 𝟏. 𝟐

PRD97, 073006 (2018); EPJC78, 593 (2018)

2M 𝚲𝒄 pairs needed
to statistically
guarantee the test
on the SU(3) effect.
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• Lc
+ hadronic weak decays 

ü Lc
+àpKS

0/KL
0, pKS

0p0/KL
0p0, etc  

[Fu-Sheng Yu, arXiv: 1709.09873]

Helps to explore KS
0-KL

0 asymmetry in Lc
+ decays.

ü Decay asymmetry parameters in Lc
+ two-body decays, Lc

+àBP/BV

• Exclusive decays containing neutron or KL
0

ü First observation of Lc
+ànp+, nK+, np+p0, nK+p0, etc

It can provides a good test on isospin/SU(3) symmetry by combing the 
measurements of the Lc

+ decays proton channels. 

First evidence or observation of Lc
+àgS+ and 𝛾𝑝

The BF for Lc
+àgS+ is predicted to be 2.8×10-4 [PRD47,2858(1993)]

• Weak radiative decays

which can be used to study the relative phase between S-wave and P-wave decays 

Other relevant topics

Xiao-Rui LYU 强子物理新发展研讨会，2020 48



Prospects on weak decay asymmetry

first or improved measurements of decay asymmetry 
parameters the following modes 	𝛬.,→ B( ]^

,
)+P

B

• Advantages for threshold measurement 
• Spin correlations of 𝛬., pairs near threshold production
• Most of the modes involve photon final states

• We will provide rigid tests on the theoretical calculations

22

*

||||
)Re(2

PS
PS

+
=a

0.03

first meas.
first meas.
first meas.

0.10
0.05

0.03

Future
BESIII
precision
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The Y(4630)/Y(4660) with 4.6-4.7GeV data in 2020

PRL99, 142002 (2007)

PRL101, 172001 (2008) 

PRD89, 111103 (2014)

BaBar

PRL110, 252002 (2013)

Belle

Belle

𝐵 𝑌y → 𝐷S𝐷∗*𝜋,

𝐵(𝑌y → 𝜓 2S 𝜋,𝜋*) < 10

Phys.Rev.Lett. 104 (2010) 132005

PDG

• Y(4660) baryonic coupling  ≥  10 mesonic
coupling (unexpected!)

• Another missing large mesonic decay?
Or Y(4660) is a charmed baryonium?



.
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Lineshape of 𝑒,𝑒* → Λ.,Λ(.*

by Giuilo

Belle: PRL101, 172001 (2008) 
BESIII: PRL120,132001(2018)

• Some tension between BELLE and BESIII data on 𝑒,𝑒* →
Λ.,Λ(.*

• BESIII future data above 4.6 GeV will follow a sharp rise of
the Y(4660) or a flat cross section near threshold?
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4.6~4.9 GeV



Future data taking proposals
A simple reference table (can be modified according to
future machine status)

Belle data for charmed baryon
PRL 101, 172001 (2008) 
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Thermionic
Gun

Polarized	e- Gun

e- Photogun
1	nC,	3	ps
ΔE/E	 ~	0.5	%	
(total	charge)

e- 1	GeV	+	1.5	Gev Linacs
AS	– 16	+	24
Klystron	–8	+	12
Length –72	m	+	96	m

e- 1.5	GeV	Linac
AS	– 24
Klystrons	– 12
Length	–96	m

e+	 1.5	GeV	Linac	
AS	– 24
Klystrons	– 12
Length	–96	m

Damping	Ring
e+	 1	– 1.5		GeV

1	GeV	Linac
AS	– 16
Klystrons	– 8
Length	–72	m

Debuncher

Compressor

Damping	
Wiggler

IP

RF	System

Damping	
Wiggler

Damping	
Wiggler

Damping	
Wiggler

Siberian	
Snake

Crab
Sext

Crab
Sext

Total	number	of	accelerating	structures:	104
Klystron	number:	52
Total	length	of	the	linacs:	~440	m

Drift	channel	
for	1.5	GeV	
mode
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Proposals of the Super Tau-Charm 
Factory (STCF)

HIEPA in China
Detector

Snakes Crab	Sextupole
WigglersInjector

Linac
0.5-3.5
GeV

Super-CT Project
in Russia

energy of 1.5 – 2.5 (3) GeV 
54



Xiao-Rui LYU 强子物理新发展研讨会，2020

• Belle-II (50/ab) has 50~100 times more statistics
• STCF is expected to have higher detection efficiency
• STCF has low backgrounds for productions at threshold

Data samples with 1 ab-1 integral luminosity 

Prospects at the STCF
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Sensitivities of the charmed meson decays
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until 2040

STCF will provide complementary information on the strong
phase and allow detailed comparisons in different models

Determination	of	g/f3		angle	in	CKM
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Charmed Baryons at STCF

• Systematic measurement of
absolute decay BFs with well
controlled systematics and low
backgrounds
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Summary and Outlook
u The charm program at BESIII is well proceeding.
u Near threshold production is unique to directly measure the

decay properties of the charmed hadrons, such as D, Ds,Λc
Ø Most precise measurements of decay constant and form

factors
Ø Firstly mapping out the full picture of Λc decay patterns.

u More data will be accumulated in the future 5-10 years
Ø To improve our knowledge on NPQCD in charmed

region
u Opportunities to study Xc @4.95 GeV
u More comprehensive precision studies will be promising at

STCF
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Competition from Belle & BelleII

Belle, PRL113, 042002 (2014)
Signal tags:
36447±432
@ 978/fb

• Belle tags ~36K 	Λ.,, while BESIII now tags 15K	Λ., (567/pb@4.6GeV)
• By middle of 2019, BELLEII will have 5/ab data, 5x of BELLE data;

è 180K tagged 	Λ.,;
• We will have 150K tagged	Λ.,, however, BESIII is very clean
• Many precise measurements at BESIII will reach to the level of

systematic dominated
è BESIII has advantages on backgrounds and systematics
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World campaign on the 𝚲𝐜,

BESIII Belle(-II) LHCb
	Λ�, total yields ⭑⭑⭑ ⭑⭑⭑⭑ ⭑⭑⭑⭑⭑

S/B ratio ⭑⭑⭑⭑⭑ ⭑⭑ ⭑⭑
Systematic error ⭑⭑⭑⭑⭑ ⭑⭑⭑ ⭑⭑

Systematic research ⭑⭑⭑⭑⭑ ⭑⭑⭑ ⭑

Semi-leptonic mode ⭑⭑⭑⭑⭑ ⭑⭑⭑ ⭑

n/KL-involved mode ⭑⭑⭑⭑⭑ ⭑⭑ ✩

Photon final state ⭑⭑⭑⭑⭑ ⭑⭑⭑⭑ ✩

Absolute measurement ⭑⭑⭑⭑⭑ ⭑⭑⭑ ✩

• The threshold data at BESIII have systematic
advantage over Belle(-II) and LHCb in the Λ�, studies.

• This proposal holds an optimal time window to
maximize the visibility of BESIII physics.
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arXiv: 1802.03421
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STCF
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Future Facilities for Charm study
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Charmed baryons 
productions

In the charmed baryon system, the light quarks are more 
like di-quarks

The spin-0 diquarks:  "good" diquarks
The spin-1 one :  "bad" diquarks. 
The bad diquarks are heavier. So if the hadronization
from the initial (ccbar) proceeds in one step, by attaching 
diquarks, it will provide a simple and natural explanation for 
the fact that the 𝚲𝐜 cross section is much bigger than that of 𝚺𝐜.

Then how about the behaves at the threshold, and to test it at BESIII 
will be very interesting!  

Belle, arXiv:1706.06791

from Marek Karliner

65


