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Why	still	Charm?
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Ø Why	Charm	is	unique	to	test	QCD	in	
low	energy?	

Ø Why	Charm	allows	us	to	overconstrain
CKM	in	B	decays?			

Ø Why	Charm	can	be	used	to	probe	New	
Physics	beyond	Standard	Model?	
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Precision	theory	+	charm

Theoretical	errors
dominate	width	of
bands

precision	QCD	calculations	tested	with	precision charm
data	at	threshold
ètheory	errors	of	a	few	%	on	B	decay	constants	&	
semileptonic form	factors
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Charm	Physics:	the	Context
Flavor	physics	was	in	the		‘sin	2β era’ akin	to	precision	Z.	
Over	constrain	CKM	matrix	with	precision	measurements
Discovery	potential	is	limited	by	systematic	errors	
from	non-perturbative QCD

LHC	found	Higgs	candidate	and	may	uncover	the	physics	
beyond	the	Standard	Model.		An	outstanding	challenge	to	
theory.		Critical	need:	 reliable	theoretical	techniques
&	detailed	data	to	calibrate	them

Complete	definition	of	pert.	and	non-pert.	QCD		
Calculate	B,	D,	Y,	ψ to	a	few	%	in	a	few	years.

Charm	can	provide	the	data	to	test	and	calibrate	non-pert.	
QCD	techniques	(especially	 true	at	charm	threshold).

Last	
Decade

This	
Decade

The	
Lattice
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Charm	Lifetimes

Charm	quarks	more	
influenced	by	hadronic
environment		than	
beauty	quarks.

D+ 7 ‰, D0 4 ‰, Ds 8 ‰, 
Λc  3%,  Ξ 0 10%, Ξ+

c  6 %, Ω c 10%
some lifetimes known as precisely as kaon lifetimes. 
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D	Nonleptonic Decays
Nonleptonic decays dominate the total rate
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D	meson	decays	
a)	Leptonic decay

b)	Rare	decay
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c)	Semi-leptonic decay
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d)	Hadronic decay
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D	meson	decays	

𝑉12=𝑉13,	𝑉14

Precision	measurements	of	decay	rates:	
1)	test	SU(3)	
2)	access	the	relative	strong	phase	
3)	Improve	the	theoretical	predictions	of	CPV	and	mixing	
4)	Light	hadron	spectroscopy	in	multi-body	decays	
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The	Landscape	for	open	charm
• B	factories:
--BABAR,	Belle
-- Belle-II	@Super-B	factories	

• Hadronic Production:	
--Fixed	target
--LHCb:	on-going	now!	（finished	two	runs)	
--ATLAS	and	CMS	

• e+e- Colliders@threshold:
-- Precision	results	dominated	by	CLEO-c
-- BESIII/BEPCII	machine:	higher	luminosity:	1033 cm-2s-1

-- Quantum	correlations	and	CP-tagging	are	unique



Data	set	near	threshold	at	BESIII

Leptonic &	Semileptonicdecays
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Unique	data	sets	at	open	charm	thresholds@BESIII	
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Double	tag	method	
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Alex Gilman
2 2| |BC beam DM E p= −
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fD+|Vcd|	from	D+àm+ 𝜈𝜇
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fD+|Vcd|	from	D+à𝜏+ 𝜈𝜏 :	first	observation	
BESIII:	arXiv:	1908.08877	 submitted to	PRL
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SM	prediction:	



𝐷39 → 𝜇9𝜈;

16

Alex Gilman



𝒇𝑫=		𝒂𝒏𝒅		𝒇𝑫𝒔=

17BESIII:	20	fb-1 @	3770	MeV BESIII:	3.19	fb-1 @	4180	MeV
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Form	factors	in	𝑫𝟎 → 𝑲C𝒆9𝝂𝒆,𝝅C𝒆9𝝂𝒆

PRD92(2015)072012 BESIII:	2.93	fb-1 @	3770	MeV
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𝑫𝟎 → 𝑲C𝝁9𝝂𝝁
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Alex Gilman
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Alex Gilman



𝒇9𝑫→𝑲 𝟎 	𝒂𝒏𝒅		𝒇9𝑫→𝝅
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𝒇9𝑫→𝑲 𝟎 	𝒂𝒏𝒅		𝒇9𝑫→𝝅

BESIII:	20	fb-1 @	3770	MeV
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004.0005.0446.0)0(f ±±=→
+

ηsD

011.0049.0477.0)0(f
'

±±=→
+

ηsD

PRD88,	034023

PRL122(2019)121801
First	extractions	of	FFs	of	𝑫𝒔9 → 𝜼(J)𝒆9𝝂

Statistical	errors	dominate

BESIII:	3.19	fb-1 @	4180	MeV
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Alex Gilman
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Alex Gilman
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Alex Gilman
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Alex Gilman



High	precision	charm	physics	@thresholds:		D/Ds
Observables Exp. measure BESIII Belle-II LHCb

𝐵(𝐷9 → 𝑙𝜈) 𝑓M|𝑉14| 1.1% 1.4% N/A

𝐵(𝐷O9 → 𝑙𝜈) 𝑓M3|𝑉13| 1.0% 1.0% N/A

𝐵(𝐷9 → 𝑙𝜈)
𝐵(𝐷O9 → 𝑙𝜈)

𝑓M|𝑉14|
𝑓M3 |𝑉13|

1.0% 1.4% N/A

𝑑Γ(𝐷 → 𝜋𝑙𝜈)/𝑑𝑞U 𝑓M→V 0 |𝑉14| 0.6% 1.0% N/A

𝑑Γ(𝐷 → 𝐾𝑙𝜈)/𝑑𝑞U 𝑓M→Y 0 |𝑉13| 0.5% 0.9% N/A

𝑑Γ(𝐷O → 𝐾𝑙𝜈)/𝑑𝑞U 𝑓M3→Y 0 |𝑉14| 1.3% N/A N/A

𝑑Γ 𝐷O → 𝜙𝑙𝜈 𝑑𝑞U 𝑓M3→[ 0 |𝑉13| 1.0% N/A N/A

BESIII:		20fb-1 @	3770	MeV,		6fb-1 @	4180	MeV,			arXiv:	0809.1869		(BESIII	physics	book)	

Belle-II:		50	ab-1 @	Y(4S)			arXiv:	1808.10567		(Belle-II	physics	book)	

LHCb:	:	arXiv:1808.08865 for	upgrade-II	
28



Hadronic decays

• Relative	strong	phase	from	Quantum	Correlated	data	

• Light	hadron	spectroscopy	from	charm	decays	

• Multiple	body	decays	(4-body	)	

29
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𝜸/𝝓𝟑extraction
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For	a	physical	process	producing	D0 D0		such	as

The	 correlated	state
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Uncertainties	of	𝜸/𝝓𝟑measurement	at	LHCb

32

06.4
3.5

HFLAV
CKM2018 )(71.1 +

−=γ

•	Dominated	by	LHCb

•	Belle	II:	1.50	 with	50	ab-1 arXiv:1808.10567

Strong-phase	inputs	from	CLEO	contribute	an	~20 uncertainty	to	γ
measurement,	and	will	be	comparable	with	experimental	statistical	
uncertainty	at	LHCbRUN2.		

•	LHCb:	arXiv:1808.08865v2



Wishlist of	Quantum	Correlated		measurements	at	BESIII
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Quantum	Correlatedmeasurements	with	2.93	fb-1 data

34

n Strong	phase	of	DàKSπ+π−,							to	be	submitted	this	December			

n CP+	fractions	of	Dàπ+π−π0 and	K+K−π0 Near	to	ready		

n Strong	phase	of	DàK−π+π0 and	K−π+π+π− Ongoing

n Analysis	of	Dà2(π+π−)																																											Ongoing

n Analysis	of	DàKSπ+π−π0 Ongoing

n Strong	phase	of	DàKSK+K− Ongoing

n Strong	phase	of	DàK−π+ PLB734(2014)227

n Analysis	of	DàKSK+π− and	KSK−π+ Ongoing

Preliminary



Constraint	to	𝜸/𝝓𝟑measurement

35

LHCb,	arXiv:1808.08865v2

Strong	phase	from	QC	data	at	BESIII	will	
be	key	to	constrain	the	𝜸measurement	
at	LHCbupgrade	1(2)	to	sub-degree	level

DàKSπ+π−

DàK−π+π+π−

Dà2(π+π−)
BESIII:	10	to	16	fb-1
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Amplitude	analysis	of	𝑫𝒔9 → 𝜼𝝅9𝝅𝟎

)%41.028.050.9(0 ±±=++→ ηππsD
B )%2.12.9(PDG18

0 ±=++→ ηππsD
B

)%44.048.044.7( ±±=++→ ηρsD
B

)%34.022.020.2(
)980(0

±±=
→+ πaDs

B

arXiv:1903.04118, accepted by PRL

Branching	fraction	is	one	
order	higher	than	other	
known	annihilation	decays.

Y.K.Hsiao, Y. YU, B.C. Ke
arXiv:1909.07327

BESIII:	3.19	fb-1 @	4180	MeV
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Rare	decays	and	lifetime	measurements	from	LHCb
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Why	Rare	charm	decays D.	Mitzel



Observation	of	the	𝑫𝟎 → 𝒉9𝒉C𝝁9𝝁C

39

D.	Mitzel

5	fb-1	(2011-2016)



Asymmetries	in	𝑫𝟎 → 𝒉9𝒉C𝝁9𝝁C

40

PRL,	121,091801	(2018)

D.	Mitzel



Asymmetries	in	𝑫𝟎 → 𝒉9𝒉C𝝁9𝝁C
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PRL,	121,091801	(2018)

D.	Mitzel



Asymmetries	in	𝑫𝟎 → 𝒉9𝒉C𝝁9𝝁C
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PRL,	121,091801	(2018)

D.	Mitzel



Search	for	rare	decay	𝜦𝒄 →p𝝁9𝝁CLHCb: arXiv:1712.07938

43

D.	Mitzel



Search	for	rare	decay	𝜦𝒄 →p𝝁9𝝁C
LHCb: arXiv:1712.07938
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D.	Mitzel



Precision	lifetime	measurements	of	charmed	baryons
• Using	run-I	data:	3.0	fb-1
• Decay	channels:	

LHCb: arXiv:1906.08350 
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Precision	lifetime	measurements	of	charmed	baryons

The	measurements	are	approximately	3–4	times	
more	precise	than	the	current	world	average	values

Fit decay time spectra to get lifetime information 

3.3 𝜎

~	4	times	 larger

LHCb: arXiv:1906.08350 

LHCb: arXiv:1807.02024 46
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Near	threshold	data	:		𝑒9𝑒C → Λ19Λe1C

35	days	data	taking	



Absolute	BFs	of	𝚲𝐜9	hadronic	decays
PRL 116, 052001 (2016) 
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BESIII:	0.6	fb-1 @	4600	MeV

BESIII	 	



Absolute BFs for Λc
+ → Λl+νl

• First	absolute	measurement	of	the	semi-leptonic	decay	(Statistics	limited)
• Important	input	for	implementing	and	calibrating	the	Lattice	QCD	calculations
• Best	precision	to	date:		twofold	improvement
• Γ[𝜦𝒄9à𝜦µ+𝝂𝝁]/Γ[𝜦𝒄9à𝜦e+𝝂𝒆]= 0.96±0.16±0.04

49

PRL	115,	221805(2015)

𝛬19→𝛬µ+𝜈;
79±11 signal

𝛬19→𝛬π+π0

PLB	767,	42	(2017)

B[𝜦𝒄9à𝜦e+𝝂𝒆]=(3.36±0.38±0.20)%
B[𝜦𝒄9à𝜦µ+𝝂𝝁]=(3.49±0.46±0.27)%

BESIII:	0.6	fb-1 @	4600	MeV



Observation	of	𝚲𝐜9àn𝑲𝒔
𝟎π+

• Firstdirectmeasurementof𝜦𝒄9decay involving theneutron in the final state.

50

PRL,118,112001(2017)

• 2-D fitting extract 83±11 net signals => B[𝚲𝐜9→n𝑲𝒔
𝟎π+]=(1.82±0.23±0.11)%

• B[𝚲𝐜9→n𝑲𝟎π+]/B[𝚲𝐜9→pK-π+]=0.62±0.09; B[𝚲𝐜9→n𝑲𝟎π+]/B[𝚲𝐜9→pK0π0]=0.97±0.16
• A test of final state interactions and isospin symmetry in the charmed baryon sector.

[PRD93, 056008 (2016)] 

BESIII:	0.6	fb-1 @	4600	MeV



The inclusive channel 𝜦𝒄9→𝜦+X

51

l In the ST modes of 𝚲𝐜9→pK-p+ and p𝐾3i,
tomeasure the probability of find a 𝜦 in
the final states.

l Extract yields from 2D distributions in
bins of 𝑝−|𝑐𝑜𝑠𝜃|	

l Data-driven 2Defficiency correction
using several 𝜦 control samples.

l ℬ 𝛬o9 → 𝛬 + 𝑋 =（38.2CU.U9U.t ± 0.9)%
(excl. rate (24.5 ± 2.1)% observed,
indicates ~1/3 BFs are unknown)

l Acp = (2.1C}.}9~.i ± .1.6)%
(No CPV is observed.)

data

PRL	121,	 062003(2018)

l Comparison with K+X will shed
light on the internal dynamics

BESIII:	0.6	fb-1 @	4600	MeV



𝜦𝒄9→𝒆9𝝂𝒆+X

52

l Current PDG: BF(𝜦𝒄9→𝒆+X)=(4.5±1.7)%.

l Large	 rate,	but	also	with	large	uncertainty

l Tagged with 𝚲𝐜9→pΚ−π+ and p𝐾3i

=>

=>

l The 𝜦l+𝝂𝒍 dominate the l++X =>𝓑	(pKl+𝝂𝒍)~10-3.

PRL	121	251801(2018)

BESIII:	0.6	fb-1 @	4600	MeV



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

Some	tensions	between	Belle	and	BESIII	data	on	

Machine	upgrades:	
ü Energy	upgrades
ü Lumi improvement	@	higher	energy
ü “Topup”	injections	

53



Access	to	the	heavier	charmed	baryons

54

Belle	 data	for	charmed	 baryon



Competition	and	complementary	 -future		

Ø Super-KEKB/Belle-II	 (50	ab-1 ccbar cross-secion =	1.0	nb@Y(4S))	 	50	billion	

arXiv:	1808.10567	 	(Belle-II	physics	book)	

Ø Super-tau-charm	factory	(5	ab-1 ccbar cross-secion =	6.5	nb@𝝍(3770)) 30	billion	

Ø LHCb and	its	upgrades	(50	fb-1 à 1011 reconstructed	charm	mesons)

arXiv:1808.08865	(LHCb upgrade-II)	

Ø proton-antiproton	collisions	(PANDA…)	

Ø SHiP experiment	at	CERN:	 (1018 D	mesons,	1016 𝝉,	1020 𝜸)

arXiv:1504.04855	;	arXiv:1807.02746
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Physics	programmes for	future	data	taking	at	BESIII

• 10-16	fb-1	on	𝝍(	3770)	

• 6	fb-1 at	4.18	GeVà Dsmeson

• 5	fb-1 at	4.64	GeV for	the charmed baryon

• Scan at	the highest energy?	

• Large	Zc samples:	5	fb-1 each	at	4.23,	4.42	GeV

• High-statistics	data	samples	around	2.2,	2.4	GeV

• 3	billion 𝝍(	3686)

…wishlist comprises	about	40	fb-1

56

From	the	white	paper

BESIII	 has	to	run	another	8	- 10	years	to	collect	these	data	sets
with	current	luminosity!	



Summary			
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10−0

Cabibbo favored

Singly	Cabibbo suppressed
Doubly	Cabibbo suppressed

Radiative decays

Long	distance:
Vector	Meson	Dominance

Short	distance	FCNC

Forbidden	decays:	LNV,	LFV,	BNV

D0 → K
*0
γ /φγ / ργ /ωγ

D+ → K *+γ / ρ+γ DS
+ → K *+γ / ρ+γ

D0 → γγ /VV '(→ ll) / hV (→ ll) / hh 'V (→ ll)

D0 /D+ → γγ /Vl+l− / hl+l− / hh 'l+l−

D0 → µ+µ−

D0 → e+e−

D→ (h)µ+e−

D→ (hh)e+e+ / (hh)µ+µ+

BESIII
BESIII	 final/B	factory

LHCb
Belle-II/Super-B
Super-τ-charm

Experimental	reaches

CLEO-c

57

SM	predictions

LHCb upgrade	1	(50	fb-1)

LHCb upgrade	2	(300	fb-1)	

SHiP experiment	@CERN

𝐷i → 𝐾C𝜋9,/𝐷9 → 𝐾ei𝜋9/𝐷i → 𝐾C𝑙9𝜈/𝐷39 → 𝜏9𝜈

𝐷i → 𝜋C𝜋9,/𝐷9 → 𝜋i𝜋9/𝐷i → 𝜋C𝑙9𝜈/𝐷9 → 𝜇𝜈

𝐷i → 𝐾9𝜋C,/𝐷9 → 𝐾9𝜋i



Thank	you	for	your	attentions!	
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Synergy with LHCb to measure γ/φ3

60

•	Has	very	small	theory	uncertainty	O(10-7)	 JHEP01,051(2014)
•	Over-constrain	the	CKM	triangle	to	probe	for	NP,	which	may	cause	a	sizeable	
4°effect	. PRD92,033002(2015)

BàDK,	BàD*K,	 BàDπ, 
BàD*π, BàD(*)Kπ，......

Accessed	by	the	interference	
between	bàcusand	bàucs

Decays:

Methods: GGSZ,	ADS,	GLW:			strong	phase	differences	of	neutral	D



10	years	data	taking at	BESIII
Data	sets	collected	so	far	include,	

Ø 𝟏𝟎×𝟏𝟎𝟗		𝑱/𝝍 events	

Ø 0.5×10� 	𝜓J events	

Ø Scan	data	[2.0,	3.08]	GeV;	[3.735,	4.600]	GeV

130	energy	points,		about	2.0	fb-1

Ø Large	data	sets	for	XYZ	study	above	4.0	GeV

about	12	fb-1

Unique	data	sets	at	open	charm	thresholds	

61
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Leptonic and	semileptonic charm	decays	

2. fD(s)+, f+
K(π) (0): test LQCD calculations

1. |Vcs(d)|: test on CKM matrix unitarity

3. Branching fractions allow for LFU tests
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𝒇𝑫𝒔
9	 |𝑽𝒄𝒔|
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|Vcs| and	|Vcd|



|Vcs|	and	|Vcd|

65BESIII:	20	fb-1	@	3770	MeVBESIII:	6	fb-1 @	4180	MeV



Observation	of	𝚲𝐜9àn𝑲𝒔
𝟎π+

• Firstdirectmeasurementof𝜦𝒄9decay involving theneutron in the final state.

66

PRL,118,112001(2017)

• 2-D fitting extract 83±11 net signals => B[𝚲𝐜9→n𝑲𝒔
𝟎π+]=(1.82±0.23±0.11)%

• B[𝚲𝐜9→n𝑲𝟎π+]/B[𝚲𝐜9→pK-π+]=0.62±0.09; B[𝚲𝐜9→n𝑲𝟎π+]/B[𝚲𝐜9→pK0π0]=0.97±0.16
• A test of final state interactions and isospin symmetry in the charmed baryon sector.

[PRD93, 056008 (2016)] 

BESIII:	0.6	fb-1 @	4600	MeV



Measurements	of	DCS	decay	𝑫9,𝑫𝒔9

Previous	world	average	from	PDG2018 LHCb: arXiv:1810.03138
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Upgrades	to	detectors:	past	and	future	
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Detector	has	running	smoothly,		performance	generally	excellence.	

ü Endcap	TOF	upgrade（2015）

single	layer	plastic	scintillator	

was	replaced	with	multi-gap	RPC.	

Time	resolution:	110	psà 60	ps

95%	𝛑/𝐊 separation	up	to	1.4	GeV

ü Inner	most	part	of	the	drift	chamber:	

1)	New	inner	drift	chamber	is	ready	

2)	CGEM	is	in	progress	

ü Super	Conduct	magnet	:	new	valve	box	
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Advantage:	unique	data	near	to	the	thresholds	
Ø D/Ds/							hadrons	near	thresholds:		

precision	branching	fractions,		unique	access	to	
the	relative	phase,		test	of	SM		

Ø Hyperon	and	charmed	baryon	Spin	
polarization	in	QC	

Ø Form-factors	in	the	time-like	production
Ø CP	violation	with	quantum-correlated	pair

productions	of	hyperons	and	charmed	baryon	



Roadmap of CP violation in flavored hadrons 

• In 1964, the first CPV was discovered in Kaon；

• In 2001,  CPV in B was established by two B-factories; 

• In 2019,  CPV discovered in D meson:  10-4,  108 reconstructed D mesons (LHCb)

• All are consistent with CKM theory in the Standard model 

• But no evidence was found in strange baryons? 

1980

2008

Baryon asymmetry of the Universe means that there must be non-SM CPV source. 
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CPV in hyperon decays and New physics 
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CPV in SM is small ： # events                Experiments

B meson   : O(1) discovered (2001） 103																													𝐁	𝐟𝐚𝐜𝐭𝐨𝐫𝐲	

K meson   : O(10-3) discovered (1964） 106 						𝐅𝐢𝐱	𝐭𝐚𝐫𝐠𝐞𝐭𝐬	

D meson   : O(10-4) discovered (2019)   108 LHCb

Hyperon  :           O(10-4) 10-2 O(108) 																									𝐅𝐢𝐱	𝐭𝐚𝐫𝐠𝐞𝐭𝐬	

à BESIII ? 

Flavor-SU(3) Octet of spin ½ Flavor-SU(3) Decuplet of spin 3/2



Why Hyperon physics at BESIII？
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10 billion J/psi events collected 

Ø Large BRs in J/psi decays 

Ø Quantum correlated pair productions 

Ø Easy to reconstruct 

Ø Background free 

The number of reconstructed hyperon-
anti-hyperon pairs will be a few millions. 

Hai-Bo	Li,		arXiv:1612.01775
A.	Adlarson,	A.	Kupsc,	arXiv:1908.03102



Advantage at e+e- machine 
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Σ9 → 𝑝𝜋i

Known initial 4-momentum

Strongly boosted 

Substantial polarization 

Decay with neutron & 𝛑0

Decay with invisibles  

Single  tag

e+
e-



Correlated	5-dim. angular	distribution

If	𝚲	is	polarized,	both	a- and	a+ can	
be	measured	simultaneously,	which	allow	
us	to	search	for	CPV	
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BESIII	results	with	1.3	billion	𝑱/𝝍

ç 1)	3x precision improvement
-same data sample-

ç2) ~7𝝈 upward shift from 
all previous measurements

ç 3) ~3𝝈 difference from 1. 
Is this reasonable?

Nature Physics May 2019
arXiv:1808.08917

comments	on	these	3	items:
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|∆𝑰| = ½ rule	in	Kaon decay
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Monochromatic	collision:	factor	of	10	from	reduction	of	e+e- CM	spread
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𝜹Erms=0	keV:								𝝈𝑱/𝝍=90000	nb

𝜹Erms=57	keV:						𝝈𝑱/𝝍=41000	nb

𝜹Erms=1100keV:		𝝈𝑱/𝝍=3400	nb (BESIII)

Alexander	 Zholents
CERN	SL/92-27/AP

𝑱/𝝍 production	cross-section	

𝑱/𝝍		𝐰𝐢𝐝𝐭𝐡: 92 keV

BESIII	may	get	trillion	J/𝝍 per	year!

Xiaoshuai Qin

E+∆𝑬

E-∆𝑬
E

E-∆𝑬

E+∆𝑬
E



CP	violation	with	10	billion	𝑱/𝝍,	plus	monochromator
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From	A.		Kupcs
Adlarson and	Kupsc,	
arXiv:1908.03102	
I.I.	Bigi,	X.W.	Kang,	HBL	
arXiv:1704.04708

1.3	billion	𝑱/𝝍

𝟐×𝟏𝟎C𝟑

1×𝟏𝟎C𝟓


