
Charm	&	exo+c	hadrons	from	B	factories	

					Stephen	Lars	Olsen	UCAS	

Charm2018		BINP,	Novosibirsk,	RUSSIA,	May	21-25,2018		



Charm	&	exo+c	hadrons	from	B	factories	

					Stephen	Lars	Olsen	UCAS	

Charm2018		BINP,	Novosibirsk,	RUSSIA,	May	21-25,2018		

Xiaolong	WANG’s	talk	
(tomorrow)	



charmonium:	pre	B-factory	

forty-plus	years	of	work	

poten@al	model	works	well	

measured	&	
			predicted	masses	agree	

OZI-rule	applies	
		no	excep@ons	

OZI-allowed	

OZI-suppressed	
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charmonium:	pre	B-factory	plans	for	
																									the	B-factory	era	
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ψ3(13D3)	

η2(211D2)	ψ2(23D2)	
ψ3(23D3)	

ψ2(13D2)	
η2(11D2)	 Turn	the	grey	boxes	into	yellow	ones		



charmonium:	post	B-factory	era	
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Belle PRL 89, 102001 (2002) 

M(KSK+π-)	

ηc		 ηc’	
Belle PRL89,102001(2002) 

CLEOc PRL95,102003 (2005) 

ψ’!π0hc;		hc!	γ ηc	
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e+e-!J/ψχc0’	
																	χc0’!	DD	

Belle PRD95,112003(2017) 

M(γ ηc)	

BESIII PRL115,011803 (2015) 

e+e-!π+π-ψ2;		ψ2!	γχc1	
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correct	assignments	“snap”	into	place	

if	you	have	to	push	hard,	be	careful	…	



not	so	simple	…	

>15 charmonium-like states found that do not 
 fit into any of the unassigned charmonium levels  



what	are	they?	

QCD	tetraquarks?	

QCD	hybrids?	

molecules?	

threshold	dynamics?	
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--	associated	produc-on	–	strangeness	–	SU(3)		--		

70 years ago 
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K-mesons	
discovered	

quark	
model	

16	years	

--	associated	produc-on	–	strangeness	–	SU(3)		--		

70 years ago 

16 years ago 

Aug.	2003																																																																																										today	

		X(3872)	
discovered	 ????	

16	years	

--	molecule?	–		diquark?		–	molecule?	–		diquark?		--		
–	diquark?			–	molecule?	–		diquark?		--	molecule?	--	



Charm	2018	talks	
--	my	guesses	of	the	content	--		

Bondar	

Uglov	

	/	CZ	Yuan	
	/			

	/			
Poluektov	

Chilikin	

XF	Wang	



my		talk	
--	what’s	leg	--	

X(3872)	
X(3915)	



The	X(3872)	

ρ

X(3872)	



The	X(3872)	

ρ

X(3872)	

a)	 			Belle														

Ψ’	

X(3872)	

M(π+π-l+l-)-M(l+l-)		(GeV)	
M(π+π-J/ψ)-M(J/ψ)	

Belle	PRL	91,	262001	(2003)	

B!K	π+π-J/ψ	



mass	and	width	

Γtot=1.2	MeV		
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M(π+π-J/ψ)	

173	events	

PDG17:							MX3872	=	3871.69±0.17	
															mD0+mD*0	=3871.85±0.11	

		"BE"= (mD0
+m

D*0
)−M

X3872 =0.16±0.20

3871.61±0.16±0.19	MeV	

~6K	events	

CDF	PRL	103	152001	(2009)	

X(3872) & mD0+mD*0 
are indistinguishable 

Belle	PRD	84	052004	(2011)	

Γχc1=0.84±	0.04	MeV		

ΓX(3872) can’t be much 
wider than Γχc1 



Strongly	coupled	to	D0D*0	

B!K	D0D*0	

X(3872)	X(3872)	

_	

_	

JPC = 1++ 

X(3872)!D0D*0	
_	

S-wave	



	X(3872)	has	to	be	a	“molecule”	

PRD	76	094028	

Independently of the original mechanism for the 
resonance, the strong coupling to DD* in an S-wave 
& small “BE” imply unambiguously that the X(3872) 
must be either a molecule (BE<0) or a virtual (BE>0) 
DD* state of size 

		
≈1 2µ

DD* BE ≥8	fm

_	

_	

“scattering length” 

_	

D0	

D*0	

_	

>8	fm	

X(3872)	

BE	<0.3MeV	

c	
c	
_	<1	fm	ψ’	

ball	bearing-like	

bound	by	color	
force:	“BE”"∞	

Eric	Braaten	

egg-like	



X3872!π+π-J/ψ	always	≈10%	of	ψ’!π+π-J/ψ	

ALICE	PL	B754	360	(2016)		
							PRC	93	029917	(2016)	

ATLAS	JHEP01	717	(2017)		

See	Esposito	et	al.,		PRD	92	034028	(2015)	

pp	!	X3872	+	…	

pp	!ψ’+	…	

7	TeV	pp	collisions	

pp	!	3He	+	…	
				2	TeV	

X(3872) 

CDF 

a)	 			Belle														

Ψ’	

X(3872)	

M(π+π-l+l-)-M(l+l-)		(GeV)	

pp!π+π-J/ψ +…			at	Ecm=1.95	TeV	
_	

B!K	π+π-J/ψ	

ψ’	

100%	from	B	decay	

85%		prompt	
pp!X3872	+	…		
_	

80%		prompt	
pp!X3872	+	…		



inescapable	conclusion:	QM	mixture	

produced via these components 



QM	mixture	of	DD*	&	a	cc-like	core	

_	 _	

X(3872) = 0.94 D0D *0 + 0.23D+D*� � 0.24 cc 

��
���

���

����

��

�	�

����

��
���

“core” 
state 

�� ��

Specific	model	by		
Takizawa	&	Takeuchi,	PTEP	9,	093D01	



Probing	the	X(3872)	in	pp	&	pA	
-	at	NICA	and/or	PANDA	-	



Near-threshold:	pA!π+π-J/ψ	+	…		

pA!ψ’+…!π+π-J/ψ	

Strong	quenching	
for	A~40	nuclei??	

A	

A	

pA!X(3872)+…!π+π-J/ψ	



	But	this	won’t	reveal		
“the	original	mechanism	

for	the	resonance”	

“original	mechanism”			=		cc-core?					…	DD*	molecule?	

cc-core	=		χc1?			…	diquark-dian@quark?		‘	
c	
c	
_	

_		

_		 _		



The	X(3915)	

ω

X(3915)	



The	X(3915)	

Y(3940)	
[now	X(3915)]	

B!KωJ/ψ	

Belle	PRL94,	182002	(2005)	

ω

X(3915)	



confimed by BaBar 

B±!K±ωJ/ψ

B0!KSωJ/ψ

M(wJ/y)	

		PDG2017:	Bf (B
+ →K +X3915)×Bf (X3915→ω J /ψ )=3.0−0.7

+0.9 ×10−5

BaBar	PRL	101,	082001	



2018:		lower	limit	on	Γ(X3915!ωJ/ψ)	

fully	
reconstruct	

K+	
missing	
	mass	

Bf(B+!K+X3915)<2.7×10-4	B+	

B-	

e+	 e-	
4S	

"Bf(X3915!ωJ/ψ)>7%	

Belle	PRD	97,	012005	

		Γ(X3915!ωJ/ψ)>1	MeV	

Γtot=20	±5	MeV	



seen	in	γγ!ωJ/ψ

BaBar	
2012	 M=3919±	3	MeV	

Γ=	13	±	7	MeV	

M(ωJ/ψ)	

ω

M=3915	±	5	MeV	
Γ=	17	±	11	MeV	

Belle	
2010	

	γγ	!	ωJ/ψ	

M(ωJ/ψ)	

X	
J/ψ

	γγ	!	ωJ/ψ	

M
(χ

c2
’)=

39
27
±3
M
eV

	



BaBar	measurements	determine	JPC=0++	

ql
*	

ql*	

n	

qln	 0+	

2+	

BaBar	PRD	86,	072002		(2012)	



	no	sign	of	X(3915)	!	DD	?	

_	
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					Γ(X3915)!DD)	<1	MeV																		

_	

J.	Brodzicka	et	al.	(Belle)	PRD	100,	092001		

Belle PRL 89, 102001 (2002) 

39
18

 M
eV

 

39
18
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B!KD0D0	_	

X(3915)	

D0	

D0	

_	

D0	

D0	

_	

for	0++,	expect	
					isotropic	



χc0	charmonium	assignment	for	X(3915)?	

ω

X(3915)	

	χc0	=	23P0		cc	state?	
_	‘	

‘ 

M=3918	±	2		MeV	

‘	

M(χc2)=3927	±3	
MeV	‘	



2017:	be�er	χc0	candidate	found	

		M(DD)	GeV

K.	Chilikin	et	al.	(Belle)	PRD	95,	092003	(2017)		

X*(3860)	 predic+on	 X(3915)	 X*(3860)	

Mass	(MeV)	 <3890	 3918		 3862	

Width	(MeV)	 >40	 20	 2001	

Γ(X!DD)	(MeV)	 >30	 <1	 ≈200(?)	

Γ(X!ωJ/ψ)	(MeV)		 ≈0.1	 >1	 not	seen	

X(3915)	vs	X*(3860)	as	a	χc0	candidate	scorecard	‘	

‘	

_			

M =386235
+47MeV

Γ=201−106
+177MeV

JPC =0++ 	favored



If	X(3915)	≠	χc0,	what	is	it?	

X(3915)!ωJ/ψ	violates	OZI-rule	unless	it’s	a	4-quark	state	

Mass	is	near	2mDs	threshold:		M(X(3915))	=	2mDs	-18	MeV	

X(3915)!DD	decays	are	suppressed:	Γ(X(3915)!DD)	<	1	MeV			

’		

_	 _	



no	nearby	thresholds	

DD	

DD*	

D*D*	

DsDs	X(3915)	
not	a	cusp,	a	triangle	
singularity,	or	the	like	

D0	
_	

K+	

ω	
B+	



Possibili@es	

Li	&	Voloshin,	PRD	91,	114014		

C	
s	

C	
s	

DS	

Ds	

Ds-Ds	molecule?	

_	

_	

_	
[cs][cs]	tetraquark?	

Lebed	&	Polosa,	PRD	93,	094024		

_	
_	 _	

cc-gluon	hybrid?	

C	C	
_	

g 
_		

C	
s	
L=0	

_	

C	_	s	



Li	&	Voloshin,	PRD	91,	114014		

C	
s	

C	
s	

DS	

Ds	

X(3915)	as	a	Ds-Ds	molecule?	

_	

_	

_	

_	

what	binds	it?	

“BE”=2mDs	–	MX3915=18	MeV	



0-		0-	π-exchange	violates	Parity	

0-		

0-		

0-		

0-		

i=0-		

j=0-		
π=0-		

i	!	j	+	π		
ini@al	state	
P=-1;	J=0	

to	conserve	P,	j	&	π	
should	be	in	a	P-wave	
&	not	conserve	J	

0- 0- 0- vertices must be 0	

π 



Li	&	Voloshin,	PRD	91,	114014		

C	
s	

C	
s	

DS	

Ds	

X(3915)	as	a	Ds-Ds	molecule?	

_	

_	

_	

_	

what	binds	it?	

“BE”=2mDs	–	MX3915=18	MeV	



X(3915)	as	a	cc-gluon	hybrid?	

C	C	

_	
g 

too	light	for	0++	cc-hybrid?	

_		

_	



3915	MeV	is	too	light	for	a	0++	hybrid	

Liu,	et	al	(Had	Spec	Collab)	JHEP07,126		

mπ≈400	MeV	

		lightest	
0++	hybrid	

-	4500	

-	4000	

X(3915)	

-	3500	

-	3000	

M	(MeV)	

~500	MeV	

--	La~ce	QCD	calcula+on	--	



cc-gluon	!	ω	J/ψ	is	OZI	suppressed	

C	C	

_	
g 

_		
Γ(X3915	!ω	J/ψ)	>1	MeV	



X(3915)	as	a	cc-gluon	hybrid?	

C	C	

_	
g 

_		



X(3915)	as	a	[cs][cs]	tetraquark?	
Lebed	&	Polosa,	PRD	93,	094024		

_	 _	

how	would	it	decay?	
C	

s	
L=0	

_	

C	_	s	



[cs][cs]!ωJ/ψ	enhanced;	
										!DD	suppressed	

	c	

c	s	
c	
q	
q	s		
	c	

s	&	s	have	to	annihilate									

D																

D																_																

_		 _		
_		



[cs][cs]!	ηηc?	

“good	dian@quark”	

“good	diquark”	 J/ψ		

ω			

c	
s	

c	s	
c	
c	

ηc		

s	
s	

η		

c	
s	

c	s	
c	
c	
s	
s	

OZI		allowed	decay	processes	

ω	has	a	small	(≈3%)	ss	content	

η	has	a	large	(≈40%)	ss	content	

_	

_	

		
Expect:		

Bf (X(3915)→η
c
η)

Bf (X(3915)→ J /ψ 	ω )
>>1

_		 _		

C	
s	
L=0	

_	

C	_	s	



X(3915)!ηcη	
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B!Kηηc;		η!γγ	 B!Kηηc;		η!π+π-π0	Belle	 Belle	b)	a)	

		 

Bf (X→η
c
η)

Bf (X→ J /ψ 	ω )
<2

Vinokurova	et	al	(Belle)	JHEP06,132		 plus	erratum	

		

Bf (X(3915)→η
c
η)	is	not	much	larger	than	Bf (X(3915)→ J /ψ 	ω )

										⇒ bad	for	the	QCD	tetraquark	picture



X(3915)	as	a	[cs][cs]	tetraquark?	
Lebed	&	Polosa,	PRD	93,	094024		

_	 _	

C	
s	
L=0	

_	

C	_	s	



What	is	the	X(3915)?	
It	is	not	the	χc0	charmonium	state	

	Belle	recently	found	a	much	be�er	χc0	candidate	

It	is	not	a	threshold	effect	
	18	MeV	away	from	the	nearest	threshold	(&	a	benign	one	at	that)	

It	is	not	a	good	candidate	for	a	DsDs	molecule:	
	B.E.	≈	18	MeV;	#	needs	a	binding	mechanism	to	produce	this;	

									 	standard	nuclear-physics-type	forces	do	not	work		

It	is	not	a	cc-gluon	hybrid:	
	unless	current	(mπ≈400	MeV)	LQCD	mass	calcs	are	wrong	by	≈500	MeV	

If	it	is	a	[cs][cs]	QCD	tetraquark:	
	the	X(3915)!ηηc	decay		mode	should	be	seen	soon	

_	

_	

‘	
_	 _	

‘	
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to	do	list	for	the	X(3915)	

Separate	JPC	analyses	for	B!KωJ/ψ	&	γγ!ωJ/ψ	signals	
	is	a	single	state	responsible	for	the	peaks	the	two	produc@on	channels?	

Establish	the	levels	of	Bfs	for	X(3915)!DD	and	X(3915)!ηηc	

	or	set	stringent	upper	limits	

Hadronic	produc@on	of	the	X(3915)?	

Search	for	Y(4260)!γX(3915)	
																																									!ωJ/ψ	

	analogous	to	Y(4260)!γX(3872)	

|	

_		



X(3915),	the	forgo�en	par@cle	

in	2011,	BaBar	declared	it	to	be	the	χc0’,	the	
PDG	acquiesced,	&	people	forgot	about	it			

X(3872)	

X(3915)	



Thursday’s	arXiv	
1805.06276	[hep-ph]		

?????	



Thank	You	


