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Outline		

•  this	is	not	a	review	talk	

(1)  La$ce	search	for	exo3c		X(5568)	in	Bs	π+	sca]ering		[Lang,	Mohler,	S.P.,	PRD	2016]	
	
(2)	“conven3onal”		chamonium	resonances	above	open	charm	threshold	
								
								in	par3cular		vector	ψ(2S)	and		scalar	“χc0(2P)	”			
	
•  		la$ce	post-dic3on	of		ψ(2S)		and	pre-dic3on		of	“χc0(2P)	”	[Lang,	Leskovec,	Mohler,	S.P.,	JHEP	2015]	

•  Belle	observa3on	of	alterna3ve	candidate	for	“χc0(2P)	”	[Belle,	PRD	2017]	

•  ongoing	la$ce	simula3on	of	vector	and	scalar	resonances			
							[Regensburg	QCD,		G.	Bali,	S.	Collins,	D.	Mohler,	M.	Padmanath,	S.	Piemonte,	S.P.,	S.	Wieshaeupl]		
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Rigorous	treatment	of	hadrons	near	or	above	threshold:	
sca]ering	of	two	mesons		in	elas3c	channel	

δ(Ecms)																													Ecms(L)	
energies	from	la$ce	
with	spa3al	extent	L	

	sca]ering	phase	shihs		
at	infinite	volume	
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two	mesons		
in	a	la$ce	box	

analy3c	proposal:	Luscher	1991	
H1	H2gRgH1	H2		

H1	H2	

energy	of	the	system	in		

	center-of-momentum	fr.	

T = sinδ eiδ

σ ∝ | sinδ | 2

for	one-channel		

sca]ering	



Search	for	resonance	X(5568)	in	Bs	π+	sca]ering	
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D0	coll.	found	resonance		X(5568)	in	Bs	π+	sca]ering	
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D0	collabora3on	
february	2016:	1602.07588,		
july	2016:	PRL		
	
•  Γ=22	MeV	
•  JP	not	measured	
•  The	only	hadron	with	4	different	flavors	?!	

Bs	π+	invariant	mass	



Search	for			X(5568)	in	Bs	π+	sca]ering	
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•  soon	aher	D0	result,	several	phenomenological	studies	appeared	

•  those	who	could	find	support,	suggested	it	has	JP=0+		

•  if	X(5568)	is	JP=0+:	

						-	the	only	strong	decay	channel	is	Bs	π+		

								-	the	next	threshold	is	BK	and	it	is	210	MeV	above	X(5568)	!	

							-	exo3c	resonance	in	one-channel	sca]ering	!?	This	is	something	la$ce	QCD	can	do!	
	

•  note:	all	other	exo3c	candidates	(Zc,	Zb,	....)	are	resonances	but	lie		

					-	next	to	a	higher	threshold	

					-	above	several	thresholds	
this	is	much	more	challenging	
that	is	why	it	is	difficult	to	establish		
those	exo3c	states	on	la$ce		
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	Analy3c	expecta3on	for	
En	if	X(5568)	exists	

based	on	mX	and	ΓX	as	measured	by	D0	exp	

Employed	operators:	
Bs	π+	and		BK	

	

BK	threshold	210	MeV	higher;		
the	interpolators	are	employed	just	for	completeness	

[Lang,	Mohler,	S.P.,	1607.03185,	PRD	2016]	



	Results	of	En	from	
actual	la$ce	simula3on	

S.	Prelovsek,	Hadron	2017	 8	

	Analy3c	expecta3on	for	
En	if	X(5568)	exists	

based	on	mX	and	ΓX	as	measured	by	D0	exp	
La$ce									Analy3c		
																				(if	X	exists)	

PACS-CS		ens.	

L=2.9	fm	

mπ	≈156	MeV	

Nf=2+1	

La$ce	result	(obtained	before	march	22nd	2016	–	see	next	slide):	
•  no	indica3on	of	X(5568)	
•  interac3ons	in	Bs	π+	and		BK	system	are	small		
[Lang,	Mohler,	S.P.,	1607.03185,	PRD	2016]	
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LHCb	data	published	in		
1608.00435:	PRL	2016	

Bs	π+	invariant	mass	
8 M. Pappagallo LHC Seminar, 22/03/16 

FIT RESULT (I) 

(Both modes combined: pT(Bs) > 5 GeV/c ) 

Fit with signal component Fit without signal component 

LHCb-CONF-2016-004 

posi3on	of	claimed	D0	state	

6 4 Investigation of B0
sp±

invariant mass distribution
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Figure 5: (a) MD(B0
s p±) distribution of events in the B0

s signal region (black points with error
bars) with fit results superimposed (blue line). (b) The pull distribution for (a). The (red)
vertical band indicates the region MX ± GX around the mass of the claimed X(5568) state.

the region of interest and is neglected. An unbinned extended maximum-likelihood fit to the
MD(B0

s p±) distribution is performed, where the polynomial coefficients are free in the fit, as
well as the exponent a and the signal and background yields. The result of this fit, presented
in Fig. 5, returns an X(5568) yield of �175 ± 134 events and shows no deviation from the
background function.

The fit is repeated excluding the X(5568) region, namely, [mX � 2GX, mX + 2GX], where mX
and GX are the mass and width mean values measured by the D∆ collaboration, respectively.
In this fit, the signal contribution is removed and only the background parameters (a and 3
parameters of the polynomial) are allowed to float. Then, a fit in the complete mass region
(5.5 � 5.9 GeV) is performed with the signal component included and the background shape
fixed to the previous fit. This results in a signal yield of �235 ± 93, consistent with a negligible
signal hypothesis. The procedure is repeated excluding the [mX � 2.5GX, mX + 2.5GX] region,
leading to a X(5568) yield of 24 ± 94.

Fits obtained by varying the pT requirements of the B0
s p±, B0

s and p± candidates, and also
by applying different reconstruction quality criteria, show no significant signal at the claimed
mass. Another cross-check is performed by removing events where more than one candidate
passes the selection. Furthermore, alternative background models and mass regions are used
in the fit, resulting in negligible signal.

An upper limit is estimated using the formalism developed by the CMS and ATLAS Collab-
orations in the context of the LHC Higgs Combination Group [11]. The asymptotic modified
frequentist method CLs [12, 13] is used as a test statistic, allowing a quick estimate of the ob-
served and expected limits, which is fairly accurate when the event yields are not too small and
the systematic uncertainties do not play a major role in the result. The estimation requires the
set of MD(B0

s p±) measurements, the expected background yield, which is the same as the ob-
served event yield, and the approximation function. The approximation function is the baseline
fit function (x � x0)a ⇥ Pol3(x) plus a Breit-Wigner function, and no systematic uncertainties
are considered. The upper limit on the event yield is 133 at 95% confidence level (CL). Several
variations of the procedure are tested:

• Use the profile likelihood method;
• Use the second or the fourth order polynomial in the background function;

Bs	π+	invariant	mass	

Available on the CERN CDS information server CMS PAS BPH-16-002

CMS Physics Analysis Summary

Contact: cms-pag-conveners-bphysics@cern.ch 2016/08/05

Search for the X(5568) state in B0
sp± decays

The CMS Collaboration

Abstract

A search for resonance-like structures in the B0
s p± invariant mass spectrum is per-

formed using an integrated luminosity of 19.7 fb�1 of pp collisions at
p

s = 8 TeV col-
lected by the CMS experiment. The B0

s candidates are reconstructed in the decay chain
B0

s ! J/yf, J/y ! µ+µ�, f ! K+K�. With about 48,000 B0
s-mesons reconstructed,

the B0
s p± invariant mass distributions do not show any unexpected structures for dif-

ferent kinematic requirements imposed to the p±, B0
s and B0

s p± candidates. An upper
limit on the relative production of X(5568) and B0

s multiplied by the branching frac-
tion of the decay X(5568) ! B0

s p± is estimated to be 3.9% at 95% CL in the most
conservative case.

posi3on	of	claimed	D0	state	

LHCb,	march	2017	 CMS,	august	2017	



Charmonium	resonances	above	open-charm	threshold	
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[Charmonium	spectrum	

PDG	2016]	

before	2015		

all	charmonium	resonances		

above	open	charm	threshold	

were	treated	on	the	la$ce	

	as	strongly	stable	

	



DD	scat.	in	p-wave	is	simulated		
	
T-matrix	is	determined	from	En	
and	interpolated	near	threshold:	

Bound	state	ψ(2S)	from	pole	in	T:	

cot	δ(pB)	=	i		
	mB		(triangles)	

	
Resonance		ψ(3770):	δ(mR)=90o	
			mR	(diamonds),	Γ	(given	below)		
	

ψ(3770)		 Mass	[MeV]	 				g	(no	unit)	

Lat	(mπ=266	MeV)	 3774	±6±10	 19.7	±1.4	

Lat	(mπ=156	MeV)	 3789	±68±10	 28	±	21	

Exp.	 3773.15±	0.33	 18.7	±	1.4	

Vector	resonance	ψ(3770)	and	bound	st.	ψ(2S)	from	DD	sca]ering	in	p-wave			

2mD	

Lang,	Leskovec,	Mohler,	S.P.,	
	1503.05363,		JHEP	2015]	

O : c c, DD, J PC =1−−

physical	masses	mphy	
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� =
g2

6⇡

p3

s

T ∝ 1
cotδ − i

En ! �(En)



•  s3ll	not	se]led		which	exp	candidate	corresponds	to	first	excited	scalar	charmonium	χc0(2P)	
	

•  X(3915)	as	χc0(2P)	not	supported:		

		-	since	X(3915)	g	DD	not	observed	although	this	is	expected	to	be	dominant		decay	mode	of		χc0(2P)		[Meissner	&	Guo		

1208.1134]	,	Olsen	1410.6534]	

		-	instead	X(3915)	gJ/Ψ	ω		observed		

	-		Γexp	X(3915)	≈20	MeV,			χc0(2P)	expected	to	be	wide	

		-	reanalysis	[Zhou	et	al,	PRL	2015]		of	BaBar	data	shows	that	JPC=2++	assignment	for	X(3915)	could	be	possible		

		-		mass	difference	χc2(2P)-χc0(2P)		would	be	much	smaller	than	in	poten3al	models	and	smaller	than	for	bo]omonium	

	

	I	will	present	:								

§  	our	la$ce	“pre-dic3on”	of		χc0(2P)		[JHEP	2015]		

§  	discovery	of	an	alterna3ve	candidate	for	χc0(2P)	by	Belle	[april,	PRD	2017]	

§  	our	ongoing	la$ce	simula3ons	of	this	channel	[RQCD,	2017]	
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Scalar	charmonium	resonances	above	open-charm	threshold	



La$ce	simula3on	[Lang	et	al,	2015]:	
scalar	charmonia	from	DD	sca]ering	in	s-wave,	JPC=0++				

13	

•  mπ=266	MeV,	V=163x	32,		Nf=2,	only	total	momentum	P=0	
•  δ	=	phase	shih	for	DD	sca]ering	in	s-wave	

•  δ	from	la$ce	only	for	few	energy	points	

•  p	cot	δ	shown,	which	can	be	presented	also	below	threshold	

•  comparison	of	la$ce	results	(black	points)	to		several	hypothesis	made			

one		resonance	BW		fit		in	its	vicinity	

“pre-dicted”	χc0(2P)	:		mR=	3966	±	20	MeV					Γ=	67	±	18	MeV		
does	not	describe	our	results	near	or	below	threshold	Lang,	Leskovec,	Mohler,	S.P.,	

	1503.05363,	JHEP	2015,	mπ=266,	156	MeV	

Lat		

p2	[GeV2]	

O : c c, DD

p cot �p
s

DD	threshold	

S.	Prelovsek,	Hadron	2017	

resonance:	
δ=90	g cotδ=0	



	La$ce	simula3on	[Lang	et	al,	2015]		cont’d	
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Hypothesis:		
one	very		broad	BW	reson.	

Hypothesis:		
two	BW	resonances	

Hypothesis:		
one	narrowish	resononance	&	
bound	state	pole	at		χc0(1P)	

p2	[GeV2]	 p2	[GeV2]	

p2	[GeV2]	

not	supported	by	lat.	data	near	and	above	th.	

χc0(1P)		

supported	by	lat.		

narrow	resonance	in	DD:	
mR=	4002	±	24	MeV					
Γpredict=	32	±	48	MeV	

O : c c, DD

Lang,	Leskovec,	Mohler,	S.P.,	
	1503.05363,	JHEP	2015,	mπ=266,	156	MeV	

•  various	hypothesis	versus	la$ce	results	
•  one	of	the	conclusions:	more	detailed	DD	lineshape	needed	from	la$ce			



Belle	experiment	[Chilikin	et	al,	2017]	
Observa3on	of	alterna3ve	χc0(2P)		candidate			

double	charm	produc3on	
	
New	charmoniumlike	state	observed	

																	X*(3860)		
•  significance	6.5	σ	

	
	
	
	
•  decays	to	D	D	

•  JPC=0++	hypothesis	favored	over		
								2++		hypothesis		at	the	level	2.5	σ	

S.	Prelovsek,	Hadron	2017	 15	

	Chilikin	et	al,	Belle,		
1704.01872,	PRD	2017	

e+e− → J /ψ D D
11
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FIG. 6. Projections of the signal fit results in the default model onto MDD̄ and angular variables. The points with error bars
are the data, the hatched histograms are the background, the blue solid line is the fit with a new X∗ resonance (JPC = 0++)
and the red dashed line is the fit with nonresonant amplitude only.

TABLE IV. Systematic errors for the X∗(3860) mass (in
MeV/c2) and width (in MeV).

Error source Mass Width

Nonresonant amplitude model +40.2
−0.0

+0.0
−82.0

Signal model +0.0
−10.2

+0.0
−4.0

Fit bias — +32.6
−0

Optimization +0.0
−3.1

+71.1
−0.0

Background mass calculation +0.0
−7.9

+40.0
−0.0

D mass ±0.2 —

Total +40.2
−13.3

+87.9
−82.1

the previous analysis [20] is the variation of selection re-
quirements. There is no straightforward analog of this
uncertainty in the new analysis because of the complex
selection optimization procedure. However, its last stage
(the global optimization) can be varied. We change the
target significance a in Eq. (3) from its default value (5)
by ±1 unit, repeat the global optimization and fitting
with the new target significance and treat the variations
of the X∗(3860) mass and width as the systematic un-
certainty related to the optimization.
The default MDD̄ calculation procedure for the back-

ground events is the same as for the events in the signal
region. We perform a mass-constrained fit to the J/ψ and
D candidates with the candidate mass fixed at mJ/ψ and
mD, respectively. Alternatively, the background region is
divided into smaller rectangular (MJ/ψ,MD) subregions.
The candidate mass is fixed at the center of its subregion.
After the fit with Mrec constrained to mD, the resulting
value of mDD̄ is shifted in such a way that the threshold
of the new distribution is at 2mD. The background dis-
tribution is then calculated in the same way as for the
default mass calculation method; the difference in the fit
results is considered as the background mass calculation
method systematic uncertainty.

The mass also has a systematic error due to the uncer-
tainty in the mass of the X∗(3860) decay products (the
D mesons).

The X∗(3860) global significance for alternative mod-
els is shown in Table V. The minimal global significance
of the X∗(3860) is found to be 6.5σ. Thus, the new state
X∗(3860) is clearly observed, accounting for both statis-
tical and systematic uncertainties.

m = 3862−32−13
+26+40 MeV

  Γ=201−67−82
+154+88 MeV



Compa3bility	of			
	X*(3860)	[Belle	2017]											&										la$ce	[Lang	et	al,	2015]				?		
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	m=	3966	±	20	MeV				

Γ=	67	±	18	MeV			

Hypothesis:	one	“narowish”	resonance	
-	BW	fit	in	vicinity	of	the	resonance	

-	omi$ng	the	points	away	from	it	

-	does	not	describe	our	results	near	threshold	

	

	Chilikin	et	al,	Belle,		
1704.01872,	PRD	2017	

Lang,	Leskovec,	Mohler,	S.P.,	
	1503.05363,	JHEP	2015,	mπ≈	266	MeV	

		

Other known states with JPC ¼ 0þþ or 2þþ may also
contribute to this process. We consider the states with mass
∼3.9 GeV=c2 [Xð3915Þ and χc2ð2PÞ] and the states
observed in double-charmonium production [Xð3940Þ
and Xð4160Þ]. Note that the Xð3940Þ decays to D%D̄
[19,20], and it consequently may be observed in the process
eþe− → J=ψDD̄ only if its quantum numbers are
JPC ¼ 2þþ. As in Ref. [20], because of low statistics,
we do not consider the possibility that the X%ð3860Þ peak is
due to more than one state. We check whether the X%ð3860Þ
is compatible with the states listed above by performing a
fit with Gaussian constraints to the known resonance
parameters [6] on the X% mass and width. For known

states with JPC ¼ 2þþ, the exclusion levels are calculated
from MC pseudoexperiments similarly to the comparison
of JPC ¼ 0þþ and 2þþ hypotheses described in Sec. VI D;
for 0þþ states, the exclusion levels are calculated asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δð−2 lnLÞ

p
. The calculation is performed for all non-

resonant-amplitude models. The results are listed in
Table III. The Xð3915Þ is excluded at 3.3σ and 4.9σ in
the case of JPC ¼ 0þþ and 2þþ, respectively. Other known
states are excluded at more than 5σ. In addition, we
compare the X%ð3860Þ and the lattice prediction for the
χc0ð2PÞ provided in Ref. [41]. The parameters M ¼
3966& 20 MeV=c2 and Γ ¼ 67& 18 MeV are used.
The comparison is performed in the same way as those
for the experimentally known states with JPC ¼ 0þþ; the
results are shown in Table III. The difference of the
X%ð3860Þ and predicted χc0ð2PÞ parameters is at 2.7σ
level. Note that the systematic errors have not been
determined in Ref. [41]; thus, the actual level of disagree-
ment should be less than 2.7σ.

C. Systematic uncertainties

The systematic uncertainties of the X%ð3860Þ mass and
width are listed in Table IV. One source of mass and width
systematic error is the systematic uncertainty due to the
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FIG. 5. Projections of the background fit results ontoMDD̄ and angular variables. The points with error bars are data, and the solid line
is the fit result.

TABLE I. Fit results in the default model (constant nonresonant
amplitude). For the 2þþ hypothesis, there are three solutions.

JPC Mass, MeV=c2 Width, MeV Significance

0þþ 3862þ26
−32 201þ154

−67 9.1σ

2þþ 3879þ20
−17 171þ129

−62 8.0σ

2þþ 3879þ17
−17 148þ108

−50 8.0σ

2þþ 3883þ26
−24 227þ201

−125 8.0σ
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agreement	not	ideal,	but	not	completely	incompa3ble	
clearly	more	work	needed,	at	least	on	ab-inito	theory	side		

m = 3862−32−13
+26+40 MeV

 Γ=201−67−82
+154+88 MeV “pre-dicted”	
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-  coupled	channels;	interpolators:		
	
-  charm	annihila3on	omi]ed	

-  the	Figure	shows	just		a	part	of	the	Wick	contrac3ons		(	without	c	c	s	s	)		

		Wick		contrac3ons	
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cc, DD, D*D*, J /ψ ω, DsDs

The irreducible representation A++
1 contains JPC = 0++ states of interest, and in

general also states with J ≥ 4, which appear at energies beyond our interest.

The interpolator ODD
4 is not used for ensemble (1) since D(2)D(−2) appears above

4 GeV. The OJ/ψ ω are not used on ensemble (2) since the results from ensemble (1) indicate

that J/ψ ω is almost decoupled from the rest of the system.2

c̄c D̄D J/ψω

c̄c −1 +2 −2

D̄D +2 +2 −4 −2 +4

J/ψω −2 −2 +4 +2 −4

Figure 1. Wick contractions computed for the correlation matrix (4.4) with interpolators (4.1,4.3).
We omit contractions where the charm quark annihilates. A red solid line represents a c quark,
while the black dashed line represents a u or d quark.

4.3 Towards the spectrum

The correlation matrix

Cjk(t) = ⟨Ω|Oj(t
′ + t)O†

k(t
′)|Ω⟩

=
∑

n

Zn
j Z

n∗
k e−Ent (4.4)

contains the information on energies En and the overlaps Zn
j ≡ ⟨Ω|Oj |n⟩. We evaluate

all Wick contractions for O ≃ c̄c, (q̄c)(c̄q), (c̄c)(q̄q) (4.1,4.3) shown in Fig. 1. We omit

Wick contractions where charm quark annihilates as in almost all previous lattice simula-

tion of charmonia; these induce mixing with I = 0 decay channels containing only light

quarks u, d, s, they are Okubo-Zweig-Iizuka suppressed and present a challenge for current

lattice simulations. It is noteworthy that these decays might be important to clarify the

experiment puzzle with regard to non-D̄D hadronic decays [18, 22].

The energies and overlaps are extracted from the correlation matrix using the gener-

alized eigenvalue method [43–46]

C(t)u(n)(t) = λ(n)(t)C(t0)u
(n)(t) , (4.5)

2When the interpolators OJ/ψ ω are removed from the interpolator basis, the energies En and overlaps

⟨Ok|n⟩ for the remaining eigenstates n are practically unchanged for ensemble (1).

– 7 –

D*D*	

c	quark	

u,d	quarks	



Some	intermediate	results	for	eigen-energies:	
JPC=1--	channel		
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-  Presented	at	La$ce	2017	(Piemonte,	Weishaeupl)	
	-			V=243x128	(U101	CLS	ensemble)	
-  just	total	momentum	P=0		
-  low	sta3s3cs	

E n
	[G

eV
]	

two	values	of	mc	



Some	intermediate	results	for	eigen-energies:	
JPC=0++	channel		
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-  Presented	at	La$ce	2017	(Piemonte,	Weishaeupl)	
	-			V=243x128	(U101	CLS	ensemble)	
-  just	total	momentum	P=0	

-  c	c	s	s			not	yet	coupled	to	the	rest		(meanwhile	this	has	been	done)		
	

E n
	[G

eV
]	

two	values	of	mc	



Ongoing	la$ce	simul.	[RQCD	2017]	cont’d	

•  meanwhile	we	have	significantly	increased	the	sta3s3cs	
•  have	some	results	also	for	P≠0	
•  have	coupled	c	c	s	s		to	the	rest		
•  have	calculated	quark	props	also	323	x	96	(H105)	

•  sca]ering	phase	shihs	and	sca]ering	matrices	have	not	been	extracted	yet	
•  therefore	physics	conclusions	can	not	be	drawn	yet	
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Ecms(L)	

One	of	the	challenges	for	total	mom.	P≠0	

•  J	is	not	good	quantum	number	on	la$ce		
•  parity	is	not	good	quantum	number;	only	helicity	is	
•  example:	irrep=A1	that	contains	J=0	states	
																																							contains	also	J=2	states	
•  general:	given	irrep	contains	a	number	of	different	JPC		
•  par3cularly	challenging	for	dense	charmonium	spectrum	

				J			g irrep	of	discrete	group	
		SO(3)															D4h	

P=(0,0,1)	



Conclusions			
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•  if	exo3c	hadrons	were		
													-	strongly	stable	or		

													-	resonances	that	can	strongly	decay	only	to	one	final	state	H1H2	

							then	la$ce	QCD	could	reliably	establish	them		

	

							D0	exo3c		X(5568)	in	one-channel	Bs	π+	sca]ering	?		Our	la$ce	simula3on	did	not	find	evidence	for	it	
	

•  experimental	exo3c	candidates	can	decay	to	more	H1H2		..	more	challenging	

	

•  	charmonium	resonances	above	open	charm	threshold	were	(roughly)	extracted	for	the	first	3me		

								together	with	their	decay	width	[2015]	
	

•  alterna3ve	candidate	for	first	excited	scalar	charmonium	resonance	was	discovered	this	year	
							difference	with	respect	to	our	“pre-dic3on”	at	2.7	σ	level	(agreement	not	ideal,	but	not	completely	incompa3ble)	

	

•  much	more	detailed	extrac3on	of	sca]ering	matrix	is	needed	and	is	on	the	way	...		

								


