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•  Discovery	of	Zb	in	experiment	

							

•  Why	it	is	(to)	difficult	to	study	scaWering	in	Zb	channel	with	Luscher’s	method	

•  Study	of	Zb	system	with	sta3c	b	quarks	

•  possible	indica3on	for	existence	of	Zb	tetraquarks	under	employed	approxima3ons	

Zb
+ ≈ b b d u



Zb	in	experiment	
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discovered	by	Belle	in	2011	[PRL	108	(2012)	122001]	
	
Zb+(10610)	,	Zb+(10650)		
	
I=1,	JPC=1+	-	
	
Zb	observed	in	decays			Y(1S,2S,3S)	π	
																																											hb(1S,2S)	π	
																																											B	B*	,	B*	B*	

Belle	PRD	91	(2015)	072003	

ϒ(1S)	π+	 ϒ(2S)	π+	 ϒ(3S)	π+	

Zb
+ →ϒ π +

         bb du

mB+mB*	 Zb	tetraquark	channel,	Sasa	Prelovsek	



Zb+	with	non-sta3c	b	and	Luscher’s	approach:	(to)	challenging	
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Eigen-energies	in	non-interac3ng	limit	

Rigorous	treatment	very	challenging:		
-  at	least	7	two-par3cle	channels	coupled		
-  very	dense	BB*		and	B*B*	energy	levels	

And	there	
are	other	
two-par3cle	
states!	

b	u	
b	d	

Physical	masses		used	

En.i. (L) = m1
2 +
!p2 + m2

2 + (− !p)2

                           !p = 2π
L
!n     



	Zb	with	sta3c	b	and	b	
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Only	previous	lat	study			
Bicudo,	Cichy,		Peters,	Wagner	[proceedings	Lat16:	1602.07621	

																																																									proceedings	Lat17:	1709.03306]	

Born-Oppenheimer	approach	

Fock	components	incorporated		
	

not	incorporated	before	

•  main	aim:	extract	sta3c	poten3al	V(r)	between	B	and	B*	
•  momentum	of	light	degrees	of	freedom	not	conserved		

							in	presence	of	sta3c	quarks		

Zb	tetraquark	channel,	Sasa	Prelovsek	



Zb	with	sta3c	b	b	
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z	

x	

y	
Good	symmetries	and	quantum	numbers:	
	
I=1		I3=0	(consider	neutral	Zb)		
	
Sheavy=1			(Sz)heavy=0																																																				heavy	quark	can	not	flip	spin	via	gluon	exchange	
																																																																																		note:	transi3on	is	not	possible	to	final	states	with			
																																																																																																										Sheavy=0		(η_b,	h_b)			

(Jz)light	=0				[Jx	and	Jy	not	conserved]	
	
C�P=	-1			(P=	inversion	over	midpoint	between	b	and	b)	
	
Rlight=	reflec3on	over	yz	plane		=		Plight	*	Rlight(y,π)		:		ε=-1	
	
momentum	of	light	degrees	of	freedom:	not	conserved	

b (↑)b(↓)− b (↓)b(↑)

b (↑)b(↓)+ b (↓)b(↑)
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	Operators	O1-6	with	given	quantum	numbers	
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in	this	way	(Jz)light,	Sheavy	and		(Sz)heavy		
are	indeed	separately	good	quantum	num.	

inspired	by	Wagner	et	al.	

qq→ uu− ddI=1		I3=0	:		
Zb	tetraquark	channel,	Sasa	Prelovsek	
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[..]	indicate	color	singlets	

•  momentum	in	z	direc3on		ensures	that	(Jz)light=0	
•  the	sum	ensures	that		CP	is	good	q.n.	

	Operators	O1-6		

illustra3on	of	O_3,4		
for	non-sta3c	case	

Nf=2,	mπ≈266	MeV,	a≈0.124	fm,	L≈2	fm	[larger	L	would	require	Υπ(p=003)	...	]	
full	dis3lla3on	method	to	compute	Wick	contrac3ons	

Zb	tetraquark	channel,	Sasa	Prelovsek	
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mB+mB*
Vbb(r)+mπ

Vbb(r)+Eπ(1)
Vbb(r)+Eπ(2)
Vbb(r)+mb1
Vbb(r)

Eigen-energies	En(r)	of	6x6	correlaCon	matrix	from	GeVP		

ΔEn	=En-Ennon-int	≠0	claimed	only	for	level	BB*	at	r<=4	

	significance	of	other	ΔEn	not	yet	systema3cally	explored	

Preliminary

dominant	operator		

in	each	|n>		

according	to		

Oi n

mB+mB*	

dot-dashed-lines:	
Ennon-int	
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Sta3c	poten3al	V(r)	for	interac3on	between	B	and	B*	

9/12	

•  we	verified	there	is	no	other	Y	M		(M=ρ,	a1,	a0)		same	the	with	same	quantum	num.	
•  ηb	M	and	and		hb	M		have	Sheavy=0,			so	they	also	have	different	quantum	num.		

We	assume	that	B	B*	eigenstate	is	docupled	from	
ϒπ	and	ϒb1	channels	(overlaps	support	that).	
	
Born-Oppenheimer	approach:	B	and	B*	move	in		

V(r)=	En(r)	–	mB		-	mB*						(mB*=mB)				
	
	
	
	

	
	
	
We	focus	on	most	relevant	:	s-wave	(L=0)	

V(r<1)	=	?	

V(
r)
a	

−
!2

2µ
d 2

dr2
+
!2L(L +1)
2µr2

+V (r)
⎡

⎣
⎢

⎤

⎦
⎥u(r) = Eu(r)

µ = 1
2mB

exp, ψ∝
u
r
YLM
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BB*	(virtual)	bound	states	in	s-wave	
	

10/12	

fits	with	V(r)	with	V(0)=finite	 V (r) = −α exp[−(r / d)p ]
example:	p=1.5,	r=1-4	
fit	results:	α	=	0.99(5)	,	d=1.8(1)	

	

(1)	virtual	bound	st.	:		EB	=	34	±	24		MeV	

(2)	deep	bound	st.:						EB	=	403	±	70		MeV		

Various	fit	choices	for	p	and	range	in	r	(taking	or	omiDng	r=1)	

(1)  virtual	bound	st.:		state	with	small	EB	present	or	not		

(2)  deep	bound	st:										EB	=250	MeV	–	500	MeV	

V(
r)
a	

V(
r)
a	

V (r) = −α
r
exp[−(r / d)p ]

fits	with	V(r)	with	V(0)=-∞	

Various	fit	choices	for	p	and	range	in	r	(taking	or	omiDng	r=1)	
(1)  bound	state:															EB	=	2	–	10	MeV		

(2)  deep	bound	st.:										EB	=	400	MeV	–	600	MeV		

Preliminary

Zb	tetraquark	channel,	Sasa	Prelovsek	
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	Rela3ng		
laDce	results	to	
Belle	experiment	
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FIG. 4: Comparison of fit results with the nominal model with JP = 1+ assigned to both Zb states (solid open histogram)
and the data (points with error bars) for events in the (a, d) Υ(1S)π+π−, (b, e) Υ(2S)π+π−, (c, f) Υ(3S)π+π− signal region.
Dashed histogram shows results of the fit with JP = 2+ assignment for the Zb states. Hatched histograms show the estimated
background components.

JP = 1+, 1−, 2+ and 2−. Note that JP = 0+ and
0− combinations are forbidden because of the observed
Zb → Υ(nS)π and Zb → hb(mP )π decay modes, respec-
tively. (Since the masses and the widths of two reso-
nances measured in the hb(mP )π and in the Υ(nS)π [3]
systems are consistent, we assume the same pair of Zb

states is observed in these decay modes.) The sim-
plified angular analysis reported in Ref. [5] favors the
JP = 1+ hypothesis; thus, our nominal model here
adopts JP = 1+.
The logarithmic likelihood function L is

L = −2
∑

events

ln(fsigS + (1− fsig)B), (2)

where the summation is performed over all selected can-
didate events. The S term in Eq. 2 is formed from
|MΥππ|2 (see the Appendix) convolved with the detec-
tor resolution, fsig is the fraction of signal events in the
data sample (see Table I), and B is a background density
function determined from the fit to the sideband events.
Both S and B are normalized to unity.
For normalization, we use a large sample of signal

e+e− → Υ(nS)π+π− → µ+µ−π+π− MC events gen-
erated with a uniform distribution over the phase space
and processed through the full detector simulation. The
simulation also accounts for the beam energy spread of
σ = 5.3 MeV and c.m. energy variations throughout the
data taking period. The use of the full MC events for
the normalization allows us to account for variations of

the reconstruction efficiency over the phase space. More
details can be found in Ref. [12]. Results of fits to
Υ(nS)π+π− events in the signal regions with the nominal
model are shown in Fig. 4, where one-dimensional pro-
jections of the data and fits are presented. In order to
combine Z+

b and Z−
b signals, we plot the M(Υ(nS)π)max

distribution rather than individual M(Υ(nS)π+) and
M(Υ(nS)π−) spectra. To quantify the goodness of fits,
we calculate χ2 values for one-dimensional projections
shown in Fig. 4, combining any bin with fewer than nine
events with its neighbor. A χ2 variable for the multino-
mial distribution is then calculated as

χ2 = −2
Nbins
∑

i=1

ni ln

(

pi
ni

)

, (3)

where ni is the number of events observed in the i-th
bin and pi is the number of events expected from the
model. For a large number of events, this formulation
becomes equivalent to the standard χ2 definition. Since
we are minimizing the unbinned likelihood function, such
a constructed χ2 variable does not asymptotically follow
a typical χ2 distribution but is rather bounded by two χ2

distributions with (Nbins− 1) and (Nbins−k− 1) degrees
of freedom [13], where k is the number of fit parameters.
Because it is bounded by two χ2 distributions, it remains
a useful statistic to estimate the goodness of the fits.
Results are presented in Table II. For all final states, the
nominal model provides a good description of the data.

mB+mB*	mB+mB*-	400	MeV	

exp	Zb	res	nothing	claimed	by	Belle;		
significant	“bump”	could	perhaps		
emerge	at	higher	sta3s3cs	

bound	st.	or	virtual	bound	st.	
just	below	threshold	is	
perhaps	related	to	Zb	

Belle	PRD	91	(2015)	072003	

deep	bound	st.	found	on	the	laDce:	
predic3on	of	a	new	exo3c	state?		
It	could	be	perhaps	visible	only	in	
ϒ(1S)	π,	since	it	is	located	below	all	
other	thresholds.		

laDce	
	
	
experiment	

Zb	tetraquark	channel,	Sasa	Prelovsek	

ϒ(1S)	π	



Conclusions	
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•  Exploratory	study	of	Zb	channel	

•  Simplifica3ons:	
²  				mb		=	∞	
²  				B	B*	channel	treated	as	decoupled	from	other	channels	in		Schrodinger	eq.	

•  Conclusions	based	on	these	simplifica3ons:	
²  Sizable	aWrac3on	between	B	and	B*	at	small	distances	
²  Bound	state	found	far	below	BB*		threshold	:	yet	undiscovered	exo3c	state	??	
²  Bound	state	or	virtual	bound	state	found	slightly	below	BB*		threshold:	
					this	state	might	be	related	to	Zb	from	Belle	experiment	
	
•  Future	plans:		
²  coupled-channel	analogue	of	Schrodinger	equa3on	
²  .....		

Zb	tetraquark	channel,	Sasa	Prelovsek	



Backup	
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Effec3ve	
energies	
for	r=3	

red	labels	denote		
dominant	operators		

in	each	eigenstate	
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Overlaps	of	
eigenstates	|n>		

for	r=3	

Zin=<Oi|n>	

Zb	tetraquark	channel,	Sasa	Prelovsek	



Considera3on	of	symmetries	in	the	sta3c	case	

bP−γ5q qγ zP+b+ bP−γ zq qγ5P+b

= (Sheavy=1)(Slight= 0)+ (Sheavy= 0)(Slight=1)

In	the	sta3c	limit:	heavy	(Sheavy	and	Szheavy)	and	light	(Jlight)	angular	mom.	are	separately	conserved,		
because	heavy	quark	can	not	flip	direc3on	of	spin	under	interac3on	with	gluon.			
The	operator	below	does	not	transform	irreducibly	separately	under	heavy	spin	and		
separately	under	light	spin	transforma3ons.		

Zb	tetraquark	channel,	Sasa	Prelovsek	


