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The	D0	Detector	
• Mul,-purpose,	high	acceptance,	well	understood	detector. 

Excellent	muon	id	and	acceptance.		∫ℒ	dt～	10	V⁻¹
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Search	for	exo,c	baryons	decaying	to	J/ψΛ

• LHCb	observed	two	exo,c	baryon	states	(Pc)	in		in	Λb→	J/ψp	K-	at	4380	MeV/c2	
and	4450	MeV/c2.		

• Numerous	states	with	the	quark	contents	including	a	cc̅	pair	and	three	light	
quarks	are	expected	to	exist	within	500	MeV	of	the	threshold.		

• Search	in	the	M(J/ψ	Λ),	where	J/ψ→μ+μ-,	Λ→pπ-.	
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Event	Reconstruc.on	
• D0	Run	II	integrated	luminosity	10.4	V-1		
• pT(μ)	>	1	GeV/c;	pT(μμ)	>	4	GeV/c		
• 2.92	<	M(μμ)	<	3.25	GeV/c2		
• pT(Λ)	>	0.7	GeV/c	
• 1.110	<	M(Λ)	<	1.122	GeV/c2		
• pT(p)	>	0.15	GeV/c		
• Non-prompt:	J/ψ	decay	length	
significance	in	the	transverse	plane	is	
greater	than	3	and	Λ	decay	vertex	is	
closer	to	J/ψ	decay	vertex	than	to	the	
primary	vertex.	



Search	for	exo,c	baryons	decaying	to	J/ψΛ

• Search:	concentrate	on	Non-prompt	sample		

• no	indica,on	of	signal	in	prompt	sample.	
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Search	for	exo,c	baryons	decaying	to	J/ψΛ

• Search	procedure	

• Binned	maximum	likelihood	fits	 
to	the	distribu,on	of	the	J/ψ	Λ	 
invariant	mass	in	the	range	from	 
the	J/ψ	Λ	threshold	to	4.7	GeV/c2.		

• Fsig(M,	MX,	σX)	is	a	Gaussian	with	free	 
mass	and	width.		

• fbg	and	fsig	are	normalisa,on	constants	

• The	background	is		a	threshold	func,on	where	Mth	is	the	J/ψ	Λ	invariant	mass	
threshold.	
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Search	for	exo,c	baryons	decaying	to	J/ψΛ

• Mass	fits	of	the	sum	of	signal	+	background	or	background	only	to	the	data	were	
performed	with	the	signal	mass	set	at	fixed	values	in	10	MeV	steps.		

• Local	sta,s,cal	significance	is	defined	as	

• The	highest	local	significance	of	3.45σ	occurs	at	M	=	4.32	GeV/c2.		

• If	LEE	is	taken	into	account	it	leads	to	the	global	significance	of	2.8σ.	
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No	evidence	for	new	par,cles	decaying	to	J/ψΛ

p
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0
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).

…	but	could	point	the	way	for	other	searches.	
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Previous	Result:	Evidence	for	X(5568),	Bs	→J/ψφ
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V.M.	Abazov	et	al	(D0	Collabora3on),	Phys.	Rev.	Le=.	117,	022003	(2016)	

X(5568)

MX = 5567.8± 2.9 (stat)+0.9
�1.9 (syst)MeV/c2

�X = 21.9± 6.4 (stat)+5.0
�2.5 (syst)MeV/c2

⇢ = [8.6± 1.9 (stat)± 1.4 (syst)]%

0

10

20

30

40

50

60

70

80

90

2
N

 e
ve

nt
s 

/ 8
 M

eV
/c

-1  D0 Run II, 10.4 fb

DATA
Fit with background shape fixed
Background
Signal

a)

5.5 5.55 5.6 5.65 5.7 5.75 5.8 5.85 5.9

-10

-5

0

5

10

15

]2 )                          [GeV/c± π  S
0 (Bm

R
es

id
ua

ls
 (D

at
a-

Fi
t)
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No	ΔR	Cut
Sta,s,cal	significance	of	signal	 
(including	systema,cs	and	LEE)	

With	ΔR	Cut:	5.1	σ,	Without	ΔR	Cut:	3.9	σ	
Not	seen	at	LHCb	and	CMS
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Confirma,on	of	X(5568)	with	semileptonic	
decays	of	the	Bs

• Look	to	confirm	X(5568)	using	addi,onal	channel	
• Op,mise	cuts	to	minimise	effect	of	 

missing	neutrino	and	reduce	 
size	of	background.
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Bs	→	Dsμν	reconstruc.on:		
Reconstruct	Ds	→	φπ,	φ	→	K+K−.	
Require	1.92	<	m(φπ)	<	2.02	GeV.		
Add	a	muon	that	forms	a	vertex	with	the	Ds.		
Require	4.5	<	m(μDs)	<	5.4	GeV  
to	minimise	the	effect	of	the	missing	neutrino.	

X(5568)	→	Bsπ	candidates:		
Add	a	charged	pion	with	pT	>	0.5	GeV/c	consistent	with	coming	from	the	PV		

Addi,onal	pion	chosen	with	iden,cal	cuts	as	used	in	Bs⁰→	J/ψφ		analysis.	

M(B0
s⇡

±) = m(µDs⇡)�m(µDs) +m(B0
s )

• To	improve	mass	resolu,on	we	define	the	invariant	mass	as	



Data	

• Look	to	confirm	X(5568)	using	addi,onal	channel	
• Op,mise	cuts	to	minimise	effect	of	missing	neutrino	and	reduce	size	of	background.
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Simula,on

• Model	signal	with	modified	spin-0	meson	in	
Pythia.		

• Background	μ-Ds+	events	generated	inclusively	
and	selected	based	on	kinema,cs.	

• MC	is	weighted	as	a	func,on	of	pT(μ)	and	
pT(μDs)	to	account	for	trigger	and	
reconstruc,on	efficiencies	
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Signal	MC

Data	and	Background	MC

m(Bs0π±) pT(Bs0π±)

D0	Signal	MC



Signal	Extrac,on

• Fix	shape	of	background	by	fi~ng	MC	background	simula,on.		
• Fit	data	to	background	model	plus	signal	

• signal	represented	by	rela,vis,c	Breit-Wigner	 
convoluted	wth	detector	resolu,on	and	smearing	 
due	to	the	missing	neutrino.
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The fit function has the form

F = f
sig

F
sig

(m,MX ,�X) + f
bgr

F
bgr

(m), (4)

where f
sig

and f
bgr

are normalization factors. The shape parameters in the background term

f
bgr

are fixed to the values obtained from fitting the MC background distribution.

We use the Breit-Wigner parametrization appropriate for an S-wave two-body decay near

threshold:

BW (m) / M2

X�(m)

(M2

X �m2)2 +M2

X�
2(m)

. (5)

The mass-dependent width �(m) = �X · (q
1

/q
0

) is proportional to the natural width �X ,

where q
1

and q
0

are three-vector momenta of the B0

s meson in the rest frame of the B0

s⇡
±

system at the invariant mass equal to mB⇡ and MX , respectively. The Gaussian resolution

depends on the mass of the B0

s⇡
± system and is

�
SL

=
⇥
3.85 + 60.93(m�m

th

)0.85
⇤
MeV/c2. (6)

In the fit shown in Fig. 5, the normalization parameters f
sig

and f
bgr

and the Breit-

Wigner parameters MX and �X are allowed to vary. The fit yields the mass and width of

MX = 5566.7+3.6
�3.4MeV/c2, �X = 6.0+9.5

�6.0MeV/c2, the number of signal events of N = 139+51

�63

5

and a �2 = 30.4 for 46 degrees of freedom. The local statistical significance of the signal in

Table II is defined as
p
�2 ln(L

0

/L
max

), where L
max

and L
0

are likelihood values at the best-

fit signal yield and the signal yield fixed to zero obtained from a binned maximum-likelihood

fit. The obtained local statistical significance is 4.5�.

VI. SYSTEMATIC UNCERTAINTIES10

The systematic uncertainties are obtained for the measured values of the mass, width and

event number of the X(5568) signal in the semileptonic channel. The dominant uncertainty

is due to the background shape description. We evaluate this systematic uncertainty by

using the alternative paramaterizations of the background, Eqs. (2), (3) and the smoothed

MC histogram.15

Other sources of systematic are also evaluated by varying the energy scale in the MC data

sample by ± 1MeV/c2, varying the detector resolution of the X(5568) peak by ±1MeV/c2

around the mean value, or using a constant resolution of 11.1MeV/c2, by using a P -wave

9 of 15 March 8, 2017
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FIG. 3. MC simulation of X ! B0

s⇡ where B0

s ! µ+D�
s Xany

. The invariant mass distributions a)

m(K+K�⇡⌥) and b) m(B0

s⇡
±) are shown.

of MX = 5565MeV/c2 is [32.0± 1.8 (stat)± 1.6 (syst)]% for pT (B0

s ) > 10GeV/c where the

systematic uncertainty represents the di↵erences between the reconstruction e�ciencies for

low-momenta tracks in MC and data.

The background MC sample generated using the pythia inclusive jet production model

and events are selected that contain at least one muon and a D�
s ! �⇡�; � ! K+K�

5

decay. The mean proper decay lengths of b hadrons are fixed in the simulation to values

close to, but not exactly equal to, the current world-average values [17]. To correct for these

di↵erences, an event weighting is applied to all non-prompt events in the simulation, based

on the generated lifetime of the B candidate, to give the world-average B meson lifetimes.

To estimate the e↵ects of the trigger selection and the reconstruction on the data, we weight10

each event based on the transverse momentum of the reconstructed muon and the transverse

momentum of the µD±
s system.

The m(B0

s⇡
±) invariant mass distribution of the MC background is modeled by

F
bgr

(m) =
�
C

1

m
0

+ C
2

m2

0

+ C
3

m3

0

+ C
4

m4

0

�
exp

�
C

5

m
0

+ C
7

m2

0

�
, (1)

where m = m(B0

s⇡
±), m

0

= m�m
th

and m
th

= 5.5063GeVc2 is the threshold value.

Three alternative parametrizations where used to model the background. The first is (as

used in Ref. [1])

F
bgr

(m) =
�
C

1

+ C
2

m2

�

+ C
3

m3

�

+ C
4

m4

�

�
exp

�
C

5

+ C
6

m
�

+ C
7

m2

�

�
, (2)

where m
�

= m � � and � = 5.5GeVc2. The second is the Argus function which was
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X(5568)

NX = 139+51
�63

MX = 5566.73.6�3.4 MeV/c2

�X = 6.0+9.5
�6.0 MeV/c2

Local Signficance

r
�2 ln

L
0

L
max

Statistical Significance 4.5�.
Including Systematics 3.2�.

𝜒2/ndf	=	0.7



Systema,cs
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Source mass, MeV/c2 width, MeV/c2 event yield, events

Background shape description +0.0 ; �0.7 +0.7 ; �2.5 +4.8 ; �28.0
Background reweighting +0.1 ; �0.1 +0.7 ; �0.7 +5.0 ; �5.0
B0

s mass scale, MC and data +0.3 ; �0.5 +1.0 ; �1.4 +7.5 ; �9.6
Detector resolution +0.0 ; �0.5 +1.3 ; �2.6 +3.7 ; �6.4
P-wave Breit-Wigner +0.0 ; �0.2 +0.0 ; �2.4 +0.0 ; �7.0
Missing neutrino e↵ect +1.0 ; �0.0 - -

Total +1.0 ; �1.0 +1.9 ; �4.6 +10.9 ; �31.5

Alternate	Background	Shape
Argus	Type	background	 Smoothed	MC

𝜒2/ndf	=	0.95
𝜒2/ndf	=	0.88



Combina,on	with	Hadronic	Channel

14

Semileptonic Hadronic, cone cut Hadronic, no cone cut

Fitted mass, MeV/c2 5566.7+3.6
�3.4

+1.0
�1.0 5567.8± 2.9+0.9

�1.9 5567.8

Fitted natural width, MeV/c2 6.0+9.5
�6.0

+1.9
�4.6 21.9± 6.4+5.0

�2.5 21.9

Fitted number of signal events 139+51
�63

+10.9
�31.5 133± 31± 15 106± 23

Local significance 4.5� 6.6� 4.8�

Significance with systematics 3.2� 5.6� -

Significance with LEE+systematics - 5.1� 3.9�

p
comb

= p
had

p
sl

[1� ln(p
had

⇥ p
sl

)] ,

• Combine	with	J/ψφ	with	ΔR	Cut 
p-value	=	5.6	×	10-9	corresponding	to	5.7	σ.  
 
If	combined	with	J/ψφ	without	ΔR	Cut	significance	is	4.7	σ.

• Assume	measurements	are	independent		
– presence	of	neutrino	in	semileptonic	supports	this	assump,on	
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Cross	Checks
• Alterna,ve	Fits	

• Fix	MX	=	5567.8	MeV/c2	and	𝚪X	=	21.9	MeV/c2	from	Hadronic	analysis		
• Free	all	background	parameters.	
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Hadronic	Values Free	Background

𝜒2/ndf	=	0.68 𝜒2/ndf	=	0.69

Nominal Fit All Parameters free Mass and Width Fixed to J/ �

Fitted mass, MeV/c2 5566.7+3.6
�3.4 5566.6± 3.5 5567.8

Fitted width, MeV/c2 6.0+9.5
�6.0 8.4± 14.5 21.9

Fitted number of signal events 138.6+50.8
�63.3 143.7± 101.1 168± 42

�2/ndf 30.4/(50� 4) 27.4/(50� 10) 32.8/(50� 2)

Local significance 4.5� 4.4 � 4.2�
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Frac,on	of	Bs	from	X(5568)	decays

• Determine	number	of	Bs	mesons 
by	fi~ng	the	m(φπ±)	distribu,on.	

• Remove	prompt/non	Bs	mesons 
using	same	sign	μDs		samples.			

• Semileptonic	sample	sa,sfies	 
pT(μDs)	>	10	GeV/c

16

For pT (µ+D�
s ) > 10GeV/c and 4.5GeV/c2 < m(µ+D�

s ) < m(B0
s )

⇢(sl) =
h
7.3+2.8

�2.4 (stat)
+0.6
�1.7 (syst)

i
%

For pT (J/ �) > 10GeV/c

⇢(had) = [8.6± 1.9 (stat)± 1.4 (syst)]%



Conclusion
X(5568)	

• We	have	presented	the	results	of	a	search	for	the	X(5568)	→	Bs0π±	with	
semileptonic	decays	of	the	Bs0	meson.	There	is	an	excess	of	events	in	the	data	
consistent	with	the	decay	X(5568)	→	Bs0π±	with	Bs0	→	J/ψφ.		

• The	mass,	natural	width	and	produc,on	rates	in	the	semileptonic	and	hadronic	
channels	are	consistent.		

• The	signal	p-value	for	the	semileptonic	channel	is	6.4	×	10−4	and	the	significance	
is	3.2σ	when	including	systema,c	uncertain,es.		

• The	combined	p-value	for	the	hadronic	and	semileptonic	channels	is	5.6	×	10−9	
with	a	corresponding	significance	is	5.7σ.		

Search	for	exo.c	baryons	→	J/ψΛ		

• In	the	mass	range	between	threshold	and	4.7	GeV/c2	no	evidence	for	new	baryons	
decaying	to	J/ψΛ	have	been	found.		

• The	most	significant	devia,on	from	background-only	hypothesis	is	seen	at	 
M(J/ψΛ)=	4.32	GeV/c2	with	a	global	significance	(including	LEE)	2.8σ.	

17



Bibliography
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• D0	Conference	Note	6496: 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“Four”	quark	states
• Four	quark	states	can	be	dis,nguished	from	regular	mesons	by	

comparing	the	mass,	width,	charge,	other	quantum	numbers,	
produc,on	and	decay	modes	with	predic,ons.	

• Exo,c	four-quark	states	can	be	described	as	,ghtly	bound	
(tetraquark)	or	loosely	bound	(molecule,	hadroquarkonium):

20

New Bsπ± state

The XY Z states

PDG names all non-qq candidates X(mass). Authors and theorists use Z

for charged states, Y for 1−− states, and X for the rest. There are various

competing phenomenological models proposed to explain their nature.

Two popular interpretations:

• Meson-meson “molecule” two white states loosely bound by a pion exchange

• Compact tetraquark made of a diquark-antidiquark pair connected by color forces.

The latter attempts to provide a unified picture. A new paradigm with

predictions for a tetraquark spectroscopy.
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Hadrocharmonium		

• Observed		four-quark	states	(high	sta,s,cal	significance):	Z(4430)⁺	→	ψ'π⁺	,	
X(4140)→	J/ψφ,	Zb(10610)+→	ϒπ⁺,	Zb(10650)+→	ϒπ⁺.		

• Not	well	established:	Z(4050)+→	χc1π⁺,	Z(4250)+→	χc1π⁺.		

• X(3872)	is	probably	a	mixture	of	two-	and	four-quark	states.		

• All	of	these	states	can	be	interpreted	as	molecules	(their	masses	are	close	to	the	
sum	of	two	regular	mesons).		

• Also,	pentaquarks	Pc(4450)⁺	→	J/ψp,	Pc(4380)+→J/ψp		



MC	Cross	Checks
• Comparison	between	same	sign	(μ+Ds+)	data	and	MC	background
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Tests	of	Procedure
• Use	weighted	MC	background	to	generate	45k	invariant	mass	distribu,ons	

with	same	sample	size	of	the	data.		
• Apply	the	fit	procedure	to	each	trial	with	ini,al	mass	of	5600	MeV.		
• Blue	arrows	represent	MX	=	5568	MeV	and	𝚪X	=	8	MeV	
• Confirm	that	there	is	no	bias	in	the	method	that	would	produce	the	

peak	and	the	significance	calcula,on.
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Alternate	Background	Shapes
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Argus	Type	background	 Smoothed	MC

Nominal Fit Argus Type Background Smoothed MC

Fitted mass, MeV/c2 5566.7+3.6
�3.4 5566.0+3.6

�3.4 5564

+5
�5

Fitted width, MeV/c2 6.0+9.5
�6.0 6.5+8.9

�6.5 10

+17
�10

Fitted number of signal events 138.6+50.8
�63.3 145.7+50.7

�54.3 136

+59
�48

�2/ndf 30.4/(50� 4) 43.8/(50� 4) 40.6/(50� 4)

Local significance 4.5� 4.7� 3.9�


