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

Excellent	muon	id	and	acceptance.		∫ℒ	dt 	10	S⁻¹
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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):
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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		



Inclusive	Produc/on	of	X(4140)
• X(4140)	was	first	observed	by	CDF	in	2009	in	the	decay	  

B⁺	→	X(4140)K⁺	→	J/ψφK⁺	
✓ D0	and	CMS	confirmed	the	observa/on	
✘ LHCb	was	unable	to	confirm	and	disagrees	at	2.4σ	

with	CDF	(Phys.	Rev.	D	85,	091103(R)	(2012))	
• Observed	in	decays	of	B+	

• D0:	First	inclusive	X(4140)	  
measurement	  
Phys.	Rev.	Les.	115,	232001	(2015),	 
&	arXiv:1508.07846		

• J/ψφ	is	selected	in	three	Lxy	intervals	  
and	in	two	mass	intervals:		
• X(4140):	M(J/ψφ)	<	4.36	GeV		

• Bs:	4.8	<	M(J/ψφ)	<	5.7	GeV		

• Number	of	Bs	and	X(4140)	extracted	using	mass	fits.	 4

http://arxiv.org/ct?url=http%3A%2F%2Fdx.doi.org%2F10%252E1103%2FPhysRevD%252E85%252E091103&v=a7974039
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FIG. 2: (color online) Invariant mass distribution of J/ψφ candidates in the mass window around (left) B0
s and (right) X(4140),

for events with (a,b) −0.025 < Lxy < 0 cm, (c,d) 0 < Lxy < 0.025 cm and (e,f) Lxy > 0.025 cm. The arrows indicate the
structures seen by CDF [2], CMS [4], and Belle [10]. The signal and background models are described in the text.

TABLE I: Summary of event yields in three Lxy regions and their sum for B0
s and X(4140). For Regions 1 and 2 the mass

of X(4140) is assumed to be 4152.5 MeV and the width is taken to be 16.3 MeV. Also shown are the deduced yields for the
non-prompt and prompt production of X(4140). The uncertainties are statistical.

Parent − 0.025 < Lxy < 0 cm 0 < Lxy < 0.025 cm Lxy > 0.025 cm Sum
B0

s 191 ± 143 804 ± 169 3166 ± 81 4161 ± 236
X(4140) 511 ± 120 837 ± 135 616 ± 170 1964 ± 248

X(4140) non-prompt 37 ± 26 156 ± 54 616 ± 170 809 ± 175
X(4140) prompt 474 ± 123 681 ± 149 ≡ 0 1155 ± 193
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• The	non-prompt	produc/on	rate	of	X(4140)	rela/ve	to	Bs0	is		

• The	frac/on	origina/ng	from	b	hadron	decays  
 
 
which	implies	prompt	produc/on	of	the	X(4140).	

• For	Lxy	>	250	μm	the	es/mated	number	of	X(4140)	from	B+	decays	is	130	±	
60	and	we	observe	a	total	of		616	±	170	implying	that	the	b-hadron	decays	
are	contribu/ng	to	X(4140)	produc/on		
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TABLE II: Summary of systematic uncertainties.

Source Mass (MeV) Width (MeV) Rate non-prompt (%) Rate prompt (%)
Mass resolution ±0.1 ±0.2 ±1 ±1

Mass bias +3
−0 – – –

Efficiency ±4 ±5 ±4 ±4
Signal model ±1 ±2.7 ±13 ±15
Fitting range ±3 ±7.0 ±20 ±6

Bin size ±1.6 ±7.0 ±25 ±10
Trigger bias – – – ±5

Mean lifetime – – −1.5 +1.5
Total +6.2

−5.4 ±11.4 ±35 ±19

TABLE III: Summary of X(4140) measurements.

Experiment Process Mass (MeV) Width (MeV)
CDF [2] B+

→ J/ψφK+ 4143.0 ± 2.9 ± 1.2 11.7+8.3
−5.0 ± 3.7

CMS [4] B+
→ J/ψφK+ 4148.0 ± 2.4 ± 6.3 28+15

−11 ± 19
D0 [5] B+

→ J/ψφK+ 4159.0 ± 4.3 ± 6.6 19.9 ± 12.6+3.0
−8.0

D0 (this work) pp → J/ψφ+ anything 4152.5 ± 1.7+6.2
−5.4 16.3 ± 5.6 ± 11.4

b hadrons with a rate exceeding the expected rate for the
known decay B+ → J/ψφK+. The significance of the
prompt production, including systematic uncertainties,
is 4.7σ. This is the first evidence for the prompt produc-
tion of X(4140). The significance of the non-prompt pro-
duction, including systematic uncertainties, is 5.6σ. The
non-prompt production rate of X(4140) relative to B0

s

observed in the same final state is R = 0.19±0.05(stat)±
0.07 (syst). Assuming a relativistic Breit-Wigner line
shape, we measure the mass and width of the X(4140)
state to be M = 4152.5 ± 1.7(stat)+6.2

−5.4 (syst) MeV and
width Γ = 16.3± 5.6 (stat)± 11.4 (syst) MeV, consistent
with previous measurements [2, 4, 5].
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Decay chain:   X+ → Bs
0 p+ ;   Bs

0 → J/y f ;  J/y →  m+ m-;  f → K 
+ K 
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Invariant mass of Bs
0 p±  was studied up to BK mass threshold  

Selections: basic Bs
0 requirements + p+ from 𝒑𝒑  interaction vertex 

To improve resolution:   m (Bs p+) = m (J/y f p+) – m (J/y f) + 5.3667 

DR = [f (Bs) – f (p)] 2 + [h (Bs) – h (p)] 2 < 0.3  - cone cut 
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Potentially Bs can be produced from Bs
*, with following Bs

* → Bs g. Then mass 
of Bs

0 p+ system will be larger by M(Bs
*) – M(Bs), with width unchanged. 

Observa/on	of	a	new	Bsπ±	state	

• Bsπ⁺	system	contains	4	quark	flavours	  
b"sd"u	

• Study	invariant	mass	up	to	BK	mass	threshold	

• Selec/ons:	Standard	Bs	plus	π	from	primary	vertex	

• To	improve	mass	resolu/on	we	measure:	

We	can	also	have	Bs*π	which	shi}s	the	mass	of	the	resonance	by	 
“m(Bs*)	-	m(Bs)”	and	does	not	effect	the	width	 7
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Potentially Bs can be produced from Bs
*, with following Bs

* → Bs g. Then mass 
of Bs

0 p+ system will be larger by M(Bs
*) – M(Bs), with width unchanged. 

X+ ! B0
s⇡

+;B0
s ! J/ �; J/ �! µ+µ�;�! K+K�

�R =
q

[�(B0
s )� �(⇡)]2 + [⌘(B0

s )� ⌘(⇡)]2 < 0.3

pT (B
0
s ) > 10 GeV

m(B0
s⇡

±) = m(J/ �⇡±)�m(J/ �⇡) +m(B0
s )



Modelling	Background
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M (Bs) = 5363.3 ± 0.6 MeV/c2 

s (Bs)  = 31.6 ± 0.6 MeV/c2 

N (Bs)  = 5582 ± 100 

𝑵𝒓𝒆𝒂𝒍
𝑵𝒓𝒆𝒂𝒍+𝑵 𝒇𝒂𝒍𝒔𝒆

 = ( 70.9 ± 0.6 ) %  

“real” Bs 

“fake” Bs 

“Real” Bs
0 are modeled using PYTHIA MC of Bs

0 production (random combination of Bs
0 and p±). 

“Fake” Bs
0 are modeled by sidebands: 5.0 < M(Bs) < 5.21 GeV/c2 and 5.51 < M(Bs) < 5.87 GeV/c2. 

M (Bs):  [ 5.303 – 5.423 ] GeV/c2   (about ±2s) 

histo:  MC  Bs p+ 

points:  SB   Bs p+ 
These two background model samples are 
mixed in measured proportion 70.9% / 29.1% 
to obtain full background model. 

Shapes of Bs p+ backgrounds are similar for 
“real” and “fake” Bs models (MC & Sidebands). 

NO CONE CUT 
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Local significance = 6.6 s  ( obtained from 

Wilk’s theorem) 

M = 5567.8 ± 2.9 (stat) MeV/c2 

G = 21.9 ± 6.4 (stat) MeV/c2 

N = 133 ± 31 (stat) 

Fsig – relativistic S-wave BW convolved with  
gaussian (3.8 MeV/c2 detector resolution) 

Background 

Data 

Significance = 5.1 s   including look-elsewhere 

effect (LEE) and systematics 

Observation of new Bs
0

 p ±  state 

 Fbgr = P4 ˟ exp (P3) 
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v 

D0: arXiv:1602.07588 [hep-ex], submitted to PRL. Cone cut 

M(Bs
0 p±) 

Signal	Fit

• Fsig	-		rela/vis/c	S-wave	BW	convolved	with	
gaussian	(3.8	MeV/c2	detector	resolu/on)		

• Local	significance	=	6.6σ	(	obtained	using	
Wilk’s	theorem)		

• Significance	=	5.1σ	including	look-elsewhere	
effect	(LEE)	and	systema/cs	
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FIG. 2: The combined background for the m(B0
sπ

±) distri-
bution described in the text and the fit to that distribution
with the cone cut and without the cone cut.

The B0
sπ

± invariant mass spectrum is shown in
Fig. 3(a) with the cone cut and (b) without the cone cut.
An enhancement is seen near 5.57 GeV/c2. To extract
the signal parameters, the distributions are fitted with a
function F (Eq. 2) that includes two terms: the back-
ground term Fbgr(mBπ) with fixed shape parameters as
in Fig. 2 and the signal term Fsig(mBπ,MX ,ΓX), mod-
eled by a relativistic Breit-Wigner function convolved
with a Gaussian detector resolution function and with
the mass-dependent efficiency of the cone cut [10]. Here
MX and ΓX are the mass and the natural width of
the resonance. The Gaussian width parameter σres =
3.8 MeV/c2 is taken from simulations.

The fit function has the form:

F = fsig × Fsig(mBπ,MX ,ΓX) + fbgr × Fbgr(mBπ), (2)

where fsig and fbgr are normalization factors.
We use the Breit-Wigner parametrization appropriate

for an S-wave two-body decay near threshold:

BW (mBπ) ∝
M2

XΓ(mBπ)

(M2
X − m2

Bπ)2 + M2
XΓ2(mBπ)

. (3)

The mass-dependent width Γ(mBπ) = ΓX · (q1/q0) is
proportional to the natural width ΓX , where q1 and q0

are three-vector momenta of the B0
s meson in the rest

frame of the B0
sπ

± system at the invariant mass equal to
mBπ and MX , respectively.

In the fit shown in Fig. 3a, the normalization pa-
rameters fsig and fbgr and the Breit-Wigner parame-
ters MX and ΓX are allowed to vary. The fit yields
the mass and width of MX = 5567.8 ± 2.9 MeV/c2,
ΓX = 21.9±6.4 MeV/c2, and the number of signal events
of N = 133 ± 31. As the measured width is significantly
larger than the experimental mass resolution, we infer
that X(5568) → B0

sπ
± is a strong decay. The statistical

significance of the signal is defined as
√

−2 ln(L0/Lmax),
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FIG. 3: The m(B0
sπ

±) distribution together with the back-
ground distribution and the fit results (a) after applying the
cone cut and (b) without the cone cut.

where Lmax and L0 are likelihood values at the best-fit
signal yield and the signal yield fixed to zero. The ob-
tained local statistical significance is 6.6σ for the given
mass and width values. With the look-elsewhere effect
[11] taken into account, the global statistical significance
is 6.1σ. The search window is taken as the interval be-
tween the B0

sπ
± threshold (5506 MeV/c2) and the B0

dK±

mass threshold (5774 MeV/c2).
We also extract the signal from the m(Bsπ±) distribu-

tion without the ∆R cone cut, fixing the mass and nat-
ural width of the signal and the background mass shape
to their default values. We see a tendency for data to
exceed background for m(Bsπ±) > MX [10]. We per-
form a fit in the restricted range m(B0

sπ
±) < 5.7 GeV/c2

5

5.5 5.55 5.6 5.65 5.7 5.75 5.8 5.85 5.90

100

200

300

400

500

600

700

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

N
 e

ve
nt

s 
/ 8

 M
eV

Background model w/o cone cut
Background model with cone cut
Fits to background function

FIG. 2: The combined background for the m(B0
sπ

±) distri-
bution described in the text and the fit to that distribution
with the cone cut and without the cone cut.

The B0
sπ

± invariant mass spectrum is shown in
Fig. 3(a) with the cone cut and (b) without the cone cut.
An enhancement is seen near 5.57 GeV/c2. To extract
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FIG. 3: The m(B0
sπ

±) distribution together with the back-
ground distribution and the fit results (a) after applying the
cone cut and (b) without the cone cut.

where Lmax and L0 are likelihood values at the best-fit
signal yield and the signal yield fixed to zero. The ob-
tained local statistical significance is 6.6σ for the given
mass and width values. With the look-elsewhere effect
[11] taken into account, the global statistical significance
is 6.1σ. The search window is taken as the interval be-
tween the B0

sπ
± threshold (5506 MeV/c2) and the B0

dK±

mass threshold (5774 MeV/c2).
We also extract the signal from the m(Bsπ±) distribu-

tion without the ∆R cone cut, fixing the mass and nat-
ural width of the signal and the background mass shape
to their default values. We see a tendency for data to
exceed background for m(Bsπ±) > MX [10]. We per-
form a fit in the restricted range m(B0

sπ
±) < 5.7 GeV/c2

Local significance = 6.6 s  ( obtained from 

Wilk’s theorem) 

M = 5567.8 ± 2.9 (stat) MeV/c2 

G = 21.9 ± 6.4 (stat) MeV/c2 

N = 133 ± 31 (stat) 

Fsig – relativistic S-wave BW convolved with  
gaussian (3.8 MeV/c2 detector resolution) 

Background 

Data 

Significance = 5.1 s   including look-elsewhere 

effect (LEE) and systematics 

Observation of new Bs
0

 p ±  state 

 Fbgr = P4 ˟ exp (P3) 
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v 

D0: arXiv:1602.07588 [hep-ex], submitted to PRL. Cone cut 

M(Bs
0 p±) 



Produc/on	ra/o	of	X(5568)/Bs

10

Production ratio X(5568) over Bs
0 

Within uncertainties production ratio R (X(5568)+
 / Bs

0) does not depend on pT(Bs
0)   

10 < pT(Bs) < 15 GeV/c 15 < pT(Bs) < 30 GeV/c 
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58.6	±	16.7 67.5	±	21.8Events

Production ratio X(5568) over Bs
0 

Within uncertainties production ratio R (X(5568)+
 / Bs

0) does not depend on pT(Bs
0)   

10 < pT(Bs) < 15 GeV/c 15 < pT(Bs) < 30 GeV/c 

Averaging over  10 < pT(Bs
0) < 30 GeV/c         R = (8.6 ± 1.9 ± 1.4 ) % 

Moriond QCD,           Heavy flavor studies at Tevatron,              March 19-26, 2016, La Thuile, Italy          A. Drutskoy  11 The	mass	of	the	Xbs	remains	consistent	with	change	in	background	shape.		



Checks
• subsamples	with	different	pion	charge;		
• different	angular	and	momentum	intervals;		
• different	Bs	vertex	distance	
• Use	Bd	instead	of	Bs		
• changing	background	shape	descrip/on		
• mass	distribu/ons	of	Bs	K±	and	Bs	p	
• mass	distribu/on	of	Bsπ⁺π⁻		

 
 

All	results	are	consistent	 
within	sta0s0cal	 
uncertain0es.
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Bsπ	Peak	posi/on	vs.	ΔR

• The	posi/on	of	the	peak	
does	not	depend	on	the	
ΔR	cut

12
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FIG. 3: Top: The B0
sπ

± selection efficiency vs. m(B0
sπ

±) for ∆R < 0.2, ∆R < 0.3, and ∆R < 0.5, obtained as a ratio of
the MC background distributions with and without the cut. Middle: The corresponding mass distributions together with the
background distributions and the fit results. Bottom: Fit results for the X(5568) mass vs. ∆R cone cut.

ΔR	<	0.2 ΔR	<	0.3

ΔR	<	0.5



Conclusions

• Prompt		produc/on	of	X(4140)	has	been	studied	by	D0.		
– The	Frac/on	of	X(4140)	produced	in	the	decays	of	b-
hadrons	is	fb	=	0.39	±	0.07	(stat)	±	0.10	(syst).		

– The	resul/ng	mass	and	width	(in	the	J/ψφ	mode)	agree	
with	the	values	measured	by	CDF&CMS.		

• D0	has	observed	a	resonant	structure	in	the	Bsπ±	system	with	a	
significance	of	5.1	σ	(including	LEE	effect	and	systema/cs).		
– The	large	difference	between	the	mass	of	this	state	and	the	
sum	of	the	Bd	and	K±	masses	implies	that	X(5568)	is	unlikely	
to	be	a	molecular	state	composed	of	loosely	bound	Bd	and	
K±	mesons.		

– We	wait	for	the	studies	from	all	LHC	experiments	and	from	
CDF. 13
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15

M(py’) GeV 

Belle: PRL 100 (2008) 142001 

M = 4433 r 4 r 2 MeV 
Gtot = 45 +18 +30 MeV 
Nsig =121 r 30 evts 

-13 -13 

M(J/y f) 

Sign = 6.1s (no syst) 

Non-standard states observed with high significance 

CDF: PRL 102 (2009) 242002 

Jp=1++ and 2++  

Jp=1+  X(4140) 
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: cuts 

• pT(m) > 1.5 GeV/c,  SMT > 0, at least one m - matching 
• M ( J/y )   :  [ 2.92 – 3.25 ] GeV/c2 

 
• pT(K) > 0.7 GeV/c, SMT > 0    (SMT- Silicon Microstrip Tracker hits) 
• M ( f )      :  [ 1.012 – 1.03 ] GeV/c2 

 
• M (Bs)      :  [ 5.303 – 5.423 ] GeV/c2 

     c2(Bs) < 30,  Length Bs > 3 sigma 
 
 
• pT (p+) > 0.5 GeV/c, SMT > 1, c2 (p-> PV) < 16,  
   |IP xy (p)| < 0.02 cm , |IP 3D (p)| < 0.12 cm 

 
• pT (Bs p+) > 10 GeV/c 
 
• DR = [f (Bs) – f (p)] 2 + [h (Bs) – h (p)] 2 < 0.3  - cone cut 

To improve resolution: m (Bs p+) = m (J/y f p+) – m (J/y f) + 5.3667 

Bs 

p+ DR 

Observation of new Bs
0

 p ±  state 
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Systematics 

Systematic errors are slightly smaller than statistical errors. 

Moriond QCD,           Heavy flavor studies at Tevatron,              March 19-26, 2016, La Thuile, Italy          A. Drutskoy  20 
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No cone cut: Bs
0

 p ±  state 

N = 106 ± 23 

Mass and width are fixed to the values, 
obtained with cone cut. 

Moriond QCD,           Heavy flavor studies at Tevatron,              March 19-26, 2016, La Thuile, Italy          A. Drutskoy  21 
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Alternative signal extraction method 

With this method (cone cut) we get 118 ± 22 events, 
comparing with 133 ± 31 using standard method. 

We fit M(Bs) in each M(Bs p+) bin, using second 
order polinomial to model background and gaussian 
with fixed mass and width to model signal. 

No signal for undergaussain events (“false” Bs), 
agreement with bkgr shape modeled from SB. 

Event in gaussian 
Histo: MC bkgr model 

Fits in first six bins 

Histo: SB bkgr model 
Events under gaussian 

Moriond QCD,           Heavy flavor studies at Tevatron,              March 19-26, 2016, La Thuile, Italy          A. Drutskoy  22 
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Test with Bd
0 p+ combination 

Bd
0 p+ ;   Bd

0 → J/y K*0  ; 
 
 J/y →  m+ m- ;  K*0 → K 

+ p 
-    

Cuts are very similar to  
Bs

0 p+ analysis 

Phys.Rev.Lett.99:172001,2007 
D0 published paper: 

Cone cut does not produce peaks 



Background	vs.	ΔR
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FIG. 4: Comparison of the shapes of the m(B0
sπ

±) distributions of data and the background model in the range 5.6 – 5.9
GeV/c2 above the X(5568) (a) after applying the cone cut and (b) without the cone cut.
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FIG. 5: The m(B0
sπ

±) distribution with the cone cut together with the background distribution and the fit results for (a)
10 < pT (B0

s ) < 15 GeV/c and (b) 15 < pT (B0
s ) < 30 GeV/c.

With	Cone	Cut		
Kolmogorov	Smirnov	probability	99%	

Without	Cone	Cut		
Kolmogorov	Smirnov	probability	0.3%	


