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Retrospective to multi-quark states 

Since 60-ties when known particles were classified as quark-antiquark or 

three-quark states, existence of non-standard particles started to be discussed.  

 

Non-standard states are not forbidden theoretically. M. Gell-Mann explicitly  

mentioned possibility of multi-quark states existence in paper “A schematic 

model of barions and mesons”, PL 6 (1964) 214. 

 

Simplest quark-gluon combinations for non-standard colorless states are 

tetra-quark (qq𝒒𝒒), penta-quark (qqqq𝒒  ), di-baryon (qqqqqq), and also glueballs (gg ) 
and hybrids (q𝒒 g ). 

 
 
These states can be separated from regular quark-antiquark and three quark states 
using information about masses, widths, charges, quantum numbers, production and 
decay modes (and their rates). 

There are thousands of experimental papers devoted to searches of non-standard particles. 
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From point of view of dynamic configuration four-quark states can be tightly 
bound (tetraquark) or loosely bound (molecule, hadroquarkonium): 

c 
𝒄  

d 

Hadrocharmonium  (like earth & moon) molecule 

There are tons of theoretical papers devoted to four-quark states. These papers  
discuss possible resonant poles, cusps (movement of resonant poles due to proximity 
of multiparticle thresholds), mixing of two-quark, four-quark and/or hybrid states, 
molecules with chemical-like potentials. 

Retrospective to four-quark states 

Simplest non-standard state is four-quark state. 
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In the past there were many “discoveries” of non-standard states, which later 
were not confirmed, or cannot be proven as non-standard up to now. 

Situation changed, when comprehensive study of heavy quark resonances started. 
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Belle 

X(3872) 

PRL 91 (2003) 262001 

304M  B 

BaBar observed Ds(2317)+ and later CLEO found Ds(2458)+ which had too low masses. 

Long discussion was if they are 4-quark states. Consensus: they are 2-quark states. 

Belle observed X(3872), which had too low mass for 1++. Discussion started, if it is     

4-quark state or not. Today: most probably it is mixture of 2- and 4-quark states. 

Jp=1++  
Jp=1++  
(or 2+-)  

Retrospective to four-quark states 
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Later new exotic multiquark states were observed: Belle 2008 Z(4430)+→ Y ’ p+ , 

CDF 2009 X(4140)→ J/ f. 
 

Retrospective to four-quark states 

M(p’) GeV 

Belle: PRL 100 (2008) 142001 

M = 4433  4  2 MeV 
Gtot = 45 

+18 +30 MeV 
Nsig =121  30 evts 

-13 -13 

Sign = 6.1s (no syst) 

Jp=1+  

M(J/ f) 
CDF: PRL 102 (2009) 242002 

Belle also observed (not well established)  Z(4050)+→cc1 p
+, Z(4250)+→cc1 p

+. 
 

States were observed with high significance and clear 4-quark content. 

X(4140) 
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Non-standard states observed with high significance 

Jp=1++ and 2++  

Next discoveries with high confidence: Belle 2012 Zb(10610)+→Up+, Zb(10650)+→Up+ , 

LHCb 2015 Pc(4450)+→J/ p, Pc(4380)+→J/ p.  
 

Argand diagram 

No doubts that non-standard states exist !!! 
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Thresholds of new channels opening are very important for production dynamics. 

More information about exotic multiquark states is required. 

Retrospective to multi-quark states 

Non-standard states were observed in decays of b-hadron (from a higher state), 
except recent D0 inclusive observation of X(4140) (Phys. Rev. Lett. 115, 232001 (2015)). 

Experimentally observed non-standard states can be well explained theoretically 
as molecular states. Such theoretical interpretation is very favorable.    

Still open question: do tightly bound tetraquarks exist? 
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D0 detector 

D0 detector 
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CDF 

                                           
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
                                            

Multipurpose, high acceptance detector 

with  good tracking and vertex  systems 

D0: excellent  m- ID,  magnet polarity flips 

to cancel many systematic asymmetries  

Run II :  ∫ L dt  ~ 10 fb-1 at  D0 

Tevatron  𝒑𝒑    at  𝐬 = 1.96 TeV  

shutdown at  end of September 2011 
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D0 detector performance 
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 Invariant  mass of  Bs p
± system studied below BK mass threshold 

0 

Decay chain:  X+ → Bs
0 p+;   Bs

0 → J/ f  ; 

 

J/ →  m+ m- ;  f → K 
+ K 

-    

Studied process 

BS
 

J/ 

m+ 

m- K+ 

K- 

p+ 

p 

p 
_ 

f 
0 

X+ 

Bs p ±  includes :  Bs p
+ , Bs p

- , Bs p
+,  Bs p

-  
0 0 

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. 
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0 0 0 
_ _ 
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Cuts 

• pT(m) > 1.5 GeV/c 

• M ( J/ )   :  [ 2.92 – 3.25 ] GeV/c2 

 
• pT(K) > 0.7 GeV/c 

• M ( f )      :  [ 1.012 – 1.03 ] GeV/c2 

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

     Distance between Bs vertex and primary vertex > 3 sigma 

 
• pT (p+) > 0.5 GeV/c,  require to come from primary vertex 

 
• 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/ f p+) – m (J/ f) + 5.3667 GeV/c2 

Bs 

p+ DR 
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Trigger :  single muon and double muon triggers   
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Bs
0 signal model 

Background model for Bs
0

 p+ : random combination of Bs
0 candidate (MC+sideband 

events) and charged pion p+  from the same event (from primary vertex).  

M = 5363.3 ± 0.6 MeV/c2 

s = 31.6 ± 0.6 MeV/c2 

N = 5582 ± 100 

𝑵
𝒓𝒆𝒂𝒍

𝑵
𝒓𝒆𝒂𝒍

+𝑵 
𝒇𝒂𝒌𝒆

 = 70.9 ± 0.6 %  

“real” Bs 

“fake” Bs 

“Real” Bs
0 modeled by MC files of Bs

0 production (“soft” and “hard” PYTHIA). 

PYTHIA 6.323 (“soft”) and 6.409 “hard” MC are combined to reproduce pT(Bs). 

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

Sidebands are chosen to be ~5s outside Bs mass and to have mean value at nominal  M(Bs). 

M (Bs):  [ 5.303 – 5.423 ] GeV/c2 
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Shapes of Bs p+ backgrounds are similar 

for “real” and “fake” Bs models (MC & SB). 

These two background model samples are 

mixed in measured proportion 70.9% / 29.1% 

to obtain full background model. 

F_bgr = (C1 + C2 m
2 +C3 m

3 + C4 m
4 ) ˟ exp (C5 + C6 m + C7 m

2 ) 

Backgrounds in Bs
0 p+ mass distribution 

histo: “real” Bs&p+ 

points: “fake” Bs&p+ 

Full background model Bs p
+ distributions 

with and without cone cut are described 

by F_bgr function (very good description). 

Cone cut 

efficiency 
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Fit with function F_bgr used to describe background and function F_sig, which 

is relativistic S-wave BW convolved with gaussian (3.8 MeV detector resolution) 

and cone cut efficiency (previous slide), used to describe signal. 

Signal in Bs
0 p+ mass distribution 

Sig = 6.6 s  ( local significance, 

obtained from Wilks’s theorem) 

 

Wilks’s:  t0= -2 ln (L0/Lmax)  follows to 

c2(1) distribution for fixed M and G 

M = 5567.8 ± 2.9 (stat) MeV/c2 

G = 21.9 ± 6.4 (stat) MeV/c2 

N = 133 ± 31 (stat) 
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Fitting functions used are the same as described above.  

Signal (no cone cut) 

M = 5567.8 MeV/c2  (fixed) 

G = 21.9 MeV/c2  (fixed) 

N = 106 ± 23 N = 109 ± 32 

More flexibility in background 

shape, when all background  

shape parameters are free.  
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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 polynomial to model background and gaussian 
with fixed mass and width to model signal. 

No signal for events under Bs gaussian peak (event 
number difference in Bs signal range and from Bs fit), 
agreement with background shape modeled using SB. 

Points: N(Bs) events 
Histo: MC bkgr model 

Fits in first six bins 

Histo: SB bkgr model 
Points: events under gaussian 
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1 bin 2 bin 

3 bin 4 bin 

5 bin 6 bin 
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Systematics 

Systematic errors are slightly smaller than statistical errors. 

17 

Systematics reflects uncertainties due to background shape description (estimated 
as possible variations in background shape) and signal shape description (not large). 
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Signal significance 

We obtained from fit (using Wilks’s theorem) local significance (fixed mass and width): 

S (local) = 6.6 s                              t0 = -2 ln (L0 /Lmax)   ,    P(t0) = P(c2(t0,1))        

Probability, corresponding to local significance with systematic uncertainty incuded: 

P(t0) local+sys =   𝑷 𝒕𝟎 𝑵𝒆𝒗𝒕 ) 𝑮 𝑵𝒆𝒗𝒕 𝒅𝑵𝒆𝒗𝒕  

where P ( t0 | Nevt ) – fluctuation probability as function of t0  for given Nevt and 

G(Nevt) – gaussian distribution corresponding to systematic uncertainty. 

Look-elsewhere effect (LEE) is calculated based 

on Gross & Vitells approach. Distribution of t0 for 

trial experiments imitating signal distribution is 

extrapolated with f = N (c2(1)+P2 c
2(2)) formula. 

S (LEE) = 6.1 s 

S (local+syst) = 5.6 s        (includes uncertainty due to background shape) 

S (LEE+syst) = 5.1 s 

                    

t0 

N 

Integrating over t0 >S2
local (+syst)  range we obtain 

fluctuation probability and, respectively, signal 

significance: 
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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 

19 

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

Many checks have been done: 
 
different pion charge; 
different angular and momentum intervals; 
different Bs vertex distance 
Bd instead of Bs 
changing background shape description 

No deviations from expectations were found within statistical uncertainties. 
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   ⇨ While cone cut is useful, without this cut statistically significant peak exists with same   

       parameters as with cone cut 

Cone cut is standard tool to reduce backgrounds in particle physics 

• It is often used by various experiment 

• By D0 for X(3872) confirmation and studies 

In Bs p
+ case cone cut was introduced to improve s/b ratio and to assure good 

description of backgrounds above observed peak 

• Kolmogorov-Smirnov probability (KS) for distribution with cone cut is 0.99 

• KS for distribution without cone cut is 0.003 
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Cone cut 

With cone cut 

Without cone cut 
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Test with Bd
0 p+ combination 

Bd
0 p+ ;   Bd

0 → J/ K*0  ; 
 

 J/ →  m+ m- ;  K*0 → K 
+ p 

-    

Cuts are very similar to Bs
0 p+ analysis,  

curve is Bs
0 p+ background model. 

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

Cone cut does not produce peaks 
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Check 

Cross-check: no peaks in M(Bs
0 K+) and M(Bs

0
 p) distributions  

Reflection from Bs
0 K+ or Bs

0
 p peak? 

K+ charged proton 
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Reflection from a peak in mass of Bs p
+ p-  system ? 

M ( B s p+
 p-) 

No enhancements are seen 

Check 
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Conclusion 

Signal in Bs
0

 p±  system is observed with 5.1 sigma significance, where 

look-elsewhere effect and systematic uncertainties are included.  

Significance with only LEE effect is 6.1 s. 

+0.9 
-1.9 

-2.5 
+5.0  

M = 5567.8 ± 2.9 (stat)        (syst) MeV/c2 

G = 21.9 ± 6.4 (stat)        (syst) MeV/c2 

N = 133 ± 31 (stat) ± 15 (syst) 

Signal parameters: 

Results are in arXiv:1602.07588 [hep-ex] and submitted to PRL. 

Due to large binding energy (for BK combination), molecular interpretation is 

unlikely.  

Ratio of X(5568) to Bs
0  production at larger energies (LHC) is unknown. 

First look from LHCb: no signal at 8% rate to Bs
0 production. 

CDF can check signal at almost the same conditions. 
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Bs
0 p  system includes four different quark flavors 𝒃 𝒔𝒅 𝒖  
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Cuts 

• pT(m) > 1.5 GeV/c,  SMT > 0, at least one m – detected outside toroid 

• M ( J/ )   :  [ 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,   Bs vertex distance to PV > 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/ f p+) – m (J/ f) + 5.3667 GeV/c2 

Bs 

p+ DR 
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Signal MC, applied cuts 

All cuts look very reasonable. 
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LHCb searches 
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