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~20 multi-quark states were observed since 2003 with high 
significance. Important examples of four-quark states: 

X(3782)ᴼ*Ⱦy p p,  Zc ττσπ ᴼy(2S)p, 8 τρτπ ᴼ*Ⱦy f; 
pentaquarks: Pc(4380)ҦJ/y p, Pc(4450)ҦJ/y p. 

Recent review: Olsen, Skwarnicki, Zieminska, Rev. Mod. Phys. 90, 015003 (2018) 

Four-quark states 
Meson-meson molecule ς two white states loosely bound by a pion exchange. 

Compact tetraquark ς diquark-antidiquark pair connected by color forces.  
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Evidence for Bsp state, Bs O  *Ⱦy f(1020)  
V.M. Abazov et al (D0 Collaboration), Phys. Rev. Lett. 117, 022003 (2016) 

X(5568) 
 

Ἑ Ȣ Ȣ ἻἼἩἼȢ
Ȣ ἻὁἻἼMeV/c2 
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r(X(5568)/ Bs) = 8.6  1.9(stat)  1.4(syst)% 

Statistical significance (with systematics and LEE) 
 
 

With DR= ║▼ȟⱫ ║▼ȟⱫ  < 0.3 cut: 

5.1s 
 

Without DR cut: 3.9s 

DR cut 

No  
DR cut 
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X(5568) BOsp with semileptonic decays of the Bs mesons   

Event reconstruction and selection 
 

D0 Run II integrated luminosity 10.4 fb-1 
 

3 < pT(m) < 25 GeV/c; pT(K)  > 1 GeV/c; 
1.012 < M(KK) < 1.03 GeV/c2 

4.5 < M(Dsm) < M(Bs); pT(Dsm) > 10 GeV/c 
 

M(Bsp) = M(Dsmp) ς M(Dsm) + M(Bs), 
where M(Bs) = 5.3667 GeV/c2 

 

5.506 < M(Bsp) < 5.906 GeV/c2 

X(5568)  OBs p,  Bs O  Ds m Xany,  Ds O  f(1020) p 
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Background parametrization 
Fbgr(m)=( C1 Í #2ϊm

2+C3ϊm
3+C4ϊm

4)  
exp(C5ϊm+C6ϊm

2), where m=M-Mthr  
 

Fit to data 
Ffit(m,Mx,ː X)= fbgr &bgr(m)+ fsig &sig(m,Mx,ː X) 

 

where Fsig(m,Mx,ː X) - S-wave BW function 
convoluted with resolution (including 

missing neutrino effect), fbgr, fsig  - 
normalization coefficients. 

Fit results without DR cut 
 

Ἑὀ Ȣ Ȣ
Ȣ MeV/c2 

ὀ Ȣ Ȣ
Ȣ MeV/c2 , ἚἭἾ  

Local significance: 4.5s 
 

Fit results with DR cut 
 

Ἑὀ Ȣ Ȣ
Ȣ MeV/c2 

ὀ Ȣ Ȣ
Ȣ MeV/c2 , ἚἭἾ  

Local significance: 4.3s 

X(5568) BOsp with semileptonic decays of the Bs mesons   

DR<0.3 No DR 
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X(5568) BOsp with semileptonic decays of the Bs mesons   

Comparison with hadronic channel 

Systematic uncertainties 
 

Background shape description, 
background reweighting, Bs mass 

scale (MC and data), detector 
resolution and missing neutrino 

effect, P-wave Breit-Wigner. 

Significance with systematics 
 

without DR cut: 3.4s  
with DR cut 3.2s 

 

Production ratio of X(5568) to Bs 
 

r(X(5568)/B s) =  

Ȣ Ȣ
Ȣ ἻἼἩἼȢ

Ȣ ἻὁἻἼ% 

Results in semileptonic channel are compatible with those in hadronic 
channel within uncertainties. 
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Simultaneous fit to hadronic and semileptonic channels   

Significance increases with addition of semileptonic sample 

DR<0.3 

No DR 
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X(5568) BOsp with semileptonic decays of the Bs mesons   
Published: V.M. Abazov et al (D0 Collaboration), Phys. Rev. D 97, 092004 (2018)  

World comparison 

LHC experiments do not observe X(5568), but CM energy is rather different. 
CDF results is in ~2s ǘŜƴǎƛƻƴ ǿƛǘƘ 5qΣ ƪƛƴŜƳŀǘƛŎ ǎŜƭŜŎǘƛƻƴǎ ǾŀǊȅ ǎǳōǎǘŀƴǘƛŀƭƭȅΦ 
Without theoretical model for X(5568) production and decays it is hard to 
compare various experiments quantitatively.   
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A search for Zc(3900) ŀǘ 5q ŜȄǇŜǊƛƳŜƴǘ   

Hb 

Zc
+ 

p+ 

p- 
m+ 

Y(4260) 
xx 

J/y 

m- 

Zc (3900) was discovered in 2013 by Belle and BESIII 
in the process: 

ἭἭ ᴼἧ ᴼἨἫ  ᶸȟ 

 ἨἫ ᴼἔȾ Ȣ 
 

Y(4260): two interfering resonances y(4260) and 
y(4360) (BESIII). 
 

Å Which component decays to Zc (3900)? 
Å Are there decays 

ἒἪᴼἧ ᴼἨἫ  ᶸ ἩἶὁἼἰἱἶἯ 

ἒἪᴼἧ ἩἶὁἼἰἱἶἯȟἧ ᴼἨἫ  ᶸȟ ἨἫ ᴼἔȾ   

Å10.4 fb-1 of ἸἸ data at 1.96 TeV. 

ÅJ/y+2tracks, Ἰἢ  ἑἭἤȟἸἢ
Ȣ ἑἭἤ, opposite charge. 

ÅVeto ἕz ᴼἕ ἕȟ ᴼἕἕȟ 
conversion. 

ÅDisplaced vertex:  
ἘὀὁἔȾ  Ⱦ Ἐὀὁ>5, ἓἜὀὁ Ⱦ ἓἜ> 2 

ÅVertex fits: ἔȾ  c2<10, adding 
extra pion dc2<6. 

ÅSelect events with displaced  
ἔȾ   vertices, Lxy distribution               
has a slope consistent with B 
hadron decays lifetime. 

Å4.1 < M(ἔȾ  ) < 5.0 GeV. 
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A search for Zc(3900) ŀǘ 5q ŜȄǇŜǊƛƳŜƴǘ   

Fit to data 
 

Background parametrization: 
Chebyshev polynomials. 
Signal parametrization:  
S-wave Breit-Wigner smeared with 
resolution (17 MeV). 
 ːfixed to PDG value (28.2 MeV). 

4.2< M(ἔȾ  ) < 4.7 GeV. 

Systematic uncertainties: 
 

Mass calibration, mass resolution, 
background shape (different degrees 
of Chebyshev polynomials), bin size, 
signal model (different Breit-Wigner 
forms), natural width variations. 

Results 
 

Ἑὀ Ȣ Ȣ ▼◄╪◄Ȣ
Ȣ ▼◐▼◄ 

MeV, 
 

 ἚἭἾ ▼◄╪◄ ▼◐▼◄Ȣ 
 

Local significance: 5.6s 
 

Significance with systematics: 4.6s 
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A search for Zc(3900) ŀǘ 5q ŜȄǇŜǊƛƳŜƴǘ   

y(4260) (?) 

y(4260) 

y(4360) 

BESIII 
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A search for Zc(3900) ŀǘ 5q ŜȄǇŜǊƛƳŜƴǘ   

Since ἨἫ ᴼἔȾ   and 
ἌἬᴼἔȾ  ἕ

ᶻ have the similar 
topology and efficiencies, they 

are cancel out in the ratio 
 

ἚἨἫ ᴼἔȾ  

ἚἌἬᴼἔȾ  ἕz

Ȣ Ȣ  

Belle Collaboration did not see a significant 

signal from ἨἫ  in  ἌἬᴼἔȾ  ἕ . 
In our case the mass spectrum for ἔȾ   
also show no indication of the ἨἫ  

( Ȣ Ἑ ἔȾ   ἕ Ȣ ἑἭἤȟἶἷ ἕᶻ 

Upper limit on the ratio to the ἌἬᴼἔȾ  ἕz  
process of 0.015 (at 90% CL) is obtained. 
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Conclusion 

ÅWe confirm production of X(5568) state in proton-antiproton 
collisions at 1.96 TeV with an independent data set with 
semileptonic decay of ἌἻ meson.    

ÅX(5568) properties in hadronic and semileptonic channels are 
consistent. 

ÅCombined significance of X(5568) state observation in these 
two channels is 6.7s. 

Å5q ƻōǎŜǊǾŜŘ ἨἫ  exotic state decaying to J/y p in 
proton-antiproton collisions at 1.96 TeV with 4.6s significance.  

ÅMeasured mass of ἨἫ  is 

Ἑὀ Ȣ Ȣ ▼◄╪◄Ȣ
Ȣ ▼◐▼◄ MeV consistent with 

Belle and BESIII measurements. 

ÅRatio 
ἚἨἫ ἔOȾ  

ἚἌἬO ἔȾ  ἕz
Ȣ Ȣ Ϸ. 

ÅPublished in Phys. Rev. D98, 052010 (2018). 



Backup slides 
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X(5568) BOsp with semileptonic decays of the Bs mesons   

Background parametrization 
 

Background distribution is obtained 
from MC and reweighted to data. 

 

Fbgr(m)=( C1 Í #2ϊm
2+C3ϊm

3+C4ϊm
4)  

exp(C5ϊm+C6ϊm
2), where m=M-Mthr  

 

Several alternative parametrizations of the 
background were used  to model the 
background for background shape 

systematics estimation. 

Alternative parametrizations 
 

1. Fbgr(M)=( C1+C2 Í2+C3ϊm
3+C4ϊm

4)  
exp(C5ϊm+C6ϊm

2),  
where m=M-D, D=5.5 GeV/c2. 

2. ἐἪἯἺἙ ἙϽ
Ἑ

ἙἼἰἺ

Ἅ

 

ἭὀἸἍ ϽἙ ,  
where Mthr is a Bsp threshold. 

3. Histogram smoothing (one iteration of 
353QH algorythm). 

 

DR<0.3 No DR 
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X(5568) BOsp with semileptonic decays of the Bs mesons   

Systematic uncertainties 
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A search for Zc(3900) ŀǘ 5q ŜȄǇŜǊƛƳŜƴǘ   

Systematic uncertainties 
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A search for Zc(3900) ŀǘ 5q ŜȄǇŜǊƛƳŜƴǘ   

Cross-checks 

ÅTwo ranges of pT(p) from J/y p system (>1.5 or < 1.5 GeV). 
 

ÅThree pseudorapidity ranges (|h|<0.9, 0.9 < |h|<1.3, 1.3 < |h|<2.0 ). 
 

Å╩╬ and ╩╬. 
 

ÅEvents in the high c2 tail. 
 

ÅVarious Run II periods. 
 

ÅJ/y mass window and sidebands. 
 

ÅM(p+p-) from J/y p+p- system (> 1.0 or < 1.0 GeV). 
 

ÅReversed IP cut on second track (to show predominant non-prompt 
production). 
 

ÅSame sign pion pairs from J/y p p system. 
 

All cross-checks provided expected results. 
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A search for Zc(3900) ŀǘ 5q ŜȄǇŜǊƛƳŜƴǘ   

Zc(3900)ᴼ*Ⱦy p 

B0ᴼ*Ⱦy K* 

Zc(3900)ᴼ*Ⱦy p 

B0ᴼ*Ⱦy K* 

The Lxy distribution was fitted with ͯ ▄╛●◐Ⱦ  
 

Zc(3900)ᴼ*Ⱦy p: L = 0.098  0.030; 
B0ᴼ*Ⱦy K*: L = 0.130  0.004. Consistent with each 
other. 
 

The two pT distributions are also similar. 


