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Recent works about multiquark states

• “X(5568) and its partner states”, 1603.01131
• “Heavy-flavored tetraquark states with the QQQQ

configuration ”, 1605.01134
• “X(4140), X(4270), X(4500), and X(4700) and their cscs

tetraquark partners”, 1608.07900
• “Triply heavy tetraquark states with the QQQq

configuration”, 1609.06117
• “Hidden-charm pentaquarks and their partner states”, to 

be submitted

In collaboration with X. Liu, S.L. Zhu



Today’s talk

• Xicc and Tcc: masses

• Xicc and Tcc: production

• Summary

Based on: 
(1) Production of doubly charmed tetraquarks with exotic color configurations in   

electron–positron collisions, PLB 721, 56 (2013)
(2) Search for a doubly charmed hadron at B factories, PRD 89, 094006 (2014)

Collaborators: Y. Jin, S.Y. Li, Z.G. Li, T. Yao, T. Hyodo, M. Oka, K. Sudoh, S. Yasui



Introduction

• Quark model
Quark-antiquark meson:

3-quark baryon:
• Exotic states

Tetraquark, pentaquark, 
hybrid, ...

• XYZ: four-quark states exist!
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XYZ mesons
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Quark model spectra
• Charmonia and other mesons in GI model

“Mesons in a relativized quark model with chromodynamics”,
PRD 32,189 (1985)
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Quark model spectra
• Charmed baryons in GI model

“Baryons in a relativized quark model with chromodynamics”,
PRD 34,2809 (1986)

No results for 
csu, ccq, ccc 
types
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Quark model and hadrons

Heavy quark
hadrons
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Not confirmed

Red color:
not observed
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Quark model and hadrons

• Why four-quark states easier to find than 
heavier baryons?

Baryon or flavor number,   Pauli principle

• Xicc and Tcc:
Similarity:  [ud] ∼ q in color 3
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Quark model spectra

• Simplified model to explore mass splittings
(S-wave)

⇒
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Heavy quark symmetry

• HQFS

• HQSS

12
both conserved



Masses
• Xicc: CMI model not applicable

• Tcc: CMI

Flavor exoticno annihilation!! Existent?
Stable?

hep-ph/0212358, 
Narodetskii et al     ⇒

hep-lat/1502.01845, 
Padmanath et al        ⇒
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Diquarks in conventional baryons
• Color-spin interaction from gluon 

exchange

• “Good” light diquark in Λc

color=3, s=0, I=0
• “Bad” light diquark in Σc & Σc*

color=3, s=1, I=1

Meaning?
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Diquarks in conventional baryons
• Heavy diquark in Ξcc

cc: color=3, s=1, I=0
cc: color=6, s=0, I=0

• NRQCD

J.P. Ma , Z.G. Si,  
Phys. Lett. B 568, 135 (2003).
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Diquarks in Tcc

• Tcc with “Good” light diquark
ud: color=3, s=0, I=0 
cc: color=3, s=1, I=0

• Interactions
ud: 1/mC

0 dominant attraction
cq: 1/mC

1 suppressed  (0 in this case)
cc: 1/mC

2 suppressed

Stable?
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Stability of Tcc

• Lowest two-meson threshold: DD*
• Binding energy from this threshold

B.E. ≈ 71 MeV      ⇐
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& 

• Notation for the ground Tcc:
• Another configuration:

ud: color=6, s=1, I=0 
cc: color=6, s=0, I=0

Weaker attraction
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Decay of

• Mass splitting between               and
M.S. ≈ 125 MeV      ⇐

• Energy levels

~3925
~3800

19



Decay of
• To ππ and                    : kinematically 

forbidden
• To DD*: dominant decay, color 

recombination → may be narrow

• Two “narrow” Tcc states:

• Mixing?
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Mixing between                 and           
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• Tcc studied in many Refs.
Doubly charmed compact tetraquark I(JP)=0(1+)
・ S. Zouzou, B. Silvestre-Brac, C. Gignoux, J. M. Richard, Z. Phys. C30, 457 (1986).
・ H. J. Lipkin, Phys. Lett. B 172, 242 (1986).
・ L. Heller and J. A. Tjon, Phys. Rev. D 35, 969 (1987).
・ J. Carlson, L. Heller, J. A. Tjon, Phys. Rev. D37, 744 (1988).
・ B. Silvestre-Brac and C. Semay, Z. Phys. C 57, 273 (1993).
・ B. Silvestre-Brac and C. Semay, Z. Phys. C 59, 457 (1993).
・ C. Semay, B. Silvestre-Brac, Z. Phys. C61, 271-275 (1994).
・ S. Pepin, F. Stancu, M. Genovese and J. M. Richard, Phys. Lett. B 393, 119 (1997).
・ J. Schaffner-Bielich and A. P. Vischer, Phys. Rev. D 57 4142 (1998).
・ D. M. Brink and F. Stancu, Phys. Rev. D 57, 6778 (1998).
・ D. Janc and M. Rosina, Few Body Syst. 35, 175 (2004).
・ J. Vijande, E. Weissman, A. Valcarce, N. Barnea, Phys. Rev. D76, 094027 (2007).
・ J. Vijande, A. Valcarce and J. M. Richard, Phys. Rev. D 76, 114013 (2007).
・ D. Ebert, R. N. Faustov, V. O. Galkin and W. Lucha, Phys. Rev. D 76, 114015 (2007).
・ F. S. Navarra, M. Nielsen and S. H. Lee, Phys. Lett. B 649, 166 (2007).
・ M. Zhang, H. X. Zhang and Z. Y. Zhang, Commun. Theor. Phys. 50, 437 (2008).
・ S. H. Lee, S. Yasui, W. Liu, C. M. Ko, Eur. Phys. J. C54, 259-265 (2008).
・ Y. Yang, C. Deng, J. Ping and T. Goldman, Phys. Rev. D 80, 114023 (2009).
・ J. Vijande, A. Valcarce, N. Barnea, Phys. Rev. D79, 074010 (2009).
・ T. F. Carames, A. Valcarce and J. Vijande, Phys. Lett. B 699, 291 (2011).
・ J. Vijande, A. Valcarce and T. F. Carames, Few Body Syst. 50, 195 (2011).

Support its existence
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Tcc mass

• “Masses of tetraquarks with two heavy 
quarks in the relativistic quark model”, 
D. Ebert et al, PRD 76, 114015 (2007)
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Xicc: production in e^+e^-

• Belle:
• N=σ×Lint (Lint>1000 fb^{-1}, Babar: ~550)
• σ≈150 fb (hep-ph/0303145,Berezhnoy, Likhoded)
• σ≈230 fb (PLB 568, 135 (2003), J.P. Ma, Z.G. Si)
• σ≈(10-100) fb (PLB 721, 56 (2013), Hyodo et al)
• Z:
“Doubly heavy baryon production
at a high luminosity ete collider”,
J.Jiang et al, PRD 86, 054021(2012)
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Tcc: production

A. Del Fabbro, D. Janc, M. Rosina, D. Treleani, PRD71, 014008 (2005)
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Tcc production in 

Same framework in discussing Xicc production in 
PLB 568, 135 (2003), J.P. Ma, Z.G. Si
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Inclusive Ξcc production:
J.P. Ma , Z.G. Si,  
Phys. Lett. B 568, 135 (2003).

Framework: NRQCD

Tcc production in
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Tcc production in
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Tcc production in

e+ e-Θ
p
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Different behavior for               and
・Peak position and height
・Θ-dependence
・ …

e+ e-Θ
p

[1/GeV]

Independent of hα

Jiang, Wu, Liao, Zheng, Fang, PRD 86, 054021(2012) 30



Total cross section

31



Total cross section
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Total cross section

• Xicc (Belle)
σ≈150 fb (hep-ph/0303145,Berezhnoy, Likhoded)
σ≈230 fb (PLB 568, 135 (2003), J.P. Ma, Z.G. Si)
σ≈(10-100) fb (PLB 721, 56 (2013), Hyodo et al)

• Tcc (Belle)
σ≈13.8 fb, 4.1 fb for          and         ,resp.
(another parameter set: 65 fb, 21 fb)
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Why are they not observed by Belle
where Lint=1000 fb^{-1} ?

Maybe backgroud affects
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Search for Ξcc

• SELEX in

35

(Taken from hep-ex/0209075)

BELLE, LHCb, BABAR, & 
FOCUS give negative results!

SELEX: much smaller number
of Λc(~1650) than BABAR
(~600,000) and Focus(~19,500)

(Fixed target Cu or 
diamond)



Search for Ξcc & Tcc

• Exist? Why? How?
• Only produced in Σp collision? 

Special production mechanism:
(dds)(uud)→dcc+... ?    ⇐ Vcs=0.97,Vcd=0.23

• BELLE&BABAR: 4π records more reactions
• Theories: observation at Belle is possible
• Maybe it could be observed 

if backgrounds are suppressed
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Search for Ξcc & Tcc

• Signal:
background:
(1) background >> signal;
(2) used Kπ in reconstructing Ξcc may also 
be  from X

• Suggestion: 3-jet event shape
[Jin et al., PRD 89, 094006 (2014)]

Jade algorithm:
2 partons/particles in one jet when: 37



Search for Ξcc & Tcc
• 3-jet event in Ξcc production

←Search Ξcc
in this jet

Jet-3,  Jet-2, Jet-1(cc jet)

From angular distribution analysis:
Jet-2=awayside jet

Most/second/least energetic jet
=cc/awayside/nearside jet
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Search for Ξcc & Tcc

• The 3 jets may be identified from energy 
ordering and jet direction;

• Once identified, backgrounds can be 
significantly suppressed while signals are 
not affected;

• Look for them in Λc^+K^-π^+, D^-K^-π^+ in 
Jet-1;

• Average of Ξcc & Ξcc* (Tcc & Tcc*): 
further study to distinguish them.

39



Summary

• Model calculations favor the existence of 
both Xicc and Tcc.

• Searching for them in e^+e^- process is 
possible
(σ≈10∼230 fb, Lint=1000 fb^{-1} at Belle)

• Suppression of background is helpful
• More studies: on going ...
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Thank you very much!
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