
彭海平
中国科学技术大学

1

对撞物理

第九章夸克偶素



1. 粲夸克偶素：J/的发现与性质

2



1. 粲夸克偶素：J/的发现与性质

3



1. 粲夸克偶素：J/的发现与性质

4



1. 粲夸克偶素：J/的发现与性质

5



1. 粲夸克偶素：J/的发现与性质

6



1. 粲夸克偶素：J/的发现与性质

7



1. 粲夸克偶素：J/的发现与性质

8



1. 粲夸克偶素：J/的发现与性质

9



1. 粲夸克偶素：J/的发现与性质

10



2. 底夸克偶素：的发现与性质

11



2. 底夸克偶素：的发现与性质

12



2. 底夸克偶素：的发现与性质

13
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3.类粲（底）夸克偶素
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overpopulated
charmonium(-like) 

states



3.类粲（底）夸克偶素
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59 new hadron states (conventional & exotic) observed at LHC, 

most of them discovered at LHCb



3.1 X(3872)的发现
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3.1 X(3872)的产生
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JHEP01,117(2017)

arXiv:1707.01796

PRL112,092001(2014)

− In B decays – KX similar to charmonia, 

− K*X smaller than charmonia

− KX 

− In pp/pp collision – rate similar to charmonia

− Radiative transition of the excited vector charmonium(like)? – Jpc=1++



3.1 X(3872)的衰变
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DD*
_

gJ/
g(2S)

rJ/ wJ/

Not observed in ch decay 

Strongly coupling to
Not observed in ch decay 

DD*



3.1 X(3872)的性质
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Properties

M-M(D0D*0)=0.010.18 MeV

<1.2 MeV  

I=0， JPC=1++

Production

B decays,  hadron collisions, 

Y(4260)  decays?, muonproduction?

PRL 110, 222001 (2013)

Theoretical predictions :

• DD* molecule : (3-4)10-3

• Charmonium : 1.2−15

• Mixture            : 0.5−5

Not a pure 

DD* molecule

Relative BF

J/r 1

J/w 0.8  0.3     

J/g 0.21  0.06

D0D*0 10

Isospin violation

a DD* molecule

A mixture of  a DD* molecule and a c1

charmonium

Named c1(3872) in PDG2

−
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3.1 X(3872)的性质
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3.1 X(3872)的性质
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3.1 含底夸克 X 粒子

29

PLB727,57(2013)

Structure close to BB* threshold  ~ 10605 MeV？

No clear peak besides Y(2S) and Y(3S) !



3.1 其他X粒子态
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Unexpected peak around 3.94 GeV 

Observed in two photon process by 

both Babar and Belle

Babar’s preferred JPC = 0++

X(3915) = c0 (2P)? Belle found a better 

c0 (2P) candidate !

PRL94, 182002 (2005) PRD82, 011101 (2010)

Y(3940)

PRD86,072002(2012)

gg→wJ/

M = 3918.4±1.9 MeV  
 = 20±5 MeV



3.1 其他X粒子态
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M = 3862+26+40 MeV

 = 201 +154+88 MeV

-32-13

-67-82

PRD95,112003(2017)

PRL100,202001(2008)

X(3860): JPC favors 0++ ;Consistent with c0(2P) hypothesis

X(3940) [X(4160]: close to DD*(D*D*) threshold; did not show up in 

M(DD) 



3.1 其他X粒子态
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PRL102,242002(2009)

X(4140)

MPLA32,1750139(2009)

X(4270)

PRL104, 112004(2010)

gg→fJ/
X(4350)

PLB734,261(2014)

X(4140)

X(4350)?

32

PRD89,12004(2014)

X(4140)

X(4350)?



3.1 其他X粒子态

3333

Latest results from LHCb

33

Cusp?



3.2 Y 粒子态
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3.2 Y 粒子态Y(4260)
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PRL95, 142001 (2005)

1- -

arXiv:1807.00183



3.2 Y 粒子态有（4260）
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e+e-→+-ψ(2S)

e+e-→hc

PRL111,242001

PRD96,032004

e+e-→+D0D*-

e+e-→wco

✓ Line-shapes are  different from that of +-J/ψ
✓ Both Y(4220) and Y(4390) seem significant 



3.2 Y 粒子态有（4260）
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• Significant +−hc production reported by CLEO @ 4170MeV  [PRL 107, 041803 (2011)]

− Correlated with observed Y(4260) or others charmonium states?

• 3.3fb-1 data at 13 energy points from 39004420 GeV [hc→gc, c→hadrons, 16 exclusive decay modes]

Circle    : e+e-→ +-J/ [Belle]

Dot       : e+e-→ +-hc [BESIII]

Triangle: e+e-→ +-hc [CLEO-c]

• (e+e−→+−hc)  (e+e−→+−J/), but different line shape.

• Local maximum  4230 MeV, broad structure at   4400 MeV? 

• Correlation with Y(4260) or Y(4360) is unclear

• More data around 4230MeV and above 4400MeV is very help.

PRL111, 242001  (2013)

3.3 fb-1



3.2 Y 粒子态Y(4360)/Y(4660) 

38

38

1- -

EPJC78,252(2018)
PRL101,172001

ψ(2S)

M = 4634+8+5 MeV

 = 90 +40+10 MeV

-7-8

-24-21



3.2 Y 粒子态
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• In QM,  five states expected  between 4 and 4.7GeV 

− 3S/Y(4040), 2D/Y(4160), 4S/Y(4415), 3D, 5S

• But seven states observed:

− Y(4008), Y(4040), Y(4160), Y(4260), Y(4360), Y(4415), Y(4660)

• Y(4260), Y(4360) and Y(4660) have similar properties

− All produced in  e+e− collisions

− narrow structure above charm threshold

− Strongly couple to charmonium states

− No evidence  in open-charm process and R-value scan,       

Large BESIII R value data sample may confirm/improve 

• e+e− →+−hc and wc0 cross section line shape 

− Makes situation more  complicate

− Have fine structures at 4230MeV, strong couple to wc0? 

• What are these Y states 

− Hybrid?  Molecule? Threshold effect? …..
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3.3 Zc粒子态
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The most promising way to searching for the exotic hadrons

• Decay into a charmonium or D(*)D(*) pair  

− thus contains hidden-cc pair

• Have electric charge,

− thus has two more light quarks

At least 4 quarks, not a conventional meson

• Observed in final states :

− ± J/, ± (2S), ± hc, 
± cJ, (D

(*)D(*) ) ,…

• Experimental search:

− BESIII/CLEO-c :  e+e−→± +Exotics, ….

− Belle/BaBar       :  e+e−→(gISR)+Exotics, ….

− Belle/BaBar/LHCb: B→K+Exotics, …

−

−

−



3.3 Zc粒子态Zc(3900）
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BESIIII

M = 3899.03.64.9 MeV

 = 461020 MeV

307  48 events, >8

BELLE

M = 3894.56.64.5 MeV

 = 632426 MeV

159  49 events, >5.2

CLEO-c Data

M = 388642 MeV

 = 3748 MeV

81  16 events, >5

e+e− →J/ +−

PRL 110  252001 (2013) 

525pb-1  @ 4.26GeV

PRL 110 252002 (2013)

967fb-1
PLB 727 366-370 (2013)

586pb-1 @ 4.17GeV

e+e− →gISRJ/ +−



3.3 Zc粒子态Zc(3900）
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PRL112, 022001 (2014)

525pb-1     @ 4.26GeV

M[Z c(3885)] = 3883.91.54.2MeV

[Z c(3885)] = 24.83.311.0MeV

2/1 below those of Zc(3900)

• Bachelor  angular distribution : 

favors a Jp=1+ assignment

Large non-DDbar coupling
Typical values : (3770)500, (4040)200

0− : P wave

sin2

1− : P wave

1+cos2

1+ : S/D wave

Flat distribution

Are Zc(3900) and Zc(3885) same states?

• If Zc(3885) is Zc(3900): 

Very different dynamics in the Y(4260)−Zc(3900) system?

e+e−→(DD*)∓



3.3 Zc粒子态Zc(3900）
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Has an isospin partner, Zc(3900)0 ?

• 2.8fb-1 data at 10 energy points from 42304420 MeV

• Zc(3900)0  is observed clearly at  Ecm=4230, 4260, 4360MeV

• BESIII preliminary results :

− M= 3894.8±2.3 MeV,   = 29.6±8.2 MeV 

− Significance = 10.4 

PLB 727 , 366-370 (2013)

586Pb-1 @ 4.17GeV

Neutral isospin partner, Zc(3900)0 observed

3.5



3.3 Zc粒子态Zc(4020）

44

PRL 111 242001  (2013)

• Narrow hc structure observed 

− M = 4022.90.82.7 MeV;  

− = 7.92.72.6 MeV

− Significance  :  8.9

• No significant evidence for Zc(3900)→hc

− Significance 2.1

− @ Ecm = 4260 MeV

PRL112, 132001 (2014)
827pb-1 @ 4.26GeV

• Deviation from phase space decay

− M = 4026.32.63.7 MeV

−  = 24.85.67.7 MeV

− Significance : 10

Are Zc(4020) and Zc(4025) same particle?

• If Zc(4025) is the Zc(4020)

e+e−→(D*D*)∓e+e−→+−hc



3.3 Zc粒子态Zc(4020）
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R=0.530.110.07 [4230MeV]

0.620.140.09 [4260MeV]

0.730.140.10 [4360MeV]

Neutral partner of charge Zc(4020) observed! 

Blue : (e+e−→+− hc)
Red  : (e+e−→00 hc)

Observation of neutral 

Zc(3900) and Zc(4020)

Isovector nature of  Zc

states established 

• Study  e+e−→00hc at Ecm = 4230, 4260, 4360 MeV

• X-sec. is about half of that charged process, agree with the expectation of isospin symmetry

• Observe Zc(4020)0 structure in 0hc mass distribution

• BESIII preliminary Result :

− M[Zc(4020)0 ] = 4023.62.23.9 MeV  

[M[Zc(4020) ] = 4022.90.82.7 MeV]

− Width fixed to charged Zc(4020)

− Significance :  >5

Z c(4020)0 @ e+e−→00hc



3.3 Zc粒子态Zc(4020）
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Charge structure in 𝑀(𝜋±𝜓 3686 )
PRD96,032004(2017)

Belle

Mass = (𝟒𝟎𝟑𝟐. 𝟏 ± 𝟐. 𝟒) MeV/c2

Width = (26.1±5.3) MeV

Mass = (𝟒𝟎𝟓𝟒 ± 𝟑 ±1) MeV/c2

Width = (45±11±6) MeV

Phys. Rev. D 91, 112007 (2015) 

Zc(4030) in 𝐞+𝐞− → 𝝅+𝝅−𝝍(𝟑𝟔𝟖𝟔)



3.3 Zc粒子态@BESIII
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Zc(3885)+ Zc(3885)0

Zc(3900)+ Zc(3900)0

Zc(4025)+ Zc(4025)0

Zc(4020)+ Zc(4020)0

𝒆+𝒆− → 𝝅𝟎(𝑫∗ഥ𝑫∗)𝟎𝒆+𝒆− → 𝝅𝟎(𝑫∗ഥ𝑫 )𝟎

PRL 110, 252001 (2013) 

PRL 115, 222002 (2015) PRL115, 182002 (2015)PRL 112, 132001 (2014)ST: PRL 112, 022001(2014)
DT: PRD92, 092006 (2015)

PRL 115, 112003 (2015) PRL 111, 242001(2013) PRL113,212002 (2014)

Which is the nature of these states? 

Different decay channels of the same observed states?  

Other decay modes?



3.3 Zc粒子态@BESIII



3.3 Zc(3900)自旋
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Amplitude analysis of e+e-→π+π-J/𝜓
4.23GeV

4.26GeVJP=1+

JP is measured to be 1+ with 

significance larger than 7.6𝞼

PRL 119.072001 (2017)



3.3 Zc(3900)自旋
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PRD 102, 012009 (2020)

• Simultaneous PWA fit of
𝑒+𝑒−→𝜋0𝜋0𝐽/𝜓 to the four
energy points

• The spin-parity of Zc(3900)0

is determined to be 1+

• The nominal fit includes the
intermediate process 𝜎𝐽/𝜓,
𝑓(980)𝐽/𝜓 , 𝑓(1370)𝐽/𝜓 and
𝜋0 Zc(3900)0.

• Mass and width of Zc(3900)0

is measured:
• 𝑀 Zc(3900)

0 = 

(3893.0±2.3±19.9) MeV/c2, 

• 𝛤(Zc(3900)
0) = 

(44.2±5.4±9.1) MeV.



3.3 Zc(3900)产生截面
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PRD 102, 012009 (2020)

• Zc(3900)0 resonance parameters are fixed to the results of the previous four-
energy-point fit

• The Born cross section of 𝑒+𝑒−→𝜋0Zc(3900)
0 →𝜋0 𝜋0𝐽/𝜓 is extracted.

• Clear structure around 4.2 GeV is observed

– 𝑀 = (4231.9±5.3±4.9) MeV/c2, 

– 𝛤= (41.2±16.0±16.4) MeV.

• Compatible with the Y(4220) line shape

• Indication of correlation between the production of the Y(4220) and Zc(3900).



3.3 Zcs粒子态
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𝒆+𝒆− → 𝑲+𝑫𝒔
−𝑫∗𝟎

𝑍𝑐𝑠
−

𝑫∗𝟎

𝑫𝒔
−

𝑲+

𝒆+𝒆− → 𝑲+𝑫𝒔
∗−𝑫𝟎

𝑫𝒔
−

𝑍𝑐𝑠
−

𝑫𝟎

𝑫𝒔
∗−

𝑲+

𝝅𝟎(𝜸)

• We analyze 3.7fb-1 data accumulated at 4.628, 4.641,

4.661, 4.681 and 4.698GeV in 2020.

• Partial reconstruction of 𝑲+ 𝐚𝐧𝐝 𝑫𝒔
−

• Signature in the recoil mass spectrum of 𝑲+𝑫𝒔
− to 

identify the process of 𝑒+𝑒− → 𝐾+(𝐷𝑠
−𝐷∗0 + 𝐷𝑠

∗−𝐷0)

PRL 126, 102001 (2021)𝒆+𝒆− → 𝑲+(𝑫𝒔
−𝑫∗𝟎 +𝑫𝒔

∗−𝑫𝟎)



3.4 Zcs粒子态
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• Data driven background description: wrong Sign (WS) combination of 𝐷𝑠
− and 𝐾−

• Conventional charmed mesons can not describe the enhancement below 4.0 GeV/c2 at

4.681 GeV

• Assume the structure as a 𝐷𝑠
−𝐷∗0/𝐷𝑠

∗−𝐷0

resonance, denoting it as the 𝑍𝑐𝑠 3985 −.

• A fit of JP=1+ S-wave Breit-Wigner with 

mass dependent width returns: 
𝒎 = 3985.2−2.0

+2.1 ± 1.7 MeV/c2

𝜞 = 13.8−5.2
+8.1 ± 4.9 MeV

• Global significance: >5.3 𝝈

First candidate of the hidden-charm tetraquark with strangeness

PRL 126, 102001 (2021)



3.4 Zcs粒子态

𝑍𝑐𝑠 3985 ± 𝑍𝑐 3900 ± 𝑍𝑐 3885 ±

Mass (MeV/c2) 3985.2−2.0
+2.1 ± 1.7 3899.0±3.6±4.9 3883.9±1.5±4.2

Width (MeV) 13.8−5.2
+8.1 ± 4.9 46±10±26 24.8±3.3±11.0

𝜎𝐵𝑜𝑟𝑛 ⋅ 𝔅 (pb) 4.4−0.8
+0.9 ± 1.4 13.5±2.1±4.8 83.5±6.6±22.0

525/pb data @4.26 GeV
1643/pb data 
@4.681 GeV

SU(3) partner of Zc(3900)?

from Marek Karliner
in Nov. 2020

Zcs: 3985.2MeV

9.2MeV 10MeV

𝐷𝑠
∗−𝐷0 3977.0MeV

𝐷𝑠
−𝐷∗0 3975.2MeV

• close width
• cross section: one-order-of-magnitude less



3.3 Zcs粒子态
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• Several 𝑍𝑐
− states were observed from in 𝑒+𝑒− production or 𝐵 decays, 

at least have 𝑐 ҧ𝑐𝑑ത𝑢 four quarks

• Would be nice to look for 𝑍𝑐𝑠, the SU(3) partners of  𝑋(3872)/ 𝑍𝑐(3900)

• It’s useful to distinguish different models 
– Less exchange particles expected the 𝑍𝑐𝑠 molecule picture

• Theoretical models have predicted the existence of 𝑍𝑐𝑠 state



3.3 Z c粒子态Zc(4430）
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PRL112,222002(2014) 

Argand plot indicates a

resonance nature of the

Zc(4430)



3.4 Zb粒子态
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57

Zb(10650) Decays

57

Zb(10610) Decays

BB*

B*B*

PRL116,212001(2016)

✓ Evidence for molecule? 



3.4 Zb粒子态
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58

PRD91,072003(2015), PRL108,122001(2012) e+e- → +-U(ns), +-hb

Both Zb(10610) and Zb(10650) were observed in different processes

JP favors 1+

close to BB*, B*B* mass thresholds



4. 全粲四夸克态X(6900)

59

❖ Existence of 𝑇𝑄1𝑄2 ത𝑄3 ത𝑄4 states (𝑄𝑖 = 𝑐 or 𝑏) is expected by many QCD models

o Likely compactly bounded since the interaction between heavy quarks is 
dominantly mediated by short-range gluon exchange

o Usually described with the attraction of a diquark (𝑄1𝑄2) and 
an anti-diquark (𝑄3𝑄4)

o Never observed before

from Maiani

❖ 𝑇𝑏𝑏ത𝑏ത𝑏 was not searched for at LHCb and CMS, but not observed

❖ 𝑇𝑐𝑐 ҧ𝑐 ҧ𝑐 states predicted to have 𝑀 ∈ 5.8,7.4 GeV/𝑐, away from known 
quarkonia and quarkonium-like exotic states



4. 全粲四夸克态X(6900)
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60

Decays in 2𝐽/𝜓 directly or with feed-down

[arXiv: 1803.02522]

➢ Using 𝐽/𝜓 pair final states to reconstruct 𝑇𝑐𝑐 ҧ𝑐 ҧ𝑐

𝐽/𝜓 → 𝜇+𝜇− has good trigger efficiency

Single parton scattering (SPS)

Double parton scatterings (DPS)

w/ or w/o 𝑇𝑐𝑐 ҧ𝑐 ҧ𝑐

➢ 𝑇𝑐𝑐 ҧ𝑐 ҧ𝑐 state production via SPS is dominant

over DPS

➢ DPS: dominates high 𝐽/𝜓 pair mass region

https://arxiv.org/abs/1509.00771


4. 全粲四夸克态X(6900)
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➢ Full Run1+Run2 LHCb data corresponding to 9 fb−1

➢ 𝐽/𝜓 candidates reconstructed using the 𝐽/𝜓 → 𝜇+𝜇− decay

➢ SPS enhanced sample with 𝐽/𝜓-pair 𝑝T > 5.2 GeV/𝑐

𝑵 𝑱/𝝍 𝐩𝐚𝐢𝐫 =
𝟑𝟑. 𝟓𝟕 ± 𝟎. 𝟐𝟑 × 𝟏𝟎𝟑

➢ The J/ψ-pair invariant mass spectrum is inconsistent with non-resonant SPS and 

DPS only hypothesis by more than 5σ in the 6.2,7.4 GeV/c2 mass region
✓ A broad structure next to threshold ranging from 6.2 to 6.8 GeV/𝑐2

✓ A narrower structure at about 6.9 GeV/𝑐2➔ X(6900)

➢ A narrow peaking structure matching the lineshape of a resonance and a broader 

structure close to the threshold are fitted in two scenarios
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➢ Assuming X(6900) is a resonance with Breit-Wigner lineshape:
✓ Model I: Based on no-interference fit (worse fitting quality)

𝑀[X(6900)] = 6905 ± 11 stat ± 7(syst) MeV/𝑐2

Γ[X(6900)] = 80 ± 19 stat ± 33(syst) MeV/𝑐2

✓ Model II: Based on the simple model with interference (better fitting quality)

𝑀[X(6900)] = 6886 ± 11 stat ± 11(syst) MeV/𝑐2

Γ[X(6900)] = 168 ± 33 stat ± 69(syst) MeV/𝑐2

consistent with predicted 𝑇𝑐𝑐 ҧ𝑐 ҧ𝑐 states
➢ The lower broader structure is objected to many uncertainties:

✓ feed-down from heavier quarkonia, e.g. 𝑇𝑐𝑐 ҧ𝑐 ҧ𝑐 → 𝜒𝑐(→ 𝐽/𝜓𝛾) + 𝐽/𝜓
✓ near-threshold kinematic rescattering effects



5. 五夸克态

63

An unexpected narrow 
peak in J/Y p mass spectrum.

Pc(4380), Pc(4450)

PRL115, 072001 (2015)
PRL117, 082002 (2016)
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Cabibbo suppression 

Total significance of Pc(4380) and Pc(4450) 

is around 3

Contribution from Zc(4220)        

No clear peak observed in M((2S)p)

arXiv: 1806.0808

PRL117,082003 (2016)

Pc(4380), Pc(4450)
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Structures close to c1p threshold

Kinematic effect? Absent in 

F.K. Guo et al, PRD92,071502 (2015) J

J

Any  strange hidden-charm pentaquark?

Observation of 

Test the nature of Pc states ? 


