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致 谢 与 声 明

• 感谢吴佳俊等的邀请

• 整理一下数据

• 分享一些思考

• 提出几个问题

• 内容

–矢量粲偶素/类粲偶素

–矢量底偶素/类底偶素

–矢量轻夸克偶素
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Charmonium spectroscopy
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J/y

hc(2S)
y(2S)

hc(1P)
cc0(1P)

cc1(1P)
cc2(1P)

2005 CLEOc

1974

y(3770)

y(4040)

y(4160)

y(4415)

cc2(2P)

y(13D2)

2015 
BESIIIcc0(2P)

Godfrey & Isgur, PRD32, 189 (1985)

2017 Belle

n(2S+1)LJ

n  radial quantum number

S total spin of c & cbar

L orbital angular momentum

J = S + L

S- and and J=1 D-wave spin-triplets have 

the same quantum number as the photon!

y(13D3)

2019 
LHCb
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Charmonium(like) spectroscopy
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predicted, discoveredhc(1S)

J/y

hc(2S)
y(2S)

hc(1P)
cc0(1P)

cc1(1P)
cc2(1P)

2005 CLEOc

1974

y(3770)

y(4040)

y(4160)

y(4415)

cc2(2P)

y(13D2)X(3872)

Y(4260)

Y(4360)

Y(4660)
 Charmonium-like (XYZ) particles
 New type of hadron (multi-quark …)?
 Too many vector states! Exotics?

unpredicted, discovered

charged

Zc(3900)

Zc(4020)

Zc(4430)

cc0(2P)

Godfrey & Isgur, PRD32, 189 (1985)

2017 Belle X(3915)

X(3960)

X(4160)

X(4350)

X(4500)

X(4700)

Y(4230)

Y(4390)

Y(4140)

Y(4274)

Z(4050)

Z(4250)

......

2015 
BESIII
y(13D2) y(13D3)

2019 
LHCb

Y(4008)



What are these y’s & Y’s?  [mass>2mD]

• Vector charmonia

– 13D1, 33S1, 23D1, 43S1, 33D1, 53S1, 43D1, 63S1, …

• Vector charmonium hybrids

• Vector tetraquark states

• Vector hadro-charmonia

• Vector hadronic molecules (ccJ,DD1, cc, ……)

• Kinematic effects (thresholds, coupled channels, interference, …)

• ……

 哪些实验信息是可靠的？
5

arXiv: 2001.01164



How did we know?

（y’s from inclusive, Y’s from exclusive）

6

ISR = initial state radiation

+ Old generation Exps.
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Inclusive cross sections, 
most precise data from BESII & Crystal Ball

From PDG
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Incoherent sum of continuum+3 BWs

• BES data (M, , ee)

– y(4040)

• 4040  1 MeV

• 89  6 MeV

• 0.91  0.13 keV

– y(4160)

• 4155  5 MeV

• 107  16 MeV

• 0.84  0.13 keV

– y(4415)

• 4429  9 MeV

• 118  35 MeV

• 0.64 0.23 keV

PRD72, 017501 (2005)

Fit by K. K. Seth
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Fit by BESBES, PLB 660, 315 (2008)

Amplitude of  r  f

Mass dependent width

Coherent sum of 4 BWs

Include cc, may also 

interfere with Rres

 BR of y decays
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Fit by BES

C.L. =31.8%

BES, PLB660, 315 (2008)

Contribution from each component
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Final results from BES

BES, PLB660, 315 (2008), main results from PDG on the excited y states



Potential problems

• Peaks = resonances

• Contribution from the Y states was not considered

• Many assumptions

– Only two-body open-charm decays, multi-body + charmonium neglected

– Decay width  phase space only

– Same relative phase for different final states

– No interference between continuum & resonant charm final states

– BW parametrization for resonances

• Multiple solutions ignored
12
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Multiple solutions

CZY, X.H. Mo, P. Wang, arXiv:0911.4791. Same problem exists in fitting R data.

More on multiple solutions: K. Zhu et al., IJMPA26, 4511 (2011)
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Multiple solutions in R-fit

X.H. Mo, CZY, P. Wang, PRD82, 077501 (2010)

Simplified parameterization of the resonance amplitudes
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Multiple solutions in BES data

4 solutions with the same fit quality!

BES official fit is only one of the four possible solutions!

X.H. Mo, CZY, P. Wang, PRD82, 077501 (2010)

Same for all 

solutions

Sol. I 
(same as BES)

Sol. II

Sol.III

Sol. IV
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Belle  RD Scan via ISR

Continuous energy scan. Full mass 

range in one experiment, errors large 

due to low efficiency of ISR & D tag.

PRL100, 062001 (2008)

PRD77, 011103 (2008)

• 有的峰在单举截面中看不到；

• 两体过程分支比不只跟相空间有关；

• 每个道的干涉都可能不同；

• 每个道都可能有非共振振幅。



𝑒+𝑒− → 𝜋+𝐷0𝐷∗−+c.c.

Fit with a phase space term (pink dashed triple-dot line) and two constant width 

relativistic BW functions (green dashed double-dot line and aqua dashed line).

𝜎𝑑𝑟𝑒𝑠𝑠 =
𝑁𝑜𝑏𝑠

ℒ 1 + 𝛿𝑟 𝐵 𝐷0 → 𝐾−𝜋+ 𝜀

17

PRL122, 102002 (2019)

存在三体过程，有些峰位

与inclusive截面不同。
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+-D+D- 1909.12478

Evidence for 
Y(4390)DD1(2420)?

Evidence for 
Y(4390)y’’?

存在四体过程，有些峰位

与inclusive截面不同。



19

Belle ISR on Rcc

(charmonium+hadrons)

Full reconstruction of the hadronic 

system, no ISR photon tag

PRL99, 182004 (2007)

PRL99, 142002 (2007)

PRD77, 011105 (2008)

存在hidden charm末态，其中的结构与

inclusive截面以及open charm截面有很

大不同。

存在与y激发态位置不同的 Y(4008)、

Y(4260)、Y(4360)、Y(4660)等。



Y states with high precision data

20



Combined fit to 4 modes 

• 𝜔𝜒𝑐0, 𝜋
+𝜋−ℎ𝑐 , 𝜋

+𝜋−𝐽/𝑝𝑠𝑖, 𝐷0𝐷∗−𝜋+ + 𝑐. 𝑐.

21

𝐵𝑊1, 𝐵𝑊2, 𝐵𝑊3, 𝐵𝑊4 represent Y(4008), Y(4220), Y(4320) ,Y(4390)

Least square fit

Gao XY, Shen CP, CZY, arXiv: 1703.10351, PRD95, 092007 (2017)



Fit results

22

◦ 𝑀 = 4219.6 ± 3.3 𝑠𝑡𝑎𝑡 ± 5.1 𝑠𝑦𝑠 MeV/𝑐2

◦ Γ = 56.0 ± 3.6 𝑠𝑡𝑎𝑡 ± 6.9 𝑠𝑦𝑠 MeV

arXiv: 1703.10351, PRD95, 092007 (2017)
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Fit results

arXiv: 1703.10351, PRD95, 092007 (2017)
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What are the Y states?

• At least one well determined Y state [Y(4220)]

• Is it the same as y(4160)?

• Are the Y(4360) and Y(4660) real resonances different from the 

y(4415) and other y states?

Are the structures observed in inclusive  and exclusive cross sections 

produced by the same states?
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After we have measured all the e+e annihilation cross sections, what do we do to 

get the resonant parameters of the vector charmonium(-like) states?
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Recent K-matrix fit by T. V. Uglov

27

T. V. Uglov et al., JETP letters 105, 1 (2017)

g is real, so there 

will be no multiple 

solutions!
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Still lots of problems in current model

• Model has room to improve (step function, wide resonances, …)

• Only two-body charmed meson final states considered

• Charmed strange meson production not included

• Charmonium final states not included

• Model constraints used; parameters constrained to PDG values

• Y states not included (nor tested if they are needed)

• Fit quality is bad

• …

31
Seems the right direction for understanding the physics



Similar situation in bottomonium energy region

32
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S. Godfrey, N. Isgur, PRD 32, 189 (1985) 

n(2S+1)LJ

n  radial quantum number

S total spin of b & b-bar

L orbital angular momentum

L = 0, 1, 2 ... correspond to S, P, D, …

J = S + L

P = (–1)L+1 parity

C = (–1)L+S charge-parity

Still many missing states to be discovered.

Vector states above open bottom threshold are complicated.

Observed states were assigned nS states.

Bottomonium spectroscopy

3S1 or 3D1



BaBar & Belle measured inclusive cross sections

34

D-wave states have very 
small coupling to e+e-.

(4S), (5S), (6S)

(5S), (6S)

 states are peaks in inclusive cross sections 



Y(10750) in 

e+e-
+-(nS)

35

No 

Y(10750)

With  

Y(10750)

Significance of the Y(10750):

• 5.1 in (2S)

• 5.2 in all modes

With all kinds of systematic 

effects considered!

arXiv:1905.05521, JHEP



Fit to inclusive cross sections with Y(10750)

36

Coherent sum of a continuum 

amplitude ( 1/ 𝑠 ) and 3 BW 

functions (constant width). 

Free parameters: 

• Mass M

• width 

• leptonic partial width ee

• relative phase 

X. K. Dong et al., arXiv: 2002.09838, CPC (in press)

Y(10750) is a dip in 

inclusive Xsection



Fit results (mass & width)
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(5S) (6S) Y(10750)

Mass (MeV) 108821 110011 107612

Width (MeV) 502 352 483

From fit to BaBar & 

Belle Rb data;

Statistical error only

From fit to Belle

e+e−
+−(nS) 

(5S) (6S)

Mass (MeV) 10885.2−1.6
+2.6 11000−4

+4

Width (MeV) 37−4
+4 24−6

+8

PDG2020

X. K. Dong et al., arXiv: 2002.09838, CPC (in press)

Y(10750)

The results can be very wrong!

• Model (continuum + BWs)

• Inclusive data only

• No open bottom cross sections 
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Can we understand the -- data in K-matrix formalism

 decays

 +- ~100%

 +-0 ~10-4

 0 ~10-4

 h ~10-4

 decays

 +-0 ~89%

 0 ~8.4%

 +- ~1.5%

 h ~10-4

 decays

 K+K- ~49%

 KSKL ~34%

 +-0 ~15%

 h ~1.3%

 0 ~10-3

 +- ~10-5
Caution: These BFs may not be reliable!

 only 3 resonances

 limited (6) decay modes, all known well

 OnlyKK threshold important



39

Multiple solutions in e+e-
+-

CZY, X.H. Mo, P. Wang, arXiv:0911.4791

This was simply overlooked for a few decades. 

Can K-matrix explain the non-zero phase & pick up one solution for us?



Summary

• We do not understand the y’s

• We do not understand the ’s

• So it is difficult to understand the Y’s

• May we start from understanding --, to find a way to 

understand the other vectors?

40Thanks a lot!



More on RD & Y states

41
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RD Scan (3.97-4.26 GeV)

CLEOc, PRD80, 072001 (2009)



Cross Section for e+e−→D+X

43
宋维民 博士论文 2015年
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y(2S)

BaBar discovers the Y(4260) in ISR +J/yPRL95, 142001 (2005)

BaBar: 232 fb-1

M(J/y) of y(2S) with J/y

constraint is well described by 

Cauchy shape funct.

>8 significance structure 

called Y(4260)

    eV 0.15.5/

MeV 2388

MeV 84259

8.0

7.0

6

4

2

6

+



++

+



+









y JYBeeY

m

 fit with   Rel–BW  PhaseSpace  Reso  + 2nd polynomial (BKGD)
 fit-probability (c2) is about 2.6%, Nevents = 12523
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e+e- +-J/y via ISR
• Non resonant J/y ?

• Re-scattering ee  D(*)D(*)  J/y ?

• Another broad state ?

– Check the latter hypothesis and  
influence of interference of Y(4260) with 
non-Y contribution:

– Fit with 2 coherent BWs

– Two-fold ambiguity in amplitude 
(constructive-destructive interference) + 
model uncertainty due to y’ tail 

2-BW fit with interference better describes the data: 
Y(4260) parameters are different (especially peak 
cross section – large uncertainty)

Belle:  CZY & C.P. Shen et al., PRL99, 182004 (2007)
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Belle discovers Y(4360) & Y(4660) in e+e- +-y(2S)

Y(4360) – consistent with BaBar
Y(4660) – NEW (5.8)

Belle:  X.L. Wang et al., PRL99, 142002 (2007)

Two solutions Systematics9.5%
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The Y states

PRL110,252002，967/fb

PRD86,051102，454/fb

Belle: PRL99,142002, 670/fb

BaBar: PRD89, 111103, 520/fb

M(c
+c

-)

PRL101,172001，695/fb



e+e+J/y cross section

48

 Most precise cross section measurment to date from BESIII

 Fit I =|BW1+BW2*ei2+BW3*ei3|2 or Fit II =|exp+BW2*ei2+BW3*ei3|2  (other fits ruled out)

M = 4222.0±3.1±1.4 MeV (lower)

 = 44.1±4.3±2.0 MeV (narrower)

8.2 fb−1

19 points

0.8 fb−1

103 points

PRL118, 092001 (2017)

data data

 A 2nd resonance Y2 with M=4320.0±10.4±7.0 MeV/c2

=101.4+25.3
-19.7±10.2 MeV

Observed for the first time, significance > 7.6



e+e00J/y cross section

49

BESIII: 2004.13788
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e+e+hc cross section
PRL118, 092002 (2017)

~6 fb−1

 M1=4218.4+5.5
-4.5±0.9 MeV/c2, 1=  66.0+12.3

-8.3±0.4 MeV    Y(4220)

 M2=4391.5+6.3
-6.8±1.0 MeV/c2, 2=139.5+16.2

-20.6±0.6 MeV  Y(4390)



The Ys in e+e- +-y’

51

The Y(4220) is necessary

(significance = 5.8) 

Fix parameters of the 

Y(4660) to Belle results

arXiv:1703.08787, 

PRD 96, 032004 (2017)


