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R value measurement
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One of the most fundamental quantities in particle physics



Abundant 
phenomena around 
three energy points

Similar behavior

e+e− →
 

 

Υ(10860) → Υ(1S)π+π−

Y(4260) → J/ψπ+π−

Y(2175) → ϕπ+π−
{
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Charmonium and Cornell model
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These findings constitute the main body of the 
current charmonium family in PDG

Charmonium and Cornell model



Cornell potential

Cornell model: 
Typical 

quenched 
model
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Charmonium and Cornell model
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Established 
charmonia

XYZ states as  
the candidates of 

charmonium

17 years

粲偶素发现催生了淬火势模型 淬火势模型落伍于新强子态发现
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Charmonium and Cornell model



Luo, Chen, Liu, XL, EPJC 80 (2020) 301

Low mass puzzle for some typical new hadronic states

Unquenched effect



Two approaches to solve low mass puzzle

! !̅ # $%

! "!
! "!

! "!
! "!

Charmonium Hybrid
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② Unquenched potential model

Quenched model     Unquenched model

• Coupled-channel effect

• Self energy of electron
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① Exotic state

Unquenched effect



Solve the low mass puzzles!

Luo, Chen, X. Liu, Matsuki, PRD 103 (2021) 074027
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Unquenched effect



Quenched Unquenched
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Quenched vs. Unquenched pictures



Outline

• Solution to Y problem 

• Decoding Y(10750) 

• The reported Y states around 2 GeV 

and light flavor vector mesons 

• Summary



Solution to Y problem1



Y(4260)

BaBar 
PRL95 142001

2005

Y(4630)

Belle 
PRL101 172001

2008

Y(4360)

BaBar 
PRL98 212001

2007

Y(4660)

Belle 
PRL99 142002

e+e− → J/ψπ+π− e+e− → ΛcΛ̄ce+e− → ψ (3686)π+π−

Y(4220)

2017

BESIII 
PRL118 092001

e+e− → J/ψπ+π−

BESIII 
PRL118 092002

X(4320)

X(4390)e+e− → ψ (3686)π+π−

e+e− → J/ψπ+π−

Belle 
PRL99 182004

Y(4008)

 annihilatione+e−

year

e+e− → hcπ+π−
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BESIII White paper 
“The Y problem”



BaBar

PRL 95:142001 (2005) Y(4260)

No evidence of 
Y(4260) in R scan 

data and open-
charm decay 

channels

PDG Puzzle!
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Theoretical explanations

Exotic state
Charmonium hybrid     

Zhu, Kou&Pene, Close&Page 
Diquark-antidiquark state 

Maiani&Riquer&Piccinini&Polosa 
Ebert&Faustov&Galkin 

Molecular state  
Liu&Zeng&Li, Yuan&Wang&Mo, 

Qiao,Ding,Torres&Khemchandani&Gamerma
nn&Oset, Close&Downum&Thomas 

Charmonium hybrid state with 
strong coupling with DD1 and 

DD0 
Kalashnikova &Nefediev

The lack of signal in certain 
channels also poses a serious 
challenge to a number of the 
explanations proposed in the 
framework of an exotic state

Difficulty

Conventional 
charmonium

4S-3D vector charmonium 
Lanes-Estrada 

23D1 state decay behavior 
Eichten&Lane&Quigg 

Mass spectrum Y(4260) 
≠charmonium  

Segovia&Yasser&Entem&Fernandez 

Screened potential Y(4260) =Ψ(4S) 
Li&Chao

Difficulty
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No evidence of in 
R scan data and open-
charm decay channels

Y(4260)
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• Asymmetric Y(4260) structure can be reproduced by Fano-like 
interference picture

Chen, He, Liu, PRD83 (2011) 05402 
Chen, He, Liu, PRD83 (2011) 074012 

Chen, Liu, Matsuki, PRD93 (2016) 014011
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Continuum Charmonium

Interference

Non-resonant picture of Y(4260)

• Explain why  and  
signals are missing in data 

• Naturally understand why no 
evidence of  in R scan 
data and the open-charm decay 
channels

ψ(4160) ψ(4415)

Y(4260)

Success:



PRL 98:212001 (2007)
Y(4360)

PRL 99:142002 (2007)
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in the obtained open-charm 
process and R-value scan
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The 
situation 

of Y(4360) 
is similar 
to that of 
Y(4260)



Fano interference effect also plays 
resonance killer to Y(4360)

Chen, He and Liu, PRD 83:074012 (2011)
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Data from two experiments

• BaBar: PRL 98, 212001 (2007)

• Belle:    PRL 99:142002 (2007) 



In 2017, BESIII gave more precise data of e+e− → J/ψπ+π−

20

Y(4260) Y(4220) + Y(4330)



Fano-like interference 
picture plays 

resonance killer to Y(4330)

Introducing a narrow structure Y(4220) and considering 
Fano-like interference picture can reproduce the data well!

What is Y(4220)?
21

Resonance parameter

Chen, Liu, Matsuki, EPJC 78:136 (2018)



Y(4220)+Y(4390)

22

More Y structures 
are reported!

How to explain 
them?



Only Y(4220) is left

23

m = (4211 ± 6) MeV

Γ = (47 ± 13) MeV

from our fit



Y(4008)

Y(4260)

Y(4360)

Y(4660)
Y(4630)

Y(4008)

Y(4220)

Y(4320)

Y(4390)

Y(4660)
Y(4630)

Belle PRL99:182004 BaBar PRD86:051102

Inference effect

e+e− → J/ψπ+π−

e+e− → ψ(2S)π+π−

e+e− → Λ+
c Λ−

c 24

Summary of Y states from 
electron and positron annihilations



Summary of Y states from 
electron and positron annihilations
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Y(4008)

Y(4260)

Y(4360)

Y(4660)
Y(4630)

Y(4008)

Y(4220)

Y(4320)

Y(4390)

BaBar PRD86:051102

Inference effect

e+e− → J/ψπ+π−

e+e− → ψ(3686)π+π−

e+e− → Λ+
c Λ−

c

Y(4660)
Y(4630)

Past Now

26

Resonance killer

2014年，我在访问日本大
阪大学期间，Atsushi 

Hosaka教授给我取的绰号
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“奥卡姆的剃刀”
（Occam’s razor或Ockham’srazor）

• 在科学界是一个广为人知、但也许并未得到广泛认可的
原理。这一原理是由十四世纪的逻辑学家、奥卡姆的威
廉（Williamof Occam）首先提出的。

奥卡姆的威廉（William of Occam，约1285年—
1349年）， 英国经院哲学家。圣方济各会修士。邓
斯·司各脱的学生和后来的论敌。以复兴唯名论著
称。认为思想并非对现实的衡量，将哲学与神学截
然分开，曾被教皇约翰22世召去以异端邪说问罪。

28

http://baike.baidu.com/item/%E9%82%93%E6%96%AF%C2%B7%E5%8F%B8%E5%90%84%E8%84%B1
http://baike.baidu.com/item/%E9%82%93%E6%96%AF%C2%B7%E5%8F%B8%E5%90%84%E8%84%B1
http://baike.baidu.com/item/%E5%94%AF%E5%90%8D%E8%AE%BA


• 奥卡姆位于英格兰的萨里郡，是威廉的出生地。 

• “奥卡姆的剃刀”原理通常表述为：“如无必要，勿增实
体”（Entities must not be multiplied beyond necessity），
其中“剃刀”的含义在于剪除一个理论模型中那些不必要
的假设或参量，或者从两个处于竞争地位、结论相同的
理论模型中选择那个形式或结构更简单的模型。 

• 因此“奥卡姆的剃刀”与科学思辨中的简单性原则有某种
异曲同工之妙。

29



一个简单的例子是太阳系中星体的运动。原则上人们既可以从“地心
说”出发也可以从“日心说”出发来计算太阳、月亮和地球的相对运动
状态，但哥白尼注意到“地心说”比“日心说”需要更多的假设才能得到
相同的结果，因此他宁愿选择后者。 

这个选择的过程，恰好就是“剃刀”发挥作用、去繁就简的过程，引导
人们最终以“日心说”为基础建立了完整的太阳系模型。正如威廉本人
在其著作《箴言书注》中所强调的那样，切勿浪费较多的东西去做用
较少的东西同样可以做好的事情。换句话说，无必要的东西均可被剪
除。

就科学研究而言，“奥卡姆的剃刀”
经常具有启发性或指导性意义

30



Summary of Y states from 
electron and positron annihilations

Y(4220)

Y(4660)
Y(4630)



 as 4S state was proposed here
Is it a correct assignment?

ψ(4415)

32

1980



1995

33



The predicted  and its propertyψ(4S)
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EPJC74 (2014) 3208

The similarity between J/ψ and Y families

The predicted mass of ψ(4S) 
should be located at 4263 MeV 

The screening potential prediction of ψ(4S) mass:
• 4273 MeV Li&Chao PRD79, 094004 (2009) 
• 4247 MeV Dong et al., PRD49, 1642

Consistent

A narro
w state!

Open-charm decay behavior

34

Y(4220)= ψ(4S)?

Due to node effect! 
The predicted charmonium ψ(4S) has 

very narrow width around 6 MeV

2014
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Experimental data



 and  are 
not significant

e+e− → χc1ω e+e− → χc2ω

e+e− → ωχc0

M = 4230 ± 8 MeV  Γ=38 ±12 MeV

The observation of  from BESIII e+e− → χc0ω

If taking the mass of ψ(4S) to 
be 4230 MeV (Expt.), we find:
•  is allowed
•  modes are 

forbidden kinematically

ψ(4S) → χc0ω
ψ(4S) → χc1,2ω

Explain why only 
 was 

reported by BESIII 
e+e− → χc0ω

BESIII, Phys. Rev. Lett. 114, 092003 (2015)
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Our theoretical result overlaps with the experimental data in a 
r e a s o n a b l e p a r a m e t e r r a n g e o f  a n d 

 observation can be understood through 
introducing the predicted  contribution 

2.6 < αΛ < 4.0
1.83 < R < 2.17
e+e− → ωχc0

ψ(4S)

• Coupled-channel effect
• Non-perturbative properties 

of QCD
• Hadronic loop is an effective 

description for this effect
Chen, X. Liu, Matsuki, PRD91 (2015) 094023
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The total cross section can be described by

Experimental data

Resonance parameter:

38

2016



By introducing , the branching ratio 
resulting from meson-loop contributions overlaps with the upper limit,

, obtaining by fitting the cross section for 

ψ(4S) B(ψ(4S) → ψ(2S)π+π−)

3 × 10−3 e+e− → ψ(2S)π+π−

Chen, X. Liu, Matsuki, PRD93, 034028 (2016)
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Combined fit to e+e− → ψ(2S)π+π−, hcπ+π−, χc0ω

Resonance parameter:

Chen, X. Liu, Matsuki
PRD93, 034028 (2016)
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If Y(4220) is ψ(4S), Y(4220) should be observed in 
open-charm decay channel!  

42

PRL 122 (2019)102002 
M = 4228.6 ± 4.1 ± 5.9 MeV
Γ = 77.1 ± 6.8 ± 6.9 MeV



The pentaquark event shows that we are still 
far from understanding the nature of QCD

Borrowed from Li-Ming Zhang’s talk at PhiPsi2015
43



The observation of pentaquark  and Pc(4380) Pc(4450)

44
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The status of Charmonium family shows our poor 
understanding of QCD non-perturbative behavior

Y(4220) is a key point
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The present situation of charmonium family @2019

47



Depicting the mass spectrum with unquenched potential model

48

The linear confining  including in the potential is modified as  br + c

H̃ = (p2 + m2
c )1/2 + (p2 + m2

c̄)1/2 + Ṽeff(p, r)

Sscr(r) =
b(1 − e−μr)

μ
+ c

• We need to reproduce the 
masses of these observed 
states 

• Y(4220) is an important 
scaling point
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Mass spectrum for charmonium under unquenched picture



Introducing 4S-3D mixing scheme

Our calculation supports this scenario

50



Predicting the partner of ψ(4380) Y(4220)

• The total width of ψ(4380) has a 
significant enhancement 

• There exists sizable enhancement of 
ψ(4380) → DD2(2460)

51



The experimental evidence for the prediction ψ(4380)

ψ(4160) + ψ(4415) + Y(4220)+ψ(4380)

52



Proposing 5S-4D mixing scheme

Experimental result
Consistent

53



We still need more precise data of the  
resonance parameter of ψ(4415)
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Wang, Chen, X. Liu, Matsuki, PRD 99 (2019) 114003

Mass spectrum for charmonium in the 4-4.5 GeV range

Unquenched potential model

Six charmonia given by unquenched model



BESIII: CPC 46 (2022) 111002 
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Six charmonia given by unquenched model



4.1 4.2 4.3 4.4 4.5 4.6

0

200

400

600

800

1000

4.1 4.2 4.3 4.4 4.5 4.6

C
or

ss
 s

ec
tio

n 
of

 e
+ e
-  →

 D
0 D

*-
π+

 (p
b)

 BESIII data
 The line shape
 Continuum

ψ(4500)ψ(4415)ψ(4380)

ψ′′
5S-4Dψ′

5S-4Dψ′′
4S-3D

ψ(4220)

ψ′
4S-3D

ψ(4160)

ψ′′
3S-2D

ψ(4040)

C
ha

ra
ct

er
iz

ed
 s

pe
ct

ru
m

Mass  (GeV)

ψ′
3S-2D

BESIII: Phys. Rev. Lett. 130,  121901 (2023) 
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Six charmonia given by unquenched model



BESIII@2023

Fit I

Background
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Six charmonia given by unquenched model



Six charmonia given by unquenched model

Mass spectrum given by quenched model

A solution for “Y problem” 
based on unquenched model

PRD 83 (2011) 054021

PRD 83 (2011) 074012

EPJC 74 (2014), 3208

PRD 91 (2015) 094023 

PRD 93 (2016) 014011

PRD 93 (2016) 034028

PRD 96 (2017) 094004

EPJC 78 (2018) 136

EPJC 79 (2019) 613

PRD 99 (2019) 114003

PRD 101 (2020)  034001

PRD 104 (2021) 094001

PLB 833 (2022) 137292 

PRD 107 (2023) 054016

PLB 849 (2024) 138456

PRD 109 (2024)  094048

PRD 111 (2025)  054021

PRD 111 (2025)  054023

PLB 868 (2025) 139644
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Wang, Chen, X. Liu, Matsuki, PRD 99 (2019) 114003
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Mass spectrum of charmonium given 
by Unquenched potential model

Cornell potential
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Mixing scheme for  induced by a coupled-channel approachψ(4220)

We seek to address this question within this year
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+

Coupled-channel contribution 
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The tensor term in the potential model is 
insufficient to generate large mixing

The coupled-channel effect results in 
large S-D mixing scheme 
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Mixing angle: θ = 35∘
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Mixing scheme for  induced by a coupled-channel approachψ(4220)
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The mass changes from 4160 MeV to 4190 MeV

~30 MeV

Reevaluating the  resonance parameteψ(4160)



Phys. Lett. B 76, 361 (1978)
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 was discovered in 1978 by the DASP Collaboration ψ(4160)

Resonance parameter for ψ(4160)
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Confirmed by BES from the R value measurement

Resonance parameter for ψ(4160)



!(4160)
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Higher mass with 4190 MeV obtained by LHCb

Resonance parameter for ψ(4160)
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The BW1 should be !(#$$%) instead of !(#'(%)
)(*+∗-)+) *+∗. = 4214 MeV

BESIII also got the similar result

Resonance parameter for ψ(4160)



67

PDG2024

DASP (1978)

RAUE (2005)

BESII (2008)

LHCb (2013)

BESIII (2023)
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Different data from different experiments

Why?

Resonance parameter for ψ(4160)
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Reevaluating the resonance parameter

! "#$% +! "&&%

Vector Charmonium

Peng, Bai, Wang, Liu, PRD 111 (2025) 054023

Reevaluating the ' 4160 resonance parameters 

Peng, Bai, Wang, XL, PRD111 (2025) 054023

Resonance parameter for ψ(4160)



7

! "#$% +! "&&%

Reevaluating the ' 4160 resonance parameters 

Peng, Bai, Wang, XL, PRD111 (2025) 054023
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Resonance parameter for ψ(4160)
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Man, Luo, XL, arXiv:2507.18536

Resonance parameter for ψ(4160)
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Man, Luo, XL, arXiv:2507.18536

3S-2D Mixing scheme

θ = 0.3∘

• Tensor term in potential model • Coupled channel mechanism

Resonance parameter for ψ(4160)



Peng, Bai, Wang, XL, PRD111 (2025) 054023
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This work

Atom. Nucl. 72, 638 (2009)

Phys. Rev. D 107, 054016 (2023)
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We need 
more data 
to test it!

Resonance parameter for ψ(4160)



Decoding Y(10750)2



JHEP 10 (2019) 220

 MeV 

 MeV

M = (10752.7 ± 5.9+0.7
−1.1)

Γ = (35.5+17.6+3.9
−11.3−3.3)

PRD104 (2021) 034036.pdf 74



 still can 
be a bottomonium
Y(10750)

The 4S-3D mixing scheme

Li, Bai, Huang, XL, PRD104 (2021) 034036
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The reported Y states around 2 
GeV and light flavor vector mesons3
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Light flavor vector meson family is  
far from being established 
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• Light flavor meson: an important group 
incompleteness 

Behavior of higher excitations? 
• Mess situation of light flavor vector 

mesons around 2 GeV 
Overlap of mass spectrum

A key step to construct  meson spectroscopy

PRD85 (2012) 074024
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We should emphasize data

BESIII, PRD99 (2019) 032001

Except for resonance parameter, there exist cross section data
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基于质量谱和衰变宽度支撑下的截面数据的研究

86
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挑选合适的矢量介子态 

作为输入量的双轻子宽度和dipion宽度被限定
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以强子谱学为支撑





Different schemes for depicting the data
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Mixing scheme for  mesonω
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Mixing scheme for  mesonω



Summary4
“To expand out from one point”—由点及面



① 构建轻强子谱

Kaon family
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 对轻强子谱的理解程度直接决
定了类粲偶素XYZ态的确立



② 理论家要重视实验数据点

As theorist, we only 
believe the 

experimental data 
provided by the 
experimentalist. 
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③ 加强理论家和实验家之间的沟通

延续理论家和实验家交流对话的传统



南开逍遥派掌门



偶 成 
偶现昙花如露电 

终成强子悟真常



Thank you 
for your 

attention!


