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Beijing Electron Positron Collider (BEPC)

Linac

BEPCII
(Beijing Electron-
Positron Collider)

BESIII 
detector

• Construction started: 1984
Ecm: 2 — 4.6 [5.0 since summer 2019] GeV

• 1989-2005  (BEPC): 
Lpeak=1.0x1031 /cm2s 

• 2008-now (BEPCII):
Lpeak=1.0x1033/cm2s (Apr. 5, 2016)
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BESIII detector

Be beam pipe

SC magnet, 1 TMagnet yoke

MDC, 120 µm 
0.5% at 1 GeV/c

CsI(Tl) calorimeter, 2.5% @ 1 GeV

BTOF, 70 ps
ETOF, 60 ps

RPC

Total weight 750 tonnes, 
~40,000 readout channels, 
Data rate: 5 kHz, 50 Mb/s

Has been in full operation since 2008, all subdetectors are in very good status!

CGEM-IT is 
being built & 
placed here
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BESIII Collaboration

15 countries, 75 institutions
~450 members

photo: summer 2019, Shanghai
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10x109
0.5x109 


3.0x109 2.9 fb-1

0.5 fb-1

3.2 fb-1

1.9 fb-1

1.1 fb-1

~22 fb-1 XYZ scan data

~1.3 fb-1 R scan, 130 pts 

~ 0.5 fb-1 R scan 

Can cover 0-5 GeV from 
direct annihilation or ISR

2019 - 21

5.6 fb-1 @ 
10  Ecms

5



Charmonium spectroscopy

predicted, discoveredηc(1S)

J/ψ

ηc(2S)
ψ(2S)

hc(1P)
χc0(1P)

χc1(1P) χc2(1P)
2005 CLEOc

1974

ψ(3770)

ψ(4040)
ψ(4160)

ψ(4415)

χc2(2P)

ψ(13D2)

2015 
BESIIIχc0(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!

ψ(13D3)

2019 
LHCb
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Charmonium(like) spectroscopy

predicted, discoveredηc(1S)

J/ψ

ηc(2S)
ψ(2S)

hc(1P)
χc0(1P)

χc1(1P) χc2(1P)
2005 CLEOc

1974

ψ(3770)

ψ(4040)
ψ(4160)

ψ(4415)

χc2(2P)

ψ(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)

χc0(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
ψ(13D2) ψ(13D3)

2019 
LHCb

Y(xxxx)
=

ψ(xxxx)
in PDG
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What are these ψ’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 (ωχcJ,DD1, ΛcΛc, ……)
• Kinematic effects (thresholds, coupled channels, interference, …)
• ……

 What experimental information is available?

arXiv: 2001.01164
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How did we get the experimental measurements?

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

ISR = initial state radiation

+ old generation Exps.

9



Experimental measurements

• e+e- inclusive hadrons  =  R values

• e+e- charmed mesons

• e+e- charmed baryons

• e+e- charmonium + hadrons, γ, …

• e+e- light hadrons

• e+e- lepton pairs 
10



Inclusive cross sections, 
most precise data from BESII & Crystal Ball

From PDG

BESIII is going to measure R with <3% uncertainty cover this full energy region
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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)

• Some peaks are not obvious in inclusive 

cross section;

• Interference could be mode-dependent

• Could be non-resonant amplitude in 

each different mode
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Belle D*D, D*D* updated

• Full Belle sample, 951/fb
• Improved tracking 

efficiency
• Extended energy range
• Reduced uncertainties

PRD 97, 012002 (2018)
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is working on two-body charmed meson pairs, no released 
results yet for the most important channels (D(*)D(*), Ds

(*)Ds
(*) ).

No clear Y/ψ states
Evidence for 

Y(4390)/ψ(4415)DD1(2420)?

arXiv:1909.12478, PLB 804, 135395 arXiv:2005.05850, PRD 101, 112008 14



𝑒𝑒+𝑒𝑒− → 𝜋𝜋+𝐷𝐷0𝐷𝐷∗−+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).

𝜎𝜎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =
𝑁𝑁𝑜𝑜𝑜𝑜𝑑𝑑

ℒ 1 + 𝛿𝛿𝑑𝑑 𝐵𝐵 𝐷𝐷0 → 𝐾𝐾−𝜋𝜋+ 𝜀𝜀

PRL122, 102002 (2019)

There are 3-body processes, 
and the line shape is 
different from the inclusive
cross section.

Y(4220)

ψ(4415) 
+Y(4xxx)?
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π+π-D+D- – single tag analysis
arXiv:1909.12478
PLB 804, 135395

There are 4-body processes in addition to quasi-two-body and quasi-three-body 
processes, and the line shapes are different from the inclusive cross section.
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Evidence for 
Y(4390)/ψ(4415) ππψ’’?

Evidence for 
Y(4390)/ψ(4415)DD1(2420)?



π+π-D+D- &π+π-D0D0 – double tag analysis
arXiv:1903.08126
PRD 100, 032005Y/ψ? Y/ψ?

Y/ψ?
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Λc baryon pair
Belle:   PRL101, 172001 (2008), 695/fb BESIII:   PRL120, 132001 (2018)

BESIII has data now covering from threshold to 4.95 GeV, 
comparable precision as at 4.6 GeV is expected!
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Belle ISR on
charmonium+hadrons

Full reconstruction of the hadronic 
system, no ISR photon tag

There are hidden-charm processes, and 
the line shapes are different from the 
inclusive cross section and the open charm 
cross sections.

There are Y(4260), Y(4360), and Y(4660)
states that are different from excited ψ’s.

19

PRL99, 182004 (2007)

PRL99, 142002 (2007)

PRD77, 011105 (2008)

Y(4260)

Y(4660)

Y(4360)

A Y/ψ state?



Charmonium + light hadrons

[PRD 96, 012001 (2017)]

ηhc

[PRD 97, 071001 (2018)]
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PRD 102, 031101 (2020)

Charmonium + light hadrons: ηJ/ψ
ψ(4040)? Y(4390): 

6.0σ
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Charmonium + light hadrons: η’J/ψ

PRD 101, 012008 (2020)

Mass/width of the resonances are fixed

Some data between 4.28 and 4.44 GeV 

not analyzed. Lack of data between 

4.44 and 4.60 GeV.
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Charmonium + light hadrons: ηψ’
arXiv:2103.01480
34 observed events with 11 expected background

23

Y(4220)?



Charmonium + light hadrons: ηcπ+π-π0

Clear evidence for 
Y(4220)ηcπ+π-π0

PRD 103, 032006 (2021)

PRD 100, 111102(R) (2019)
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Charmonium + γ

γχcJ results will be available very soon.

Need data between 4 and 4.16 GeV to check if there is contribution from ψ(4040).

PRD 96, 051101(R) (2017)

γηc

PRL 122, 232002 (2019)

γX(3872) γX(3872)
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Light hadrons Lots of searches, hints for resonant 
structures, none is significant!

arXiv:2102.04268 arXiv:1810.09395

PRD 99, 072005

PRD 103, 052003
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Lepton pair vs. vacuum polarization
PRD 102, 112009 (2020)
Direct measurement of 
e+e-µ+µ− cross section 
with ~3% uncertainty.

Even with very precise 
measurement of the cross 
sections, one needs to apply 
quite a few non-trivial 
assumptions to obtain 
leptonic width of the Y states. 

Vacuum polarization factors 
are basically equivalent to 
the e+e-µ+µ− cross section, 
but with smaller uncertainty 
than direct measurement. 
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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?

D*D*

DD*

ψ
(4

04
0)

ψ
(4

16
0)

Y
(4

00
8)

ψ
(4

41
5)

Y
(4

66
0)

Y
(4

26
0)

Y
(4

35
0)

DD

DDπ

Λc
+Λc

–

PRD77,011103(2008)

PRL100,062001(2008)

PRL98, 092001 (2007)

PRL101, 172001(2008)

From Yuping Guo, talk @ Hadron2019, Guilin From Galina Pakhlova 28
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Recent K-matrix fit by T. V. Uglov

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, unknown modes, …)

• Only two-body charmed meson final states considered

• Charmed strange meson production not included

• Charmonium final states not included

• No non-resonant amplitude

• Model constraints used; parameters constrained to PDG values

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

• Fit quality is bad

• …
Seems the right direction for understanding the physics 32



Summary

• BESIII supplied lots of information on the vectors

– Y(4220), Y(4260), Y(4320), Y(4360), Y(4390), & Y(4660)

• We do not understand the ψ’s and the Y’s

Thanks a lot!
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In memory of Mikhail B. Voloshin
• Met him only once at SCGP workshop: 

Exotic Hadrons and Flavor Physics: 

May 28 – June 1, 2018

• Discussion on cross sections of e+e-

Ds
*−Ds0(2317)+ and Ds

−Ds1(2460)+ which 
he predicted to be equal (1802.09492); I 
told him BESIII results would come soon

• BESIII paper (arXiv:2005.05850) was 
submitted on 12 May 2020!

• A few email exchanges on Zc(3900)ρηc, Y(4220)πDD*, and nature of the Y(4220). 
• 斯人已逝，论文永存！

From http://scgp.stonybrook.edu/archives/24626
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More slides
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RD Scan (3.97-4.26 GeV)
CLEOc, PRD80, 072001 (2009)
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Cross Section for e+e−→D+X

Weimin Song, Ph.D thesis,  2015
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e+e-→ π+π-J/ψ via ISR
• Non resonant J/ψππ ?
• Re-scattering ee → D(*)D(*) → J/ψππ ?
• 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 ψ’ 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)
38



Belle discovers Y(4360) & Y(4660) in e+e-→ π+π-ψ(2S)

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

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

Two solutions Systematics±9.5%
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e+e−π+π−J/ψ cross section

 Most precise cross section measurment to date from BESIII
 Fit I =|BW1+BW2*eiφ2+BW3*eiφ3|2 or Fit II =|exp+BW2*eiφ2+BW3*eiφ3|2  (other fits ruled out)

M = 4222.0±3.1±1.4 MeV (lower)
Γ = 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

Γ=101.4+25.3
-19.7±10.2 MeV

Observed for the first time, significance > 7.6σ 40



e+e−π+π−hc cross section
PRL118, 092002 (2017)

~6 fb−1

 M1=4218.4+5.5
-4.5±0.9 MeV/c2, Γ1=  66.0+12.3

-8.3±0.4 MeV    Y(4220)

 M2=4391.5+6.3
-6.8±1.0 MeV/c2, Γ2=139.5+16.2

-20.6±0.6 MeV  Y(4390) 41



The Ys in e+e-→ π+π-ψ’

The Y(4220) is necessary

(significance = 5.8σ) 

Fix parameters of the 
Y(4660) to Belle results

arXiv:1703.08787, 
PRD 96, 032004 (2017)
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Fit results
◦𝑀𝑀 = 4219.6 ± 3.3 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ± 5.1 𝑠𝑠𝑠𝑠𝑠𝑠 MeV/𝑐𝑐2

◦ Γ = 56.0 ± 3.6 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ± 6.9 𝑠𝑠𝑠𝑠𝑠𝑠 MeV

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

arXiv: 1703.10351, PRD95, 092007 (2017) 44
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Data for XYZ study
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