
建造“超级J/ψ工厂”，做固定靶实验

苑长征

中国科学院高能物理研究所

第十六届粒子物理、核物理和宇宙学交叉学科前沿问题研讨会

2023年7月1-4日，天津

• C. Z. Yuan & M. Karliner, PRL 127, 012003 (2021) [arXiv:2103.06658]
“Editors’ suggestion” & “Featured in Physics”

• 宋维民、苑长征，物理 51，255 (2022)：超级J/ψ工厂里的“子弹” 1



PRL paper title:  

① Cornucopia of antineutrons and hyperons

② from a super J/ψ factory 

③ for next-generation nuclear and particle physics

④ high-precision experiments

+ their antiparticles
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Do fixed target experiments @ a super J/ψ factory
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Do fixed target experiments @ a super J/ψ factory
• Super J/ψ factory 

• e+e- annihilation @ 3.097 GeV
• O(1012) or more J/ψ events/year

• J/ψ decays into final states with nucleons or 
hyperons and their antiparticles

• Branching Fraction ~ 10-3

• Tag efficiency ~ (10-50)%
• High quality sources of (anti-)nucleon and 

long lived (anti-)hyperons
• O(108) tagged source particles per year
• Well known momentum and direction

• Use variety of custom removable targets
• State of the art detector
• No need to share beam time
• NN,NN, YN,YN, hypernuclei, neutron star, …
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outline

• Why particle sources are important &
Why some of the sources are very rare

• Why J/ψ decays
• BESIII experiment as a “proof of concept”
• A super J/ψ factory with 1012 J/ψ events per year
• A hyper J/ψ factory with 1014 J/ψ events 
• Potential physics discoveries 
• Summary

7



Geiger–Marsden experiment
(Rutherford gold foil experiment)

• AB：conical glass tube containing “radium 
emanation” (radon), “radium A” (actual 
radium), and “radium C” (bismuth-214); its 
open end sealed with mica [云母]

• P：lead plate
• S：fluorescent zinc sulfide screen
• R：metal foil
• M：microscope

Geiger, Hans; Marsden, Ernest (1909). "On a Diffuse Reflection of the α-
Particles". Proceedings of the Royal Society of London A. 82 (557): 495. 8

https://doi.org/10.1098/rspa.1909.0054
https://en.wikipedia.org/wiki/Proceedings_of_the_Royal_Society_of_London_A


Why particle sources are important
• Scattering experiments using many different kinds of beams are the mainstay of 

experiments investigating the fundamental interactions and structure of matter at the 
subatomic level.

• Beams of long-lived charged particles and of photons are easy to produce, and so many 
experiments using charged projectiles have been carried out during the more than 100 
years since the trailblazing experiment shooting α particles into gold foil that enabled 
Rutherford to infer the existence of the atomic nucleus.

• Since then, e, μ, π, K, proton, antiproton, photon, and various heavy ion beams have 
been produced and have served as enablers of many scientific breakthroughs. 

• Beams of some neutral particles, like neutrons and neutrinos, are relatively easy to 
produce but difficult to control; i.e., they have a large momentum spread. 

• Beams of other neutral particles, such as antineutrons, K0 andK0, long-lived hyperons  
(Λ, Σ±, Ξ0/−) and their antiparticles (Λ, Σ±, Ξ0/+) have great physics potential, but they 
are typically much more difficult to produce and control. 9



n sources in history
• ppnn @  E-767@BNL & OBELIX@CERN

Limited statistics
36n per 106p

[2x107 collected in 5 years]
Limited momentum range
Uncertainty in flux~7%
σpn = 3% @ 50 MeV/c

= 5% @ 400 MeV/c

50k 
tagged 
evts

20M 
tagged 
evts
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Sources of Λ & other hyperons
• Bubble chamber experiments with hyperons from K-+target
• Emulsion experiments with K-+target  K++X, K++K++X, …
• A few to about 104 events (typical O(100) tagged events)
• No anti-hyperon sources!

SLAC HBC, Nuclear Physics B125 (1977) 29-51KEK, K- + SCIFI Ξ- X 11



Why J/ψ decays: (1) huge cross section of e+e-J/ψ

at J/ψ peak   Born ISR ∆=1 MeV
σ (nb) 9.1×104 4.4×104 3,100

Formulas from PLB 557 (2003) 192
Numbers & plot from Yuping Guo

ΓJ/ψ=93 keV

L = 0.5 nb-1s-1 @ BEPCII 12



Why J/ψ decays: (2) big B(J/ψbaryons)
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Why J/ψ decays: (3) high tag efficiency
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Proof of concept: study @ BESIII experiment 

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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Proof of concept: study @ BESIII experiment 

𝑒𝑒+𝑒𝑒− → 𝐽𝐽/𝜓𝜓 → 𝑝𝑝π− �𝑛𝑛, �𝑛𝑛𝑝𝑝 → π+π−π+π0, π0 → 𝛾𝛾𝛾𝛾
16



Proof of concept: study @ BESIII experiment 

• N(J/ψ) = 1010

• B 𝐽𝐽/𝜓𝜓 → 𝑝𝑝π− �𝑛𝑛 = (2.12 ± 0.09) × 10−3

• ε = 40%
• Taggedn = 1010x2.12x10-3x40% = 8 million!

BESII measurement

• 0<pn<1174 MeV/c
• σp: ~7 MeV/c
• n direction: O(mrad)

Unique high 
momentum 
n sample!
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Proof of concept: study @ BESIII experiment 
The BESIII J/ψ data sample has been collected already, the detector material close 
to the interaction point in the inner detector serves as an effective target.
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Hyperons and anti-hyperons at BESIII experiment

The Ω hyperons are produced from 3 billion ψ(2S) event sample.
All these particles can also be produced in decays of other charmonia.

reference
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Observation of Ξ0+nΞ−+p at BESIII experiment

20BESIII: PRL 130, 251902 (2023)

7.1σ
22.9±5.5 evts

From 1010

J/ψ events



A super J/ψ factory with 1012 J/ψ events per year

 Design luminosity = O(100) × L   @BESIII ~ 1035 cm-2s-1

 Existing proposals: STCF (China), SCT (Novosibirsk)

 Detector improvements vs. BESIII: tracking, PID, γ detection

 (1-3)×1012 J/ψ events/year = 100 × BESIII sample

 Further improvements to expand range of physics topics

 Reduce the diameter of the beam pipe

 Interchangeable custom targets inside the detector

 Subdetector for specific final states, e.g. deuteron, triton, …
21



STCF in China

• CM Energy : 2-7 GeV 
• Peaking ℒ : >5×1034 cm-2 s-1

• Potential to further improve the 
ℒpeak and realize polarized beam

• Double storage ring：~800 m，
injection： ~ 300m

• BESIII-Like detector 
• Cost 4.5B RMB 22



Accelerator Conceptual Design

Linac Injector:
• No booster, full energy injection (1-3.5 GeV)

• Possible polarized e- beam

Interaction region : 
• Large Piwinski-Angle Collision + Crab Waist
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刘建北，STCF研究进展研讨会，2020年8月
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Ivan Logashenko (BINP) 
PhiPsi2022

Sarov, Russia
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Ivan Logashenko (BINP) 
PhiPsi2022

Sarov, Russia
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Do fixed target experiments @ a super J/ψ factory

 Super J/ψ factory 
• e+e- annihilation @ 3.097 GeV
• O(1012) or more J/ψ events/year

 A small beam pipe
 State of the art detector
 Variety of custom removable targets
 Run@ψ(2S) for higher-p sources
 Asymmetric collision, large angle 

collision to expand the p range
 Special detector for high mass 

particles, deuteron, triton, … 28



Baryons and anti-baryons at a super J/ψ factory

1012 J/ψ or ψ(2S) events per year, target at 1 cm or 2 cm. 29



A hyper J/ψ factory with 1014 J/ψ events?

Energy spread 
(MeV)

Cross section 
(nb)

1 3,100
0.5 5,700
0.1 20,000

0.05 29,000
0.01 42,000

Two ways of improving J/ψ
production rate:
1. Increase luminosity
2. Reduce energy spread

ΓJ/ψ=93 keV=0.093 MeV

Numbers & plot from Yuping Guo 30



A new scheme of monochromatization?
V. I. Telnov, 2008.13668v3
Monochromatization of e+e− colliders with a large crossing angle 

Existing monochromatization scheme 
for head-on collisions will reduce 
luminosity significantly

New scheme: Provide the beams with an angular 
dispersion such that a beam particle arrives to the IP 
with a horizontal angle that depends on its energy.

σW=10-15 keV @ J/ψ peak
and J/ψ is moving!

θc  ≥ 17°~30°
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Potential physics studies
• antinucleon-nucleon interaction
• OZI violation
• nonvalencess components of the nucleon
• (anti)hyperon-nucleon interaction
• (multi-strange) hypernuclei
• light hadron spectroscopy, including exotics and many others 
• cross sections of antineutrons with material for the calibration of

Monte Carlo simulation codes for particle physics and medical 
applications, such as FLUKA and GEANT4

• Hyperon puzzle and size of neutron stars
• Maybe more topics from nuclear physics community

32



Size of neutron stars & hyperon puzzle
For a review, see Chatterjee & Vidana, Eur. Phys. J. A (2016) 52: 29

33These can be studied @ super J/ψ factory with hyperons (and BESIII)!



Potential physics with direct J/ψ decays 

A. Bondar et al., JHEP 2020 (2020) 76
34

X. G. He et al., arXiv:2209.04377

(%) (%)1. Precision measurement of Weinberg angle
2. CPV in hyperon decays
3. New physics searches with 1012~14 produced J/ψ events



我们建造一个“超级J/ψ工厂”=“超子工厂”吧！
• Super (or hyper) J/ψ factory 

• e+e- annihilation @ 3.097 GeV; O(1012-13) J/ψ events/year

• State of the art detector
• Variety of custom removable targets
• High quality sources of long lived (anti-)hyperons 

and �𝑛𝑛 for many different kinds of experiments
• Same software, similar systematic effects
• No need to share beam time
• No need for additional resources, additional 

infrastructure, minimal further investments
• Physics highlights

① NN,NN, YN,YN, hypernuclei, neutron star, …
② Precision measurement of Weinberg angle
③ Search for new CPV source in hyperon decays
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谢谢！
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Comments on then sources
• Although potentially extremely useful for investigating nonperturbative QCD 

and nuclear structure, experimental studies using antineutron beams have been 
very limited till now, due to the severe difficulties in accumulating a sufficient 
number of antineutrons with known flux and momentum.

• The antineutron sources enabling quite a wide range of physics topics to be 
studied, from nuclear physics to hadron spectroscopy, albeit with limited 
statistics. The scattering of antineutrons on nuclei made it possible to 
investigate nucleon-antinucleon annihilation inside matter without 
complications due to Coulomb interaction.

• The disadvantages of CEX are obvious: the production rate is low, and the 
antineutron momentum and direction are hard to control. The selection of anti-
neutrons with momentum in a specific direction results in discarding a large 
fraction of antineutrons. 
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Comments on the Y andY sources
• Ground-state SU(3) octet hyperons (Λ, Σ±, Ξ0/−) and their antiparticles 

have relatively long lifetimes (with a typical cτ of a few centimeters) 
and are essential for investigating several important physics questions, 
including hyperon-nucleon interaction and the possible role of 
hyperons in neutron stars. 

• The relevant experimental studies started in the 1960s and have lasted 
for more than half a century, using π or K beams shot into bubble 
chambers or scintillating fiber (SciFi) targets. The statistics of these 
experiments are low, with typically a few tens to a few hundreds of 
observed events.

• New ways of high efficiency hyperon production are essential. 
38
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