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• B=1: simplest gluon topology in QCD 
• B=3,2 nuclear yield ratio as probe of 

quantum wavefunction overlaps and 
density fluctuation 

• B=4,3 Hypernuclear properties
• Discovery of B=-4 hypernucleus
• Future: 

charmed hypernuclei and Hoyle states
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Understanding light (anti-)nuclei production at RHIC and LHC
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Example of versatile colliders and detectors
STAR major upgrades over the last twenty years to 
improve particle identification and vertex 
reconstruction and is still evolving with an extension to 
forward rapidity as of today. pioneered in using new 
technologies: MRPC, MAPS, GEM and siPM. 
Estimate 35M(initial) +75M(upgrades)$. 
PHENIXàsPHENIX

38 new detectors added to STAR since 2014



Baryon Number (B) Carrier
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https://en.wikipedia.org/wiki/Quark

• Textbook picture of a proton 
• Lightest baryon with strictly conserved baryon number 
• Each valence quark carries 1/3 of baryon number 
• Proton lifetime >1034 years 
• Quarks are connected by gluons

• Alternative picture of a proton 
• Proposed at the Dawn of QCD in 1970s
• A Y-shaped gluon junction topology carries baryon number (B=1)
• The topology number is the strictly conserved number
• Quarks do not carry baryon number
• Valence quarks are connected to the end of the junction always

[1]: Artru, X.; String Model with Baryons: Topology, Classical Motion. Nucl. Phys. B 85, 442–460 (1975).
[2]: Rossi, G. C. & Veneziano, G. A; Possible Description of Baryon Dynamics in Dual and Gauge Theories. Nucl. Phys. B 123, 507–545 (1977)

B=1



Measurements of quark baryon number?
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• Textbook picture of a proton 
• Lightest baryon with strictly conserved baryon number 
• Each valence quark carries 1/3 of baryon number 
• Proton lifetime >1034 years 
• Quarks are connected by gluons

• Alternative picture of a proton 
• Proposed at the Dawn of QCD in 1970s
• A Y-shaped gluon junction topology carries baryon number (B=1)
• The topology number is the strictly conserved number
• Quarks do not carry baryon number
• Valence quarks are connected to the end of the junction always

• Neither of these postulations has been verified experimentally 

[1]: Artru, X.; String Model with Baryons: Topology, Classical Motion. Nucl. Phys. B 85, 442–460 (1975).
[2]: Rossi, G. C. & Veneziano, G. A; Possible Description of Baryon Dynamics in Dual and Gauge Theories. Nucl. Phys. B 123, 507–545 (1977)
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Model implementations of baryons at RHIC

6

• Many of the models used for 
heavy-ion collisions at RHIC 
(HIJING, AMPT, UrQMD) have 
implemented a nonperturbative 
baryon stopping mechanism
V. Topor Pop, et al, Phys. Rev. C 70, 064906 (2004)
Zi-Wei Lin, et al, Phys. Rev. C 72, 064901 (2005)
M. Bleicher, et al, J.Phys.G 25, 1859-1896 (1999)

• Baryon Stopping
• Theorized to be an effective mechanism of 

stopping baryons in 𝑝𝑝 and 𝐴𝐴
D. Kharzeev, Physics Letters B 378, 238-246 (1996)

• Specific rapidity  dependence is 
predicted: 

2003 RBRC Workshop on “Baryon Dynamics at RHIC”

“Science, however, is never 
conducted as a popularity 
contest...” --- Michio Kaku

BUT citations ARE

D. Kharzeev, Physics Letters B 378, 238-246 (1996)
“Can gluons trace baryon number?”

𝑝 = ~𝑒!"!#
 𝛼#	~=0.5  
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of the produced baryons will in general differ from 
the composition of colliding protons. 

Why then is the leading baryon effect a gross feature 
of high-energy pp collisions? The reason may be the 
following. The string junction, connected to all three 
of the valence quarks, is confined inside the baryon, 
whereas pp collisions become on the average more 
and more peripheral at high energies. Therefore, in a 
typical high-energy collision, the string junctions of 
the colliding baryons pass far away from each other in 
the impact parameter plane and do not interact. One 
can however select only central events, triggering on 
high multiplicity of the produced hadrons. In this case, 
we expect that the string junctions will interact and 
may be stopped in the central rapidity region. This 
should lead to the baryon asymmetry in the central ra- 
pidity region: even at very high energies, there should 
be more baryons than antibaryons there. 

Fortunately, the data needed to test this conjecture 
already exist: the experimental study of baryon and an- 
tibatyon production with trigger on associated hadron 
multiplicity has been already performed at ISR, at the 
highest energy ever available in pp collisions [ 31. This 
study has revealed that in the central rapidity region, 
the multiplicities associated with a proton are higher 
than with an antiproton by cv 10%. It was also found 
that the number of baryons in the central rapidity re- 
gion substantially exceeds the number of antibaryons 

[4]. These two observations combined indicate the 
existence of an appreciable baryon stopping in central 
pp collisions even at very high energies [ 31. 

Where else do we encounter central baryon-baryon 
collisions? In a high energy nucleus-nucleus collision, 
the baryons in each of the colliding nuclei are densely 
packed in the impact parameter plane, with an average 
inter-baryon distance 

r z (p ro)-1/2A-‘/6, (4) 

where p is the nuclear density, ru N 1.1 fm, and A 
is the atomic number. The impact parameter b in an 
individual baryon-baryon interaction in the nucleus- 
nucleus collision is therefore effectively cut off by the 
packing parameter: b 2 r. In the case of a lead nu- 
cleus, for example, r appears to be very small: Y N 
0.4 fm, and a central lead-lead collision should there- 
fore be accompanied by a large number of interactions 
among the string junctions. This may lead to substan- 
tial baryon stopping even at RHIC and LHC energies. 

We shall now proceed to more quantitative consid- 
erations. In the topological expansion scheme [ 11, the 
separation of the baryon number flow from the flow 
of valence quarks in baryon-( anti) baryon interaction 
can be represented through a t-channel exchange of 
the quarkless junction-antijunction state with the wave 
function given by 

M,J = EijkEi’.fk’ k exp (ig ~A&d‘)] 1, 

x [Pap (ig~Apdxpx~]~, 

Xl 

x [p,p (ig~A&F)]~,. 

Xl 

(5) 

The structure of the wave function (5) is illustrated in 
Fig. lb - it is a quarkless closed string configuration 
composed from a junction and an antijunction. In the 
topological expansion scheme, the states (5) lie on 
a Regge trajectory; its intercept can be related to the 
baryon and reggeon intercepts [ l] : 

c&o> N 2cQ(O) - 1 + 3( 1 - fXR(O)) 1! ;; (6) 
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Abstract 

QCD as a gauge non-Abelian theory imposes severe constraints on the structure of the baryon wave function. We 
point out that, contrary to a widely accepted belief, the traces of baryon number in a high-energy process can reside in 
a non-perturbative configuration of gluon fields, rather than in the valence quarks. We argne that this conjecture can be 
tested experimentally, since it can lead to substantial baryon asymmetry in the central rapidity region of ultra-relativistic 
nucleus-nucleus collisions. 

In QCD, quarks carry colour, flavour, electric charge 
and isospin. It seems only natural to assume that they 
also trace baryon number. However, this latter assump- 
tion is not dictated by the structure of QCD, and there- 
fore does not need to be true. Indeed, the assignment of 
the baryon number B = l/3 to quarks is based merely 
on the naive quark model classification. But any phys- 
ical hadron state in QCD should be represented by a 
state vector which is gauge-invariant - the constraint 
which is ignored in most of the naive quark model for- 
mulations. This constraint turns out to be very severe; 
in fact, there is only one way to construct a gauge- 
invariant state vector of a baryon from quarks and glu- 
ons [ 1 ] (note however that there is a large amount of 
freedom in choosing the paths connecting x to xi) : 

(1) 

The “string operators” in ( 1) acting on the quark field 
q(zcn) make it transform as a quark field at point x 
instead of at x,,. The E tensor then constructs a local 
colour singlet and gauge invariant state out of three 
quark fields (see Fig. la). The B in Eq. ( 1) is a set 
of gauge invariant operators representing a baryon in 
QCD. With properly optimised parameters it is used 
extensively in the first principle computations with lat- 
tice Monte Carlo attempting to determine the nucleon 
mass. The purpose of this work is to study its phe- 
nomenological impact on baryon number production 
in the central region of nucleus-nucleus collisions. 

It is evident from the structure of ( 1) that the trace 
of baryon number should be associated not with the 
valence quarks, but with a non-perturbative configura- 
tion of gluon fields located at the point x - the “string 
junction” [ 11. This can be nicely illustrated in the 
string picture: let us pull all of the quarks away from 

0370-2693/96/$12.00 Copyright Q 1996 Elsevier Science B.V. AR rights reserved. 
PII SO370-2693(96)00435-Z 

There is only one way to construct a gauge-invariant 
state vector of a baryon from quarks and gluons

It is evident from the structure of ( 1) 
that the trace of baryon number should 
be associated not with the valence 
quarks, but with a non-perturbative 
configuration of gluon fields located at 
the point x - the “string junction” .



Three approaches toward tracking the origin 
of the baryon number

1. STAR Method:
Charge (Q) stopping vs baryon (B) 
stopping: 
if valence quarks carry Q and B, 
Q=B at middle rapidity 

2. Kharzeev-STAR Method:
If gluon topology (J) carries B as one 
unit, it should show scaling according 
to Regge theory 

3. Artru Method: 
In g+Au collision, rapidity asymmetry 
can reveal the origin 
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arXiv:2205.05685

Proposed to use double ratio 
in Zr+Zr and Ru+Ru isobar 
collisions to cancel al the 
detector effects, the signal 
is at the level of 10-3

𝑝 = ~𝑒!"!#
 𝛼#	~=0.5  



Separate charge and baryon transports
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Baryon number transportCharge number transport

UrQMD matches data on charge stopping better in peripheral; better on baryon stopping in central 
              overpredicts charge stopping in central; underpredicts baryon stopping in peripheral

Tommy Tsang (KSU) for STAR,  APS GHP 2023



Three approaches toward tracking the origin 
of the baryon number

1. STAR Method:
Charge (Q) stopping vs baryon (B) 
stopping: 
if valence quarks carry Q and B, 
Q=B at middle rapidity 
B/Q=2

2. Kharzeev-STAR Method:
If gluon topology (J) carries B as one unit, 
it should show scaling according to 
Regge theory 
aB=0.61

3. Artru Method: 
In g+Au collision, rapidity asymmetry can 
reveal the origin 
aB(A+A)=0.61< aB(g+A)=1.1< aB(PYTHIA)

10

𝑝 = ~𝑒!"!#
 𝛼#	~=0.5  
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Cumulants of net-proton 
distributions w/w.0 baryon junction
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Normalized 2nd 
order fluctuations 
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Bedanga Mohanty @
CFNS Baryon Dynamics HIJING simulation 

w/o junction

https://indico.cfnssbu.physics.sunysb.edu/event/113/contributions/742/


B=1,2,3 nuclear yield ratios

• Light  nuclei production as a 
probe of  the QCD phase diagram
K.J. Sun, et al., PLB 781 (2018) 499 

• Probing QCD critical fluctuations 
from light nuclei production in 
relativistic  heavy-ion collisions 
K.J. Sun, et al., PLB 774 (2017) 103 
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C.M. Ko, NST 34 (2023) 80



Spectra and two-particle ratios
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STAR, Phys.Rev.Lett. 130 (2023) 202301



Quantum Wavefunction overlap efficiency
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Coalescence wavefunction 
overlap between nucleus 
and nucleons 

STAR, Phys.Rev.Lett. 130 (2023) 202301



Possible sign of Density Fluctuation
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4s effect, BES-II data x10 statistics STAR, Phys.Rev.Lett. 130 (2023) 202301



|B|=3 hypertriton lifetime

16

arXiv:2311.09877



Potential discrepancy? 
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arXiv:2311.09877
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Phys. Rev. Lett. 130 (2023) 212301

A zoo of hypernucleus measurements

“Fluctuation and correlation measurements”, Hanna Zbroszczyk



Search for heavy antimatter and baryon objects
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Observation of antimatter H4Lambda
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Au+Au: 2010+2011
U+U: 2012 
Zr+Zr/Ru+Ru: 2018

STAR, arXiv: 2310.12674

J.L. Wu (STAR), SQM2022
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Charge Symmetry Breaking in B=4 hypernuclei
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xzb 
LBL Heavy-Ion Tea Seminar 
05/2010



/ 11Estimate !"!" Invariant Yield
o The idea is to replace a neutron in the #!" nucleus
with D−meson

o Some benefits of this method:
1. Don’t need to calculate how alpha and D− meson coalesce

2. The invariant yield of !!" can be derived directly from the
experimental data

$%!"

=
#&

$

#!"

%!"
#&

C.W. Lin      Charmed nucleus @ DNP      Oct. 29, 2022

3

Search for Stable Charmed Mesic Nucleus D-4He 
in Heavy-Ion and EIC

23

/ 11Estimate !"!" Invariant Yield
o Compare the rapidity range between AGS E864 and
RHIC STAR Forward
• Fixed target v.s. Collider (rapidity shift) and Energy (extended
longitudinal scaling)

• AGS: -2.44 ~ -0.84

• RHIC: -2.86 ~ -1.36

o The relation between invariant

yield and atomic number

0-1-2-3

AGS E864

RHIC STAR Forward

y Rapidity

Phys. Rev. C 61, 064908

!%&

C.W. Lin      Charmed nucleus @ DNP      Oct. 29, 2022

4

STAR@RHIC: 
Estimate 1x105/year in forward acceptance
But without vertex detector 

CBM@FAIR high baryon, good vertex 
LHCb@LHC forward with good vertex

EIC ion forward direction: 
clean environment with good vertex
Nuclear cluster 

Zhangbu Xu (BNL)
Cheng-Wei Lin, Yi Yang (NCKU)
DNP (2022), EMMI (2023)

Stable and existence due to Coulomb force

PYTHIA: D-/n~=5x10-4 p+p collisions   
at AGS and RHIC forward kinematics

D-
4He yield 10-8 per collision 



/ 11Estimate !"!" Invariant Yield
o The idea is to replace a neutron in the #!" nucleus
with D−meson

o Some benefits of this method:
1. Don’t need to calculate how alpha and D− meson coalesce

2. The invariant yield of !!" can be derived directly from the
experimental data
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C.W. Lin      Charmed nucleus @ DNP      Oct. 29, 2022

3

Search for Stable Charmed Mesic Nucleus D-4He 
at CBM

24

STAR@RHIC: 
Estimate 1x105/year in forward acceptance
But without vertex detector 

CBM@FAIR high baryon, good vertex 
LHCb@LHC forward with good vertex

EIC ion forward direction: 
clean environment with good vertex

Zhangbu Xu (BNL)
Cheng-Wei Lin, Yi Yang (NCKU)
DNP (2022), EMMI (2023)

J. Steinheimer, A. Botvina, M. Bleicher, PRC 95 (2017) 014911
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xzb: AAAS annual meeting 01/2011 
Heaviest Antimatter Found; Made in U.S. Atom Smasher

https://www.nationalgeographic.com/science/article/110222-heaviest-antimatter-particle-big-bang-gold-universe-science


26

xzb 
LBL Heavy-Ion Tea Seminar 
05/2010



Hoyle Mechanism of creating heavier elements
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Otsuka et al., Nature Comm. (2022)

Q=0.1MeV

Q=0.3MeV



How do Hoyle States appear at RHIC?

In coalescence picture
• Prepare the alpha (anti-alpha) 

at the early stage (hot and 
dense)
• Those alpha clusters scatter 

around, and form heavier 
8Be (0.1MeV) and 12C* 
(0.3MeV) because those 
excited levels are really close 
to the free alpha energy level
dRdp (very small dp and very 
large dR)

In thermodynamics picture
• Prepare the alpha (anti-

alpha) at the early stage 
(hot and dense)
• The alpha clusters re-

thermalized at later stage 
with a large fugacity (similar 
to charm thermalization) 
and therefore form Prepare 
the alpha (anti-alpha) 
at the early stage (hot and 
dense) at much later time 
and lower density and low 
temperature
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Another way of picturing this

No penalty of wavefunction overlap 
due to late-stage alpha coalescence 

Benefit of alpha cluster formation at 
early stage (two-stage formation)
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Coalescence wavefunction 
overlap between nucleus 
and nucleons 

A=8 formation to 4+4 formation (A~=5) 



8Be and 12C enhanced yields
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8Be yield could be 
enhanced large factor                        

Could be between |A|=5 and |A|=8 extrapolation
Even better at CBM due to slow expansion and redistribution of alpha clusters



Conclusions
• Baryon number is a strictly conserved 

quantum number, 
keeps the Universe as is

• We did not know what its carrier is;
It had not been experimentally verified 
one way or the other until now;  

• Explore other signatures 

• Charmed hypernuclei (EIC, LHC, CBM)

• Hoyle States (STAR FXT, CBM) and 
antimatter 8Be (LHC?) 

• Discovery of the heaviest antimatter 
nuclear cluster (hyperhydrogen 4) 

• Continue to improve our measurements 
on hypernuclear lifetime and binding 
energy (CSB)

• Use nuclear yields to study production 
mechanism, quantum wavefunction 
overlap: thermal vs coalescence model

• Use nuclear yield ratios as a sensitive 
probe of nucleon density fluctuation

31


