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• baryon number carrier
• Three experimental approaches 

at RHIC (3+1) 
• Other theory and experiment work  
• Future Perspectives

STAR, N. Lewis, T. Tsang, Y. Li, H. Klest, W.B. Zhao, N. Magdy, R.R. Ma, P. Tribedy, 
J.D. Brandenburg, Z.B. Tang, Z.W. Lin, C. Shen, B. Schenke, D. Kharzeev,X.F. Luo, et al.
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Quantum Chromodynamics (QCD)

In nuclei, 99% of the matter 
mass is generated by the 
strong interaction



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

• 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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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” .



Model implementations of baryons at RHIC
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• 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”
Organized by D. Kharzeev, M. Gyulassy, N. Xu

“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−𝛼𝐵𝑦

 𝛼𝐵  ~=0.5  



D. Kharzeev, PLB 378 (96) 

S. Vance, M. Gyulassy, XN Wang, PLB 443 (98)

T. Csorgo, M. Gyulassy, D. Kharzeev, JPG 30 (2004) L17 
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Buckyballs and gluon junction 

networks on the femtometre scale 

Baryonium Torus, O.I. Piskounova
hep-ph/1909.08536

Veneziano, 50 years of QCD
arXiv:1603.05830

Frank Wilzcek
 (2023)
Sticky Gluons,             or Vertons 
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Takahashi, RBRC workshop 2003

Finite Temperature LQCD?



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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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 +Au collision, rapidity asymmetry 
can reveal the origin 
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N. Lewis, et al., 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−𝛼𝐵𝑦

 𝛼𝐵  ~=0.5  



Double ratios between Ru+Ru and Zr+Zr collisions

5Yang Li Quark Matter 2022

Outlook:

○ Extract freeze-out 

parameters from fully 

corrected spectra. 

○ Study connections 

between charge stopping 

and baryon stopping.

○ The double ratios of 𝜋+ /𝜋−

and 𝑝/ ҧ𝑝 are larger than 1. Due 

to extra charge in Ru?

○ The double ratios of 𝐾−/𝐾+ is 

consistent with unity within 

uncertainties.
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From baryon stopping: 
B*(Z/A)~=2x10-3

Charge stopping: 
Q ~=1x10-3



Identified hadron spectra to low momentum
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STAR, arXiv:2408.15441



Small Multiplicity Mismatch, Big Physical Effect?
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STAR Collaboration, Phys. Rev. C 105 (2022) 14901
“Search for CME with Isobar Collisions” 

Multiplicity mismatch is from 0.5% (central) to 10% (peripheral)



Power and Simplicity of Double Ratio
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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

STAR, arXiv:2408.15441



Ratio of baryon over charge transports 

• Experimental data: 
More baryon transported to C.O.M 
than charge by about 
a factor of 2 

• Model simulations: 
Less baryon transported to C.O.M 
frame than charge 

• Pure geometry:  
with neutron skin predicts the right 
centrality dependence (Trento) 
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Tommy Tsang (KSU) for STAR,  QM, APS GHP 2023

STAR, arXiv:2408.15441
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Wendi Lv, et al.
arXiv:2309.06445



Low-energy baryon rapidity loss
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The average close to beam rapidity 
(limiting Fragmentation)
does not reflect the “tail” at high rapidity

BRAHMS 2009



Quantifying baryon number transport
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STAR, Phys. Rev. C 79 (2009) 34909; 96 (2017) 44904 

N. Lewis, et al., arXiv:2205.05685
• RHIC Beam Energy Scan (BES-I) 

span large range of rapidity shift 

• Exponential with slope of 
𝛼𝐵  =0.61±0.03

• Consistent with the baryon 
junction transport by gluons: 
𝛼𝐵~=0.5+ 
=



Quantifying baryon number transport

• Striking scaling for all centralities 
and collision beam energies 
from central A+A to p+p 

• Expect slope to change if stopping 
is through multiple scattering of 
quarks 

• New heavy-ion simulation requires 
baryon junction to match data

21

C. Shen and B. Schenke, Phys. Rev. C,105 (2022), 064905.
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Similar technique used by LHC photonuclear measurements:
ATLAS Collaboration, Phys. Rev. C 104, 014903 (2021)  and CMS Collaboration, arXiv:2204.13486 (2022)

For data collected in 2017, Au + Au collisions at 𝑠𝑁𝑁 = 54.4 GeV, trigger did not 
require coincidence in both sides of the detector

3/30/2023 Nicole Lewis, DIS 2023 7

J. D. Brandenburg, N. Lewis,
P. Tribedy, Z. Xu, arXiv:2205.05685 (2022)

Photonuclear Events Are Selected With Rapidity Gaps

BeAGLE: W. Wang, et al PRD 106, 012007 (2022)



Rapidity asymmetry in photon-
nucleus collision

• Selection of photon+Au collisions from 
Au+Au at 54.4GeV ultra-peripheral 
collisions 

• Antiproton shows flat rapidity 
distribution 

• Proton shows the characteristic 
asymmetry increase toward nucleus side 

• Slope is closer to the slope of the beam 
energy dependence 

• PYTHIA shows much larger slope 

Nicole Lewis (BNL) for STAR, DIS2023
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STAR, arXiv:2408.15441



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 
=0.61

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

24

𝑝 = ~𝑒−𝛼𝐵𝑦

 𝛼𝐵  ~=0.5  

STAR, https://arxiv.org/pdf/2408.15441

STAR, arXiv:2408.15441



LHC provides unique opportunity on 
(hyperon) baryon junction study
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Very scarcely data (proton and hyperons) available 
in p+p collisions at all energies 

Very scarcely data on Omega available in A+A collisions 

Baryon production correlated with forward meson multiplicity
Original prediction by Kharzeev (no measurement so far)

Tommy Tsang, 
https://arxiv.org/pdf/2409.06492, PLB

https://arxiv.org/pdf/2409.06492


“Final-State” baryon 
junction in PYTHIA 8.x 
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Junction treatment (PYTHIA MANUAL 8.x)

A junction topology corresponds to an Y arrangement of 
strings i.e. where three string pieces have to be joined up 
in a junction. Such topologies can arise if several valence 
quarks are kicked out from a proton beam, or in baryon-
number-violating SUSY decays. Special attention is 
necessary to handle the region just around the junction, 
where the baryon number topologically is located. The 
junction fragmentation scheme is described in [Sjo03, 
2003]. The parameters in this section should not be 
touched except by experts.

Peter Skands, 2021

https://pythia.org/latest-manual/Bibliography.html


What do we know about +p (d) collisions

27W2  (GeV2)

EMC, ZPC 35 (1987) 433

6           10        14         18

Fig. 5a-d. Average multiplicities from the H2 (full circles) and the D2 

target (open circles) vs. W for backward protons a, backward 

antiprotons b. The histograms show the Lund model predictions (full 

line: H2 target, dashed line: D2 target, full line only where both are 

the same) 

the Lund model (JETSET62) predicts a higher yield of backward 

going protons from hydrogen than from deuterium, an effect which is 

less pronounced in the data. 

Diquark Lund model predicts a flavor dependence 
of backward proton production (20%) 
while data shows little-to-no dependence 

Total citations: 19



Simulation at present day
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Same kinematics as EMC, 
reproduce the simulation result 

Next, using EIC kinematics, 

Niseem Magdy (SBU), arXiv:2408.08713

Does proton transport 
independent of target flavor



EIC simulation of baryon vs charge transports
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Niseem Magdy (SBU)

Golden Channels Strawman

These channels are just a starting point, a way to initially focus activities within the 
group.  Additional ideas and efforts are welcome! 

CHANNEL PHYSICS DETECTOR II OPPORTUNITY

Diffractive dijet Wigner Distribution detection of forward scattered proton/nucleus + 
detection of low pT particles 

DVCS on nuclei Nuclear GPDs High resolution photon + detection of forward 
scattered proton/nucleus

Baryon/Charge Stopping Origin of Baryon # in QCD PID and detection for low pT pi/K/p

F2 at low x and Q2 Probes transition from partonic 
to color dipole regime

Maximize Q2 tagger down to 0.1 GeV and 
integrate into IR.

Coherent VM Production Nuclear shadowing and 
saturation

High resolution tracking for precision t 
reconstruction

Summary of the 1st workshop on 2nd EIC detector (05/15/23)
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Topology and entanglement in the 
baryon structure at small x

Adrien Florio1, David Frenklakh2 and Dmitri Kharzeev1,2,3

1Department of Physics, Brookhaven National Laboratory, Upton, New York 11973-5000, USA
2Center for Nuclear Theory, Department of Physics and Astronomy, Stony Brook University, Stony Brook, New York 11794-3800, USA

3Co-design Center for Quantum Advantage, Department of Physics and Astronomy, Stony Brook University, Stony Brook, New York 11794-3800, USA

Introduction: baryon junctions

It has been suggested [1] that baryon number is carried by a gluonic string junction. It ensures gauge invariance of the operator containing three quark fields at different points.

Gauge-invariant baryon operator:

(1+1)-dimensional QCD
Proposal: semi-inclusive ep-collision 

tagging a forward baryon

A schematic illustration of the baryon
 junction structure

QCD in (1+1) is similar to (3+1): confinement, chiral symmetry breaking and mass gap in meson 

and baryon spectrum and is exactly solvable in the large Nc  limit.

Bosonization → sine-Gordon model:

Baryon is represented by a topological  kink (see Figure 2).
Fig.1 Potential of the sine-Gordon field

Fig. 2 Sine-Gordon kink field profile

Baryon number is naturally topological charge.

Quantum state of a baryon is a particular coherent state [2]:

𝛼𝑘  are Fourier coefficients of the classical kink profile: 

where 𝑎𝑘
†  create soliton constituents, not free quanta. 

Compute the entanglement entropy:

Reduced density matrix after tracing over the topological degrees of freedom:

Bibliography

[1] D. Kharzeev, Phys. Lett. B 378, 238 (1996)

[2] A. Florio, D. Frenklakh, D. Kharzeev, Phys.Rev.D 106 (2022)

[3] G.C. Rossi, G. Veneziano Nucl.Phys.B 123 (1977)

A mature idea: junctions should lead to baryon stopping at heavy ion  collisions [1].

Has been tested several times including by STAR with isobars recently: see e.g. the talk by C.Y. Tsang 

If a string breaks, the baryon is restored around the junction. Does the junction carry the baryon number?

leading to a natural decomposition of the coherent state into topology and “energy”:

A new idea: can we study junctions in ep-collisions? Yes!

• Tag a baryon in the virtual 
photon fragmentation region. 

• Junction goes forward along with 
2, 1 or 0 valence quarks (as 
shown on Fig. 4a-6a).

• The rest of the valence quarks 
break away from the junction 
producing unobserved mesons.

• The asymptotic s-dependence of 
the cross-sections estimated 
using optical theorem and Regge 
theory:

 where 𝛼(0)  is the intercept of 
the state exchanged in the t-

 channel of squared diagram.

• For the states 𝑀4
𝐽
, 𝑀2

𝐽
, 𝑀0

𝐽
 

(shown on Fig. 4b-6b) the 
intercepts are estimated as [3]:

 for k=0, 1, 2. 𝛼𝐵(0)  and  𝛼𝑅(0)  
are the baryon and reggeon 
intercepts respectively.

• 𝑀0
𝐽
 has the largest intercept so 

the corresponding process 
dominates at large s.

• Rapidity dependence estimated 
(see Fig. 7)

Fig. 4a The junction and two valence 
quarks  in the forward direction. One 

string breaks  producing unobserved X.

Fig. 6a Only the junction without valence 
quarks  in the forward direction. Three 
strings break producing unobserved X.

• Flavor-independent forward baryon production rate 
since no valence quarks remain with the junction

• Large flavor-independent meson multiplicity

• Characteristic rapidity dependence (see Figure 7),  
decreasing in the forward direction slower than 
naively expected

Conclusion

• We find entanglement between topological 
degrees of freedom (carrying the baryon 
number) and the rest of the baryon 
wavefunction.

•  Entanglement is strongly enhanced at 
small momentum (fraction).

Fig. 3 Entanglement entropy as a function of 
momentum. Most entanglement is concentrated

near zero momentum which corresponds to small x.

Fig. 4b 𝑀4
𝐽
 state exchanged

in the t-channel of squared 
amplitude of Fig. 4a. 

Fig. 5a The junction and one valence 
quark  in the forward direction. Two 

strings break  producing unobserved X.

Fig. 5b 𝑀2
𝐽
 state exchanged

in the t-channel of squared 
amplitude of Fig. 5a. 

Fig. 6b 𝑀0
𝐽
 state exchanged

in the t-channel of squared 
amplitude of Fig. 6a. 

Estimate the asymptotic behavior at small and large k analytically;
the rest can be computed numerically. Results are shown on Fig. 3

Fig. 7 Differential cross-section as a 
function of produced baryon COM 

rapidity 𝑦∗. Solid blue line: leading 𝑀0
𝐽
 

exchange. Dashed red: subleading 
exchange or a naïve expectation with 

baryon exchange.

EIC

Similar to +Au collisions?

Phys.Lett.B 853 (2024) 138680



Conclusions and Perspectives
• Baryon number is a strictly conserved 

quantum number, 
keeps the Universe as is

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

• RHIC Beam Energy Scans provide unique 
opportunity in studying baryon number 
transport over large unit of rapidity 

• RHIC Isobar collisions provide unique 
opportunity in studying charge and baryon 
transport 

• Experimental verification of the simplest 
QCD topology

• Baryon junction is a non-perturbative object 
• Need small Q2, large rapidity coverage and 

low-momentum hadron particle 
identification

𝑄2 ≤ 1 𝐺𝑒𝑉2

 
          /k/p PID 𝑝𝑡 ≥ ~100 𝑀𝑒𝑉 

• Isobar collisions to measure charge transport 
(quark transports), 
               Zr/Ru; 7Li/7Be

• EIC can measure the baryon junction 
distribution function

• Explore other signatures at EIC/LHC

31



32

the simplest QCD topology
B=1



Solenoidal Tracker at RHIC

Artistic rusty representation of past and present Crystal Ball prediction of future (literately)

Still an indispensable discovery detector
Exciting time with all the new facilities!

33



Baryon Conservation in QCD
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Dima Kharzeev (SBU) at STAR Collaboration meeting, 10/17/2023



Baryon Junction reduces directed flow

35

19.6 GeV

Dot-dashed: w/o plateau

DIRECTED FLOW OF BARYONS AT 19.6 GEV 11

lambdaproton

Initial distributions in reaction plane for 10-40% 

Au+Au@19.6 GeV

▸ Initial baryon distribution: central plateau + tilted peaks 

▸ Transverse expansion + asymmetric distribution of baryon density along x  double sign 

change in the slope of  for baryons at 19.6 GeV, and positive slope at 7.7 GeVv1(y)

L.P. Du, et al., arXiv:2211.6408;
Du, RHIC/AGS June, INT 20r-1c, August 2023
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QM2023, PRL
Phys.Rev.Lett. 133 (2024) 18, 182301

The iEBE-MUSIC framework
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1. Quark PDF -> baryon distribution 
2. Scattering of quarks through saturated gluons 
3. Baryon vs charge slopes

arXiv:2409.06788
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Miklos Gyulassy
Prepared in 08/18/2022 



What do we know about pp collisions?

39

ALICE, PRL105 (2010)

𝑟𝑒𝑑 𝑐𝑢𝑟𝑣𝑒 𝑐𝑜𝑛𝑠𝑖𝑠𝑡𝑒𝑛𝑡 𝑤𝑖𝑡ℎ 𝛼𝐵 =0.61 

HERWIG and PYTHIA 6:  𝛼𝐵 ~=1.6-2.5
Negative (pbar>p) at LHC energy 

Rongrong Ma (BNL)

“These results are consistent with standard models of 
baryon-number transport and set tight limits on any 
additional contributions to baryon-number transfer over very 
large rapidity intervals in pp collisions.”
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