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What carries the baryon number

2

X. Artru, Nucl. Phys. B 85, 442–460 (1975), G.C. Rossi and G. 
Veneziano, Nucl. Phys.B123(1977) 507; Phys. Rep.63(1980) 149

Kharzeev, Phys. Lett. B, 378 (1996) 238-246

Baryon number may flow with the flow of the 
Y-shaped string junction (QCD topology)

https://en.wikipedia.org/wiki/Proton

https://en.wikipedia.org/wiki/Baryon


Baryon number is a strictly conserved 
quantum number & assumed to be carried by 
the valence quarks each carrying 1/3

Goldberg and Y. Ne’eman, Nuovo Cimento 27 (1963) 1

Gell-Mann, Zweig, 1964, SLAC 1970

Review: hep-ph/9301246

1963-70 1975-

No experiment has established either scenario

https://en.wikipedia.org/wiki/Proton
https://en.wikipedia.org/wiki/Baryon
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Electric charge of Quarks

3

Quarks carry electric charge and 
three color, however no 
experiment has established if it 
carries baryon number
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Puzzles with the Baryon number of quarks

4

Kharzeev, Phys. Lett. 
B, 378 (1996) 238-246

 y=0 (Ycm)

 Ybeam

-Ybeam

If baryon number flows with valence quarks, then they should end up 
near beam rapidity Ybeam and not near y=0 or Ycm

✓

✓

✘

Should be hereNot much here
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Kharzeev, Phys. Lett. B, 378 
(1996) 238-246

Time available Time required

Transverse planeLongitudinal direction

Available time too short for valence quark stopping at y~0

t

z

-Ybeam  Ybeam

 y =0 (Ycm)

✓✓
✘

Soft parton

Valence quarks

Space-Time 

Puzzles with the Baryon number of quarks



P. Tribedy, CFNS eA workshop, July 2023

G.C. Rossi and G. Veneziano, Nucl. 
Phys.B123(1977) 507; Phys. 
Rep.63(1980) 149

Kharzeev, Phys. Lett. B, 378 (1996) 
238-246

6

1
1/3 1/3

1/3

Baryon number flows with 
the valence quarks

Baryon number flows 
with the junction

String-junction made of gluons
Non-perturbative configuration of 

gluons 

carry

Alternative carrier of baryon numbers
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Junction is made of infinite low-x gluons so 
they have enough time to be stopped

Pulling a quark stops a meson 
not a baryon, you have to stop 
the junction to stop a baryon

Arguments for a junction as a baryon number carrier
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How a baryon junction can be stopped? Kharzeev, Phys. Lett. B, 378 (1996) 238-246

A string-junction from a projectile can be stopped by the soft parton field of the target and vice versa 


fig: Navarra
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How to experimentally test this ?

9
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Three different approaches to search for baryon junctions  
Brandenburg, Lewis, Tribedy, Xu, arXiv:2205.05685

1. Artru Method: In γ+Au collision, rapidity asymmetry
can reveal the origin

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

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

see talk by Zhangbu Xu,1st 
workshop on the 2nd EIC 
detector
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Artru Method: In γ+Au collision

11
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Artru Method: rapidity asymmetry in γ+p/A

Photon is a baryon-free projectile, baryon distribution 
in γ+p/A —> cleanest way to identify baryon carrier

This can be studied with HERA data, 
Photonuclear collisions at RHIC and at the EIC 
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Measurements from the HERA data

C. Adloff et al. (H1 Collaboration), ICHEP 1998 

https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.34.469&rep=rep1&type=pdf

Baryon-Anti-baryon asymmetry in e+p photoproduction at HERA  

What do the existing HERA data tells us about 
carriers of the baryon number ? 

AB = 2
Np � Np̄

Np + Np̄

B.Z. Kopeliovich, B. Povh, Phys.Lett. B446 (1999) 321-325

B.Z. Kopeliovich, Z.Phys.C75:693-699,1997

H1 Collaboration, Eur. Phys. J. C61:185-205,2009
Lambda - anti-Lambda asymmetry

Early theory paper invoke gluonic mechanism

https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.34.469&rep=rep1&type=pdf
https://arxiv.org/search/hep-ex?searchtype=author&query=H1+Collaboration
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Photon-induced processes before EIC era

J/�

J/��0�

P

�

�

e+

e�

+π

-π

Au

Au
Au

Au
+e

-e
Ultra-peripheral heavy ion collisions can be used to trigger γ-γ or γ+Au collisions

Breit-Wheeler Photonuclear
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Search for non-zero net-baryon in photon-ion collisions near central-rapidity

Measurements in ultra-peripheral collisions from STAR

✓

✘

✓
✓
✘

Triggering photonuclear processes 
with STAR detector

Eγ < 2 GeV
Q ~ 0

xQ ~ 1/3
xQ P ~ 10 GeV 

Q ~ 0
Eγ < 2 GeV

EN = 27 GeV

Eγ < 2 GeV
Q ~ 0

x ≪ 1/3
xJP≪10 GeV 
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Nearly vanishing net-proton density near y ~0, sharp falling distribution with y

PYTHIA simulation by mimicking RHIC photonuclear collisions

PYTHIA 6: Quark carries baryon
PYTHIA 8: Quark + mimic string-junction
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Non-zero net-proton & rapidity 
asymmetry seen in data

Measurements in ultra-peripheral collisions (UPC) from STAR
PYTHIA simulation in UPC the kinematics

PYTHIA 6: Quark carries baryon
PYTHIA 8: Quark + mimic string-junction
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Kharzeev-STAR Method: Characteristic rapidity slope

18
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Kharzeev, Phys. Lett. B, 378 (1996) 238-246Predictions from Regge Theory

� � e0.16 Ybeam �
�
e�0.58(y+Ybeam) + e0.58(y�Ybeam)

�

Junction stops another junction Junction stopped by Pomeron

Ba
ry

on
  y

ie
ld Target proton

Projectile proton

Rapidity

y=0

Ybeam-Ybeam

� � e±Ybeam

Regge theory predicts a weaker rapidity 
dependence than quark models

Total

Baryon junction: 

PYTHIA 6 (Quarks): � � e2.5(y�Ybeam)

0.42 � �B � 1
<latexit sha1_base64="tlK7eCwI1ggEA4qLFzCQs+t04cU=">AAACCHicjVDLSgMxFM3UV62vUZcuDBahLlpmBB/LUjcuK9iHdMYhk2ba0CQzJBmhDLN046+4caGIWz/BnX9jWrtQUfDAhcM5997knjBhVGnHebcKc/MLi0vF5dLK6tr6hr251VZxKjFp4ZjFshsiRRgVpKWpZqSbSIJ4yEgnHJ1N/M4NkYrG4lKPE+JzNBA0ohhpIwX2LiTXWdVDLBmioAEr4+pVkHmSw9AsyQ/ywC67NWcK+Dcpgxmagf3m9WOcciI0Zkipnusk2s+Q1BQzkpe8VJEE4REakJ6hAnGi/Gx6SA73jdKHUSxNCQ2n6teJDHGlxjw0nRzpofrpTcTfvF6qo1M/oyJJNRH486EoZVDHcJIK7FNJsGZjQxCW1PwV4iGSCGuTXel/IbQPa+5x7ejCKdcbsziKYAfsgQpwwQmog3PQBC2AwS24B4/gybqzHqxn6+WztWDNZrbBN1ivH/KBmKw=</latexit>

e��B(y�Ybeam)
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2

Npart

dNp�p̄

dy

����
A+A

= NB e��B(Ybeam�Ycm)

Fit to global data on central A+A:

NB = 1.1 ± 0.1, �B = 0.61 ± 0.03

Brandenburg, Lewis, Tribedy, Xu, arXiv:2205.05685 
Henry Klest (SBU) HERA data

0.42 � �B � 1

Midrapidity baryon density slope is consistent with baryon junction prediction

Predictions form Regge theory & 
baryon junction picture:

Rapidity distribution of baryon production: 
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The rapidity distribution of stopping does not change with packing density

Midrapidity baryon production: Global data

No slope to change if stopping 
expected from multiple scattering 
of quarks in more central collisionsMimicking baryon-junction explains the data


C. Shen and B. Schenke, Phys. Rev. C,105 (2022), 064905
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STAR Method: Charge (Q) stopping vs baryon (B)

22
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Charge vs. baryon transport in A+A collisions

Scenario 1: Valence quarks carry electric charge & baryon number A=Mass number   = Baryon number 
Z=Atomic number = Electric charge

Scenario 2: Valence quarks carry electric charge & junctions cary baryon number

Charge stopping               Baryon stopping×− Z
A

<

Charge stopping               Baryon stopping×− Z
A≃

Check if charge stopping follows baryon stopping

Brandenburg, Lewis,Tribedy, Xu, arXiv:2205.05685

23
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Challenges in measuring electric charge stopping

Q = (N�+ + NK+ + Np) � (N�� + NK� + Np̄)

Baryon stopping through net-baryon measurements at mid-rapidity: 

B = (Np � Np̄) + (Nn � Nn̄)

Charge stopping through net-charge measurements at mid-rapidity: 

Precision measurement is difficult
Challenges with charge stopping measurements: 
• Charge stopping is 250% smaller than baryon stopping (A/Z~2.5) 
• Interaction cross section is different for particles & anti-particles
• Isospin conservation complicates net-charge measurements as 

larger neutron access in colliding ions makes 

STAR collaboration, arXiv: 0808.2041

Jeon et al. nucl-th/9806047, Wong, 
hep-ph/0002188, Stankus, AIP Conf. 
Proc. 842, 156–158 (2006), Park, 
Wiedemann,arXiv:2107.05129

Controlling systematics in net-charge measurement is difficult

24
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Precision measurements in isobar collisions

Zirconium: 

A=96 (Total baryon)

Z=40 (Total charge)

Ruthenium: 

A=96 (Total baryon)

Z=44 (Total charge)

�Q � �Z

A
� BGoal is to test: 

Isobar collisions is the best possible control on systematics
25

ZrZr

RuRu

ZrZr

RuRu

ZrZr

R2� =
(N�+/N��)Ru

(N�+/N��)Zr

�Q = N�

�
(R2� � 1) +

NK

N�
(R2K � 1) +

Np

N�
(R2p � 1)

�
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Precision measurements in isobar collisions

Not compatible with same carrier of electric charge and baryon is not 
26

First measurements of 
electric charge stopping 
using isobar collisions

Data: More baryon 
transported to central 
rapidity 
than electric charge 

Quark Models: equal or 
less baryon compared to 
electric charge
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Three different approaches to search for baryon junctions  

1. Artru Method: In γ+Au collision, rapidity asymmetry
can reveal the origin

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

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

At EIC we can combine all the approaches into one
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Measurements at the EIC

28
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Brandenburg, Lewis,Tribedy, Xu, arXiv:2205.05685

29

Junction as baryon carrier: 
PYTHIA (Quark as baryon carrier): 

� � e0.58(y�Ybeam)

� e2.14(y�Ybeam)

Lessons from RHIC photonuclear events

Expect low yield for baryons

Need low momentum PID

Scan the low Q2

Need scan of x-Q2

Need data-driven baseline

Measure net-baryon and net-charge with rapidity

STAR
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Niseem Magdy (SBU) et al.

30

Towards the first simulation at the EIC

Measure net-baryon and net-charge with rapidity

Zre
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Other approaches: backward vector meson production Zachary Sweger
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Roberto Preghenella, DIS 2023

32

Detector capabilities

PID with ePIC at the EIC provides the ideal opportunity, low-Q2 capability at Det-2 
also provides unique opportunities

Precision low-momentum particle identification necessary
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What carries the baryon number and how it is stopped 
is of fundamental interest

Summary

33

Search for Baryon junction as a carrier at EIC: potential discovery of a non-
perturbative unique QCD topology
Kinematics & detectors: small Q2 and low-momentum hadron PID   
Collider: Isobar collisions to a measure of charge transport

Three methods to search for baryon junctions are based on rapidity asymmetry, Regge 
scaling, and charge-baryon correlation have been explored so far


