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What is a baryon?

RPN

The quark model.

Baryons in QCD

V=WV spin,flavor v space

—

SU(3).

Gauge invariance
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Color singlet

The baryon number has to be associated
with the unique totally antisymmetric color-singlet
three-quark state!
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What is a baryon junction?

Pr. Nambu's Clear string formulation
Christmas card (Wilson lines)
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What is a baryon junction?

String junction

> ! q

q9 = q(a(flio)

Clear string formulation
(Wilson lines)

Pr. Nambu's
Christmas card
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3. A POSSIBLE DEFINITION OF DUAL BARYONS IN QCp

In order to find a definition of dual baryons in QCD which is not of the
1/Nc expansion type, we consider the two alternative definitions, b and ¢,

of dual mesons in QCD, discussed in Sectiom 2.1.

Definition b suggests that we look at gauge invariant operators with non-

zero baryon numbers. The simplest one is, in SU(NC)

O‘iw--q (P(x,x,), 'P(,,xz)_‘_,,) P %) ) -
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where G(P(x,y)) is given in Eq. (2.3b).



https://inspirehep.net/literature/119046

Does the baryon junction exists?

B — B interactions? (in dual QCD)

G. C. Rossi and G. Veneziano, Nucl. Phys. B 123 (1977) 507-545.
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Does the baryon junction exists?

B — B interactions? (in dual QCD)

No annihilation q |

t channel
mesonic Reggeon
S —

G. C. Rossi and G. Veneziano, Nucl. Phys. B 123 (1977) 507-545.
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Does the baryon junction exists?

B — B interactions? (in dual QCD)

No annihilation q |

t channel
mesonic Reggeon
S —
S Channel. g

ExoticqqQqQq exchange

G. C. Rossi and G. Veneziano, Nucl. Phys. B 123 (1977) 507-545.

Gregoire Pihan CPOD 2026 5/26


https://inspirehep.net/literature/119046

Does the baryon junction exists?

B — B interactions? (in dual QCD)

t
No annihilation q 1/3 | 1/3 q Annihilation?
qysS~—__ ;3 4q
t channel q3 13 q  Whereisthe B = 0 object?

mesonic Reggeon

S Channel:

ExoticqqQqQq exchange

G. C. Rossi and G. Veneziano, Nucl. Phys. B 123 (1977) 507-545.
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Does the baryon junction exists?

B — B interactions? (in dual QCD)

No annihilation

B I £ i oo = o mian o s sies st e = B
No annihilation Annihilation?
t channel 5 B Where is the B = 0 object?
. T
mesonic Reggeon -
annihilation

S Channel:

ExoticqqQqQq exchange

4

: [B
: i B

G. C. Rossi and G. Veneziano, Nucl. Phys. B 123 (1977) 507-545.
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Does the baryon junction exists?

B — B interactions? (in dual QCD)

No annihilation

B I £ i oo = o mian o s sies st e = B
No annihilation Annihilation?
t channel. B=—/——. .. . . ... B Where is the B = 0 object?
; ~— ——
mesonic Reggeon
annihilation - |
S Channel: B Natural in the
' junction picturel!
ExoticqqQqQq exchange
: —
— . —
tibaryon o
Now full bary-on . Jbar in G. C. Rossi and G. Veneziano, Nucl. Phys. B 123 (1977) 507-545.
exchange * hidden .

the s channel
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Does the baryon junction exists?

The junction is now part of interaction
channels in hadronic interactions!

/\

Flavor flow Baryon flow
(u,d, s) (B)
Mesonic Reggeon Pomeron Junction
ag(t ap(t) o (1)
do ., ¢ 2a(0)-1)

t Square momentum transfer dt

s >> |t
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Does the baryon junction exists?

The junction is now part of interaction
channels in hadronic interactions!

/\

Flavor flow Baryon flow

Experimental evidence for the
baryon number flavor separation

M¢

Existence of the junction! L

- /

do 2(a(0)—1)

t f dt ~ S
Square momentum transfer
s >> |t
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Does the baryon junction exists?

Energy dependence => Rapidity dependence!

Ybeam "~ lIl( \/E ) ”’ Pr. Dima I/(hzeeV

ﬁ X s(aA+aB_2)/2 e(OZB—OéA)’y

A B=R,P,J
The Regge intercepts are connected
to the baryon stopping in pp and AA colisions!

D. Kharzeev Phys.| ett.B 378 (1096) 238-246
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Baryon stopping

NA49 Baryon Stopping and Charged Particle Distributions in Central 1999

Pb+Pb Collisions at 158 GeV per Nucleon

>  Estimated net baryon >
Y 2 100 [ calculated net baryons
o

>  Stopping measurement 30 % |
- s

> Pb+Pb and S+S 60 — 5 m ‘e ’F
T o .y

> System size dependence 40 © *
. * scaled S+S, central 3%

0 | | I |
More interaction 3 ) -1 0 1 2 3

Yem
NA49 Collaboration, Phys. Rev. Lett. 82, 2471

More stopping?

Gregoire Pihan CPOD 2026 8/26


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.82.2471

Baryon stopping

SRARMS Rapidity dependence of antiproton to proton ratios in Au+Au 2001

collisions at v sNN = 130 GeV
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BRAHMS Collaboration, Phys. Rev. Lett. 87, 112305
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Baryon stopping

BRAHMS 200
Nuclear Stopping in Au+Au Collisions at ¥ sNN = 200 GeV 4

30 — ) B
Tew L+
> Top RHIC energy: o 0L ) » i}
Expected large transparency ; = D5 i .
5 | " -
10— o {“}_i}
- Op-bar 5
> Excess proton stopping at midrapidty - enet-p )
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Yem

BRAHMS Collaboration Phys. Rev. Lett. 93, 102301

Gregoire Pihan CPOD 2026 10/26


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.93.102301

Baryon stopping

BRAHMS 200
Nuclear Stopping in Au+Au Collisions at ¥ sNN = 62.4 GeV 0

LA
313
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BRAMHS Collaboration, Phys.l ett.B 677 (2009) 267-271
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Baryon stopping

STAR Search for baryon junctions in photonuclear

. . 2024
processes and isobar collisions at RHIC
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STAR Collaboration, Eur.Phys.J.C 84 (2024) 6. 590

Gregoire Pihan CPOD 2026 12/26


https://arxiv.org/pdf/2205.05685

Baryon stopping

Search for baryon junctions in photonuclear 2024

STAR . -
processes and isobar collisions at RHIC

. . 4 F Au+Au VSNN = 7.7-200 GeV p+p ; 3 Y*+p
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STAR Collaboration, Eur.Phys.J.C 84 (2024) 6, 590
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Baryon stopping

Search for baryon junctions in photonuclear 2024

STAR . -
processes and isobar collisions at RHIC

. . 4 F Au+Au Vsyy = 7.7-200 GeV p+p AR )
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STAR Collaboration, Eur.Phys.J.C 84 (2024) 6, 590
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Baryon stopping

STAR Search for baryon junctions in photonuclear

2024
processes and isobar collisions at RHIC

The baryon stopping is well understood..

But, we cant really say if it follows the flavor
flow or the junction flow!
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Baryon stopping

STAR Search for baryon junctions in photonuclear
processes and isobar collisions at RHIC

2024

The baryon stopping is well understood..

But, we cant really say if it follows the flavor
flow or the junction flow!

What if..

we measure the baryon stopping
relative

to the electric charge stopping? Dr Daniel Brandenburg
Pr. Zhangbu Xu

Dr. Nicole Lewis

The electric charge is attached to the flavor flow!
(No three photon vertex = no “electric charge junction”)
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Baryon stopping: the STAR measurement

Search for baryon junctions in photonuclear

STAR . . 202
processes and isobar collisions at RHIC 4
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Isobar Runs: Ru 7r ool Veww =200 GeV, |y| <0.5 -
44 40 .@ d
RuZ " B -
rRUZr — B/AQ x AZ/A g E

(B)/AQ x AZ[A

10 T e T !
B = (BRu + BZr) o5
AQ = QRu — QZr
0.0 : : : .
o oo oo oo oo oo
Flavor flow Baryon flow I e T
@0
RUZI' Centrality
rRuzr Y ]. r # ]' STAR collaboration
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https://arxiv.org/pdf/2408.15441

Baryon stopping: the STAR measurement

Search for baryon junctions in photonuclear

STAR . o 2024
processes and isobar collisions at RHIC
STAR Ru+Ru, Zr+Zr
2.0} vSwn =200 GeV, |y| < 0.5 -
-
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STAR collaboration
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Baryon stopping: the STAR measurement

STAR

> Trento and UrQMD: below the data

> p+p Herwig / Pythia: CR ~ 1

Search for baryon junctions in photonuclear

. o 2024
processes and isobar collisions at RHIC
STAR Ru+Ru, Zr+Zr
2.0F VSnN = 200 GeV, |y| <0.5 —
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Baryon stopping: the STAR measurement

STAR

> Trento and UrQMD: below the data
> p+p Herwig / Pythia: CR ~ 1

> AMPT: strangeness drives the ratio

Search for baryon junctions in photonuclear

. .o 2024
processes and isobar collisions at RHIC
STAR Ru+Ru, Zr+Zr
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Baryon stopping: the STAR measurement

Search for baryon junctions in photonuclear

STAR processes and isobar collisions at RHIC

2024

STAR Ru+Ru, Zr+Zr
20F VSNN = 200 GeV, Iyl <0.5 —
> Trento and UrQMD: below the data 'g E.
15t — .E. -
> p+p Herwig / Pythia: CR ~ 1 S E: =)
x —_l
o I
. . < 1.0 3
> AMPT: strangeness drives the ratio =
. | 8
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AB — 0.2 AQ — 0.2 STAR collaboration

GP_A. Monnai, B. Schenke, C. Shen, Phys.Rev.Lett. 133 (2024) 18, 182301
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Baryon stopping: the STAR measurement

Search for baryon junctions in photonuclear

STAR processes and isobar collisions at RHIC

2024

STAR Ru+Ru, Zr+Zr
20 VSwn =200 GeV, |y| <0.5 -
> Trento and UrQMD: below the data E' E}
15} _ E. -
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> AMPT. strangeness drives the ratio % El
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AB — 0.2 AQ — O STAR collaboration

GP_A. Monnai, B. Schenke, C. Shen, Phys.Rev.Lett. 133 (2024) 18, 182301
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Baryon stopping: the STAR measurement

Search for baryon junctions in photonuclear

STAR : . 2024
processes and isobar collisions at RHIC
STAR Ru+Ru, Zr+Zr
20} VSnN = 200 GeV, |y| <0.5 —
Extraction of the baryon stopping (=) E,
J 15} = ﬁ. -
Thermal-FIST 3 .
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b'e X § 1.0 3
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X 8
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STAR collaboration
GP. V. Vovchenko, arxiv:2602.04079
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Baryon stopping: Photo-nuclear processes

Search for baryon junctions in photonuclear

STAR . . 2024
processes and isobar collisions at RHIC

> The cleaner signal for baryon stoppin COTAD Dyomfiaim b T T
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Beyond the STAR measurement: universality

> No centrality dependence

Universality of the baryon
junction effects!

Flavor system

Gregoire Pihan
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Beyond the STAR measurement: universality - flavor independence

Beam energy dependence of net-hyperon yield

=IAR and its implication on baryon transport mechanism

2024
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T.C. Yuen and M. Rongrong. P. Tribedy Z. Xu Phys.| ett.B 860 (2025) 139205
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Beyond the STAR measurement: universality - flavor independence

Beam energy dependence of net-hyperon yield

STAR IR . 2024
and its implication on baryon transport mechanism
1.50
q Au+Au data
S 1.25F
) :
Q i
O 1.00 | | - i
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. . © 0.75 | I + * * *(
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Beyond the STAR measurement: universality - flavor independence?

Possibility at the EIC?

e+p e+ A

Dominant contribution Gamma-junction

Increase of strange baryon production in DIS in the photon
fragmentation region

Rapidity dependence of the baryon production in the photon
direction
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https://indico.cern.ch/event/1139644/contributions/5490519/attachments/2707527/4700731/QM4.pdf

Beyond the STAR measurement: universality - system independence?

Possibility at LHC? Wi
Thermal-FIST 16 =
NG _ Phac(©)
n VB U"S;_
v = 1.61 4 0.06 i

Can we extract this value for other systems? - ]

I —— Huetal

New lons @LHC Run 4 initiative odez [ —— PREXH ]
em o ey ey
? m RA p-6 :
New lons” cee T\?J\; fd(% /15 A‘.BOPM 0 20 égmmhty (%?o 80

Second injector @ LHC? ' GP. V. Vovchenko, arxivi2602.04079
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https://arxiv.org/pdf/2602.04079

Connection to net-baryon number fluctuations

Au+Au ./SNN — 27 GeV
T I T T | | | T T I T

—'— MUSIC + Thum tl Flbt + AftthUIIILI :
—+— MUSIC + Thermal Fist + Decays ]

PP 0.003 - —
épap Cll i
]. 1 <Np><Np> 0.002 -
220.001
Compatible with constant before
afterburner (annihilations) 0.000 [
, —0.001 F
Strong suppression of the long range [

correlation for short range correlation due I ]
to annihilations 000 025 050 075 100 125 150 175 2.00

Rapidity cut ypmax
J. Parra, GP, V. Koch, V. Vovchenko in prep
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> B-Bbar production from the junction Ste o o o f 0 5 " 4
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> Long range correlations
[ C/C. ]
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> Impact on the protons cumulants? i ? %
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Connection to net-baryon number fluctuations

Adapted from B. Mohanty., 1st Workshop on Baryon Dynamics from RHIC to EIC
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https://indico.cfnssbu.physics.sunysb.edu/event/113/contributions/742/attachments/155/225/Baryon-Fluctuations-CFNS-Jan-2024-Bedanga.pdf

Conclusion

> The baryon junction is essential to construct baryons

> The baryon junction allows to understand B-Bbar interactions
in @ much more intuitive way

> |t can be connected to the baryon stopping in p+p and A+A
collisions

> Clear sign of extra baryon stopping at STAR - junction?

> New potential observables - universality of the junction

> Impact on the proton fluctuations?
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