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CAI'TY o2 verb erriam

carry ( 'ker-éwy)) 'ka-ré Webster

carried; carrying; carries Est. 1828

Synonyms of carry >

transitive verb

1 :to move while supporting : TRANSPORT

| her legs refused to carry her further
- Ellen Glasgow

6 :to transfer from one place (such as a column) to another
carry a number in adding



UP QUAR
B=1/3
Color: Red

TOPOLOGY
The junction is a
topological object

™ JUNCTION

Invariant under smooth
deformations of the
gluonic field

THE BARYON JUNCTION

A TOPOLOGICAL CONNECTOR OF BARYON NUMBER

JUNCTION

Carries baryon number

DOWN QUARK

B=1/3

Color: Green

PHYSICAL PICTURE

The baryon junction acts as a
conveyor of baryon number
through gluonic fields.

Baryon number flows
along the color flux
to the quarks.
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Decisive result on the nature of baryon number in QCD:

Tracking the baryon number with nuclear collisions

Short Title: Do quarks or gluons carry baryon number?

arXiv:2408.15441;
Science, to appear

The STAR Collaboration




Based on:

DK, “Can gluons trace baryon number?” Phys. Lett. B 378 (1996) 238
D. Frenklakh, DK, G. Rossi, G. Veneziano
“Baryon-number — flavor separation in topological expansion of QCD”

arXiv:2405.04569, JHEP 07 (2024) 262

D. Frenklakh, DK, W. Li, Phys. Lett. B 853 (2024) 138680
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Baryon number
in the Standard
Model

Noether theorem:

For every symmetry
of the action there is a
conservation law

Baryon number conservation:
Uy(1) global symmetry

of QCD Lagrangian results
in conserved baryon current




Baryon number in the Standard Model

The conserved baryon current is local, J* ~ Z q_fﬁ’“(If
f

However, a baryon has a finite size, with the three quarks located
at different positions: q(x;) q(x,) q(xs)

NB: this is point-splitting

similar to the one that
reveals the chiral anomaly

This wave function is not gauge-invariant!



How to construct a gauge-invariant
wave function of a baryon?

G. Rossi, G. Veneziano 1977

Table 11a

Simplest mesons and baryons : colour structure and string picture

GAUGE INVARIANT OPERATOR
2 -j2 x2 b 2 Jl X9 Xy
M. =qq meson q (=) [l’ exp(ig A dx ) Qrix<) e ®
b4 2 i : i | -
X, 1, 7| q 4
M, = quarkless Tr [I’ exp(ig lf A dx“)]
meson u
3:dal x
£ R [P oxp(ig [ A dx“) qx )] X X2
1 | [5# F
B b =) i % :
3 = 499 baryon e Y x
x : X i
[P exp(iu I A dx‘) q(x )] [l‘ cxp(ig J A dx ) q(x )]
| 2° J. =, 3" 1, G & X,
2 12 3 14




Baryon junction

The gauge-invariant baryon wave function must possess
the baryon junction that at strong coupling becomes
a new constituent of the baryon:

U (C(®1,T)) = .Pexp (ig /C( Au(:v)dxﬂ>

BB

M gy t“AZ

B(C1,Ca,C3) = €% [U(Ci(w, 21))q(x1)); [U(Ca(w, x2))g(22)); [U(Ca(w, 23))q(3)];



Baryon junctions

H. Suganuma, H. Ichie, T. Takahashi 2004
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Gluon field distribution in baryons Nuclear Physics B (Proc. Suppl.) 141 (2005) 22-25

F. Bissey?, F-G. Cao?®, A. Kitson?, B. G. Lasscock”, D. B. Leinweber?, A. I. Signal®, A. G. WilliamsP
and J. M. ZanottiP®



Baryon junctions

D. Leinweber
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Baryon-number — flavor separation
in high energy collisions

Physics Letters B 378 (1996) 238-246

J

Can gluons trace baryon number?

D. Kharzeev
Theory Division, CERN, CH-1211 Geneva, Switzerland
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Basing on the predicted junction intercept ~ 2, one expects
significant baryon-antibaryon asymmetry at RHIC and LHC energies.

Eur.Phys.J C73 (2013) 2496
What does experiment say? e 2019
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Fig. 16: (Colour online) Anti-baryon to baryon yields ratios as a function of beam rapidity for various bark®@ns
separately. The parametrisation with Eq. (4) (blue line) is shown. The red points show the ALICE measurements.
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B/B
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| Hijing/B
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Fig. 15: The mid-rapidity yields ratio integrated over |y| < 0.5 for p/p and |y| < 0.8 for A/A, =" /2 and Q /Q.
Squares, triangles and circles are for the data from pp at /s = 0.9, 2.76 and 7 TeV, respectively. The strangeness
content increases along the abscissa.
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STAR Collaboration, arXiv:2408.15441;

Isobar run at RHIC: .
Science, to appear

baryon number is stopped, but the electric charge is not!

Charge Stopping vs Baryon Stopping

STAR Preliminary e Data:
Isobar (Ru + Ru, Zr + Zr) B AL
VSnn =200 GeV, Iyl <0.5 —Neal

AQ " A

« This is consistent with baryon

junction prediction
« Junctions carry a much smaller
momentum fraction compared to
valence quarks
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STAR Collaboration, arXiv:2408.15441;
Science, to appear

Valence quark stopping

Target field

Target field

i i y=Y,
Rapiaty "

Figure 1: Baryon number carrier and transport mechanism. Left: illustration of two pos-
sible carriers of the baryon number (top: valence quarks; bottom: baryon junction). Right:
transport of baryon number in high-energy collisions from beam rapidity (y = Ypeam), 1f carried
by the valence quarks (top) or the baryon junction (bottom). Unstopped valence quarks (solid

black circles) can form mesons close to beam rapidity. Open circles represent produced quarks
and anti-quarks.



STAR Collaboration, arXiv:2408.15441;

Science, to appear

STAR Ru+Ru, Zr+Zr
vSnn = 200 GeV, |y| <0.5
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Figure 2: Baryon to charge transport ratio. The ratio of the mean net-baryon number ({B)) to

the net-charge difference between Ru+Ru and Zr+Zr collisions (AQ), scaled by AZ/A = 4/96,
] as a function of centrality. Red stars represent data with the boxes (vertical bars) around them ¢
the net-charge difference between Ru+Ru and Zr+Zr collisions (AQ), scaled by AZ/A = 4/96,
as a function of centrality. Red stars represent data with the boxes (vertical bars) around them



New precise data from RHIC and

'HC support the existence of the

0aryon junction.

Motivation to revisit the problem

of baryon stopping, and to derive

a more precise result for the
Intercept.

1st Workshop on Baryon Dynamics

Jan 22 — 24, 2024

CENS
. . Valence quarks carry
America/New_York timezone " pavon number




Baryon-number — flavor separation
from the topological expansion of QCD

D. Frenklakh, DK, G. Rossi, G. Veneziano, arXiv:2405.04569

<
B—— T B
B Three ingredients:
'3 Duality
B—— — B
2

Topological expansion

Feynman-Wilson gas



Duality

Construction of a Crossing-Simmetric, Regge-Behaved Amplitude
for Linearly Rising Trajectories.

G. VENEzIANO (*)
CERN - Geneva

(ricevuto il 29 Luglio 1968) .

GRAPHICAL FORM OF DUALITY*

Jonathan L. Rosnerf ~_t -
Physics Department, Tel-Aviv University, Ramat A e
(Received 3 February 1969) s-> <

FIG. 1. Connected graphs for four-point functions.
(a) Graph with an imaginary part at high s. () Graph
with no imaginary part at high s. (¢) Graph for baryon-
antibaryon scattering with an imaginary part at high s.




Planar duality

\‘,//’ W
/,_\
(a) /\
(b)
\L/

FIG. 1. Connected graphs for four-point functions.
(a) Graph with an imaginary part at high s. () Graph
with no imaginary part at high s. (¢) Graph for baryon-
antibaryon scattering with an imaginary part at high s.

In this note we show this to be so; adding dual-
ity to the usual Regge model suggests the follow-
ing simple rule for seeing many of these con-
straints: (1) Represent mesons by ¢ and bary-
ons by gqq. (2) Write all “connected” graphs as
in Fig. 1. (3) A given graph will then exhibit du-
ality among the channels in which it can be writ-
ten in “planar” form, i.e., without quark lines
crossing one another.




Ditficulty with baryons

\L/
>\—/<
RN

Consider Baryon-Antibaryon
scattering.

Two problems:
1. t-channel meson exchange
is dual to qggq exotic

s-channel states (tetra-quarks!)

2. ltis not clear when this diagram
describes baryon annihilation



Baryons junctions and duality

A POSSIBLE DESCRIPTION OF BARYON DYNAMICS IN DUAL AND GAUGE THEORIES

%)
G.C. Rossi

and 1977

. k%)
G. Veneziano

CERN - Geneva

No annihilation: Annihilation:
r
E;fTTﬁ§TT¥... - E; E;;i;i§
~t ——

(b) (a)



Baryons junctions and duality

G.Rossi, G. Veneziano 1977

Baryon annihilation diagrams:

ey =8 B, TB B 3= =5 B
(a) (b) (c)

q q q Glueball
with
3 a hidden
q 9 q ,  baryon
M, M. Mo number!



Baryons junctions and duality

The glueball with a
hidden baryon number
can also be produced

in the s-channel
(no annihilation):

G.Rossi, G. Veneziano 1977

—— — - — — — —— — — — — —
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Baryons junctions and duality

G.Rossi, G. Veneziano 1977

Estimated Regge trajectories:

a(M?) 4 I k h
IA
M3 q q q
M} M) M,

2+

1
/ 1 l | 1 L
/

/

Purely gluonic M,’ exchange dominates
at high energies!



Large N expansion

A PLANAR DIAGRAM THEORY FOR STRONG INTERACTIONS

G.’t HOOFT
CERN, Geneva

Received 21 December 1973

Abstract: A gauge theory with colour gauge group U(V) and quarks having a colour index running
from one to N is considered in the limit N — oo, gzN fixed. It is shown that only planar dia-
grams with the quarks at the edges dominate; the topological structure of the perturbation
series in 1/ is identical to that of the dual models, such that the number 1/N corresponds to
the dual coupling constant. For hadrons N is probably equal to three. A mathematical frame-
work is proposed to link these concepts of planar diagrams with the functional integrals of
Gervais, Sakita and Mandelstam for the dual string.



G. 't Hooft, Planar diagram theory

Planar
diagrams
dominate

Fig. 3. One of the leading diagrams for the four-point function.



Large N expansion

Fig. 4. Two diagrams of higher order in 1/N: (a) obtain a factor 1/V, (b) obtain a factor 1/N¥ 2,

as compared with the lowest-order graphs of the previous figure.

The diagrams with string breaking due to quark-antiquark
But in the real world, the strings always break!

pair production are suppressed in 1/N.



Large N expansion

A PLANAR DIAGRAM THEORY FOR STRONG INTERACTIONS

G.’t HOOFT
CERN, Geneva

Received 21 December 1973

- i L

As for baryons, the situation is even more complicated. The Han-Nambu theory
clearly suggests N = 3. In that case we can raise or lower indices in the following way:

VS VAT LLP VIESD U (7.1)

Taking p;, n; and A¥ as our elementary fermions we can again consider the N - oo
limit. The A quark will then sit in the middle of a string with p and/or n quarks at
its ends: we have a string with Z or A baryons! Similarly protons, neutrons and all
other baryons can be constructed.

It will be clear that in the case of baryons the 1/N expansion is extremely delicate.




Large N expansion

A hint towards the role of topology in baryon structure:
Baryon mass at large N is
Mp ~ N

but g2N is fixed, so 1
Mp ~ —

92

Baryon as a topological soliton?



Baryon as a soliton

A non-linear field theory

By T. H. R. SKYRME
Atomic Energy Research Establishment, Harwell

(Commumnicated by Sir Basil Schonland, F.R.S.— Received 5 September 1960)

Image:
G. Holzwarth,
B. Schwesinger 1986

Figure 2. Hedgehog configuration. Arrows indicate the directions of the isovector field ¢ at different points
in coordinate space.
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LARGE N EXPANSION IN DUAL MODELS )

G. Veneziano

CERN - Geneva
and
Weizmann Institute of Science,
Rehovot, Israel

Topological —_—
expansion

A "topological expansion,
recently proposed forunitarization
of planar dual models, is reformu—

lated as a 1/N  expansion. The

possible connection of this expan-
sion to those used for multiparticle
production at high energy is pointed

oute
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LARGE N EXPANSION IN DUAL MODELS )

Topological expansion

Ges Veneziano

CERN - Geneva
e 3
and

Weizmann Institute of Science,
Rehovot, Israel
e

ABSTRACT

5
98 Nc A "topological" expansion,

(a)

recently proposed forunitarization

of planar dual models, is reformu-—

lated as a 1/ expansion. The
possible connection of this expan-
sion to those used for multiparticle
8 5 Nf production at high energy is pointed

out

(c)

)Q gch fixed,
g NS (ﬁ.f.)z Rl Nf/NC fixed,

String breaking is allowed — duality, Regge theory, ... N C — OO



Feynman-Wilson gas

*
Some Experiments on Multiple Production

Kenneth G. Wilson

r
A
Laboratory of Nuclear Studies, Cornell University, L“"f‘ ——————————— E
Z —o= 300 MeV
Ithaca, New York 14850
e In(s/p, p5) -
, 4

10

scaling laws. The best way to introduce these scaling laws

is, I think, to use an analogy invented by Feynman.11 This

analogy links multiparticle production cross sections to the
multiparticle distribution functions of a classical gas, with
the total cross section becoming the partition function of a
gas. This analogy is very much on Feynman's ﬁind when he dis-

cusses his parton model of high energy collisions, although it

is not discussed in his papers.

11. R. P. Feynman, private communication.



Feynman-Wilson gas

(1+1)d gas

Volume
Particle’s coordinate
Short-range particle correlations

Partition function

Fugacity

High energy interactions

Total rapidity
Rapidity of the produced hadron
Short-range rapidity correlations

Generating function for cross sections

Parameter of the generating function



Short-range rapidity correlations —
“multiperipheral” mechanism of high energy interactions

Theory of High-Energy Scattering and Multiple Production. p P

D. AMATI and A. STANGHELLINI
CERN - Geneva

!
S. FuBINI O
Istituto di Fisica dell’ Universita - Torino q I K Iq -0

; 2 2 2
CERN - Geneva O
|
I

(ricevuto il 4 Luglio 1962) I

,_‘_,V’/-_-—‘—‘_\
( k _
Summary. — In this paper we propose a theoretical model for high- % 2 :q" A
energy interaction, the basic idea of which is that the high-energy pro-
cesses are reducible to the low-energy ones, through a peripheral mech-
anism. The asymptotic properties of this model are studied by means P p’
Irg. 3.



Feynman-Wilson gas

Generating functional of exclusive cross sections is given by:

Sla(z)] =) / H(dsz(xj))glt do(a :zrx?;f’zxn )

X; are “coordinates of the final-state particles (rapidity, p, ...)

Exclusive differential cross sections can be obtained by taking
partial functional derivatives at z=0.

41



Feynman-Wilson gas

m-particle inclusive cross sections

. 9 xm):izda(aqtb—)xl,ﬁ...xm%—)()
o dzldz? ...dz™
are obtained by m-order partial derivatives at z(x})=1.

Now we can use the cluster decomposition to express these inclusive
cross sections in terms of connected correlators defined through (at z(x)=1):

log 3|z Z /H [da? (2(27) — D]em(zt, 2% ... 2™) = plz(z)]V

TI ]
PV

“grand canonical partition function” log 3 = k_T “press4L21re”
B



Feynman-Wilson gas:
planar bootstrap and Regge theory

At high energies, hadron cross sections are described by Regge theory:

OO0 NOO/ Tir
z&>©@gwm>©@<w HP
00 ¢| OO\, __Jil

2

b b

The energy dependence of cross sections is determined by the Reggeon intercept

Total Exclusive 2->2
pl arp—1 pl 20R —2
O ~$§ Uexcl s

43



=

£rr /// /
Sl /"fl/,’('. jp‘f:'

L7 =
- \. /

Baron Munchausen pulls himself and his horse
out of a swamp by his pigtail.

Bootstrap

44


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

Feynman-Wilson gas:
planar bootstrap and Regge theory

Therefore, the pressure of the planar Feynman-Wilson gas yields
the leading Reggeon intercepit:

pl ar—1 pl 20p —2
Oy ~ S Oeazcl B
PV
lOgE = ij—T




Feynman-Wilson gas:
planar bootstrap and Regge theory

Use the Feynman-Wilson gas analogy to compute the Reggeon intercept
using the cluster decomposition!

Zpi(2) = exp (YD(2)) = exp (¥ Dy om St )
p(1) =0, P1)Y =a1Y = (n), p"(1)Y =Y = (n(n — 1)) — (n)?,
p" ()Y =c3Y = (n(n—1)(n—2)) — (n)3 — 3c1c2Y?

$

m—l—l
n 5,
-p(0)=1-ag(0 Zcm .. . P

‘ Reggeon intercept 4= Multi-hadron correlatio&l

|




Feynman-Wilson gas:
planar bootstrap and Regge theory

For vanishing correlations (Poisson distributions), we get

m—l—l
_p(o _1 O‘R Zcm | :<;>— 622—|—

OzR(O) — 1 — <—;>

This result agrees with

Multiperipheral Bootstrap Model*

G. F. CeEw AND A. PioNOTTI
Lawrence Radiation Laboratory, University of California, Berkeley, California 94704
(Received 3 July 1968)



What about the Pomeron?

Here, we have to reconcile the Feynman-Wilson gas with
the topological expansion (TE) of QCD.

In TE, the Pomeron has topology of a cylinder:

) O 1 |
Z"R-”Ly =210 i i ~
) 38 &

/

Two copies of Feynman-Wilson gas!

| 8
/
O101010101010101010]0]0]0]0]0;
=

48



Cylinder topology of the
perturbative BFKL Pomeron

%
i
\

:
+
v

/LN

C

(a) (b) (c)

Figure 8: Multi-gluon emission within the MRK. (a) The cut Feynman diagram (b) Combination of relevant
color diagrams of the production vertex. (c) The combination of (b) on the cylinder.

From: J.Bartels and M.Hentschinski,

JHEP 08 (2009) 103
49



The Pomeron

The partition function of two-species Feynman-Wilson gas:

1

nr  np _cyl o
ool Y el ) = g, A =
9t nptnp>2

Zcyl (ZRa ZL) —

The cluster expansion

chl(zRa ZL) = eXp (Yp(ZRa ZL)) — eXp (Y ZmR+mL21 C(mR7 mL) (zR_lz':j!%i!_l)mL )

LW =l . @011 = @rr; @1 LY =anig)] —4na) 0L 5 ius
yields the Pomeron intercept:

c(mp, mr) (—1)mrtmL — 1 4 (ngnr) — (ng)(nL)
mR!mL! Y

If correlations are neglected, the intercept is 1 50

e



The Pomeron

The absence of correlations (leading to intercept=1)
IS the analog of Dalton’s law in Feynman-Wilson gas.

101.3 kPa
3.03psi 11.32psi 0.14psi 0.18 psi 0.007 psi 14.69 psi

Also: Daltonism — color blindness

John Dalton 1766-1844 51



Feynman-Wilson gas with baryons

Consider baryon-antibaryon annihilation through the junction:

DO

1 E 1 >
| B = B
20 ) =3
S j s 3 =
il Ik S
) P S
Mo & |
na B < < B
=

The cluster expansion

SRS € o0
Zann(zlaz%zS) =€ p(z1,22,23) —

Z c(mi, ma, ms) i — )" — 1 )" — 1)m3>

= exp | ¥
mi !mg !m3!
mi+mo+m3z>1



Feynman-Wilson gas with baryons

The corresponding intercepts:

ag, = 2ag—1)+2(1 —ap) + (1 —ar) — C3 ~ —=0.5 — 2Cgr;, — Cs
ag, = (20p—1)+3(1 —ap) +2(1 —ar) — C3 ~ 0—3CRrr — Cs
AJy = (204]5; — 1) —|—3(1 — Oz[p) —|—3(1 — O:,’]R) — (3~ 0.5 —3CRrr, — Cs

three-species correlations should be weaker and
may be neglected;

Cg_is given by the Pomeron intercepit.

All of the intercepts are thus fixed.

53



The junction-anti-junction
Intercept

ap =1+ CRL

aj, = (2ap — 1) +3(1 —ap) + 3(1 —ar) — C3 ~ 0.5 —3Cgrr, — C3

!

oy, = 0.26
!

beam rapidity dependence elesgtap—2)Y/2 _ ,—0.66 Y/2

D. Frenklakh, DK, G. Rossi, G. Veneziano, arXiv:2405.04569
54



Feynman-Wilson gas
+ topological expansion of QCD

beam rapidity dependence e(®oTe2=2)Y/2 — -0.66 Y/2

D. Frenklakh, DK, G. Rossi, G. Veneziano, arXiv:2405.04569
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Search for baryon junctions in photonuclear processes and isobar collisions at RHIC

James Daniel Brandenburg,! Nicole Lewis,’* Prithwish Tribedy,” and Zhangbu Xu!

! Physics Department, Brookhaven National Laboratory, Upton, NY 11973, USA
(Dated: August 25, 2022)
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The slope of rapidity distribution does not change with centrality —
the baryon stopping is not a result of multiple rescattering inside the nuclei!



Regge trajectory
and spectroscopy of JJ glueballs
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Regge trajectory
and spectroscopy of JJ glueballs

Current lattice QCD results on glueballs may not be sensitive
to JJ glueballs due to the JOZI rule
(suppression of JJ annihilation).

Perform lattice QCD calculation with the following glueball

lattice JJ operator:
A
y —
A J
J
x /
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Future tests at RHIC and LHC

Baryon number distribution
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Future tests at RHIC and LHC

Measure combined Barvon-number-charae distribution:

d°o(,0)
— = F] Y, yg,

A direct test of baryon-number-flavor separation.

2

________________
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Future tests at RHIC and LHC

Combined Baryon-number-charge distribution:
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For different rapidity orderings
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Future tests at RHIC and LHC

Baryon-antibaryon correlations in rapidity:
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Future tests at RHIC and LHC

Extract the slope of J, trajectory in diffractive production
of baryon-antibaryon pairs (or tetraquarks):
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Baryon junctions at EIC

M) 4
D. Frenklakh, DK, W. Li, arXiv:2312.15039 (PLB 2024)



Some other recent theory work

Baryons And Branes In Anti de Sitter Space 2

Edward Witten

School of Natural Sciences, Institute for Advanced Study -
N
Olden Lane, PT’iTLCGtOn, NJ 0854 0, USA Fig. 1. N elementary strings attached to points x1,xs, ..., TN

on the boundary of AdS space and joining at a baryon vertex in

the interior.

Chirality distributions inside baryons in QCD,

Adrien Florio,1 David Frenklakh,1 and Dmitri E. Kharzeev'*

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

The Baryon Junction and String Interactions

Zohar Komargodski* and Siwei Zhong'
Simons Center for Geometry and Physics, SUNY, Stony Brook, NY 11794}, USA and
C. N. Yang Institute for Theoretical Physics, Stony Brook Unwversity, Stony Brook, NY 11794, USA
(Dated: May 21, 2024)



Summary

1. RHIC program has discovered that the baryon
nlumber in high energy interactions is transported by
gluons.

2. Topological expansion of QCD, and the Feynman-
Wilson analogy, provide a framework for a
guantitative description of this phenomenon.

3. Many novel phenomena to be explored at the
current and future experimental facilities (RHIC, JLab,
LHC, EIC).
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