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                 Quantum anomalies and topology 
                    in the structure of the nucleon 
                                 



Outline

1.   Gluon, quark spatial distributions and 
       the scale anomaly

2. Baryon number distribution inside the nucleon

3. Measurements at the EIC and JLab that can
      advance our knowledge
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Based on:

1. Spatial distributions and the scale anomaly:

DK, nucl-th/9601029 (Enrico Fermi School)

DK, H.Satz, A.Syamtomov, G.Zinovjev, 
EPJC9(1999)459

H. Fujii, DK, Phys. Rev. D60, 114039 (1999)

J. Ellis, H. Fujii, DK, hep-ph/9909322

DK, E. Levin, K. Tuchin, Phys. Rev. D70 (2004) 054005;
                                          JHEP 06 (2009) 055

DK, Phys. Rev. D104 (2021) 054015
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Based on:

2. Baryon number distribution inside the nucleon:

DK, Phys. Lett.B 378 (1996) 238;

A.Florio, D.Frenklakh, DK, Phys.Rev. D106 (2022) 096025;

D.Frenklakh, DK, W.Li, Phys.Lett.B 853 (2024) 138680;

D. Frenklakh, DK, G. Rossi, G. Veneziano, JHEP 07 (2024) 262.
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How to define 
the gluon and quark radii?
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We need to measure a spatial distribution (formfactor)
of a local gauge-invariant operator made of gluon or 
quark fields:



Let us begin with 
a scalar gluon operator β(g)/2g G2
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Lowest dimension gauge-invariant operator JPC=0++

It plays a fundamental role in QCD due to 
the scale anomaly:



Trace of Tμν plays a fundamental role:   
link to scale invariance

x ! e� xScale transformations (dilatations)
 are defined by

Hermann Weyl 
   (1885-1955)

the corresponding 
dilatational current is 

It is conserved
(a theory is scale-invariant)
if the energy-momentum is
traceless: 
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Scale invariance in QCD

The trace of the energy-momentum tensor in QCD
(computed in classical field theory) is

Two problems:

1. Potentially large contribution from heavy quarks to 
     the masses of light hadrons

2. If we forget about heavy quarks, all hadron masses must be 
equal to zero in the chiral limit 9



Scale anomaly in QCD
The quantum effects (loop diagrams) modify
the expression for the trace of the energy-momentum tensor:

Running coupling -> dimensional transmutation -> mass scale

At small momentum transfer, heavy quarks decouple:

so only light quarks enter the final expression Shifman,
Vainshtein
Zakharov ’78

Ellis, Chanowitz;
Crewther;
Collins, Duncan,
Joglecar; …

Gross, Wilczek;
Politzer
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The proton mass
At zero momentum transfer, the matrix element of 
the trace of the energy-momentum tensor
defines the mass of the proton:

In the chiral limit, the only contribution is from gluons!
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Confinement due to scale anomaly?

In quantum theory, scale anomaly induces conformally flat 
deformation of space-time.
Can this be used to describe confinement? 
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Also: JHEP06(2009)055

This model belongs to the class of confining models proposed in
 ‘t Hooft hep-th/0207179:             It describes gluons in the dilaton background:



How to measure the scalar gluon radius (mass radius)?

No dilatons available… 
next best thing: a heavy quarkonium

QCD multipole expansion:

M.B. Voloshin
1953-2020

Voloshin ‘78; Appelquist, Fischler ‘78; Gottfried ‘78;
Peskin ‘79; Novikov, Shifman ‘81; Leutwyler ‘81,
Luke, Manohar, Savage ‘92, …
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Quarkonium interactions at low energy

Perturbation theory:

at large distances, 
the Casimir-Polder 
interaction (retardation)

Bhanot, Peskin ‘78

Fujii, DK ‘99 
23 = 15 + 8 

scalar 0++   tensor 2++

Beyond perturbation
theory, scalar is
strongly enhanced
due to scale anomaly



Quarkonium interactions at low energy
and the scale anomaly

But, at very large distances, the interaction must be 
dominated by the lightest physical states - pions

                                          conversion of gluons to
                                          pions is a (hopeless?)
                                          non-perturbative problem

                                          …but, can use scale
                                          anomaly matching! 
                            Voloshin, Zakharov ’80

Novikov, Shifman ‘82 16



Quarkonium interactions at low energy
and the scale anomaly

Use RG invariance to match the EMT computed in
QCD and in the chiral theory:

to lowest order in the pion field

In the chiral limit scale anomaly yields:

                                                                    17



Quarkonium interactions at low energy
and the scale anomaly

Fujii, DK, PRD (1999)

The result (long distances):

1. Not a Yukawa potential (retardation)
2. The QCD coupling has disappeared
     at large distance (but not b from the 
     beta-function)
3.  Entirely due to scalar 0++  exchange 18

See also A.Belitsky and X.Ji, PLB (2002)



This two-pion tail in quarkonium interactions has just 
been clearly observed on the lattice:
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arXiv:2205.10544
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Why the (scalar) gluon (=mass) radius of 
the nucleon should be smaller than the 

(scalar) quark  radius?

DK, arXiv:2102.00110

at low q2

suppression at low q2 –
smaller radius

gluon radius quark radius

no suppression at low q2 –
larger radius

PCAC:



Threshold photoproduction of quarkonium as a 
probe of mass distribution inside the proton
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The amplitude:

Differential cross section:

DK, PRD’21



Probing the proton mass
The quarkonium-proton scattering amplitude

Wilson coefficients         

M.Peskin ‘78

DK, ‘96
nucl-th/9601029 22



Need to focus on
the threshold region!

Ecm < 4.25 GeV
Eγ < 9.2 GeV
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Differential cross section
DK, arXiv:2102.00110, PRD(2021)

Ecm= 4.58 GeV (Elab = 10.7 GeV)

Lattice QCD, P. Shanahan, W. Detmold PRD’19:
(Traceless gluon operator)
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The proton mass radius

The r.m.s. “proton mass radius” from GlueX data:

Compare to the proton charge radius:

A more compact mass distribution? Need more data!

Some day:
p MASS RADIUS in PDG?

DK, arXiv:2102.00110, PRD(2021)

See J.Bernauer,
EPJ 234 (2020)
for review 
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J/ψ 007 Coll.

arXiv:2207.05212
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Future measurements

• GlueX has 10 times more data

• Future: SoLID@Jlab (~ 2028),  EIC (including Y !)

• Polarization? (scalar vs tensor)

• Also: ultra-peripheral collisions at RHIC?

P beam, photon

J/ψ

P

For a fixed invariant mass (cms energy), measure the angular
distribution – differential cross section of photoproduction 

c.m. frame:



What is the radius of baryon 
number distribution inside the 

nucleon?

To answer this question, we need to know what 
carries the baryon number

(what gauge-invariant operator to use,
and what is the spectrum of corresponding states)
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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:

UV(1) global symmetry
of QCD Lagrangian results
in conserved baryon current



Baryon number in the Standard Model

The conserved baryon current is local, 

However, a baryon has a finite size, with the three quarks located
at different positions:  q(x1) q(x2) q(x3)

This wave function is not gauge-invariant!

<latexit sha1_base64="WF7bzaA0XQza3kBJrwoERo7adEU=">AAACB3icbVDLTgIxFO3gC/E16tJNIzHBDZkxBl0S3RhXmMgjYZDcKQUa2pmh7RgJ4QPc+CtujHGjiTt/wb+xDLMBPEmTc8+5TXuOH3GmtOP8WpmV1bX1jexmbmt7Z3fP3j+oqTCWhFZJyEPZ8EFRzgJa1Uxz2ogkBeFzWvcH11O//kilYmFwr0cRbQnoBazLCGgjte3C7YMn4sLTKfYUE9jzQY6Hk2TugRAwdfHQzG077xSdBHiZuCnJoxSVtv3jdUISCxpowkGpputEujUGqRnhdJLzYkUjIAPo0XGSY4JPjNTB3VCaE2icqHN7IJQaCd9sCtB9tehNxf+8Zqy7l60xC6JY04DMHurGHOsQT0vBHSYp0XxkCBDJzA8x6YMEok11ORPdXQy6TGpnRbdULN2d58tXaQlZdISOUQG56AKV0Q2qoCoi6AW9oU/0ZT1br9a79TFbzVjpnUM0B+v7D7jMl70=</latexit>

Jµ(x) ⇠ q̄(x)�µq(x)



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

32

G.Veneziano G.Rossi

G. Rossi, G. Veneziano 1977



Baryon junction

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



Baryon junctions

34

H. Suganuma, H. Ichie, T. Takahashi 2004



Baryon junctions

35



Baryon junctions

36D. Leinweber



Baryon-number – flavor separation
in high energy collisions



38

Basing on the junction intercept ½ predicted by 
G.Rossi and G.Veneziano, one expects significant 
baryon-antibaryon asymmetry even at RHIC and LHC energies.

What does experiment say?

Eur.Phys.J C73 (2013) 2496
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Isobar run at RHIC:

baryon number is stopped,
but the electric charge is not!
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arXiv:2408.15441
(Science – to appear!)
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STAR, arXiv:2408.15441
(Science, to appear)



New precise data from RHIC and 
LHC support the existence of the 

baryon junction. 
Motivation to revisit the problem 
of baryon stopping, and to derive 

a more precise result for the 
intercept.
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Baryon-number – flavor separation
from the topological expansion of QCD

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

Three ingredients:

Duality

Topological expansion

Feynman-Wilson gas



Feynman-Wilson gas
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Feynman-Wilson gas
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(1+1)d gas High energy interactions

Volume Total rapidity

Short-range particle correlations Short-range rapidity correlations

Fugacity Parameter of the generating function 

Particle’s coordinate Rapidity of the produced hadron

Partition function Generating function for cross sections



Feynman-Wilson gas with baryons

48

Consider baryon-antibaryon annihilation through the junction:

The cluster expansion



The junction-anti-junction 
intercept

49
D. Frenklakh, DK, G. Rossi, G. Veneziano, arXiv:2405.04569, JHEP(2024)



Feynman-Wilson gas
+ topological expansion of QCD

50

D. Frenklakh, DK, G. Rossi, G. Veneziano, arXiv:2405.04569, JHEP(2024)



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

52

D. Frenklakh, DK, G. Rossi, G. Veneziano, arXiv:2405.04569, JHEP(2024)



Regge trajectory
and spectroscopy of JJ glueballs

53

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

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:



Future tests at RHIC, LHC, EIC
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Baryon number distribution

DK, 1996
FKRV 2024



Baryon junctions at EIC

55

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



Summary
1. The problem of gluon and quark radii of 

the nucleon is deeply connected to 
anomalies and symmetries of QCD.

2. It is likely that the scalar gluon radius of 
the nucleon is smaller than its quark 
(charge) radius.

3. The gauge invariance of QCD implies that 
the baryon number of the nucleon is 
carried by the gluon configuration. The 
corresponding radius should be even 
smaller.

4.  All of this can be explored at the current 
and future experimental facilities (RHIC, 
JLab, LHC, EIC). 56



Summary
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