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Anomalies in QCD

Chiral anomaly

• U(1) axial symmetry: QCD Lagrangian invariant under global chiral rotation of fermionic fields

• Quantity conserved: Axial-vector current

Classical:
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Anomalies in QCD

Chiral anomaly

Classical:

• U(1) axial symmetry: QCD Lagrangian invariant under global chiral rotation of fermionic fields

• Quantity conserved: Axial-vector current

Consequence:

Current conservation leads to ( take                   ):

Pole at t=0 from massless         
exchange 

FFs
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Anomalies in QCD

Chiral anomaly

Quantum mechanical:

Chiral anomaly equation:

U(1) axial symmetry is explicitly broken by chiral anomaly
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Anomalies in QCD

Chiral anomaly

U(1) axial symmetry is explicitly broken by chiral anomaly

Quantum mechanical:

Consequence:

poleAnomaly pole

In real QCD, there is no massless pole in form factor due to 
pole cancellation

Chiral anomaly equation:

Eta-meson mass generation
(Witten-Veneziano, 1979)
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Anomalies in QCD

Chiral anomaly

U(1) axial symmetry is explicitly broken by chiral anomaly

Quantum mechanical:

Consequence:

poleAnomaly pole

In real QCD, there is no massless pole in form factor due to 
pole cancellation

Chiral anomaly equation:

Eta-meson mass generation

(Witten-Veneziano, 1979)
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Anomalies in QCD

Trace anomaly

• Conformal symmetry: QCD Lagrangian invariant under scale transformation

• Quantity conserved: Dilatation current                                                      : Energy Momentum Tensor (EMT)

Classical:
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Anomalies in QCD

Trace anomaly

• Conformal symmetry: QCD Lagrangian invariant under scale transformation

• Quantity conserved: Dilatation current                                                      : Energy Momentum Tensor (EMT)

Classical:

Consequence:

Current conservation leads to traceless EMT (                 ):

Pole at t=0 from massless particle exchange 
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Anomalies in QCD

Conformal symmetry is explicitly broken by trace anomaly

Quantum mechanical:

Trace anomaly equation:

Trace anomaly
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See Mamo’s 
talk

Anomalies in QCD

Conformal symmetry is explicitly broken by trace anomaly

Quantum mechanical:

Consequence:

Massless pole Anomaly pole

Glueball mass dominance

In real QCD, there is no massless pole in form factor due to pole cancellation

Trace anomaly equation:

(Mamo, Zahed, 2021/ Fujita et al, 2022)

Trace anomaly
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Anomalies in QCD

Conformal symmetry is explicitly broken by trace anomaly

Quantum mechanical:

Consequence:

Anomaly pole Glueball pole

Glueball mass generation

In real QCD, there is no massless pole in form factor due to pole cancellation

Trace anomaly equation:

(Mamo, Zahed, 2021/ Hatta et al, 2022)

Trace anomaly



Outline

• Motivation: Chiral & trace anomalies & GPDs
 

•                                    Perturbative calculations of box diagrams in DVCS

• Non-perturbative relations between GPDs mediated by anomalies                                       
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Historical significance of the anomaly problem
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Recent developments
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Imprint of Anomalies in QCD Compton scattering 

Deeply Virtual Compton Scattering (DVCS): Golden process to access GPDs
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See 
Tarasov’s 
talk

Imprint of Anomalies in QCD Compton scattering 

Gluon channel
Diagrams

Quark channel
Diagrams
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See 
Tarasov’s 
talk

Imprint of Anomalies in QCD Compton scattering 
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See 
Tarasov’s 
talk

Imprint of Anomalies in QCD Compton scattering 

Bjorken limit
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Perturbative calculations of box diagrams

Main findings:

We computed one-loop Compton amplitude in all channels (quark/gluon, polarized/unpolarized) 
using t as a regulator and find:

• Collinear logs (complete GPD evolution kernel)
• Anomaly poles
• Sudakov double poles

              Demonstrated that all the singularities can be absorbed into GPDs by infrared matching

      
Beyond factorization: What happens to the anomaly poles within GPDs?

Imprint of Anomalies in QCD Compton scattering 
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Perturbative calculations of box diagrams

Main findings:
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Calculation in off-forward kinematics                            :

Triangle diagram is dominated by infra-red pole

Anomaly equation:

A perturbative solution to anomaly equation:

A fundamental property of axial-vector current is the anomaly equation

:

Imprint of Anomalies in QCD Compton scattering 

Gluon channel
Diagrams
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Imprint of Anomalies in QCD Compton scattering 

Antisymmetric part of Compton amplitude:

Ji, Osborne; Belitsky, Mueller

Polarized DVCS & chiral anomaly
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Imprint of Anomalies in QCD Compton scattering 

Antisymmetric part of Compton amplitude:

Polarized DVCS & chiral anomaly
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Imprint of Anomalies in QCD Compton scattering 

Justifying factorization: “Infrared subtraction”

GPD at one loop:

We computed quark GPD of a gluon & found the same pole structure in one-loop calculation:

The pole “belongs” to GPD
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Imprint of Anomalies in QCD Compton scattering 

Justifying factorization: “Infrared subtraction”

GPD at one loop:

We computed quark GPD of a gluon & found the same pole structure in one-loop calculation:

The pole “belongs” to GPD
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Antisymmetric part of Compton amplitude

Comment on equivalence with          scheme 
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Perturbative calculations of box diagrams

Main findings:

We computed one-loop Compton amplitude in all channels (quark/gluon, polarized/unpolarized) 
using t as a regulator and find:

• Collinear logs (complete GPD evolution kernel)
• Anomaly poles
• Sudakov double poles

              Demonstrated that all the singularities can be absorbed into GPDs by infrared matching

      
Beyond factorization: What happens to the anomaly poles within GPDs?

Imprint of Anomalies in QCD Compton scattering 
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Imprint of Anomalies in QCD Compton scattering 

Fate of anomaly pole

Anomaly polepole

Chiral anomaly pole in GPD      :

Remarks:

• We absorbed the      pole in GPD      . What does this mean physically?

      The GPD       cannot have       pole; instead, it should have                  . This shift                           is 

                                              well-known to occur in form factor           . 

                                             Can we discuss the same thing for GPD? 
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Imprint of Anomalies in QCD Compton scattering 

Fate of anomaly pole

Anomaly polepole

Chiral anomaly pole in GPD      :

Remarks:

• We absorbed the      pole in GPD      . What does this mean physically?

      The pole that we found exactly integrates to:

                                              

poleAnomaly pole
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Imprint of Anomalies in QCD Compton scattering 

Fate of anomaly pole

Anomaly polepole

Chiral anomaly pole in GPD      :

Remarks:

• We absorbed the      pole in GPD      . What does this mean physically?

      The pole that we found exactly integrates to:

                                              

poleAnomaly pole

Can we make this 
correspondence 

more precise for GPD,
nonperturbatively?



33

Imprint of Anomalies in QCD Compton scattering 

Fate of anomaly pole

Anomaly polepole

Chiral anomaly pole in GPD      :

Remarks:

• We absorbed the      pole in GPD      . What does this mean physically?

• Unlike the anomaly pole, the       pole does not appear in perturbation theory. Instead, it can be 
addressed through an effective action approach, but later we will explicitly derive the       pole and 
find that its residue consists of the polarized GPD      and twist-4 GPDs.

                                              

The GPD       cannot have       pole; instead, it should have                  .
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Imprint of Anomalies in QCD Compton scattering 

Fate of anomaly pole

Anomaly polepole

Chiral anomaly pole in GPD      (see later slides):

pole

(Witten-Veneziano scenario 
at the GPD level)

Fate of anomaly pole: 
Cancellation with non-perturbative
pole arising due to       exchange 

Eta-meson mass generation:
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Imprint of Anomalies in QCD Compton scattering 

Fate of anomaly pole

Anomaly polepole

Chiral anomaly pole in GPD      (see later slides):

pole

The physics of anomalies present at the level of Form Factor is established 
for the first time at the level of GPDs
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Imprint of Anomalies in QCD Compton scattering 

Trace anomaly pole in GPDs       &      :

(Non-local) trace anomaly manifests itself in the GPD

Fate of anomaly pole: 
Pole cancellation results in the generation of 
glueball mass

Unpolarized DVCS & trace anomaly



37

Calculation in off-forward kinematics                            :

Triangle diagram is dominated by infra-red pole

Anomaly equation:

A perturbative solution to anomaly equation:

A fundamental property of axial-vector current is the anomaly equation

:

Imprint of Anomalies in QCD Compton scattering 

Quark channel
Diagrams



38

Imprint of Anomalies in QCD Compton scattering 

Quark-channel diagrams in DVCS

Example: Antisymmetric case

No pole!
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Imprint of Anomalies in QCD Compton scattering 

Quark-channel diagrams in DVCS

Example: Antisymmetric case
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Imprint of Anomalies in QCD Compton scattering 

Quark-channel diagrams in DVCS

Example: Antisymmetric case
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Imprint of Anomalies in QCD Compton scattering 

Quark-channel diagrams in DVCS

Example: Antisymmetric case



Outline

• Motivation: Chiral & trace anomalies & GPDs
 

•                                    Perturbative calculations of box diagrams in DVCS

• Non-perturbative relations between GPDs mediated by anomalies                                       
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Anomaly-mediated relations between twist-2,3,4 GPDs



44

Main findings:

• Derived       pole of nonperturbative origin to cancel the 1/t anomaly pole:

 

Anomaly-mediated relations between twist-2,3,4 GPDs
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Main findings:

• Derived       pole of nonperturbative origin to cancel the 1/t anomaly pole.

 

Anomaly-mediated relations between twist-2,3,4 GPDs

• Typical critiques for perturbative calculations: The 1/t poles had been identified in partonic 
scattering amplitudes and GPDs were evaluated using partonic matrix elements. It had 
been argued that they must be ‘promoted’ to proton matrix elements in order to be 
consistent with form factor relation:

We have now derived the distributions as well as the ‘t’ at the proton (not partonic) level.
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Anomaly-mediated relations between twist-2,3,4 GPDs

Main findings
 

Non-local chiral anomaly equation at the operator level:

 

• The full non-Abelian contribution of          and the Wilson line is included, unlike in perturbative calculations.    

• Agreement with Mueller, Teryaev (1997); but we provided a more complete derivation following
     Agaev, Braun, Offen, Porkert, Schafer (2014).
 

Twist-4 GPD:

+….
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Anomaly-mediated relations between twist-2,3,4 GPDs

Main findings
 

Sketch of the key steps in the derivation:
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Anomaly-mediated relations between twist-2,3,4 GPDs

Main findings
 

Sketch of the key steps in the derivation:

1)
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Anomaly-mediated relations between twist-2,3,4 GPDs

Main findings
 

Sketch of the key steps in the derivation:

2)
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Anomaly-mediated relations between twist-2,3,4 GPDs

Main findings
 

Sketch of the key steps in the derivation:

3) Nonlocal operator product expansion

Balitsky, Braun (1989)

:
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Anomaly-mediated relations between twist-2,3,4 GPDs

Main findings
 

Sketch of the key steps in the derivation:

4) UV matching
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Anomaly-mediated relations between twist-2,3,4 GPDs

Main findings
 

Non-local chiral anomaly equation at the operator level:

 

Byproduct:

In the local limit, one can make use of the following identity: (Hint: use the Schouten identity)

This showed us that the symmetric limit procedure                          is actually unnecessary even in Peskin’s 
textbook derivation of the chiral anomaly.

+….
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Anomaly-mediated relations between twist-2,3,4 GPDs

Main findings
 

Now take the proton matrix element                    of the operator-level equation:
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This is the anomaly pole that has been identified in the partonic level calculations of the 
DVCS amplitude & GPDs (SB, Hatta, Vogelsang) & in (Tarasov, Venugopalan) for polarized DIS

Hadron-
level 
Variable

 

Anomaly-mediated relations between twist-2,3,4 GPDs

Main findings
 

1) Relations between the twist-2 and twist-4 GPDs of the proton mediated by the chiral anomaly:
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Hadron-
level 
Variable

 

Anomaly-mediated relations between twist-2,3,4 GPDs

Main findings
 

Thus, we have explicitly derived the      pole and find that its residue consists of 
the polarized GPD      and twist-four GPDs 

pole

1) Relations between the twist-2 and twist-4 GPDs of the proton mediated by the chiral anomaly:
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Upon integrating, we exactly reproduce the pole-cancellation expression for the form factor

Hadron-
level 
Variable

 

Anomaly-mediated relations between twist-2,3,4 GPDs

Main findings
 

1) Relations between the twist-2 and twist-4 GPDs of the proton mediated by the chiral anomaly:
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Hadron-
level 
Variable

 

Anomaly-mediated relations between twist-2,3,4 GPDs

Main findings
 

2) Relations between the twist-3 and twist-4 GPDs of the proton mediated by the chiral anomaly:

 

The result provides a nonperturbative foundation for the anomaly pole previously identified in 
perturbation theory, further strengthening all our conclusions.

1) Relations between the twist-2 and twist-4 GPDs of the proton mediated by the chiral anomaly:

 

,
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How does turning on quark masses modify the results?

Anomaly-mediated relations between twist-2,3,4 GPDs
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How does turning on quark masses modify the results?

Anomaly-mediated relations between twist-2,3,4 GPDs

Our take:

 • As discussed, in perturbative calculations with massless fermions, the anomaly manifests as a pole at            .

• When the fermion has a finite mass, the anomaly pole disappears. Instead of a pole, the singularity is replaced by 
a branch cut in the time like region (             ). This corresponds to the threshold for real fermion-antifermion pair 
production. (This is relevant for QED; see Adler, Bardeen, 69; Coriano, et al, 2013-Present; Castelli, et al, 24)

          

Remarks:

See Castelli’s talk
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Anomaly-mediated relations between twist-2,3,4 GPDs

Our take:

 • As discussed, in perturbative calculations with massless fermions, the anomaly manifests as a pole at            .

• When the fermion has a finite mass, the anomaly pole disappears. Instead of a pole, the singularity is replaced by 
a branch cut in the time like region (             ). This corresponds to the threshold for real fermion-antifermion pair 
production. (This is relevant for QED.)

• In QCD, hadronic form factors and GPDs do not have a branch cut/quark-antiquark threshold            

          

How does turning on quark masses modify the results?

Remarks:
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Anomaly-mediated relations between twist-2,3,4 GPDs

Our take:

 • As discussed, in perturbative calculations with massless fermions, the anomaly manifests as a pole at            .

• When the fermion has a finite mass, the anomaly pole disappears. Instead of a pole, the singularity is replaced by 
a branch cut in the time like region (             ). This corresponds to the threshold for real fermion-antifermion pair 
production. (This is relevant for QED.)

• In QCD, hadronic form factors and GPDs do not have a branch cut/quark-antiquark threshold 

• So, what happens? 
          

Nucleon isovector axial form factor & GPD: 
(Nambu, 1960; Penttinen, Polyakov, Goeke, 2000)

Still a pole!

How does turning on quark masses modify the results?

Remarks:

Non-perturbative 
shift in pole:
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Anomaly-mediated relations between twist-2,3,4 GPDs

Our take:

 • As discussed, in perturbative calculations with massless fermions, the anomaly manifests as a pole at            .

• When the fermion has a finite mass, the anomaly pole disappears. Instead of a pole, the singularity is replaced by 
a branch cut in the time like region (             ). This corresponds to the threshold for real fermion-antifermion pair 
production. (This is relevant for QED.)

• In QCD, hadronic form factors and GPDs do not have a branch cut/quark-antiquark threshold 

• So, what happens?

          
Nucleon singlet axial form factor & GPD: 

(Witten Veneziano 1979;
SB, Hatta, Schoenleber, 2024;
Tarasov, Venugopalan, 2025)

How does turning on quark masses modify the results?

Remarks:

Still a pole!
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Anomaly-mediated relations between twist-2,3,4 GPDs

Our take:

 • As discussed, in perturbative calculations with massless fermions, the anomaly manifests as a pole at            .

• When the fermion has a finite mass, the anomaly pole disappears. Instead of a pole, the singularity is replaced by 
a branch cut in the time like region (             ). This corresponds to the threshold for real fermion-antifermion pair 
production. (This is relevant for QED.)

• In QCD, hadronic form factors and GPDs do not have a branch cut/quark-antiquark threshold 

• So, what happens?

          

How does turning on quark masses modify the results?

Remarks:

Nucleon singlet axial form factor & GPD: 
(Witten Veneziano 1979;

SB, Hatta, Schoenleber, 2024;
Tarasov, Venugopalan, 2025) (similar non-perturbative shift in pole)
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GPDs encode profound aspects of QCD such as 
symmetry breakings and mass generations:

Reach out to a broader QCD community

Summary

The physics of anomalies present at the level of Form Factor is established for the first time 
at the level of GPDs

1)

2)

Eta meson mass generation: Glueball mass generation:

We calculated one-loop Compton amplitude in all channels (quark/gluon, polarized/unpolarized) 
using t as a regulator and demonstrated factorization



Backup slides
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Imprint of Anomalies in QCD Compton scattering 

Justifying factorization

Anomaly polepole

Chiral anomaly pole in GPD      :

(Non-local) chiral anomaly manifests itself in the GPD
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(42)

(46)
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