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 Motivation: Chiral & trace anomalies & GPDs

Perturbative calculations of box diagrams in DVCS

* Non-perturbative relations between GPDs mediated by anomalies
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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 J!' = > f Y FY 55




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 JgL = > f Y FY Y505

Consequence:

l#
(Po|JE|Py) = u(Pa) | Y v594(t) + “ B op(t) |u(Py)
2M

Current conservation leads to ( take J,, Jg‘ —0):
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Anomalies in QCD

Chiral anomaly

Quantum mechanical:

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

N

Chiral anomaly equation: o Jt = — i
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.

1

2

Vpo
eHVPOF o




Anomalies in QCD

Chiral anomaly

Quantum mechanical:

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

Nl
47

Chiral anomaly equation: | 9, Jf = — F"E,,

Consequence: Inreal QCD, there is no massless pole in form factor due to
pole cancellation

1 Eta-meson mass generation
(Witten-Veneziano, 1979)

oMt
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Anomaly pole T)o pole
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Anomalies in QCD

Chiral anomaly

Quantum mechanical:

Eta-meson mass generation
(Witten-Veneziano, 1979)

Mass generation due to the topological fluctuation

of the QCD vacuum ;
!
1 mf,, mf), 1 /
t * t2 * 3 to= f — ‘n'z‘;’),
m? . ((FF)’)
. . | 1; = -A). i
Consequence: Inreal QCD, there is no massless pole in form factor due to ’ o

7
pole cancellation
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Anomalies in QCD

Trace anomaly

Classical:

« Conformal symmetry: QCD Lagrangian invariant under scale transformation

- Quantity conserved: Dilatation current D" = O, OH . Energy Momentum Tensor (EMT)




Anomalies in QCD

Trace anomaly

Classical:

« Conformal symmetry: QCD Lagrangian invariant under scale transformation

- Quantity conserved: Dilatation current D" = O, OH . Energy Momentum Tensor (EMT)
Consequence:
(Pier Py) = a(P) [ AT 1 (a0 + By 0 p P9
P, P, Current conservation leads to traceless EMT (©% = 0 ):
t=(P—P) =0 311(t) ~ Af Pole at t=0 from massless particle exchange
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Anomalies in QCD

Trace anomaly

Quantum mechanical:

Conformal symmetry is explicitly broken by trace anomaly

Trace anomaly equation: @ﬁ = @ FRYE
g
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Anomalies in QCD

Trace anomaly

Quantum mechanical:

Conformal symmetry is explicitly broken by trace anomaly

Trace anomaly equation: @ﬁ = @ FRYE
g

Consequence: Inreal QCD, there is no massless pole in form factor due to pole cancellation

See Mamo’'s | 3D(t) M Alt) - (Po| 52 F2| Py) 1
talk 4 t Mﬁ(PQ)U(P1) t — mé

T T

Massless pole Anomaly pole

Glueball mass dominance
(Mamo, Zahed, 2021/ Fuijita et al, 2022)
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Anomalies in QCD

Main message:

Anomalies constrain Form Factors

Form Factors are moments of GPDs:

gp(t):/_ doB(m,€,0) A(t)+§2D(t):/ sl FE T )

1 J—1

Anomalies constrain GPDs




Outline

Perturbative calculations of box diagrams in DVCS




Historical significance of the anomaly problem

THE ANOMALOUS GLUON CONTRIBUTION TO POLARIZED LEPTOPRODUCTION THE ROLE OF THE AXIAL ANOMALY

IN MEASURING SPIN-DEPENDENT PARTON DISTRIBUTIONS
G. ALTARELLI and G.G. ROSS !
CERN, CH-1211 Geneva 23, Switzerland R.D. CARLITZ

Department of Physics and Astronomy, University of Pittsburgh, Pitisburgh, PA 15260, US4
Received 29 June 1988

J.C. COLLINS
Departiment of Physics, Winois Institute of Technology, Chicago, IL 60616, USA
Gluonic contribution to g, and its relationship to the spin-dependent parton distributions and
Geoffrey T. Bodwin and Jianwei Qiu* A H. MUELLER

Department of Physics, Columbia University, New York, NY 10027, USA

Received 22 August 1988

The role of chiral anomaly in polarized DIS is a well-known old story

THE g, PROBLEM: DEEP INELASTIC ELECTRON SCATTERING
AND THE SPIN OF THE PROTON*

R.L. JAFFE and Aneesh MANOHAR**
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Recent developments

First calculation of box diagram with ¢ = [? # 0:

The role of the chiral anomaly in polarized deeply inelastic scattering I: Finding the
triangle graph inside the box diagram in Bjorken and Regge asymptotics

1,

Andrey Tarasov!? and Raju Venugopalan®

The role of the chiral anomaly in polarized deeply inelastic scattering II:
Topological screening and transitions from emergent axion-like dynamics

Andrey Tarasov!'? and Raju Venugopalan®

They computed polarized DIS using t = [? =0
as a collinear regulator and revealed anomaly pole

“ e

\

R

q2
D2

t =12 0
! \i/

Box diagram
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Imprint of Anomalies in QCD Compton scattering

Chiral and trace anomalies in Deeply Virtual Compton Scattering II:
QCD factorization and beyond

Shohini Bhattacharya,' * Yoshitaka Hatta,>!* T and Werner Vogelsang®:

We explored the physics of anomaly in DVCS using Feynman-diagram approach

Deeply Virtual Compton Scattering (DVCS): Golden process to access GPDs

17



Imprint of Anomalies in QCD Compton scattering

Chiral and trace anomalies in Deeply Virtual Compton Scattering II:
QCD factorization and beyond

Shohini Bhattacharya,' * Yoshitaka Hatta,>!* T and Werner Vogelsang® ¥

We explored the physics of anomaly in DVCS using Feynman-diagram approach |

q1 q2
Gluon channel
v Diagrams
i =i* K0 fe%
P1 P2

FIG. 1: Diagrams for the subprocess v*g — 4" ¢ in Compton scattering.

q1 q2
Quark channel
Diagrams

p1 w p2

FIG. 2: Diagrams for the subprocess "¢ — v*¢ in Compton scattering. Diagrams with photon lines crossed are not shown.
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Imprint of Anomalies in QCD Compton scattering

Chiral and trace anomalies in Deeply Virtual Compton Scattering II:
QCD factorization and beyond

Shohini Bhattacharya,' * Yoshitaka Hatta,>!* T and Werner Vogelsang® ¥

We explored the physics of anomaly in DVCS using Feynman-diagram approach |

sl

Calculation of anti-symmetric/symmetric (1, ) of Compton amplitude

with non-zero ¢ ‘
FIG. 1: Diagrams fi
|

Our calculation covers regimes:
2 2
u t =Adop & Ajep <<t << Q

FIG. 2: Diagrams for the subprocess v*¢ — ~*¢ in Compton scattering. Diagrams with photon |

—r




Remarks on DVCS:

Bjorken limit

—
t ~ A%CD < Q?

The QCD factorization theorem: Collins, Freund; Ji, Osborne (1998)

» “de . g €
= Y [ Lo (22,6) 1w 0+ 00/02

a=q,g"

» Original proofs implicitly assumed { — A‘(ZQCD :
5 5 Our calculation covers regimes:
* When AQCD << t << ()7, there are anomaly poles and =y 8 Myor S< <2 QP

T

Sudakov double logarithms that need to be addressed




Imprint of Anomalies in QCD Compton scattering

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?

21




Imprint of Anomalies in QCD Compton scattering

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
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Imprint of Anomalies in QCD Compton scattering

q1 q2

\

i =i* K0 QQQ
P1 P2

FIG. 1: Diagrams for the subprocess v*g — 4" ¢ in Compton scattering.

Gluon channel
Diagrams
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Imprint of Anomalies in QCD Compton scattering

Polarized DVCS & chiral anomaly

Antisymmetric part of Compton amplitude: ] ] ] ]
Collinear singularity regularized by /2

l o
. a,@,uVP S TASYm o - s
¢ p g 2 27

Reproduced the GPD evolution kernel

28 —1—£62  7-1 i—&  1-¢
- In— —2 —— |n
(1—-¢2)? & (1—&2)? &

ng(ﬁt,é) —

Ji, Osborne; Belitsky, Mueller

24




Imprint of Anomalies in QCD Compton scattering

Polarized DVCS & chiral anomaly

Antisymmetric part of Compton amplitude: Anomalous coefficient function

anoilmn

@ .7}($B)75 U(Pl)

« v asym 10&5 —
— P Py X T2YM 550 (Z e}) u(P,) [

f

| i P+ [ de o i C(Pa| PP (=2 )W E (2 :
Twist4 GPD Flatt) = [ G : (;(f}é)')YZ(f’l) e

(Non-local) chiral anomaly manifests itself in high-energy scattering amplitude

Imaginary part of pole term (£ = 0) in agreement with Andrey & Raju

Anomalous coefficient function:

8Tx (1— #)In2=L 4 (3 — &) In 228 — (2 - —2)
x 1—¢2 25

Aanom __
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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:

2ilTecre2lp] — o
12 1€

— asTp [‘ | 2?3“;163@ 1 ! g The pole “belongs” to GPD r<¢
_|_

26




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:

2T

Absorb the 1/t poles of Compton amplitude into twist-2

X

2ilTecre2lp] — o
12 1€

|2itteretrl 1 The pole “belongs” to GPD r <
1 14¢

GPDs |

- C X — 7 XS m

Factorization restored

27




Comment on equivalence with MS scheme

After subtracting IR singularities and finite terms, ¢ # 0 regularization is
equivalent to MS scheme

Antisymmetric part of Compton amplitude

Coefficient function
1 oy B o A
— e Py X TES™ & 29 (Z ef‘-’) u(Ps) (FTHF %5 - ] u(Pr)
f
I 26 —1—-62 #—1 S .
0C? (£,&) = — i S nZ = 427 3 hlIA&
(L =) & (L—E%) 2
Of = uf®_ el £ . e 7 P—€& &+€&
i In — In — —— In In —
2(1 = €%)° L 1—g2 L (L—g?)? 1 y

26 26 2% —1— &2 1 —E (0
. §A L12 g,\ + - = £ L12 &; + L12 i = = (; — —i)
(1—-£2)2 "¢ (1 —&2)? l— l—x

This means that the result can be smoothly connected to the regime ¢ ~ AéCD

as considered in the works by Collins, Freund; Ji, Obsborne ‘ -




Imprint of Anomalies in QCD Compton scattering

Perturbative calculations of box diagrams

Main findings:

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

29




Imprint of Anomalies in QCD Compton scattering

Fate of anomaly pole

Chiral anomaly pole in GPD E:

g 2M  Fanom = p
9 12 A" @ Flap, 1?)

T

Anoma!y pole

Ef(SEB, 12) + Ef(—:ITB,!'-Q) =

Remarks:

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

. cer 1 1
5~ . This shift - —
t —ms, t  t—m?

The GPD E cannot have % pole; instead, it should have is
well-known to occur in form factor gp(%).

Can we discuss the same thing for GPD?

30




Imprint of Anomalies in QCD Compton scattering

Fate of anomaly pole

Chiral anomaly pole in GPD E:

ag 2M  jFanom = »
9 12 A" @ Flap, 1?)

T

Anoma!y pole

Ef(SEB, 12) + E‘f(—:ITB,!'-Q) =

Remarks:

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

The pole that we found exactly integrates to:

gp(t)
2M

_|E Z@ﬂ%Fﬁ\Pﬂ _
|t

u(Pa)ysu(Py)
t

Anomaly pole 31




Imprint of Anomalies in QCD Compton scattering

Fate of anomaly pole

Chiral anomaly pole in GPD E:

Ef(SEB, 12) + E‘f(—:ITB,!'-Q) =

0, 2M anom
2 12 9

T

Anoma!y pole

@f(;I‘B,F)

Remarks:

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

The pole that we found exactly integrates to:

gp(t)
2M

1
t

1

(Po| 2= FF|P)

u(Pa)ysu(Py)
¥

I I
Anomaly pole To pole

Can we make this
correspondence
more precise for GPD,
nonperturbatively?

32




Imprint of Anomalies in QCD Compton scattering

Fate of anomaly pole

Chiral anomaly pole in GPD E:

g 2M  Fanom = »
%5_2 Ag @f(mlez)

T

Anoma!y pole

Ef(SEB, 12) + Ef(—:ITB,!'-Q) =

Remarks:

t_mQ,v

- The GPD E’ cannot have % pole; instead, it should have
n

« Unlike the anomaly pole, the 7jo pole does not appear in perturbation theory. Instead, it can be
addressed through an effective action approach, but later we will explicitly derive the 7)o pole and
find that its residue consists of the polarized GPD H and twist-4 GPDs.

33




Imprint of Anomalies in QCD Compton scattering

Fate of anomaly pole

Chiral anomaly pole in GPD E (see later slides):

due to anomaly

Ef(xp,1?) + Ef(—2p,1%) =

Ef.t. (aTB,tQ)—l‘Ef't'(—ﬂ?B,sz)‘}‘

g 2_M Aanom

9. 2 19 ? F(zp,1?)

Connection between twist 2 & twist 4 GPDs T

7o pole

T

Anoma!y pole

Fate of anomaly pole:
Cancellation with non-perturbative
pole arising due to 75 exchange

(Witten-Veneziano scenario
at the GPD level)

. 1
Eta-meson mass generation: | - | iy —

E}:'t“(-’EB: !2) + Ef(,:'t'(—ff:g,lz) =

*

PRI
"
"
"

ag 2M Aanom S N
_2_‘“_]_2 g @f(.I,B,[ —U)

*®

]
]
1 I 771
2 _ .2 [l
{ my, 0
]
1]

2 —m

il \V)

34




Imprint of Anomalies in QCD Compton scattering

Fate of anomaly pole

Chiral anomaly pole in GPD E (see later slides):

T

7o pole

Ef(SEB, 12) + E‘f(—:ITB,!'-Q) = E’ft (.‘1'?3, 52) + Ef't' (—:CBJ?) +

0, 2V fanom
2m 12 9

T

Anoma!y pole

@f(;I‘B,F)

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

2 —m

il \V)

35




Imprint of Anomalies in QCD Compton scattering

Unpolarized DVCS & trace anomaly

Trace anomaly pole in GPDs H & E :

H ~ —F ~ _2A® dz~ w:P*z* <P2|Fﬁw(7zi/Q)WF,LW(Zi/Q)‘Pﬂ
l o © u(Py)u(Py)

|

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

Fate of anomaly pole:
Pole cancellation results in the generation of
glueball mass 1

36




Imprint of Anomalies in QCD Compton scattering

q1 qz

D1 D2

FIG. 2: Diagrams for the subprocess "¢ — v*¢ in Compton scattering. Diagrams with photon lines crossed are not shown.

Quark channel
Diagrams

37




Imprint of Anomalies in QCD Compton scattering

Quark-channel diagrams in DVCS

q1 q2
P1 P2

Example: Antisymmetric case

38




Imprint of Anomalies in QCD Compton scattering

Quark-channel diagrams in DVCS

a1 q2
P1 P2
Example: Antisymmetric case

: N 2
N FFigq(#,6)1n f?—lz

4

Reproduced the known logarithms from literature

T 3 72 41— 262 F—1 (-84 2 —
Raq(Z,§) | = 57—+ e 2 ;
201 —2)  (1-—£2)(1— ) T (1—22)(1—-¢&2) r

Ji, Osborne; Belitsky, Mueller

39




Imprint of Anomalies in QCD Compton scattering

Quark-channel diagrams in DVCS

a1 q2
P1 P2
Example: Antisymmetric case

~ Coefficient function

Unexpected single IR pole L

Blelsr———gma. T N

2 2
Sudakov logs! In (Q—> In? (Q—> ‘

Unexpected double IR pole |

e

_2 2

40




Imprint of Anomalies in QCD Compton scattering

Quark-channel diagrams in DVCS

P1 P2
But, when you compute GPD itself, you find the same double, single IR poles!
These poles can be systematically absorbed into GPD

Factorization restored

Q2 €IR ‘ Qz €IR
—]2 3 ]2

e2.(1—2) 2er(1—2)

Unexpected double IR pole | Unexpected single IR pole |

o ZE—C " Z{ 1

— (2 — —2)

41




Outline

* Non-perturbative relations between GPDs mediated by anomalies



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

Nonlocal chiral anomaly and generalized parton distributions

Shohini Bhattacharya
Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mezico 87545, USA

Yoshitaka Hatta
Physics Department, Brookhaven National Laboratory, Upton, NY 11973, USA and
RIKEN BNL Research Center, Brookhaven National Laboratory, Upton, NY 11973, USA

Jakob Schoenleber
RIKEN BNL Research Center, Brookhaven National Laboratory, Upton, NY 11973, USA
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Anomaly-mediated relations between twist-2,3,4

GPDs

Main findings:

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

; : 5 2\ o B vs 2M  Fanor
Ef(zp,1%) + Ef(~zp,1%) =|Ef" (2p, %) + Ef" (—zp, )|+ ‘2*% = Ajem

T I

7)o pole Anomaly pole

X f(;‘I‘B. 12)

44




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

Main findings:

- Derived 79 pole of nonperturbative origin to cancel the 1/t anomaly pole.

« 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:

i i (p|*z FFIp)
9a(t) + 5 E9P(t) = 577 u(p')vsu(p)

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:

nfozé

Dy [9(zg )Wrkvsy(27)] = Orp(25,27) —

' 1
Twist-4 GPD: Op(22,21) = iz’// daap(z2)V*vsW gF ., (25 )Wp(21),
0

l—«
/ da/ dBF" (2[5 YWE,, (251 ) +....

M= -2, (25)F = azh + (1 — a)zf

« The full non-Abelian contribution of FF 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).

46




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

Main findings

Sketch of the key steps in the derivation:




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

Main findings

Sketch of the key steps in the derivation:

If the separation is light-like,
g = § g

the anomaly is still there even when 2~ # ()
D. Muller and Teryaev (1997)

1) Approach the light-cone from the space-like region

o = ()

where naive equation of motion holds.

1
Dy [V(22)7* v Way, 21 0(21)| = i2” / dap(z2)7 W gFuw (251)Wih(21)
J 0
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Anomaly-mediated relations between twist-2,3,4 GPDs

Main findings

Sketch of the key steps in the derivation:

2) Thentake 22 — ()

49




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

Main findings

Sketch of the key steps in the derivation:

3) Nonlocal operator product expansion

. it izp (L L , _
P(21)Y(22) = ﬁ”(‘ 3 /“ (U”:1..,]~‘_).(/F,,,\(:|-_>)“:;_,,._.;\’-s} Balitsky, Braun (1989)

i l — 712 e VB . : . 9 = 6 » e
- - + In HiR g doa(l — @)z, D*F*™ (2%)v,75 + i9°2, da dp
¢ ) < / 12 - /
327* \ €IR 4 JO Jo JO

= {(‘1 =20+ 2"5)F/l(\(’3'l'2)F/\/'(Siiz)“rp o F/"\(Z(l"z)F/\p(%{'g)”ﬁﬂ F ~3F’W(3(1}2)1‘;/'»:/(‘5'1&‘2)7'/1} V5 T+ ]

Schouten identity :

9,V ( F, WE" 4 E, W F/m) 2, = —2°FFWE,,

50




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

Main findings

Sketch of the key steps in the derivation:

4) UV matching

The light-cone limit 22 () is not smooth. One needs operator matching
Ai(2%) =) Cij(In(—22pdy)) ® A;(2° = 0, ugy) + O(22),
j

Nowadays familiar in quasi-PDF, pseudo-PDF business
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Anomaly-mediated relations between twist-2,3,4 GPDs

Main findings

Non-local chiral anomaly equation at the operator level:

nfozé

l—«
Dy [$(20 )W ys9(27)] = Or(2y,27) — / d&/ ABF* (213 )W Eu (257) +...

Byproduct:

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

v up ., . 2pr
4z"F,, bz, = —z°F""F,,

MV v . .
This showed us that the symmetric limit procedure lim ~ — 2 s actually unnecessary even in Peskin’s
2

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 (P’|...|P) of the operator-level equation:

I R 3 B nasM ~... =~
A, PT gzmﬁ @' |(—2" [2)WAFvs9(27 /2)|p) = f27T ¢ ® F(z,8,t) + Or(x,§,1)
: - dz~ icPTz" /1 = —
iOp(z,&,t) = PT | —e (p'|Or(—2" /2,27 /2)|p)

2T
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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:

E+Ey=

4M*>

nftg

t

(

2T

Cvanom R (ﬁQ o f4)

).

(

Hadron-
t = level

Variable

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
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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:

E+Ey=

4M*>

nftg

(

2T

éanom®(ﬁ‘2+ﬁ‘4) _ﬁ—ﬁ4—|—02F+O4F

).

(

Hadron-
t = level
Variable

)

710 pole

Or(z,&,t) = u(p’) [A"vT50r2 + Aiy'v50ps + ATy 50p4] u(p)

the polarized GPD H and twist-four GPDs Or

Thus, we have explicitly derived the 7/o pole and find that its residue consists of
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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:

E+Ey=

4M2 (nfozs

- Hadron-
; - CoMo™ @ (Fy + Fu) — H — Hy + Ogp + O4F> (t = level >

Variable
/ dx

/ i (p'|™M22FF|p)
94(t) + 7 m9pP(t) = 577 u(p')ysu(p)

Upon integrating, we exactly reproduce the pole-cancellation expression for the form factor
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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:

E+Ey=

4M2 (nfozs

- - - - - Hadron-
; 5 Canom@)(fg—l—f;l) —H—H4—|—02F—|—O4F> : (t: level >
-

Variable

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

~ AM? /nrog ~ ~ - Hadron-
Ey = ( / c"m @ F3 — Hy + Opg) (t = level )
t 2m ’ Variable

The result provides a nonperturbative foundation for the anomaly pole previously identified in
perturbation theory, further strengthening all our conclusions.
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Anomaly-mediated relations between twist-2,3,4 GPDs

How does turning on quark masses modify the results?

58




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

How does turning on quark masses modify the results?

Remarks:
« As discussed, in perturbative calculations with massless fermions, the anomaly manifests as apole 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 ( ¢ > 0 ). 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)

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

How does turning on quark masses modify the results?

Remarks:

As discussed, in perturbative calculations with massless fermions, the anomaly manifests as apole 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 ( ¢ > 0 ). 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 ¢ > 4m3
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Anomaly-mediated relations between twist-2,3,4 GPDs

How does turning on quark masses modify the results?

Remarks:

« As discussed, in perturbative calculations with massless fermions, the anomaly manifests as apole 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 ( ¢ > 0 ). 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 ¢ > 4m3

« So, what happens?

gg)(t) N 1 switch on . 1 Non-perturbative
t k t — m?2 shift in pole:
Nucleon isovector axial form factor & GPD: qu(if ;n[)a),ss M z
(Nambu, 1960; Penttinen, Polyakov, Goeke, 2000) ! mi o< my
~ 1
E(S) t ~J H 1
(t) t—m2 Still a pole!
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Anomaly-mediated relations between twist-2,3,4 GPDs

How does turning on quark masses modify the results?

Remarks:

« As discussed, in perturbative calculations with massless fermions, the anomaly manifests as apole 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 ( ¢ > 0 ). 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 ¢ > 4m3

* S0, what happens?

Tomg#0) ]
gp(t) ~ 2

t —m?2

Nucleon singlet axial form factor & GPD: a

(Witten Veneziano 1979;
SB, Hatta, Schoenleber, 2024;
Tarasov, Venugopalan, 2025) Still a pole!
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Anomaly-mediated relations between twist-2,3,4 GPDs

How does turning on quark masses modify the results?

Remarks:

« As discussed, in perturbative calculations with massless fermions, the anomaly manifests as apole 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 ( ¢ > 0 ). 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 ¢ > 4m3

* S0, what happens?

1('mq # 0) 1 Resummation 1 1
. : gp(t) ~ - — 5 7 dny 5
Nucleon singlet axial form factor & GPD: t L — i f — m% <+ fzf X i, — me,
(Witten Veneziano 1979; n’
SB, Hatta, Schoenleber, 2024; -
Tarasov, Venugopalan, 2025) E(t) ~ P— (similar non-perturbative shift in pole)
) ) _ m ,

n
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Summary

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

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

3 Eta meson mass generation: Glueball mass generation:
n
o ey o @ 1
t —m?2, E(x) ~ —
n 2 — 2 G H(x), F(x) ~

I t—mg, t—mg | (), E(z) t —mZ
] ‘ ~ :
@

GPDs encode profound aspects of QCD such as
symmetry breakings and mass generations:

Reach out to a broader QCD community
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Backup slides




Imprint of Anomalies in QCD Compton scattering

Elusive pole |

Box diagram in off-forward kinematics

Setup of calculation:

Calculated box diagrams with ¢ = [? # () whereas all existing works in the literature set ¢ = 0 (£ # 0)

. By ot

GPD literature f 4 This work

>l
l

[)1:1)_5%1)(1+£)

Only longitudinal momentum Transverse momentum transfer essential
transfer to capture physics of anomalies
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1
Or(z2,21) = —-i.:”/ daTr[l;‘:(zl)'tj'(zz)'}'“ﬁ.',r,lvlv"'gF,“,(zé’l)w’]. (13)
0

When z = z; — 2, approaches the light-cone z# — §* 2~, the quark bilinear 1/(z;)1)(22) develops singularities which
can be expanded in 1/22 in d = 4 — 2¢ dimensions [18, 19]

4 o 1 1881
hiCor ATl o) = s iz" (B A ay 7
“(*'1)‘*(*2) - 271_2(22)2 "“:1.:2 e 8‘17222 A d“ju :l‘z-'l"zgppz\(“IQ)"‘ 3?2.:2 {15 (14)
i 1 _52“2 62-,5 1 1 @
— +In— daa(l — a)z, D F* (23,75 +i9%2, | da [ dB
+327r2 (611-1 + 1 4 ) g[; (l(t( ‘t) ( 12) v IS + lg 17 5 x b /

x { (1= 20+ 2B) P (25) Brp (21 + P (255) Pap(efaln” + BF* (28) Eou (= i‘g)v*'}~,s+-~]+0<z2),

where we neglected the quark mass and p?, is the MS scheme scale parameter associated with the infrared divergence.
Apart from the leading term, we have kept only the terms that contain a 5 so that they survive when inserted into
(13). For simplicity, we omitted Wilson lines in the logarithmic terms Inz2. When substituted into (13), these
terms constitute the renormalization group evolution kernel of the twist-four operator Op ~ ¥ FTHy wYsv. (14) only
includes the g — ¢ splitting kernel of the evolution exhibiting the mixing with three-gluon, twist-four operators such
as FtHF “‘F .»- In principle, at this order one has to mclude the complete evolution kernel including also the ¢ — ¢
kernel and other contributions [19, 20].
Let us focus on the 1/2% term. We substitute it into (13) and find

g / da / ‘3T1 Eou(Z)WEH (28)W + Epu(22)W ~91)II]3”:U

47222

B "f“* / da / dBTr F“"(~i{,)ﬂ F,,,,(~§‘1)I~I~']
l - (X
"f“ / do / dBFP (22 )W, (28) (15)

where W is the Wilson line in the adjoint representation. In the first line, we have used the cyclicity of the trace and
the symmetry of the a, 3-integrals. This allows us to utilize the formula!

22Y (E,,J-VF"”+ F,,,,WF"") 2, = —22FF*YWF,,, (17) 57



~ nfo
4]\[2E 2m

Hs + 1o vl o ki, (42)

ysu = UAysu = 2Muysu. This result is valid for & = 0 but arbitrary t.
relation (2) among the form factors due to (40) and the relations such

1 il
/ d.fCszg(l’,f,t) e gA(t)% /1 d.’L’E;;(.’E,é,t) = gP(t)'

1

ase A; = 0 where

4 2
= 2AYAT = =22
1=

entities

il = gl i)

2Ma(p')ysu(p) = a(p') Aysu(p) = 247 a(p )y ysu(p)
H+H (B4 By = M2 Gonom @ (Fy + Fo) + Oz + O

+ 4+4]\f[2( + Ey) = - ® (F2 + Fa) + Op2 + OFa. (46)
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A_P+ / d;;r izPt 2z~ <p |¢( 2/2) (z/2)|p> = A_ﬂ(p’) |:H’}'+’75

S S P i
AT [ e P (=2 2 252/l

T
= / A'l : / ’l] AJ +
= Ayii(p') |Hsy'ys + Es Syl * G's 7 75 + iGje BE? u(p),

d + % 5 A
A+ P+ / P (2 /2 s/ 2)lp) = Ata(p) [was+E4 q] u(p).
T 2M

All the GPDs are functions of z, & and ¢ (and the renormalization scale), H = H(xz,&,t), ete. Also, the summation
over quark flavors is implied, H = X H,, etc. The twist-3 GPDs are from [24] where we redefined H + G5 — H3

and E + G — E3. (We also redefined G4 — G%.) The twist-4 GPDs are parametrized differently from [25] but the
two parametrizations are equivalent in the present frame P* = (0. On the right hand side, the twist-4 pseudoscalar
GPD (25) is parametrized as [11]

- 1 / - 7 B 2T = T
Flz,£.1) = Mﬂ(p ) [A Yy Fe + Ay s Fs + Aty 75-7-"4] u(p). (34)

For phenomenological purposes, one may implement various Lappro;cimations. If one ignores the differences due to
different twists, namely Hs 4 =~ H, F3 4 =~ F2, etc., from (32) one immediately obtains

E(z,&,t) =~

AM? (nfas

— (=20 ®]—'2—H+OF2)- (49)
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