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Chiral anomaly

Recap on chiral anomaly in QCD:

- Lagrangian invariant under global chiral rotation ) — eic“%w

+ Axial-vector current: J{' = 3" ¢y 50




Chiral anomaly

Recap on chiral anomaly in QCD:

- Lagrangian invariant under global chiral rotation ) — eic“%qp

+ Axial-vector current: J{' = 3" ¢y 50

« But measure of the path integral is not invariant, which breaks the conservation of the axial current

K. Fujikawa, PRL 1979




Chiral anomaly

Anomaly equation:

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




Chiral anomaly

Anomaly equation:

nfas
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A fundamental pro

perty of axial-vector current is the anomaly equation

Adler - Bell - Jackiw chiral anomaly

Famous example: ABJ anomaly contribution to w0 — 2’}/

WWWW Y

In the chiral limit, without the anomaly,

7V does not decay!
TC() e Y

7= (0.84 + 0.04)107 165
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Chiral anomaly

Anomaly equation:

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

A perturbative solution to anomaly equation:

s i %

Calculation in off-forward kinematics (I = ps — p;):

(p2|J5 |p1) =

nfa.
47
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Triangle diagram is dominated by infra-red pole




Chiral anomaly

Axial Form Factors:

) Jtny ,
(Po|JE\Py) = (o) |y v594(1%) + W;QP(EZ) u(P)
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A perturbative solutio g4(0) = AX :Fraction of proton spin carried by quarks |

Calculation in off-forward kinematics (I = ps — p;):

nrog ~
(2l I8 pr) = = {5 P2l Fe” Eaglpn)

” T ey,
Triangle diagram is dominated by infra-red pole




Chiral anomaly

Axial Form Factors:

1
Massless pole in pseudo scalar Form Factor? gp((?) XL In QCD, we expect: gp (%) ~ 12 — 2 L
??J

eta meson mass generation

A perturbative solutio g4(0) = AX :Fraction of proton spin carried by quarks |

Calculation in off-forward kinematics (I = ps — p;):

nrog ~
(2l I8 pr) = = {5 P2l Fe” Eaglpn)

” T ey,
Triangle diagram is dominated by infra-red pole




Chiral anomaly ¢

Taking divergence of axial-vector matrix element:

2Mga(l*) + 5+79p(1%) =

12 i(Po| "2 FF(1%)| Py)

2M

u(Po)vsu(Pr)

Pole cancellation at Form Factor level: L
Sti

gp(1?)
2M

2Mga(l?)

=

i(Po| ™2 FF(1?)| Py)

5 _ .2
[ m;,

/

1
In QCD, we expect: gp(-‘l’?) ~ Ll

eta meson mass generation |

52

[Pu(Py)ysu(Pr)

P~
P

[

i (<P2%FFP1> (Py|

u(Po)vsu(Pr) oy w(P2)ysu(Pr)

ni;xsFF|P1>) )

- — Same pole as what one naively gets from
perturbation theory

10 |




Trace anomaly

Recap on trace anomaly in QCD:

- Lagrangian invariant under scale transformation 2/ — %2+ ¢ — e P7¢

- Dilatation current: DH = O+,

Energy Momentum Tensor (EMT)

nv _ VAN
O = —FINFY + L2 4 iy Dy
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Trace anomaly

Recap on trace anomaly in QCD:

- Lagrangian invariant under scale transformation z# — e“z#* ¢ — e P79

- Dilatation current: DH = OFVy,,

OHY : Energy Momentum Tensor (EMT)

« Conformal symmetry explicitly broken by quantum effects

0, D = 1 £

12




Trace anomaly

Recap on trace anomaly in QCD:

« A quantum anomaly in the trace of its energy momentum tensor (conformal anomaly)
breaks conformal invariance

Trace anomaly:

B(g)

@ﬁ = ———FMEF,, O~V : Energy Momentum Tensor (EMT)

13
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Major scientific goal of EIC: |/
\"

How does the mass of the nucleon arise?

I,I

SCIENCE REQUIREMENTS
AND DETECTOR
CONCEPTS FOR THE

. > -
- o % @ ELECTRON-ION COLLIDER
- 3
N (27 pest £1C Yelow Report

Fundamentally important in QCD: Trace anomaly is the origin of hadron masses

(P|Ok|P) = 2M?

14




Trace anomaly g

Recap on trace anomaly in QCD:

« A quantum anomaly in the trace of its energy momentum tensor (conformal anomaly)
breaks conformal invariance

Trace anomaly:

B(g)

@ﬁ = 2—F HYE OH*¥ : Energy Momentum Tensor (EMT)
g

A perturbative solution to anomaly equation:

Giannotti, Calculation in off-forward kinematics (I = p2 — p1):

Mottola (2009)

2 Py — ZQQ,U,I/

e
(p2] @80 1) = ——@(pﬂpv N ) (Dl F Fglp1)
247 4

Triangle diagram is dominated by infra-red pole

P1

15




Trace anomaly

Gravitational Form Factors:

P(H.‘ U)Pl D ) o
(P2|®?”|P1):%ﬁ(1’2) P“PY As+(As+By) “;’ Py 4f (11 =g 12)+ M2Cp g |u(Py) | I

Massless poles in Gravitational Form Factors?

1

Ap(12), Bf(1?), Dy (1?) ~ 5 T

A perturbative solution to anomaly equation:

Giannotti, Calculation in off-forward kinematics (I = p2 — p1):

Mottola (2009)

2 Py — l2g,m/

e
(p2] @80 1) = ——@(pﬂpv N ) (Dl F Fglp1)
247 4

Triangle diagram is dominated by infra-red pole

P1
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Trace anomaly

Gravitational Form Factors:

Pwig)el, Dy

2 4

L 1 — L v 7. 72 L
(P2|©%"|P) = 7 UP2) | P'PYAp+(As+By) + =L (1M1 —g" 1)+ M C g™ [u(Py)

Massless poles in Gravitational Form Factors?

Af(£2)jBf(£2):Df([2)>1< In QCD, we expect:
1
| — =

32

11

b
p_ng

A perturbative solution to anomaly equation:

glueball mass generations

Giannotti,
Mottola (2009) Mamo, Zahed (2019)

Calculation in of{ Fuiita, Hatta, Sugimoto, Ueda (2022) | ), )

Py — l29,u1/

P1

e
(p2|OGEp|P1) = ——@(p’“p” +
241

2

4

) (p2| F*P Fop|p1)

Triangle diagram is dominated by infra-red pole

17




Anomaly in polarized DIS: History

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

18




Py
Anomaly in polarized DIS: History kf

Polarized DIS & proton’s spin puzzle:

» ° g1 can be extracted from longitudinal double
~ spin asymmetry:

4, - M=l
ptpt + ptpt

or \ 2xg;
~ 1
( + O'T) Fg

First moment of g1:
AY g4(0) = AX :Fraction of proton spin carried by quarks |

1 1 /
/0 dzg () 9 (Au+ Ad + As) Deep inelastic scattering (DIS) experiments showed that
1 1 quarks carry only about 30% of the proton’s spin:
+ —(Au — Ad) + — (Au+ Ad — 2As) AY ~ (.32, which is much smaller than predicted by the
12 36 quark model AY ~ 1 - spin puzzle

+ O(as)

19




Anomaly in polarized DIS: History

Polarized DIS & proton’s spin puzzle:

First moment of g1:
AY
/

1
1
f drgi(x) = §(Au + Ad + As)
0

1 1
+ 15 (A% Calculate “box diagram”, which

is a controversial diagram ’;l .

\J

vl

il
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Anomaly in polarized DIS: History kf
q q
. fffrﬁ One-loop correction to g1 (gluon channel):
A Y
as [ Q7
ﬁé‘é{ - g1(x) ~ o In m—gAqu(m) +0Cq4(2) | @ AG(x)
p=2xP p

Box diagram

Polarized DGLAP splitting function: AF,,(z) =2z —1

A lot of controversy over this term

Hard coefficient function (mass regularization): in th‘c}ast
l—=
i

(same result in DR) o1




Anomaly in polarized DIS: History

A solution of spin problem?

= =
e i
The “1 — z” comes from the infrared region of the box diagram: s
| ‘s
. Q 2 mg — fnitel ! | -
( —m)/o (k2 +m2)2 e ,ééﬁé W%&

But the coefficient function is supposed to be dominated by UV physics ...




Anomaly in polarized DIS: History g

A solution of spin problem?
THE ROLE OF THE AXIAL ANOMALY
S0 o w1 INMEASURING SPIN-DEPENDENT PARTON DISTRIBUTIONS

The “1 — »” camae fram tha infrarad raainn af tha hay djg rRD. carLITZ
THE ANOMALOUS GLUON CONTRIBUTION TO POLARIZED LEPTOPRODUCTION Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, PA 15260, USA

J.C. COLLINS
Departinent of Physics, Winois Institute of Technology, Chicago, IL 60616, USA

G.ALTARELLI and G.G. ROSS !
CERN, CH-1211 Geneva 23, Switzerland

Received 29 June 1988 and

A H. MUELLER
Department of Physics, Columbia University, New York, NY 10027, US4

But the coefficient function is supposed to be dominated b, =2 =m0

Consider this “anomalous” contribution as a part of “intrinsic spin”:

lot of controversy over this term

AS = AR + H2aq e past

i

Expect AY ~ 1 - I) +2(1 — z)

If AG is large & positive, this can explain the smallness of AY!




Anomaly in polarized DIS: History

Critique 1

e~ T —1x
Gluonic contribution to g, and its relationship to the spin-dependent parton distributions

Geoffrey T. Bodwin and Jianwei Qiu*

- >

usual forms of the quark sum rules. We conclude that the size of the gluonic contribution to the
first moment of g, is entirely a matter of the convention used in defining the quark distributions.
"




Anomaly in polarized DIS: History

Critique 2 |

Calculation in forward kinematics:

No infrared pole! |

. o Ne |
+ + + — T S
T P, 2s [p, 2)=F —
(Carlitz, Collins, Mueller)

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

Calculation in off-forward kinematics (I = py — p;):

(p2|J5 1) = o Fglp)

Triangle diagram is dominated by infra-red pole

1

R.L. JAFFE and Aneesh MANOHAR**

b o L v -~

not local in the sense required. It is therefore not_necessarily protected from
infrared effects, in particular from the non-perturbative effects which give the o’ a
mass*.

regularization-independent. In QCD, the pole at />=0 is unphysical and is

cancelled by non-triangle contributions to the matrix element of 4). With the aid

Jaffe,Manohar (1990)




Anomaly in polarized DIS: History g

Critique 2 |

Box diagram can be viewed as a non-local generalization of triangle diagram 5| ?

If triangle is dominated by anomaly pole, trace of that should be visible in box diagram L

- - — X" _ - _ __ A X _ AT _ __ - —_———_——,——,— = = — -0 M _ i _

AND THE SPIN OF THE PROTON*®

R.L. JAFFE and Aneesh MANOHAR**

- - L v ~

Calculation in off-forward kinematics (I = py — p;):

1

(p2|J5 |p1) = FPFaslp)

Cgularization-independent. In QCD, the pole at />=0 is unphysical and is
cancelled by non-triangle contributions to the matrix element of 4). With the aid

Triangle diagram is dominated by infra-red pole L -




Imprint of Anomalies in DIS g

First calculation of box diagram with 2 # 0: I

A nr\mnln. Asmisatia.

The role of the chiral anomaly in polarized deeply inelastic scattering I: Finding the 7 2

triangle graph inside the box diagram in Bjorken and Regge asymptotics ;’Jfﬂ

Andrey Tarasov!? and Raju Venugopalan®

The role of the chiral anomaly in polarized deeply inelastic scattering II: Y
A fundamental pro| Topological screening and transitions from emergent axion-like dynamics
Andrey Tarasov!'? and Raju Venugopalan® %
B At D2

Andrey & Raju demonstrated within world-line formalism that to capture the physics of anomaly |

we need to calculate everything in off-forward kinematics for polarized DIS

Box diagram ]

(I =p2 —p1):

nrod it

oD T*u
r‘j)—)‘/ a /

a3

P1)

(po| JJE 1) = L —
D1 D2 P21 1P1, 47 \ 12

Triangle diagram is dominated by infra-red pole

27




Imprint of Anomalies in QCD Compton scattering kf
Fir

41 g2

\ J

s “

m P2

Box diagram
arXiv: 2210.13419 (2022)

\° 14

Chiral and trace anomalies in Deeply Virtual Compton Scattering

Shohini Bhattacharya,!'* Yoshitaka Hatta," 2 T and Werner Vogelsang®:*

n
Y
—XUn - - -

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

Z KoV




Imprint of Anomalies in QCD Compton scattering

Kinematics:
! !
q1 = ¢ 5 Q2—q—§
M > 4
A \ t=1*#0
>
B [ B Jrl
pP1 =D 5 P2 =D 5

Calculation of imaginary part of anti-symmetric/symmetric (i, ) of Compton amplitude
with non-zero ¢

29




Imprint of Anomalies in QCD Compton scattering

Kinematics:

q1 =

[
Q+§ 1\1‘1 ﬁéj@
S I

Usual rationale is that keeping ¢ = [* # (0 produces higher twist corrections ~

q_

!
2

QE

S S

But there are surprises ... |

Plzp—é

P2 =

P+

!
2

Calculation of imaginary part of anti-symmetric/symmetric (i, ) of Compton amplitude

with non-zero ¢

30




Imprint of Anomalies in QCD Compton scattering

Antisymmetric part of Compton amplitude

— P Palm T

31




Imprint of Anomalies in QCD Compton scattering

Antisymmetric part of Compton amplitude

=~ 4+ 50;1:1”

7 R AG(zB)Y Y5

1l a
afBpv asym s 2 —
—e™ Y PgIm T ;"™ =~ 359, (Ef ef) u(Ps)

Expected terms:
Polarized

Splitting function AP, (7) = 2TR(2& — 1) gluon distribution |

- 1
Coefficient function dC-_;’H (z) = 2TR(22 — 1) (ln P07 1)

Recall: In DR, one obtains

SCMS(3) = 2TR (22 — 1) (m b-2 1) L ATR(1 - 7)

I




Imprint of Anomalies in QCD Compton scattering g
Irrrr Antisymmetric part of Compton amplitude
| ey ppasym 5, 1 % Z e | u(Py) —aacanom ® F(zp) ' (Py)
B 1 ~ 9 9 - f 2 2 g B '75 1
Pole term
In agreement with Tarasov, Venugopalan
Coefficient function C;"" (&) = 4Tr(1 — )
Twist-4 GPD: //
: _ Same controversial “1-x” term as in
_ iP* / dz g’ifﬂPJrZ ) = /9\F@ (z—/gm > previous calculations! (see earlier slide)
u(Po)vsu(Py) J 2w '

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

33
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Imprint of Anomalies in QCD Compton scattering kf

Irrrr Antisymmetric part of Compton amplitude

,U, v
, o o
—eo‘ﬁ“"PBImTjﬁym = = Zef u(Ps) [ l—zc?Cganom ® F(xp)ys | Ju(Pr)
i
Twist-4 GPD,

But no suppressionin 1/Q?! |

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

(8

[%vs
2M

a3y asym 1 o ~ ~
—e*M PgImT "™ §Ze§a(P2) [’y vs(Hs(zp, & 1%) + H(—xp,£,1%)) +

G0y 001/Q%).

. (Non-local) chiral anomaly manifests itself in high energy scattering amplitude &
Twist-2 GPDs ‘

to all orders apparently breaks QCD factorization

(Ep™(2p, &, 1) + E}™(—xp, £,1%)) | u(Py)

34
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Imprint of Anomalies in QCD Compton scattering kf

Irrrr Antisymmetric part of Compton amplitude

1 ag

afBpv asym 2 — ¢ ~vanom T
— P PBImTuVy ~ 5% (; ef) u(Pg) [ ‘ Cg ®.7:($B)’75] U(Pl)

Anomalous contribution to GPD E at one loop |

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

a3y asym 1 ~ ~ ~ -
—eT BT = 2y a(py) [7“7’5(Hf(55875352)+Hf(—5fBafal2)) EYe(zp, €, 1) + By (~xp,£,12)) | u(P)
f
+0(a,) + 0(1/Q?),

. / (Non-local) chiral anomaly manifests itself in high energy scattering amplitude &
Twist-2 GPDs ‘

to all orders apparently breaks QCD factorization

35




Imprint of Anomalies in QCD Compton scattering

Elusive pole '
ONE-LOOP QCD CORRECTIONS TO

DEEPLY-VIRTUAL COMPTON SCATTERING:
THE PARTON HELICITY-INDEPENDENT CASE | /

Xiangdong Ji and Jonathan Osbhorne

Predictions from conformal algebra for the
deeply virtual Compton scattering.

A.V. Belitsky D. Miiller

NLO Corrections to Deeply-Virtual Compton
Scattering *

L. Mankiewicz'®, G. Piller?, E. Stein®, M. Vinttinen® and T. Weigl®

wist- S
NLO corrections to timelike, spacelike and double deeply virtual Compton scattering. "

B. Pire! and L. Szymanowski? and J. Wagner?




Imprint of Anomalies in QCD Compton scattering

Elusive pole |

Pole was unnoticed in the GPD literature because one typically assumes
H=—2pt = t=12=0

before loop integration

Usual rationale: Corrections supposedly higher twist i?

* 3
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Imprint of Anomalies in QCD Compton scattering kf

Elusive pole | ‘

Pole was unnoticed in the GPD literature because one typically assumes

F = —2pt =+ t=1*>=0 I > v

|

before loop integration i 4 Y
t Lo
Usual rationale: Corrections supposedly higher twist —— pP=5~= p(1+¢)
Q?
€% 6*’8
3 -1 2

However, box diagram is power-divergent in the IR!|
U\,auum'l'l's —

Still, pole was never seen before because: 2
| !
e g - |
l—zéC';nom F(xp) 5L ———>(po| " F,,|p1) X e““aﬁl“puemegﬁ , ‘

&

N

— 0 when [# o p#




Imprint of Anomalies in QCD Compton scattering

Perturbative calculations suggest that massless poles are induced in GPD E ,
T —— -

However, we know there are no massless poles in amal form factor (moment of GPD E )

T | = =4 nr ‘)‘)/ﬂ-\ﬁff’ ‘Iz'g \HO

p(12) = [ duB(x) )347

Deeply tied to the UA(1) problem Why is the ?7 SO massive (957 MeV')'-"

)La' 7 [ Y 2N

1

©

e &



Imprint of Anomalies in QCD Compton scattering

Redefine

Justifying factorization |

Ef(zp,1?) + Ef(—ap, P)|=|EY" (xp, %) + EYe(—xp, P i =

g 2M

5 lg 5canom®}~($8 l2)

I

“Bare GPD” (tree level)

I

Perturbative pole (one loop)

y y IT, OTTIe (1IJ0)

-

e &



Imprint of Anomalies in QCD Compton scattering kf
Justifying factorization
Redefine I
T T Perturbative pole in GPD
) dz= .. o+ - — Vg . . x
i E B [ s et ] ) - osn sy

Same pole in one-loop calculation!

AN
> 4

Perhaps not an ad hoc argument ! |“
O AN oOrgers

The pole “belongs” to GPD r r




Imprint of Anomalies in QCD Compton scattering

Justifying factorization

Redefine

Ef(nglz) +Ef(—$3132) — Ebdle( N/ )_I_Ebale( 3332) n ;5; 2;2[

I I

“Bare GPD” (tree level) Perturbative pole (one loop)

50&:10111 ® -F(:SB l2)

-

y y IT, OTTIe (1IJ0)

Postulate that the perturbative pole cancels the pre-existing pole in “bare” GPD:

~ro e s 2M
E_lf)me(:EBq 12) + E?aIE(_mBJQ) ~ _&_6(;&110111 .7'_(1!!3., l? _ 0)

2 (2
—

Postulate that the “renormalized” GPD integrates to gp (/) :

1 1
gp(l®) =" /ld:z:E‘f(:n,g,F) =y /ﬂ ldz(Ef(2,&,1%) + Ef(—.&,17))
TR R

e &



Imprint of Anomalies in QCD Compton scattering

Justifying factorization |

Redefine
0
y - 2 [ 2 rbare 2 rbare 2 (g 2M anom T 2
Ey(ap, 1) + By(~ap,)|= R (w5, 12) + BY(—zp, 1B) [+ 52 =500 © F(zp, 1%)
2m 12 g
| 1 |
“Bare GPD” (tree level) Perturbative pole (one loop)

u(Py)ysu(Pr)

B (P2|£:LT&FF|P1))

Pole cancellation at [ dx i Wefind: 92(%) _ i [ (BRI FF|P)
- 2M [2 E(Pg)’}:gu(Pl)

- - 2__
See earlier slide i*=0

,__



Imprint of Anomalies in QCD Compton scattering g

Justifying factorization |

g 2M

x5, )= |EF (w5, 1%) + EF™™(=ap, I*) |+ o= —5-0C5"" @ Fzp, 1?)
| 1 '
“Bare GPD” (tree level) Perturbative pole (one loop)

Pole cancellation at [ dx i We find: () _  _ 2MAY  2MAY 4 2MAY o1
| 2M [2 [? 12 —m?, ‘ 2 — m?
See earlier slide K n’
“We demonstrate that the dynamical interplay between the physics of |
the anomaly, and that of the isosinglet pseudoscalar U, (1) sector of ¢
QCD resolves both problems simultaneously: the lifting of the 77 pole
by topological mass generation of the 1" and the cancellation of the
anomaly pole” - Tarasov, Venugopalan
See also Jaffe Manohar, 1990 ’_!. ' ]




Impri Equivalence with the iso vector case !tering

Example: Iso vector axial current i Axial Form Factors:
xiof _ = | | ” _ 5 I 2 o
con=™ " J5q =2 VY5 %QF (P2|J5q| P1) = a(P) [7 Vs Fa(t) + TAW;FP(t)] 5 u(Pr)
et
E¢(xp,1%) + Ef(—zp, ?)|=|EP(xp, %) + E}™(—zp, P - 5 0Cg " ® Fzp, I?)
T A
Current conservation (chiral symmetry) leads to:
_2M2 (3)
o)~ 2294 o)
where gf’) = F4(0) ~ 1.3 is the isovector axial coupling constant. The pole is generated by the exchange of the

massless pion which is the Nambu-Goldstone boson of spontaneously broken chiral symmetry.

We demonstrate that the dynamical interplay between the physics of
the anomaly, and that of the isosinglet pseudoscalar U,(1) sector of I [

| =
Qo

QCD resolves both problems simultaneously: the lifting of the 77 pole | Mo > ! : :: "

by topological mass generation of the " and the cancellation of the " "

anomaly pole :: ::

See also Jaffe Manohar, 1990 ® ® |

___J
b




Impri Equivalence with the iso vector case !tering

Example: Iso vector axial current i Axial Form Factors:
xiof 7 _ a | la 7.0,
cone=” IS5 = D> Vs %QF (Po|J5q|Pr) = U(P) [7“75FA(t) + 2—A7;Fp(t)] 5 u(Pr)
e
I 2 n 2 bare 2 bare 2\1, s 2! Canom T/ 2
f, (TH. [<) + I",.I."I_—.R‘Jr;. [<) ,'",_;-‘“ f,E‘Jf;.f'] = !!. - \—T g, /'1' T o, B o ”,m & ]‘—'f.f‘“.!"' )
v "
Current conservation (chiral symmetry) leads to:
_2M2 (3)
Fe)~ 20 ()
where gf’) = F4(0) ~ 1.3 is the isovector axial coupling constant. The pole is generated by the exchange of the

massless pion which is the Nambu-Goldstone boson of spontaneously broken chiral symmetry.

Iso vector GPD: - . ® ®
3 - - gen the physics of
the anomaly, ana t -~ = /_1 da (Bula,6,8) = Ba(w.6:1)) U,(1) sector of i i

: - 1 1

QCD resolves both pF ting of the 77 pole " b > | - i I n
g(3) In QCD, we expect: Bllation of the [- :: Ui [2 — Mo :: /

Eu(maévt) = Ed(magat) o 0(6 = |.’L'|) ? | Eu - Ed ~ m a ﬁ :.:




Imprint of Anomalies in QCD Compton scattering

Symmetric part of Compton amplitude (£ # 0)

47




Imprint of Anomalies in QCD Compton scattering

Symmetric part of Compton amplitude (£ # 0)

Pole! (New result)

(Hf(mB:é-:lQ) - Hf(_-Tng, [2)) — (Hlfarc

(25,6,12) — H*(—2p,&,12))

P
L1

anom o/ 2
Qﬂ- 62 C ® F(L‘?B,g,l )

(Ey(wp,&,12) — Ey(—p,&,12)|=|(Ep™

(25, &, 1%) — By (—ap,&,1%))

g 1
. _S_Canoml .f}- TR, 112
I 27 12 & Fwp, &)
“Bare GPD” (tree level) I

Perturbative pole (one loop)

48




Imprint of Anomalies in QCD Compton scattering

Irrrr Symmetric part of Compton amplitude (f =+ O)

v Pole! (New result) |

(Hf(mB:é-:F) - Hf(_'TB:g: 'Z2)) - (Hl_;?m‘c(xBagalz) - H_?arc(_:rﬂaga ['2))

_1 anom 2
+27r B C" ®" F(zp,& 1)

(Ef(mﬁ= 3 Zg) - Ef(ﬁmﬁu £, ‘{2)) - (Ebne(' B,&; [’2) - E_lf)'am(—xﬁvgﬂﬁ))

nom 2

Radyushkin, Zhao (2021)
, o[ 427 apr (P2 F" (=27 /2)Fuu(27 /2)|P1) ) [“Bare GPD” (tree level) I
2 +1, pirPtz / are ree leve

F@gl) = ~dzb M./ om <“(P2)H(Pl)

Perturbative pole (one loop)

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

apparently breaks QCD factorization
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N
The pole “belongs” to GPD |

! g E;J:—p-ki
PL=p-—3 ’ 2

Perturbative pole in GPD

/ A=k, Telya( +1/207 (k= 1/20°(k = ) .
(2m)32 (p— k)2(k — 1/2)2(k + 1/2)?

€n(p+1/2)es(p —1/2)

™
pole

I

Same pole in one-loop calculation!
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Trace of EMT: p

(P2|(©)21Py) = M (A(t) ¥

B(t)

3D(t)

ISYEYE t) u(Py)u(Py) = (Ps]

B(g)
29

F#I/F}“/ IPl)

In the absence of trace anomaly: |’

3D(t)
AM?

~

1}
ot (t — 0)

KT
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Trace of EMT: pr (& #£0)

it Sat) aPu(r) = (Pl SR

Pole! (New resul

(P|(©)%|P) =M (A(t) -

! 1 (anom - 2
< 1 ag - Pl IR
Tt Mu(Ps)u(P,)
)
AW -A©0) 1 ((RIFEFP)  (RIE2FR)
N t t ]\/fﬂ(Pg)u(Pl) A/Iﬁ(PQ)U(Pl) -

o

_glueball mass generations i

Perturbative pole (one loop)
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Real part of Compton amplitude: (SB, Hatta, Vogelsang, In Preparation)

53
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Real part of Compton amplitude: (SB, Hatta, Vogelsang, In Preparation)

e

1%

Example: Antisymmetric case

(14 2z)ln —I—(:c—f)ln:]j;g) — (x = —x)
Pole in real part!
Log. (1 . Tl A f :'F:_—E:_,; AN
QTH/ d_z(l )In*——= 4 (& — §)In = (z — 'L)]:(JaE "
(1—£2)
L g . :
2[ dyCo(y, xp) [[ (h (U 6) Fla,&,t) — ('—?J)[ d—fﬁ (Egé)ﬁ'(;g_j:‘&?,{_)]
. Jo T €r T

Same structure for convolution! Y
Even in real part, same mechanism should cancel pole as in imaginary part 54
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Real part of Compton amplitude: (SB, Hatta, Vogelsang, In Preparation)

Example: Antisymmetric case

Reproduced the known logarithms from literature

- 2:'?:—1—5_'21 r—1 T —E£ T —&
— n — —— In

21-622 & (1€ @

Rgg(Z.€)

— (& — —1) ‘

Ji, Osborne; Belitsky, Mueller

55




Imprint of Anomalies in QCD Compton scattering g

Real part of Compton amplitude: (SB, Hatta, Vogelsang, In Preparation)

Example: Antisymmetric case

Coefficient function

#+¢ | Relation to the MS scheme |
T

May be possible

56
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Quark-channel diagrams in DVCS: (SB, Hatta, Vogelsang, In Preparation)

q1 q2
P1 P2

57
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Quark-channel diagrams in DVCS: (SB, Hatta, Vogelsang, In Preparation)

a1 a2
P1 P2
Example: Antisymmetric case

~}2< — (2 — —2)

No pole!

58
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Quark-channel diagrams in DVCS: (SB, Hatta, Vogelsang, In Preparation)

q1 q2
P1 P2

Example: Antisymmetric case

- R A~ 2
~ +Rqq(Z,€) lnﬁ‘?—l2

Reproduced the known logarithms from literature |

3 P12 @1 (@ -+ 2w i

, - -+ — 111 " = 1Il : j
2(1 — 1) (1—€2)(1— ) A (1 —22)(1 - £2) T

— (& — —1)

Et-qq (fé) | =

Ji, Osborne; Belitsky, Mueller 59
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Quark-channel diagrams in DVCS: (SB, Hatta, Vogelsang, In Preparation)

a1 a2
P1 P2
Example: Antisymmetric case

~ Coefficient function
(not shown here in detail)

6C1 (#,€) = (& > —2)

Unexpected double IR pole
60
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Quark-channel diagrams in DVCS: (SB, Hatta, Vogelsang, In Preparation)

q1 )

P1 P2

Example: Antisymmetric case

~ Coefficient function
(not shown here in detail)

Unexpected single IR pole
6CH(#,8) = = (& > —2)

61
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Quark-channel diagrams in DVCS: (SB, Hatta, Vogelsang, In Preparation)

q1 q2
P1 P2

It looks like factorization is broken due to the unexpected double, single IR poles

= A

But, when you compute GPD itself, you find the same double, single IR poles! | 00000000
These poles can be systematically absorbed into GPD li

Unexpected single IR pole

(%) (%) r

V(a6 — _ — e — (7 — 7
&) =—aa =7 " 2a-a T &>

Unexpected double IR pole r

62
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Remarks: |
p—

- Off-forwardness is an alternative factorization scheme that clarifies the physics of anomaly

But. when vou compute GPD iiself. vou rind the same double smmale IRpolesT +

* Novel connection between twist 2 & twist 4 sectors at the density level due to anomaly |_
onexpecreasmgreRpore T




N
Summary kf

* Revisited QCD factorization for Compton scattering: Crucial topic for ongoing &
future experiments including at EIC

* Importance to understand off-forward poles originating from chiral & trace anomalies

(FF) (FF)
R E

THY Unnoticed in literature




Summary

Perturbative calculations suggest that massless poles are induced in GPDs E, H, FE I

a Dawvicitad AN factAavigatian fAr AamantAan canltiavincsa: Criaial FAania FAr aAnfaaina 9.

However, we know there are no massless poles in axial and gravitational form factors (moments of GPDs) .

« Importance to understand off-forward poles originating from & anomalies

(FF)

/ -,ui/ .
I l2 ) [2

Unnoticed in literature
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Summary

Perturbative calculations suggest that massless poles are induced in GPDs E, H, FE .

a Dawvicitad AN factAavigatian fAr AamantAan canltiavincsa: Criaial FAania FAr aAnfaaina 9.

However, we know there are no massless poles in axial and gravitational form factors (moments of GPDs) }

We proposed a possible scenario of pole cancellation I
This has to do with eta-meson & glueball mass generations, )
-—m-——m!'lgmatlng from & trace anomalies

cf, the ?7’ mass problem

Antisymmetric case: 1

Symmetric case: !

66



Summary k

Off-forwardness is a physical factorization scheme that elucidates the physics of anomaly

Profound physical implication of poles; touches questions on mass generations,
Chiral symmetry breaking, ...



1

~N
Summary & outlook kf

Novel connections between DVCS & chiral/trace anomalies: g &
This could be a new & potentially rich avenue for GPD research

Imprint of anomaly on other physical processes: |

Importan anomalies

(Example: Deeply-virtual meson production)

Off-forwardness is a physical that elucidates the physics of anomaly

Profound physical implicatior
Chiral symmetry breaking, ...

stions on mass generations,



Backup slides
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A, “o &

FIG. 1: Box diagrams for the Compton amplitude in off-forward kinematics.

70
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<PQ‘E%FF‘P1> mgf

gp(1?)  —2MAY | 2
oM - Z—m2 " a(Py)ysu(Py) 2 —m2,

n’
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Symmetric case: ‘
aff I g ] QZ off 1 Ancm o f 2 ﬁ(PZ}”[P-l}
F [J"H ” Eg ;t‘f P lﬂ IE +Clg E‘Q{I‘B}—Fg—zc = .F{I‘B.IE,I ]T .
_© ;“”,l)j [31}

moff Xy 2 QZ off 1 anom .,/ 2 ﬂ(PZ}I“’EPl}

FE [J‘H*IJHIHE ;Ej’ [(quln__gg—'_(j?y) 'ﬁQ’(I’B}"‘!—EG ® F(IB,&,E )T .
. . We recognize the expected structure of the one-loop corrections associated with the unpolarized gluon PDF g(x), with

Antlsymmet"c case: the splitting function P,y(#) = 2Tr((1 — #)? + #7). The coefficient functions are given by

A®B(zp) = [, A(Z2)B(z)

ST

(_‘”H(.r} = 2Tx((1 — £)* + &%) (ln (1; — l) :

—.!":]'

(32)
L — 1
('“'?'”?’ P _h._l.].r.(.t?_f\ B p— C;;T(j"} == ETH{(]. — j'jz ‘|‘ ] (111 W — l) + HTH.?'E]. — j‘] .

" In addition, we find a pole 1/I? in both FP® and F£T (but not in the difference F$T — 225 FPT relevant to the
longitudinal structure function), with the following convolution formula

06 —2p) [* da

1 ¥ - -\.
cuon s Fan ) = [ TR@HF@P) - L(#,€)F(x.,1%), (33)

Twist-2 C

where

e o #(1—3
K@= g op 28
1—¢ 1— &2

(34)
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(£ #0)
" Polynomiality:
A A/

Pole! (New result)

1

d 1
/ deprp(Hy(ep, €,1%) — Hy(—2p,6,12)) = f depepHy (e, 6,0%) = Ap(1%) + €D;(), b, < 17)
0 1

1 1
| denen(Br(eon,&.8) ~ Bp(—en,6.2)) = | desenBy(e.6 ) = B - €D, [ Pl sl
0 ~1
I ( “r. (T £ flill f'.-:'l' ro_ £ lfl;_}-l 'II_ [ f‘l..:;'lllll' ro £ ."l_l! !_‘|..::;|'--. re S Iu'l— 1]
2 Abare £2 2 ybare £2 —~ TRaS 2 <P|F‘]ﬁ(?’<ﬁ>+}2Fﬂﬁ‘P) 2 2

i
N Ze?(B}?ME(iz) . £2D?are(52)) ~ _TRQS (Ze?) ((PF ﬁ(Z‘D—F)zFaﬁlP) +§2(PF2P}) .
f

le &
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Polynomiality: |

e =

=

Structure of convolution:

Canom ®’ }'(IB’§’Z2) = / ?K(i’;é)f’(‘ra 55 ZQ) o

L da

L2 z(1—2)
K(z, 2T <
(ﬂff) R 1_52 I:_
FCErir

\

e

2 1 €T
1
-~ ) t
ny #E-)|
L(Sﬂ,f) - QTR = <
| 1—& £
(= rh.e T,

Nonzero for nonzero skewness

T I




Py,
Imprint of Anomalies in QCD Compton scattering kf

Polynomiality: I (£ #£0)
;Jp 1/
Structure of convolution: Ilt)

Cnom o Fap. £ 12) = / W k(6,6 F(x,6,17) -

0(§ —zp)

#(1 - 7)
1— 2

K(i,a é) = 2TR

Hatta, Zhao (2020); l Nonzero for nonzero skewness '
Radyushkin, Zhao (2021} — ~—

Example Zef‘r (Hp™(xp, &, 1%) — HP™(—zp,&,1%)) = _as(z ) 2 Zoamon g F(xg,£,12 =0)
f

Polynomiality

g aB(; 2F,
Ze§ (A?a.re(ﬁ) + é-QD?arE(lQ)) . Tr (Zef) ((PIF ((£+_;2) F. ﬁ|P> + €2(P|F2P>)
f
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