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‘Anomaly pole’ in perturbation theory

Tarasov, Venugopalan (2019,2021)

Compton amplitude, photon indices antisymmetric
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‘Anomaly pole’ in perturbation theory

Bhattacharya, YH, Vogelsang (2022,2023)

Compton amplitude, photon indices symmetric
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Circa 1960: Isovector axial form factors
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Nucleon form factors
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Chiral symmetry breaking and pion pole @
7T

In massless QCD, the current is conserved Q,, Je, = 0

tFp(t —4M2gtY
QM Fa(t) - 2;/([) —0 mm) Fp(t)~ ;
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massless pole!
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In real QCD with finite quark masses, =3
t  t—ma

Pion nearly massless due to spontaneously broken chiral symmetry Nambu (1960)



Pion pole in GPD

Generalized parton distribution = x-distribution of form factor

! 2 (3)
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Fp(t) 2/ dx (Eu(x,&t) —Ed(:c,f,t)) ~ t A
-1
SKewness _Pl_FJrPQ__F
Massless pole already in GPD
|

Eu(fﬁ,g;t) — Ed(iﬂ;g,t) ™~ ?

Penttinen, Polyakov, Goeke (1999)




Singlet axial form factors

Next consider the U(1) axial current ? = Zq Q’}/a’}%q

(%5
2M

(P2|J5' | P1) = u(P2) [v*v594(t) + gp(t) | u(Pr)

g4(0) = AXY  quark spin contribution to the nucleon spin

In massless QCD, the current is conserved due to axial U(1) symmetry

gp(t)  2MAY

2Mga(t) + tg;;\(j) = () q o t

Poleat { = () from massless 7] meson exchange



Chiral anomaly

N f O

F*™F,,

Quantum mechanically, the current is not conserved &1 Jg“ — A
0N

= 50— (R o)

2M t
anomaly pole o pole

In real QCD, there is no massless polein gp (t)

Pole shifted to the physical ?]r" meson mass 1

L) ~
gp(t) t — m?2




Witten-Veneziano mechanism Witten (1979), Veneziano (1979)

In large-Nc QCD, there is no chiral anomaly. %
> 1/’ meson mass O(1/+/N,)

Mass generation due to the topological fluctuation
of the QCD vacuum
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Gravitational form factors

QCD energy momentum tensor

- talk by Feng
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Nucleon form factors
P> pPs P@igPIA] [Y1P — Pt
af _ - A g
(Pal67Py) = a(Pa) [ AT + (A) + BO) 3 + DO~ | u(Py)
In massless QCD, O©2F s traceless due to conformal symmetry
B(t), 3D(t) 3 M?
A(t) + a2t T et T 0 —D(t) = A(t) (t — 0)

4




Trace anomaly
B(g)

Quantum mechanically, the trace is nonzero ((—))g — F”UFHU
29
-y D)~ (|2 F?| ) AR
47T e aB)u(P) T
anomaly pole ‘glueball” pole

In real QCD, there is no massless pole in- D(t) due to pole cancellation

Poles in- D(t) at 2++, 0++ glueball masses. Fujita, YH, Sugimoto, Ueda (2022)



Take-home message

Anomalies relate form factors

tgp(t) B _<P2|n£76:5 FF|P1>

Chiral anomaly  2Mga(t) + = 71—
94+ =50 a(Po)ysu(Pr)

t) atPu(ry) = (P G P P

B(t), 3D(t)

T | M| A
race anomaly ( (t) + Ve e

Form factors are moments of GPDs
1

gp(t) = Z/_ld:cﬁ’q(:c,g,t) Aq(t)+§2Dq(t) = / dexH,(x,&,1)
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mm) Anomalies relate/constrain GPDs



Ch | ra‘ aNnoma |y in QCD Peskin & Schroeder, Chapter 19

nfdg
4

aujg () = 0, @’Y“’%w) — Qimq&%w - Fg”ﬁﬁv

There are many derivations of this, but here | use the point-splitting method

JE (x) = lim ¢ (az — g) 5 P exp (z’g /:Jré dwyAV(w)) . (x n g)
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Operator product expansion

0,2 (x) ~ lim 2, F* (2) Tt |yusle + 2)d(e — 2)|

z—0)

Take the symmetric limit Anomaly!
. SV P gup (L s
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A side remark

. 2V P gup
The symmetric limit  lim &~ — 7 Isnotnecessary
% P L 2purr
42" F, FrPz, = =27 F,,

This is an identity. (Hint: use the Schouten identity)



Nonlocal chiral anomaly
If the separation is light-like,
= oM 2~

the anomaly is still there even when 2z~ # 0
D. Muller and Teryaev (1997)
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De rlvat | O n Agaev, Braun, Offen, Porkert, Schafer (2014)

Bhattacharya, YH, Schoenleber (2024)

Approach the light-cone from the space-like region
9
o~ wl

where naive equation of motion holds.

_ 1 _
Dy [(22)V " ¥ Wy 2 0(21)] = Z'ZV/O dap(z2)7" v W g (251) W (21)

Then take z2 — ()



Nonlocal operator product expansion

Balitsky, Braun (1989)

n iz 12P 1 ~ 3 R
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Again, Schouten identity (exact, no symmetric limit!)

2z (FI/;LWFW + ﬁu;LWFHp) p = _ZZFHVWEW



UV Matching

The light-cone limit 22 —3 () is not smooth. One needs operator matching
=Y Cij(In(=2*uiy) © Aj(2° = 0, pry) + O(2%).

Nowadays familiar in quasi-PDF, pseudo-PDF business
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L

O(Oés) coefficient functions and higher twist neglected
in leading logarithmic approximation



Take the nucleon matrix element (P’|...|P) of

Dy [(zg WAt ysth(z7)] = iz” / dat) (z2)7" s W g Fyu (25 )W (21)

11—«
nfa / da/ dSEFHY ( z12 ] ~zw (zg‘l_)

Right hand side, anomaly term

K= 9(“5)/_ W S| [ S WP e W B 20

Tarasov, Venugopalan (2019,2021) 6 =0
Bhattacharya, YH, Vogelsang (2022,2023) & # 0

Left hand side is GPD  (P'|D,, [Q‘Ef}/ﬁ‘qrﬁ@[)‘P> = A AP M},},ﬁ,}/ﬁw‘P>
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Nonlocal Witten-Veneziano mechanism

Bhattacharya, YH, Schoenleber (2024)

_____________________________

—————————————————————————————

1 / dx This is what was found in

perturbation theory

Vanishing of the residue requires

nfo dx’ T\ =
Z AQ f - / (1 - _) F2 (39/) + OF2 cf. Tarasov, Venugopalan (2019,2021)
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Conclusions

Anomalies relate form factors
Form factors are moments of GPDs

— Anomalies relate GPDs

GPDs encode profound aspects of QCD such as
chiral symmetry breaking and the origin of mass.
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