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Motivation Computation Numerical Study summary

~y* — 70 form factor

e yv* — m° production: theoretically clean and simple

(@@ v P) = g2menvpoe” @) ¢ Frn(Q?) Q*=—¢®>=—(p—p')?

¢ Theory motivations
o QCD precision study

e investigating collinear factorization properties (OPE)

& Phenomenological motivations
® necessary for confronting future experimental precision
e axial-vector contribution in DVCS

e one-loop and next-leading-power known
[F. del Aguila, M. Chase (1981); E. Braaten (1983); E. Kadantseva, S. Mikhailov, A. Radyushkin (1986); Y-L. Shen, Y-M. Wang (2017)]

e “Babar” puzzle
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Motivation Computation Numerical Study summary

Experimental status

e  Measurement channel ete= — 7°

e Experiment vs. Theory

asymptotic limit  limg2_, For(Q%) < V2fr

[Brodsky, Lepage (1980)]

30 40
Q2 (GeV?)

Scale violation ?
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Motivation Computation Numerical Study summary

~y* — 70 transition form factor

(@I Y P) = Pmeuvpoe” 0') PP Fyrn(Q?) Q%2=—¢% =—(p—p')?

jﬁm = chqu qYuq
q

e Naturally, two null-vectors n and 7 emerge ((n - ) = 2)

n n
pl= (05" pu=(-p)5, n-p' ~n-p~O(WQ?)

e Leading-power factorization

FLP(2) — (e —€d) fr 1d T )2 T — - £ (€) _ Os
v Q) = \/§Q27 o zTo(x, Q% ur) ¢r(x, uF), 2 —g:()as 2 5 Gs= i
1 _
0 _ o o
= — (|uuw) — |dd m, = mg =0 exact isospin
7 = = (Jum) ~ |dd) | ma = mq pin
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Computation of 75: tree-level

e Leading-power factorization

(ei - eﬁ)fﬂ'

V2Q?

e  Non-perturbative ingredient: ¢ (z, ) — leading-twist pion LCDA

FIP(Q?) =

1
/d$T2($7Q27NF)@7r(T«,NF)
0

1 . —
(m(p)| [a(zn)[z7, 017 5q(0)] 7 |0) = *ipru/o dx ™" P (2, pr)

e T, from four-point correlator 11, (tree-level):

My = i/ddz e "% (q(zp)g(zp)| T{i5™, 5™} |0)
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Motivation Computation

Computation of 75:

beyond tree-level

e II,, perturbatively calculable:

Numerical Study summary

[Y-M. Wang, Y-L. Shen (2017); J. Gao, T. Huber, YJ, Y-M. Wang (2021)]

£ _
=Y Z (Zaas) AL (2)(@(@p)TH q(p))ree ,
k=A,B =0~
are
L =y, Iy =41y, < QED WI & C-symmetry
1 1
v =g, ¢ =g" - En“ﬁ” — iﬁ”n" e’ = 56“”pgﬁpn(,
| matching
Z T O,uu> O[J.V( _ n-p d ITTAD ~( = = Hv
a a CD) - 2 T € q(TTL)[T’rL,O} a q(o)’
a=1,2,FE us
v . 5 ]. v
MY =gi"h, T8 =iy, T = %(gh“ﬁ”] — ieh*y?)

o Ty decouples from yy* — 70 due to pari

& Ty odd parity responsible for yv* — 70:
& T}«;

Yao Ji (TUM)

ty: vector contribution in DVCS
[V. Braun, A. Manashov, S. Moch, J. Schoenleber (2020)]

compute in MS/NDR scheme m

(O%”) evanescent coefficient function (operator): indispensable in dim. reg.
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Extracting 7> from II,,: matching

e Matching two formulas of T

= Y T,®(04),

a=1,2,E

3
= 3" (Zaas)’ AL (2)(@(@p)TL" g(2p))tree

o ldentity: )", = —(T{" £ T4 £T%) = ql'yzq— OF trCC,A(“B — ASZ;,E

e Relating OX" _ and O4":

a,tree

<Oul/) = le<(91 tree> ’ <Oi“/> = Z i <Ok tree>
j=2,E

& Z11: obtainable from ERBL kernel: known to three-loop
[G. Lepage, S. Brodsky (1980); A. Efremov and A. Radyushkin (1980); S. Mikhailov and A. Radyushkin (1985);

A. Belitsky, D. Mueller, A. Freund(1999); V. Braun, A. Manashov, S. Moch, M. Strohmaier (2017)]
O Zog = Z11 in NIS/NDR nm

& Zsp calculable via diagrammatic approach: we need Z;QE)
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Computation Numerical Study summary

Extracting 7> from II,,: matching

e Z;; expandable in a;

1 2 3

e Matching yields “master formula” (Ag) = AS?, Zf;,; = Zé?, Zé}; =0):

T2<o) =T1(<:O) :Ago)7
1 1 1 0 1 1 0

a=2,FE

1
= AP+ 2040 - 5 328 o
a=2,E k=0

e Task at hand: A§2>, Zgg; all done dim. reg. d =4 — 2¢
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Computation of Agz)

e Step 1: generating two-loop diagrams for IT+"
e ~ 100+ diagrams are generated via Feynarts and in-house routine

e considering color/flavor/Furry theorem, total # of diagrams reduce to 42 x 2

ANANNY

000000

0000000000
Q00000000

Q00000

Sample diagrams

Step 2: translating diagrams to loop-integrals: in-house routine
Step 3: reducing loop-integrals to scalar integrals: in-house routine (no trace used!)
Step 4: IBP reduction (via FIRE) to master integrals

[S. Laporta (2000); A. Smirnov (2008); A. Smirnov, F. Chukharev (2019)]

e Intermediate check: only 'yi%'yj_ and 'yj’_?i'yﬁ present after summing up all diagrams:
manifestation of QED WI and C-symmetry
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Computation of Agm: masters (minimum set)

e A total of 12 masters needed

, P1 P1 q—p1
P »>— D1
q q o
P2 q i P —p P2
q q q
q—» >— P2
2 ’ ’
P —p2 p1 P p1t+Dp2
P1 <« p/ p —p2
, /
P —p2 p—p

q P P y2% P w—@»— P *—@

the number of Mls reduced by exploiting collinear condition p; = xp x Tp = p2
e Mis computed using DE and Mellin-Barnes representation
[A. Kotikov (1991); E. Remiddi (1997); M. Argeri and P. Mastrolia (2007); M. Czakon (2006)]
e all Mls are presentable through HPLs with indices 0 and 1 and argument z, or equivalently
Li,(z) with z € {z,z, —z/Z} T
e combining IBP and Mls to get A<22) to O(e%); also need Agl) to O(e)
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Computation of Zpo

e Diagrams identical to two-loop ERBL kernel; in total 29

@ 05
0000000000000
0000000000000
Diagram A Diagram B
dydily K —1h M =i
Ts = — 402 / (e
A 9°Cr | “gmzd a(k1)y” T —12)2) k=02

Ut bt etk
«@ v 7 7 \919
B (U + k)2 o+ k)2 P (0 — 12)202

Cy ddllddlz _ K — 1 kh + U
77,9 ZCF (CF - 7) / / )'ﬁ'(kl — l2)2 'Yp (kl +ll)2

k/Q _ 11/2 ] U(kZ)ezz(kl-Hl-Hl,lg) n
(k2 —112)2 Z(lh +12)2
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Computation of Zpo

e Introducing a single m for all particles to separate UV and IR
e Calculations done in position space
¢ analytic results
& simpler expression
¢ constrained by conformal symmetry
e Fourier transform to momentum space to get Zp, for extracting TQ(Q)

Ia= sagcﬁ{g [38+42Lm] + tl%t 2(1 + L) +1Int] + glni[Q(l—s—Lm +1Int) — InZ] }G(t—:c)
+({t—=tz—T)
Ip=(-)0t—a)+ (- )0(@—t)+(-)0t—2)+(--)0(x—1), % divergent

¢ tand z: incoming and outgoing momentum fraction (Z(z,t) ® f(t))
e Byproduct: leading-twist evolution kernel in Larin scheme at two loop
[V. Braun, A. Manashov, S. Moch, M. Strohmaier (2021)]
e Also need Zé;) to O(e®) due to cross term Z ® Z

e Adding everything up to get Zgz), all m dependence cancel
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7? at o2 order

e Putting all pieces together to get [J. Gao, T. Huber, YJ, Y-M. Wang (2021)]

T @) = [5oCr (K (@)/2) + C3 (KP (@)/2) + Cp/Ne (KP (@)/x) ] + 2

kP @) = A Hg), KD (@) =fI%LHL, K@) =fs(L,Ha),
¢ equivalently expressible by Liy,(z),2 € {z,Z, —z/T}

e Full agreement with results obtained via conformal OPE [v. Braun, A. Manashov, S. Moch, J. Schoenleber (2021)]
¢ ™ nontrivial relations among HPLs needed
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Numerical analysis: models

e Models for ¢, needed for F’, prediction

2 _ 2 1
F&E(QZ):%/O dz To(z, Q%, pr) dr (T, ur), pF = pUy

e Expanding ¢ (z) in Gegenbauer polynomials ag,, (1)

On(z, 1) = 6:va_:(1 + Z a2 (1) C§£2(2$ - 1))

n=1

'2+2axr) o
1—\2(1+aﬂ_) (IE"E) 5

. 0.076
with anr (o) = 0.42270075;

Model I : br(z, po) =

{a2,a4}(po) = {0.269(47),0.185(62)},
{as,ag}(uo) = {0.141(96),0.049(116) } ;

Model III : {az2, as}(po) = {0.20370:0%2 , —0.14319:032

o up = 1.0 GeV [S. Brodsky, G. de Teramond (2008) & G. Bali, et. al (2019)]; TUT

[A. Bakulev, S. Mikhailov, N 2008); S. Mikhailov, A. Pimikov, and N. Stefanis (2016); N. Stefanis (2020)]
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Numerical analysis: two-loop effect

. aS(Q2) corrections to F.; at various orders for Model |

0.30f - Py e QiR
Py .

0. 25
evolution of ¢ (z, 1) done one order higher in as

— includes higher power corrections [v-L. Shen, Y-M. Wang (2017)]

0.200 gl

0 10 20 30 10
@

< hierarchy holds for other models
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Numerical analysis: model dependence

e Model dependence

color bands from scale variation p% € (1/4,3/4)Q?

¢ well separated theory predictions —> better model constraint with higher quality data
® constraining less-known a4 (uo)

0.

a2(po) determined from lattice; a,,>¢ = 0

~0.4 -0.2 0.0 0.2 0.4

) nm
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Summary

e Pion-photon transition FF to two loops in QCD /axial-vector for DVCS
e Ideal hard exclusive process for QCD factorization
o Two-loop bare amplitude from standard multi-loop technology
o Nontrivial IR subtraction procedure due to evanescent operator
e Non-negligible two-loop numerical impact to TFF, precision LCDA from data
e Future studies
o Inclusion of massive quark loops [in preparation, T. Huber, YJ, Y-M. Wang (2022)]

® ~v* — gg process for gluon GPD (identical Mls)

[in preparation, V. Braun, YJ, A. Manashov, S. Moch, J. Schoenleber (2022)]

e Double-virtual TFF
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Back up slides
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F~ with asymptotic LCDA

(e2 — €2) fx »

V2Q? Q2

2 85
+Ck (24(42 +¢3) log & +42¢4 + 54C¢3 + 37¢a — 3>

BB S () — {6 —30as Cp — a? [CFﬁo ((31 + 121og ) G2 +6¢3 + 7)

—% (6¢4 — 12¢3 — 2¢C2 + 13)} e O(a‘:f)} .
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