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@ Introduction and motivation

Analytical results and challenges
@ Preliminary numerical results

e Summary and outlook

work in progress in collaboration with K. Passek-K., G. Duplanti¢, S. Nabeebaccus,
B. Pire, L. Szymanowski, S. Wallon
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Exclusive processes and factorization

exclusive hard-scattering: 3 large scale(s) — factorization:

. elementary hadron wave
hard scattering . .
amplitude hard-scattering & functions
I amplitude (GPDs, DAs)
pQCD evolution, input

T s

= + +

Power-suppressed
corrections

[ Mezrag 22']

DA ...distribution amplitude (meson, nucleon)
GPD ...generalized parton distribution
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Generalized parton distributions (GPDs)

_5 1+
= ! P =P +P;
A =P,—P;
Pl:1+£1:+ 132:1751:%&
2 2
[Miiller '92, et al. '94, Ji, Radyushkin '96] at = (a%al,a%,a%) - at = a0+ 4°

dr—

P&t =A%) = [ S P77 (N(P)|O°(DIN(P)

7+=0,7, =0

a€eq,g, p... factorization scale

@ x : parton’s average longitudinal momentum fraction,

XB
2—xp

0 {= —g—: : longitudinal momentum transfer (skewness), £ =

o t = A?: momentum transfer squared (Mandelstam variable)
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Generalized parton distributions (GPDs)

= ﬁj-’* P = 51:‘%
2 2

[Miiller '92, et al. '94, Ji, Radyushkin '96]

IJI

Fa(X,f, = A2yM) _ /dL eixP+T_

21T

P =P+ P
A =P,— P

at = (a%al,a%,a%) - at = a0+ 4°

(N(P2)|O%(7)IN(Pr))

7t=0,7,=0

a€q,g, ... factorization scale

e vector (H? E?) and axial vector GPDs (H?, £?)

— chiral-even

e transversity GPDs (H%,E%, I:laTE%)

— chiral-odd
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09(r) = a(r)y* (7" s)a(—7)

09(r) = 4(r)ic*q(~)

Exclusive photoproduction of a photon-meson Trento2024 4/24



Meson distribution amplitudes (

zP

Y

A

(1-z)P

[Efremov, Radyushkin '80, Lapage, Brodsky '79,’80]

Sulzin) = [ G @I Q0% M(P)

7t=0,7, =0

J

a€q,g, ... factorization scale

@ z: parton’s longitudinal momentum fraction,
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Meson distribution amplitudes (DAs)

Y

vt on )

[Efremov, Radyushkin '80, Lapage, Brodsky '

A

(1-z)P
79,780]

Sulzin) = [ G @D Q0% M(P)

7t=0,7, =0

J

a€q,g, ... factorization scale
e pseudoscalar mesons (7,7, ...) 09(r) = g(r)yTsq(—7)
e longitudinally polarized vector mesons (p) 09(7) = §(r)y5q(—7)
@ transversely polarized vector mesons (p71)

09(r) = §(r)io*a(~)
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Selected exclusive processes of interest

Deeply virtual Deeply virtual meson Photon-meson
Compton scattering production photoproduction
(DVCS) (DVMP)
v v
Y

N
P P

factorization: [Qiu, Yu '22,'23]
factorization: [Collins, Freund '99] factorization:

[Collins, Frankfurt, Strikman '97] Ha Ea I:/a Ea
) b )

anEq)I:Ianq
g Faqi. 4G G Ya F
HS.ES. [IS ESnLo) HY, E¥HE, B2 (V) 7. E7. HT, E7

H, E9i (ps)
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Selected exclusive processes of interest

Deeply vitual Deeply virtual meson Photon-meson
Comptom scattering production photoproduction
(DVCS) (DVMP)
A v
o
=
P p

2— 2 2— 3
1§ % GPD(x,£, 1) f(x, &, a)@GPD(x, &, t)
—
(LO)
(LO)
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@ The richer kinematics of the 2 — 3 processes allow for an efficient
probing of the sensitivity of the GPDs x dependence [Qiu,Yu,'23]
— two large scales similarly as in DDVCS

@ Transversity GPDs accessible at LO

2 — 3 processes:

o ’}/N — (MM)N, [El Beiyad, Enberg, Ivanov, Pire, Segond, Szymanowski, Teryaev,
Wallon: hep-ph/0209300, hep-ph/0601138, 1001.4491]

o YN — (WM)N/ [Boussarie, Duplanti¢, Nabeebaccus, Passek-K., Pire, Szymanowski,
Wallon: 1609.03830, 1809.08104, 2212.00655, 2302.12026]

() ’}/N — (’)/’)/)NI [Grocholski, Pedrak, Pire, Sznajder, Szymanowski, Wagner:
1708.01043, 2003.03263, 2110.00048, 2204.00396]

o N — yyN’ [Qiu, Yu: 2205.07846]
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@ The richer kinematics of the 2 — 3 processes allow for an efficient
probing of the sensitivity of the GPDs x dependence [Qiu,Yu,'23]
— two large scales similarly as in DDVCS

@ Transversity GPDs accessible at LO
YN = (YM)N’
> completing and systematizing the results for all channels
> fast numerical code for different DA models with evolution included

> investigate the photoproduction of neutral pseudoscalar mesons
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Photon-meson photoproduction: Factorization

Y+ N—=y+Mmnp,...)+N

large angle factorisation e -
a _>/
a la Brodsky Lepage t (small)

(3 la "time-like” DVCS)

e factorization proof for 7N — vy N’ [Qiu, Yu 22] and other selected
2 — 3 processes [Qiu, Yu 23]
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Photon-meson photoproduction: Kinematics

7*(q) + N(pl) — (k) + M(pm) + N'(p2)

' = (pm — q)*>
t' = (k —q)>>
s'= M2y = (k+ pu)>>

t=(p— p)°<
S= 5'3N = (q+p1)?
T _ M2y

2 2
57N - My

—u',—t' > 1 GeV?, (—t)min < —t < .5 GeV?

e amplitudes depend on &, —t, s, o« = —u'/s’
@ convenient to introduce y = 5;? y=1-y= ég—x 525 <y< 5;51

Nikola Crnkovi¢ (IRB) Exclusive photoproduction of a photon-meson Trento2024

10/

24



Photon-meson photoproduction Meson pair production

Vg — 74(q7) vy = (9)(47)
14 M
Y
M
Y
Y
M
P P
LO p mesons: [Boussarie, Pire, Szymanowsky, Wallon '16] NLO: [Nizi¢ '87, Duplan&i¢, Nizi¢ '06]

LO 7ri mesons: [Duplanéi¢, Passek-K, Pire, Szymanowski, Wal-
lon "18]
a  H9 E9 HI E9

o0 : H9,E9, E9, {9
o t-channel: vy — (94)1(q9)2
p%  HY EL ES AY s-channel: v(qg)1 — ()2
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Photon-7® photoproduction (M)7° photoproduction

vq — v(q7)a, 79 — v(a2)g vy — (93)(4q)
¥y — (99)(49)

v M

vy — (PS)Tr0 — H9, E9
vy = (S)7° — HY9, E9
vy — (PS)g7r° — HS¢, EC
vy — (S)gﬂ'o — H®,EC

Yy — (T)gﬂ'o — F?, IE$

LO: [Bayer, Grozin '85]

o e Ec
9 F4q ’
Il:llq,gq HG7§G

' F& FE
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Photon-n, 7’ photoproduction

additionally v¢ — v(g99)q

Valence Fock components of M = n,7:
lg@s) = |(u@ + dd — 253)/+/6)  (flavour-octet)
{ lgq@1) = |(va + dd + s3)//3) (flavour-singlet)

lgg)

Novel features:
Q@ flavour-mixing (singlet-octet
mixing)
@ |gg) states contribute

= mixing of qg; and gg DAs
under evolution
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Factorization

@ Scattering amplitude M is expressed in terms of form factors F
analogous to CFFs in DVCS

OF = [Ldx [y dz T2(x,€, 2, g, 11, pis, @) F3(x, &, t, 1) dm(z, 1) J

a=gq,8 [IiF, [y ... factorization scales
R - ..renormalization scale

@ T7: subprocess hard-scattering amplitudes — pQCD
o depend on two scales: s, o = —u'/s’

e more complicated expressions than in the case of DVCS and DVMP
= more demanding integrations with F? and ¢

e F?: GPD

@ ¢p: meson DA
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Computation:

@ generic building blocks

y = 5;;X,z...ye]R,ze[O,l]
/
o= —u)s = 1T
2
a=1-a
! L — | t"t t
° —, usual "momen e terms
z(y £ie)’ z(y Lie) yp
1 . o
° ... — terms that provide better sensitivity to

z2(yz — azy +ie)’
GPD and DA form

° < time-like (s’) and space-like (v, t') scales
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vq — (qd)q contribution

@ no problem with integrations (factorization proven [Qiu, Yu '22, '23])

> obtained simpler closed expression suited for improved numerical

integration (inclusion of different DA models, evolution taken into
account, faster code )

> PV formalism enables efficient treatment of poles:
example, mixed term

atay

S S N VS R Y | P
2z (yz —azy +ie) = azz(a+ay) z— X% atay
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vg — (gg)g contributions (7% production)

@ gluon GPDs: 08(7) = G+#(_T)éy+(7—)
1

(N(P2)AAINPL)) = v

(g"'F& — i F& +..))

. . 1 0L
@ due to rojector with factor ———————, contributions
88 prel b +iF + 9

1 N(y, z, y z
[ 7L.) —— Y S
(y +ie)(y +ie)zz (y —ie)(y —i€e)(yz —azy + ie)
1 N(y,z,«a)

%
0T T2z & — iy + i)z —azly —9)
N(0,0,a) = N(1,1,a) = 0; ¢r(2z) ~zZ
demand additional attention (F&,F8(x = +£) #0)

= additional regularization?(k, ), breakdown of factorization?
[Nabeebaccus, Schoenleber, Szymanowski, Wallon '23]
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~vq — (gg)q contributions (n,n production)
e gluon DAs: O&(r) = G+“(—T)&u+(7)
1

QIATATIM(P)) = = 1 04(2)

1
@ gg projector ~ —, ¢g ~ 7% 7?2
zZ

1 N(z,y, )
zzzz(y—ie)(y —ie)(yz—azy + ie)

y z
® F& ® ¢g
> shown that there is no problem with factorization

> closed expressions obtained

> numerical analysis underway
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GPD, DA models

e F?: GPD
— GK model [Radyushkin '98],[Goloskokov, Kroll '10] for valence quarks

@ ¢p: meson DA

— models:

o(z) = 62(1 — z) ...asymptotic DA

o(z) = \/z(l — z) ... holographic DA [Brodsky, de Teramond '06]

1—|—Z . C3/2(22—1)}

¢q (2,/1.) = 62(1 - 2)

bg(z, 1) = 302°(1 — 2)° [Z/af(py)Cs/z (2z — 1):|
n=2
..expansion in Gegenbauer pol. = evolution

a; = 0.1364, 1o = 2GeV [Bali ,'19],
a3 = —0.12, a§ = 0.63, a5 = —0.05, 1o = 1GeV [Kroll, Passek-K. ,'12]
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Numerics (preliminary!)

do _ Mz _ iy = 1+ cost’
dtdudMZ, — 3257, M2, (2r)? a=-u/s =T

y7t* photoproduction
asymptotic DA

y7° photoproduction
asymptotic DA

& d M?,=4 GeV?, S,y=20 GeV?, “; 4t
> |
15] 0.

8 1 £=0.11111 . 3,
2 E tnin=-0.050 GeV/ e
ERNE v Axial GPD © oo
IS —— Vector GPD £
NER : Nl
°13 - Sum °|3

s ok s ot

03 04 05 06 07 08

a

> contributions of axial GPDs (H9, E9) dominate — probe for axial
GPDs
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Numerics (preliminary!)

do _ Mz 0= —u)s = 1+ cos @’
dt dudMz 3252 M2 (2m)3 2
y1t* photoproduction
«,: 30} M?,,=4 GeV?, S,\=20 GeV?,
& o5t £20.11111
8 20 tmin=—0.050 GeV?
B 2 N qn asymptotic DA
s 10}
33 st Gegenbauer DA; a,=0.1364

03 04 05 06 07 08 holographic DA

a
yrt° photoproduction

[ty [0b GeVE]

o =4 N WSO N

do
dtdud M2,
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Numerics (preliminary!)

A2
do _ IMlE JJs 1+ cos @’
2 - 2 2 3 a=— =5
dtdudMZ, — 3252, M2, (2n) 2
yrr* photoproduction yr® photoproduction
: 40f :
s 80r ¢ & g
5 %0
2 e X
=] =]
0.7 08

@ S,n =20 GeV?
@ s’ = M2, =3 GeV? ¢ =0.081081
@ s’ =M, =5 GeV? ¢&=0.14286

@ DAs: Asymptotic (straight line), Gegenbauer a, = 0.1364 (dashed),
Holographic (dotted)
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Summary: Photon-meson photoproduction

Additional channel for extracting GPDs which provides greater
sensitivity to x dependence and access to transversity GPDs at LO.

Recent proof of factorization for quark GPDs.

(77©): access to gluon GPDs but regularization of singularities
needed.

(yn,n'): contributions with 2-gluon DA evaluated and proven to be
finite.

(yM): efficient closed analytical forms found, development of faster
numerical code with evolution included.
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Thank you!
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GTMDs Wigner-Ds

IO FT A, &b, ey -
X(.’L’,E,Ai AivkL AL) < > X(x7§7kstLak’l'bL)
X =0 [dby, €=0 [k,
§=0 £E=0
o FTA b
q(z, k1) H(z,¢,A,) +—— q(z,b1)
TMDs GPDs spin densities
_/dEL AL =0 /da: /da:
v . v
q(x) F(R2) FTA<br | pi2)
PDs Form Factors charge densities
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Definition of GPDs

e without helicity flip (chiral-even I matrices): 8 chiral-even GPDs:

dz= . pt—

Fd = A2 — He ixPtz Psla(— + P

(et =0%) = [ E T palgl-2n a@IP|,

2 - . _
Fe(en = 80) = 2 [ & (PG (~2)6,, (2)1P|
at =a%al, a?,a%) — at = a0 + 4°
@ Lorentz decompozition:
oGPy u(P), . G(P2)ic ™ u(P)A, _
A T A

[Miiller '92, et al. '94, Ji, Radyushkin '96]
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Definition of GPDs

e without helicity flip (chiral-even I matrices): 8 chiral-even GPDs:

= dz~ ixPTz~ =

Foent = a%) = [ & (Pla(-2)11sa(2)|Py)
do

27

zt=0,z; =0

4 . _ ~
e:xP+z <P2‘ Gﬂl(fz) G/L+(Z)|P1>‘

Fg(X7777 t= AZ) = P+/

@ Lorentz decompozition:

~ a(P))yTysu(Pr) ~ a(Py)ictVysu(P1)A, =
o BP P) | PP,

[Miiller '92, et al. '94, Ji, Radyushkin '96]
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Definition of GPDs

e With helicity flip (chiral-odd ' matrices): 8 chiral-odd GPDs
(transversity GPD):

dz~ ixPTz— — . i
Filent = 0%) = [ o &' (Pafa(-2)io"q()|Py)

7T z+t=0,z; =0

@ Lorentz decompozition:

E(Pg)ia+iu(P1) E(Pz)(P+Ai — A"'Pi)u(Pl) ~
Pt M2 p+

N a(P2)(vT AT — AJW")U(Pl),:—q n a(P2)(v" P — P+7i)U(P1)Eq

2MP+ T MP+ T

[Miiller '92, et al. '94, Ji, Radyushkin '96]

Fi= HT +
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Definition of GPDs

e With helicity flip (chiral-odd ' matrices): 8 chiral-odd GPDs
(transversity GPD):

1 dz~ ixPTz~ i j
Filent =00 = g [ G & (RIS (1P|, _,

@ Lorentz decompozition:
PTA — ATPY a(P) (. Li, e
P Lo HE+
(A - Aty (Y"P =P =
W W E%|u(P1)

[Miiller '92, et al. '94, Ji, Radyushkin '96]

(PTA - ATPY)
M?2

( ~
F& =S H%+

_l’_

E% +
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Polynomiality and positivity constraints of GDP

@ Polynomiality
Lorentz covariance = f dxxMHI(x, &, t) ka mk(t)

o Positivity

Positivity of Hilbert space norm = H9(x,§,t) < q(ﬁﬁ)q(*ﬁ)
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olocone) = [ G €% (0la(-2)1 259(2)(P)

zt=0,z, =0

brlx,uF) = 6x(1=x) [1+ D analur) G/3(2x ~ 1))
n=24,...
o 11F) = 34(116) + CEE O 1)
4k0 ( ) _ <055(HO)>%//80 aL0 ( ) (< 4k0 ( ))
M,n\HF aS(NF) M,n\HO >y n\HO
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(1] ﬂavour—mixing [review Feldman '00]

!

simplest possibility: to take particle dependence and the flavour-mixing to
be solely embedded in the decay constants f;,

o Dy =fl,bi|ie{1,8}

@ the decay constants parametrized as

f;78 = fg cos g fnl = —f1sinf;

f;]8, = )%sin 98 fnl = f1 C0591

[Leutwyler '98, Felmann, Kroll, Stech, '98,’99]
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@ |gg) states contribute

= mixing of qg; and gg DAs under evolution

(2r1 = Pumq)  (Prag)
1

0 ‘1’Mq o Vétl ng ‘I)Mq
.uF - ®
aﬂF P g Vaa  Vag P g
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1 1
°F = f_l dx fo dz Ta(nga Z, [LF 5 Hp S, G') Fa(Xaga t, ,UF) ¢M(Z7N¢) J
a=gq,8 ILF, [by - . . Tactorization scales
@ T7: subprocess hard-scattering amplitudes — pQCD

more complicated expressions than in the case of DVCS and DVMP
= more demanding integrations with F? and ¢u

@ F?: GPD
— different models based on [Radyushkin '98],[Goloskokov, Kroll '10]

@ ¢p: meson distribution amplitude (DA)

— models:
¢(z) = 6z(1 — z) ...asymptotic DA
#(z) = £/z(1 - z) ... holographic DA [Brodsky, de Teramond '06]

Oz, 10,) = 62(1 = 2) [1+ 3, an(11.) G (22 = 1)]
...expansion in Gegenbauer pol. = evolution
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Factorization |1l

@ Scattering amplitude M is expressed in terms of form factors H, &,
‘H, £ analogous to CFFs in DVCS

Mz = U(pg, )‘,)[nH + ug + n'}’5tH + 7 2ﬂ- '7557r]u(p17 )‘) J
TA=¢q, - 6’C‘u,

TB = (gq, - PL)(gq, - PL)

TAS = (¢}, - pu)e"™ e

TB5 — _(EqL 'pl)enpatJ_PL
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Recent work: y7® photoproduction

quark contributions

@ obtained simpler closed expression for sum of diagrams suited for
improved numerical integrations and inclusion of different DA models
@ PV formalism enables efficient treatment of poles;
example, mixed term:

., 1 PV yins(z- L
2z (yz —azy +ie) oazz(a+ay) -5 atay
= §;rgx,z ... partons momentum fractions , o = —u//s’, and 3=1— 2

gluon contributions
@ determined and closed expressions for the sum of diagrams obtained
@ due gg projector with factor ; contributions
(y +ie)(y +ie)
1 N(y,z, a)

(y+ie)y +ie)zz (y —ie)(y —ie)(yz — azy + ie)

demand additional attention

= additional regularization?(k, ), breakdown of factorization?

— work in progress
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DVMP

v'q¢ = (a9)q, v*9 — (9@)g

M

14

",

P P P p
NLO DV PS* prod.: [Belitsky and Miiller '01]
NLO DV V; prod.: [lvanov et al '04,]

NLO DV V; (corr.), PS, (S, PV,) prod.: [Duplanti¢, Miiller, Passek-K. '17]

Meson em form factor

v*(q7) — (4@)

NLO: [..., Meli¢ et al '99]

v (MF) — M=,

Y(S) = Vi, vi(V)— S
~E(PVL) = PS, 41 (PS) — PV,
- DVMP

Nikola Crnkovi¢ (IRB) Exclusive photoproduction of a photon-meson Trento2024 34 /24



(D)DVCS

va =g, vrg =g

v 1
N

24
p P p

NLO: [Ji, Belitsky et al, Mankiewicz et al, '97]
[Pire, Szymanowski, Wagner "11]

Bo proportional NNLO: [Belitsky, Schifer '98]
NNLO from conf. sym: [Miiller '05, Kumeri¢ki, Miiller, Passek-K '07, |

NNLO:  [Braun, Manashov,Moch, Schoehleber  '20,'21, Braun,

Ji,Schoehleber 22 ]

Nikola Crnkovi¢ (IRB)

Meson transition form factor

Y = (qd), Y7 = (g9)

Y Y

NLO: [..., Kroll, Passek-K '02] [Kroll, Passek-K "19]

Bo proportional NNLO: [Meli¢, Nizi¢, Passek '01]
NNLO from conf. sym: [Meli¢, Miiller, Passek '02]
NNLO [Braun, Manashov,Moch, Schoehleber '21,

Gau, Huber,Ji, Wang '22]

Exclusive photoproduction of a photon-meson



@ experiment
e DVCS, vector (p, J/W, ¢) and pseudoscalar (7, 77) meson production
measured by H1, ZEUS, HERMES (HERA, DESY), COMPASS (SPS,
CERN), CLAS, Hall-A,C (JLab) ...
e LHeC, EicC proposed
o EIC (Electron lon Collider at Brokhaven, 2030) under construction
(luminosity 100-1000 times HERA)
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