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Generalized Parton Distributions

P =P + P A = P, — P
pt
A% =t momentum transfer
AT
3 ~ longitudinal momentum

P 14+ €P+ P 1- §P+ transfer (skewness)
T 2T 2
@&t = [ ST B G)R)
e 27 z+=0,2, =0

a €{q,g9}, p...factorization scale
e vector (H%, E“) and axial-vector GPDs (H®, E®)
— chiral-even (0% = q(2)Tq(—2), T =~T, v 5)

e transversity GPDs (H, EY, ﬁ% E})
— chiral-odd (I = io ™)

He, 7o, HS. S5 PDFs
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Selected exclusive processes

Deeply virtual Deeply virtual Deeply virtual
Compton scattering production of production of
(DVCS) mesons (DVMP)  photon-meson pair

p

VP — p VN = MN'
factorization: factorization: YN — ’yMN’

[Collins, Freund '99] [Collins, Frankfurt, factorization:
Strikman '97] [Qiu, Yu '22]
(MN — yyN’

(N = MN')
and similar 2 — 3

[Collins, Diehl '99]

(P N—VTN)

processes )
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M Jre DA GPDs

S, Vi, (Qi }) ot 17T (basym, ¢sym (H, E)

S (99) 0t+ Psym (Hg, Eg)
PS, PVL  (¢iq5) | 077, 177 | dsym, Pasym (ﬁ7 E)

PS (99) 0+ Pasym (ﬁga Eg)
Vr (4i45) 1= Psym (Hr, Er)
PVr (¢iq;) 17 Pasym (Hr, Er)

T (99) 21+ ¢asym (HTg7 ETgv .- )

(aig;): P = (=1)!*1, C = (=1)!** (i=1), (99): P=(-1)", C=1
e y*y — PS(S,T) = DVCS
o yiM* — M*,
viS(Ve) = Vi(S), v; PVL(PS) — PS(PVy) = DVMP
° vy — M* M*,
vy — PS(S) PS(S), vy — S PS,

vy = V(PV)V(PV), vy — PV V,
vy —=TPS, vv—TS8 = vp = (YM)N
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Meson Production: handbag factorization

DEEPLY VIRTUAL WIDE ANGLE
Q? >>, —t << —t, —u, § >>
DVMP WAMP
[Collins, Frankfurt, Strikman '97] [Huang, Kroll "00]
@ factorization @ arguments for factorization
— N H* © GPD (M (1/2 © GPD(E =0))|
N = MN'
i @ GPDs at small (—t) o GPDs at large (—t)

H® ... parton subprocess helicity amplitudes
= M ... hadron helicity amplitudes

= observables (cross sections, asymmetries)
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Meson Production status

e DV (V1) P:
o tw-2 predictions (y; N — VL N’) can describe the data
o tw-3 calculations (v N — VL,TN/) [Anikin, Teryaev '02], [Golosk., Kroll '13]
@ DV (PS) P:
o tw-2 predictions (v N — wN') bellow the data [HERMES 09] [JLab
12,16, '20] [COMPAS '19] => importance of v N — 7N’
= tw-3 calculations (v N — wN') with transversity (chiral-odd)
GPDs (HY....) [Goloskokov, kroll 10] (2-bodly, i.e., WW
approximation), [Ahmad, Goldstein Liuti ‘09, Goldstein, Hernandez, Liuti '13]
® WA (PS) P:
@ tw-2 results [Huang Kkroll '00] bellow the data
[sLac '76], [JLab 05, 18] for photoproduction (@2 = 0)
e tw-3 2-body 7 photoproduction vanishes [Huang, Jakob, Kroll, P-K '03]
= tw-3 (2- and 3-body) prediction to 7y photoproduction [kroll, P-k
1g] fitted to CLAS data [cLas '18]; photoproduction of 7, n/
MESONS [Kroll, P-K. '22] [preliminary GlueX '20]

= tw-3 prediction for 7%, 7% photo- and electroproduction
(Q% < —t) [kroll, k. 21); extension to DV (PS) P
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DVMP

Transition form factors

an t Q /dZL‘ /dUT x gvu vauF) a(xagatvutp) ¢(U’MF)

a=q,gorNS,S(X,9)
hard-scattering amplitude (known up to NLO)

a Qs\HRr a
T (xvgauvﬂtpa;uF) = iﬂ' )T @ ( 757“’)
a3 (1r) Ta(2)
+W (@, &, U, JiR, fhpy foF) =+ - -

distribution amplitude (DA) evolution, similary GPD (F) evolution
(known up to NNLO)

s (NF)

A ¢(1) (unanU’O)

d(@ipur, o) = 6O, pup, o) +
a?(MF)
(4m)?

— evolution simpler to implement in conformal momentum
representation [Miiller '98]

+ ¢ (u, i, pio) + - -
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From x space to conformal momentum space

T, 1,Q) = / do / du T2, &, y, 12)) F*(a, .1, 1) blu, 1)

F...GPDs,a=q,g or NS,S5(%,9)

conformal moments (analogous to Mellin moments in DIS z™ — 0,3/2(1’),075/2(:5))
[Miiller, Lautenschlager, P-K., Schifer 2014] [Duplan&i¢, Miiller, P-K. 2017]

c+io0 . '
o) = g [ e E) o

« [T(@ ) & ouaato®)| Fr (e )

all channels calculated to NLO :

) gD — T g
Hir ngif) jﬁ/[’g@ b Ve (+?[%~4(+’>€K£ N 0F+=5
My Ef | omr=ps | g e HELE | 1 =Py,

(x-space, conformal mom. space, imaginary parts for disp. relations)



Intro ¥*N — MN’ YN — (yM)N' Conclusions
[e]e]e} 0000@00000000 00000000 [}

NLO predictions

[Miiller, Lautenschlager, P-K., Schifer '14], [Duplanti¢, Miiller, P-K., '17]
@ large NLO corrections and model dependence

@ results sensitive to the choice of DA

LO evolution important

NLO calculations should include NLO evolution

evolution effects can be called moderate, except for H/E at
small &

NLO global DIS+DVCS+DVMP fits needed

10
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NLO for DV V|, production

$ 100 ‘minimalist model § 100 minimalist model
= = —t=05GeV?

i T 50| 0} =4.0GeV’
S 3

> =

T R

£ 5
= =
2. -100! 2

Za >

5 -150 z

5 B

104 0.001 0.01 0.1 1 104 0.001 0.01 0.1 1
xp XB

Fig. 6. Relative NLO corrections to the imaginary part of the flavor singlet TFF ]-'\S, (solid) broken down to the gluon
(dashed), pure singlet quark (dash-dotted) and ‘non-singlet” quark (dotted) atr =0 GeV? (left panel) and r = —0.5 GeV?
(right panel) at the initial scale Q[z) =4GeV2.

[Miiller, Lautenschlager, P-K., Schifer '14]

@ big In(1/¢) terms for £ <<, i.e, j = 0 pole,
in gluon evolution and gluon coefficient function

11
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NLO for DV PS/PV production

150 0

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
X X

Figure 2: Relative NLO corrections (36) to the imaginary part of the TFF (21) versus zp for the k =0
(solid), k = 2 (dashed), k = 4 (dotted) partial waves arising from the quark-quark channel (left panel) and

quark-gluon channel (right panel). The pure singlet quark contribution for & = 0 is shown as dash-dotted

line in the left panel. [Duplanéic’, Miiller, P-K._, ,17]

@ NLO corrections higher for higher DA conformal moments =
important for non-asymptotic DAs

@ the role of gluons (PV production) smaller since LO vanishes

12
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Global NLO fits (DIS+DVCS+DVV/P)

small-x global fits to HERA collider data (po and ¢)
LO: [Meskauskas, Miiller '11] (X2/nd'0.f ~ 2)
NLO: [Lautenschlager, Miiller, Schafer '13]

hard scattering amplitude corrected [Duplanti¢, Miiller, P-K. '17]
new NLO fit using GEPARD software: x?/nq.o.¢ = 254.3/231

skewness ratio H(x,x)/H(x,0)

25

Quarks

Gluons Lo pves
——————— LO DVMP
=== LO DVCS+DVMP
NLO DVCS
NLO DVMP
NLO DVCS+DVMP

%
Q% [Gev?]
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PS meson production to twist-3

Hix i - - non-flip subprocess amplitudes (twist-2)

and 7 N form

H{ s, -+ flip subprocess amplitudes (twist-3)

Note: just meson DA tw-3 contributions (ur = 2 GeV)

distribution amplitudes (DAs):

twist-2 (qq) : ¢p

2-body (¢q) twist-3 ¢pp, dp, 3-body (qgg) twist-3 ¢3p
14 — connected by equations of motion (EOMs)
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Subprocess amplitudes: twist-3

General structure:

HP,t’LU3

HP,tw?),qti + fHP,tw&qtig

= (HDoPr +HP,¢1€20M) + (#P99.Cr 1 9(Pa29:Cc)

= HP%Pr 4 HE¢3p.CF +HP,¢3P,CG

v

@ 2- and 3-body contributions necessary for gauge invariance
e photoproduction (Q — 0): HP#Pr = 0 [Kroll, P-K '18]
o DVMP (t — 0):
o end-point singularities in H¢7» /l di@Pp(T)
= modified hard-scattering pictureO(W?:ch k) [Golosk., Kroll, '10]

e complete twist-3 contribution [Kroll, P-K '21]

e work in progress in modified and collinear picture (effect. mz)
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Photoproduction ()

YN — (yM)N'
00000000
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[Kroll, P-K "21]
10°
s7do /dt(m") s'do /dt(m™)
(b GeV'2) 100 [ubGeV'?)
5 =11.06 GeV? . 5 =113 GeV?
10°
10t
10°
10
- 10!
-0.8-06-04-02 0 02 04 06 08 -08-06-04-02 0 02 04 06 08
cos 6 ~ cos 6
107
s7do /dt(n) sTdo /dt(m)
[ubGeV'?] 106 [ubGeV'?]
5=10.3GeV? * s =15.0GeV? R
00 " .
. L4
10*
10%
102
— 10 -
-08-06-04-02 0 02 04 06 08 -08-06-04-02 0 02 04 06 08
cos 0 cos 6

@ twist-2 prediction well below the data [Huang, Kroll '00]

Conclusions
o

solid curves: complete twist-3
dotted curves: twist-2

exp data:

full circles [SLAC '76]
open circles [CLAS '17]
triangles [JLab, Hall A '05]
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[Kroll, P-K '21]: 7T
1.0

0.8
0.6
0.4
0.2
0
-0.2
-0.4
-0.6
-0.8
-1.0

s =10.3GeV?

1.0 -0.8 0.6 -04 0.2 0 02 04 06 08

YN — (yM)N' Conclusions
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Arp(Kpr)... correlation of the helicities of the
photon and incoming (outgoing) nucleon

Ptw2 P,tw2
ALL l(LL

P,tw3 _ P,tw3
‘ALL - I{LL

— characteristic signature for dominance of twist-3
(like o > o1, in DVMP)

cos 9/
[Kroll, P-K '22] 1], 1]
1.0 . —_— . 1.0 —_—
0.8 0.8 .
0.6 0.6 — In contrast to
0.4 0.4 7 and 7, for 1/
0215 — 16.36 GeV? 02 .
0.0 0.0 dominance of
_0.2 [7p() = np(n) I //\ .
02 028 A0 twist-2 and
04 04F T
06 0.6 poe sensitivity to
08 08 Typ(n) = ofp(n) gluons
0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 0.8 -0.6 -04-02 0.0 02 04 0.6 08

cos @

cos @
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Summary

e WA (PS) P:
e meson's twist-3 contributions () dominate for s and 7
o different combinations of form factors = possibility of
extraction = large —t behaviour of transversity GPDs (F7.)

e DV (PS) P
o twist-3 dominates ()
o complete (2- and 3-body) analysis underway
o twist-2 (v7) NLO contributions available and should be tested

e DV (VL) P
e twist-2 (vy}) contributions can describe the data
o NLO tw2 contributions available for implementation; included
in GeParD = global DIS+DVCS+DVMP fits performed

@ Experimental goals
o clear L/T separation (eg., for DVP JLab, Hall C)

18
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Photon meson photoproduction

Y+N—-s>y+M+N

large angle factorisation s
_,}_/
a la Brodsky Lepage t (small)

(4 la "time-like" DVCS)

19
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Kinematics
Y(q) + N(p1) = v(k) + p(pp, p) + N'(p2)

T Lo\ hard sea® u' = (pp— q)°
' =(k—q)?
s’ = M'gp = (k +pﬂ)2

t=(p2—m)?
s = 532,]\[ = (¢ +m)?

2
=35 T= QMW 2
2—7 San—M

@ factorization requires:
—u',—t' > 1 GeV? and (—t)min < —t < .5 GeV?
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Kinematics
Y(q) + N(p1) = v(k) + p(pp, p) + N'(p2)

Iy b hard = (p,—q)* >
t'=(k—q)?>

t=(ps —p1)°<
s = 532,]\[ = (¢ +m)?

2
=35 T= QMW 2
2—7 San—M

@ factorization requires:
—u',—t' > 1 GeV? and (—t)min < —t < .5 GeV?



Photon-meson photoproduction Meson pair production
* — * _ _
v*q — va(qq) 7y = (99)(qq)
12 M
14
M
Y
12
M
P P
LO p mesons: [Boussarie, Pire, Szymanowsky, Wallon "16] NLO: [Nizi¢ '87, Duplanti¢, Nizi¢ '06]
LO ri mesons: [Duplan&i¢, P-K, Pire, Szymanowski, Wallon
18]
nt H, FE, f[, E
p% : H E, ﬁ, E
p% : Hr, Er, Hr, B




Photon-7¥ photoproduction (M)7° photoproduction

vq — v(q@)q, 79 — v(qq)g vy — (99)(9q)
vy — (99)(q9)

vy — (PS)7° — H,E
v vy = (S)m° — H,E
1y = (PS)gm? — Hy, Ey
vy = (8)gm® = Hg, By
vy = (T)gn°

— Hrg, BErg, Hrg, BTy

LO: [Bayer, Grozin '85]
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+
s
do, .+ . do.,,. - .
e ) —2 s . -2
FIvE (pb - GeV™) FIVERS (pb - GeV™)
At v
3.0F
250
25
20f
20
1.5F
1.5F
1.0F 10F
05 050
8 8
M2, (GeV?) M2 (GeV?)

71 photoproduction (proton target) 7 photoproduction (neutron target)

Sy~ vary in the set 8, 10, 12, 14, 16, 18, 20 GeV? (from left to right)

solid: “valence” model
dotted: “standard” model

[Duplanti¢, P-K, Pire, Szymanowski, Wallon '18]



50 0 150 200 20 a0 : 50 W0 s 200 250 300
S,n(GeV?) S,n(GeV?)

(proton target) (neutron target)

[Duplanti¢, P-K, Nabeebaccus, Pire, Szymanowski, Wallon '22]

8
Pas(2) = 62(1 = 2) | dnar(2) = —V/2(1 - 2)
"valence” solid dashed
"standard” | dotted dash-dotted




O

Todd (PD) Todd (PD)

200 250 300 200 250 300

S n(GeV?) S,n(GeV?)

(proton target) (neutron target)

[Duplanti¢, P-K, Nabeebaccus, Pire, Szymanowski, Wallon '22]

8
Pas(2) = 62(1 = 2) | dnar(2) = —v/2(1 - 2)
"valence” solid dashed
"standard” | dotted dash-dotted
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Summary

YN = (yM)N'

@ provides additional channel for extracting GPDs

@ it can probe chiral-odd GPDs at the leading twist

@ proof of factorisation for this family of processes
@ good statistics in various experiments, particularly at JLab

@ small £ limit of GPDs can be investigated by exploiting high
energies available at EIC
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Conclusions

@ Meson production processes promissing in accessing additional
information about GPDs.

@ Meson distribution amplitudes additional nontrivial
nonperturbative input.
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Conclusions

@ Meson production processes promissing in accessing additional
information about GPDs.

@ Meson distribution amplitudes additional nontrivial
nonperturbative input.

Thank you.
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@ elementary hard-scattering amplitudes for twist-2 collinear
approximation (t=0):

o DVCS (y*q —~%q)
& meson transition form factor (v*v*) — (¢q))

o DVMP (v*q — (4q)q)
< meson electromagnetic form factor, i.e., meson-to-meson ff

(v*(q2) — (42))
@ bookkeeping of momentum fractions
§+x " (5 —x
26 26

but u real so care with i€ in propagators, or a posteriori
analytical continuation of energy, i.e., £ and not u:

§—ie+x {+x
206 —ie) 2

=1-—u)

u — + tesigne
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(D)DVCS

g — Mg, v*g = yHg

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

Bo proportional NNLO: [Belitsky, Schafer '98]

NNLO from conf. sym: [Miiller '05, Kumeri¢ki, Miiller, P-K. '07]

Meson transition form factor

v = (qq), Y™ = (g9)

Y Y

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

Bo proportional NNLO: [Meli¢, Nizi¢, Passek '01]

NNLO from conf. sym: [Meli¢, Miiller, Passek '02]



DVMP

v*q — (90)q. v*9 — (42)yg

M

p p P

NLO DV Pst prod.: [Belitsky and Miiller '01]
NLO DV Vy, prod.: [lvanov et al '04,]

NLO DV Vy, (corr.), PS, (S, PVy) prod.: [Duplan&i¢, Miiller, P-K. '17]

M

Meson em form factor

v*(9q) — (49)

g

M

NLO: [..., Meli¢ et al '99]



Photon-meson photoproduction Meson pair production
* — * — —
v*q — va(qq) 7y = (99)(qq)
12 M
14
M
14
12
M
P P
LO V mesons: [Boussarie, Pire, Szymanowsky, Wallon "16] NLO: [Nizi¢ '87, Duplanti¢, Nizi¢ '06]
LO PS mesons: [Duplanti¢, P-K, Pire, Szymanowski, Wallon "18]




DVMP Meson em form factor
v'q — (q@)q, v*9 — (49)yg 7*(qq) — (qq)
M M

Y Y
P P P p M
NLO DV PSt prod.: [Belitsky and Miiller '01] NLO: [..., Meli¢ et al '99]

NLO DV Vy, prod.: [lvanov et al '04,]

NLO DV Vy, (corr.), PS, (S, PVy) prod.: [Duplan&i¢, Miiller, P-K. '17]
YL(MF) = M7,

72(S) = Ve, 7. (Vo) = S

Vi (PVL) = PS, v (PS) = PVL
= DVMP
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@ factorization formula for singlet DVCS CFFs:

SH(E,1,Q%) = / Ao Cla. &, @/, o) H (. 6,1, i)

H?
j

.in terms of conformal moments
(analogous to Mellin moments in DIS: 2™ — C’S/Q( ), C;?/Q(x))i

= 225_]'_1@(92/#2’0%(#)) H (& =n,t,u°%)

J=0

(m,...

) = DB/2TG+H
2711 (j43/2)

/ dz nJ 1Cd/ (x/m)HY(z,n,...)

H]a even polynomials in 7 with maximal power 77+1

@ series summed using Mellin-Barnes integral over complex j:

1
2

c+1i00

c—100

dj [Z-l-tan( )]f TTCH(Q% P, () H (&t 1)

[Miiller 2006, Kumeritki, Miiller, P-K., Schifer 2006, 2007]
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Modelling conformal moments

[ NLFs(t)B(1+ 7 —ax(0),8 s
Hj(n,t) = < Nze(t)Bgl +j—a§(0),6)) )+<82

Leading partial wave

tial waves, 7-

) subleading par-
dependence!

@ Leading wave — simplest case:
(at NLO data can be fitted with leading wave only)

o Regge-inspired ansatz

j+1—a(0)< t )‘p“
aa(t)=aq (0)+0.15¢ F,(t) == 1-—
() =aa (0)+ (t) Ty Mg

e for t = 0 corresponds to x-space PDFs of the form
S(z) = Ny z=o=0 (1 —2)7; G(z) = Nt 2= (1 —z)°
o fit parameters: Ny, ax(0), ag(0) (DIS) and M3 (DVCS)

(M§ = /0.7 GeV from J/W prod.)
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Experimental status
DVCS DVMP

@ in the last decade: vector meson
(p, J/ ¥, ¢) production at H1 and
ZEUS (HERA, DESY), COMPASS

Q [GeV?]

‘ | (CERN),
A pseudoscalar mesons (m, 1) at
collider fixed targets CLAS (JLab) .

86 01 02z 03 o0& o5 06

15
io0® 10° 10° 10% 10t o
s a5

B

[from Kumericki et al. 2015]

— new results from JLab@12 (2018)
COMPASS@LHC

EIC (Electron lon Collider at Brokhaven, 2030)
LHeC proposed
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Parton probability density

@ Fourier transform of GPD for n = 0 can be interpreted as
probability density depending on = and transversal distance b
[Burkardt '00, '02]

Hd) = [EA A, — oA = &2
(.T, )_ (271‘)2 € (I‘/n_oa - )
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NLO fits
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App.3
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App.2

App.1
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« H(x,b)
0.5 1 b

N

c = 2
AU T
=
(@]
= N
o 0

c
K
G —_
o © © oo
1) i a
eY0}
£
“©
< a
©) <
= Z
c
()
-
o <
1 (g0
(] >
o o
<
—
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qq — T projector [Beneke, Feldmann '00]
(rd' + k1) + (¢ — k1) =¢

- PI ~ I {05 d'9n(rnr)

+un(1r) ['75 Grp (T, 11F)
i q'“
- é Y5 Opv q ¢7ra (7—7 .U‘F)

: m _9
+g 150 Oro (T, HF)akJ_V] }kl_m




Subprocess amplitudes H

qq — T projector [Beneke, Feldmann '00]
(7¢" + k1) +(7¢ — k1) =4q

", PI ~ I {05 d'9n(rnr)

+pr (1) |:"Y5 Grp(T, LF)

I hny V
7 q'*n
_é V5 Opv ﬂ ¢{/ro'(7—7 KF)

‘ ' o
+6 V5 Opw ¢ oo (T, MF)BICJ_,,] }kJ_—>O

qqg — T projector [Kroll, P-K '18]
Taq' +71q + 790" = ¢

i D37 (Ta, o, Tg, LF)
P ~ far(pr) ;75 gwqmgip Yomiiay 10y 19> i)

Tg
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Subprocess amplitudes H

qq — T projector [Beneke, Feldmann '00]
(g + k1) + (7' — k1) = ¢

Py~ f,,{~/5</’¢7r(7,up)

+pr (BF) ["/5 Grp (T, 4F)
7 /},Lnll

=5 0uv —; ¢;\'0’(T7 /‘LF')
6 q n

. 9
s ]
+— 75 0w ¢V bra (T, NF)akLV kL —0

| =

q4g — T projector [Kroll, P-K '18]
Taq’ +Tpq + 794" = ¢
I VP ¢37r(7-a77—b77—g7“F)

7
P ~ fax(pr) —v5 0ud'g"
g Tg

pr =m2 /(M +ma) =22 GeV, far ~ fix

distribution amplitudes (DAs):
twist-2 (qq) : ¢r
2-body (qq) twist-3 ¢rp, Pre  3-body (¢7g) twist-3 ¢ar
— connected by equations of motion (EOMs)
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Helicity amplitudes M for WAMP

MY = %0 [H&M (R€ (t) + 27 Ri(t)) s twist-2
A
) W HE s SE(E )} 5 twist-3
MGy = £ Z [ "Hm i RT(t)  — twist-2
—92) ﬁ HE 5 0 S5 (t)] +eoHb 4 SE(t)  — twist-3 |

 photon helicity, A... quark helicities, P € {7=, 7%, ng,n1,n,7n'},

v(t) = de Ha(ac £€=0,t) |...form factors

a€{u,d} = R} =Ry — R}, Ry = L (euRY — eaRY)
o1 o1
RT{I/S ~ WR(I/I ~ % (6uRV —+ ede)

(H7 f{, E) — (RV7RA,RT)

(Hp, Hy,Er) — (S7,Ss,S7)  transversity GPDs
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DAs and EOMs

Rl
—

T6mp(T) + 5 0o (7) = 3 6alT) = TN

1
3
T 1
76npl(T) = £ (T) — 3

20na(r) = o7 M(7)

EOM () — 9 Tom / Iy (7

f‘n’UTr Ty
@ EOMs and symmetry properties
= the subprocess amplitudes in terms of two twist-3 DAs

and 2- and 3-body contributions combined

Tg:Tg)

@ combined EOMs — first order differential equation = from known

form of ¢z, [Braun, Filyanov '90] One determines ¢, (and ¢ )

Note: ¢gg projector and EOMs were derived using light-cone gauge for constituent gluon

~yM
00000
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Subprocess amplitudes: twist-2

Transverse photon polarization (u=+1) T

 tw Vi (57 + Q*)(5 + Q) — aQ>7
WA~ seCranm g [ arentn [ (BEEETERSS
(37 — Q) (5 + Q?) — aQ?7F G eq iTey
+ ar(Q%r — ir) eb) + (@ —1) ((sz s S v e )]

Longitudinal photon polarization

Q\/fag Qeq (t+ 71) ep
54+ Q2 ./ dr (v (§(Q27_' — 1) B Tu(Q%T — f‘F))

T,tw2

Hox,on ~ [rCras(ur)A

— photoproduction (Q — 0): H?’wﬂ‘ =
’ Q—0
7, tw2 —(1— Ca , %

M|~ fx Cras(un) f/ )28 — (- 22 0) (2 + L)

— DVMP (i — 0): H?W‘A -
t—0
Hz*uﬂ‘A 0 : §= 752*7633 Qz, = 75;7;: Q2 = well known LO result for DVMP
i—
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Subprocess amplitudes: twist-3

General structure:

HP,th — HP,th,qq+HP,tw3,q179

= (HPo 4 HP,¢>£20M) + (HPaa9.Cr 4 3(Pa79.Cc)

= HPomp + HEPb3n,CF +HP7¢37T7CG

v

@ 2-body twist-3 ~ Cp; 3-body Cr and C¢ proportional parts

o (g part is separately gauge invariant

@ the sum of 2- and 3-body CF parts is gauge invariant
(QED and QCD)

@ no end-point singularities for £ # 0 |
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Subprocess amplitudes: twist-3 at Q << or <<

General structure:

HP,tw3 _ %P,tw3,q(j+HP,tw3,ng
—  (HDO +HP,¢E$M) + (#P939.Cr 1 9(Pa29.Cc)
= PO HE$3m.CF + HP¢3n.Ca

v

o H" ~ Qy/~t — 0 both for Q — 0 and £ — 0

@ photoproduction (Q — 0):
o HPPm> =0 kol Pk 18]

e DVMP (t — 0):

e end-point singularities in HPP7 [Goloskokov, Kroll '10]
EOM

o HPP=" =0
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Subprocess amplitudes: twist-3 at ) — 0, ¢ — 0

photoproduction

P,tw3
HD—A,MA‘QQHO

DVMP

Pv¢7‘rp
Hofx,uﬂf—»o

P.Cp,¢3x
HO—A,M lisso0

P,qq9,Cq | _
?{Ofk,uA t—0

1 T d
(2>\—u)f37ras(MR)\/—7ﬂ§/0 dT/O g‘m’f(ﬂ%_@”g)
g9

Lo (G ) G i)+

i(%u

2
TTg 81

ﬂ[\\j‘,_.

—Cq

)
@A+ 1) frpxCras(ir) \/I (<2 + gi} |

e S e
—(2X+ 1) f3x Cras(pr) A/ —= (fa + = i)
S S U u

Ldr (7 dr,
E A
o T2 Jo Tg(T—1g)
2

Q a

Ydr (7 dr,
X / —- / —— I 3 (7,7 — T4, 7g)
o T Jo 19(F—1q)

@A+ ) far Coas(ur)

yM
00000



App.1 App.2 App.3 NLO fits yM
00000 00000 0000000800000 000 000 00000

Subprocess amplitudes M — H{11

Novel features:
<)
o lgg) states contribute to twist-2
° Hmth = ’H?}&th”Hm,mth (¢7ryf7r) N (¢nsvfns) ; (¢%17f771)

HM = Hmatw?2 4 g tw2 ¢%, and ¢, mix under evolution J

o HMiwd = qPriws ($3r, fr, f3z) = (03P, [P, f3P)

@ flavour-mixing:
e simplest: flavour-mixing embedded in the decay constants

[ = fscosbg fa = —fisin6,
fg/ = fgsinfg f,%/ = f1cosb

[review Feldmann '00]
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Pion distribution amplitudes

Twist-2 DA: | ¢n (7, pr) = 677 [1 4 az(ur) C. /2(27 -1)]

Twist-3 DAs:
2 1
O3 (Tas To, Tg, pr) = 3607477, [1 + wi0(pr) 5(77'9 —3)
+ woo(pr) (2 —41am — 879 + 8Tg2)
=+ W1’1(/LF) (3Ta7—b = QTg + 37'92)] [Braun, Filyanov '90]
using EOMs [kroll, P-K '18]:
Gap(Topr) = 1+ L Jorlur) (7w1,0(NF) — 2w 0(pr) — wl,l(#F))
7 fﬂﬂﬂ( )
(1001/2( 1) — 301/2(27—1)), o () = ...
Parameters:

("] ag(,uo) =0.1364 £ 0.0213 at pup =2 GeV [Braun et al '15] (Iattice)
@ wio(uo) = —2.55,w10(1o) = 0.0 and far(10) = 0.004 GeV? . [Ball '99]
@ w2o(uo) = 8.0 [Kroll, PK 18] fit to 70 photoproduction data [CLAS '17]

Evolution of the decay constants and DA parameters taken into account.
0 Choice of scales: pur? = up? = ti/s

~yM
00000
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n, i’ distribution amplitudes

Twist-2 DA:
bs(rypr) = 677 [L+aS(ur) C3/% (27 — 1)]
Orq(T, ur) = 67T [1 + a%(,uF) 03/2(27' — 1)}
bralripr) = 3077 [+ af(ur) O3 27 — 1)
Twist-3 DAs:
assumption

’ ¢38(Tav7—b77—97,u’F) = ¢31(TﬂaTbaTga/‘l’F) ~ ¢37T(Tav7—b77—97,u‘F) ‘

Parameters:

@ af(po) = —0.039, al(uo) = —0.057, af (o) = 0.038 [Kroll, KPK '13],
and other choices tested

o fgg(,u,o) = 0.86f3~ (;},0) <= [Ball '99; Braun, Filyanov '90]
o f31 (,U,()) = 086f37r (,U,()) <= 1m exp: [GlueX preliminary '20]
@ mixing parameters from [Feldmann, Kroll, Stech '98]

~yM
00000
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Form factors and GPDs

R; ...1/z moment of £ =0 GPD (Kj;)
@ Ry (+ H), Rr(+ E) from nucleon form factor analysis [Diehl, kroll '13]
@ Ra(+ FI) form factor analysis and WACS KLL asymmetry [Kroll '17]
@ Sr(+ Hr), S'T((— ET) low —t from DVMP analysis [Goloskokov, Kroll '11]
® Ss(« Hr) = Sr/2 (Er = 2Hr + Er)

GPD parameterization [piehl, Feldmann, Jakob, Kroll ‘04, Diehl, Kroll '13]

K¢ = k(@) exp[t2 ()], [(2) = (BE — ol na) (1 - 2)° + Afa(l - 2)?
@ strong x — t correlation
@ power behaviour for large (—t)
@ choice for transversity GPDs A = 0.5 GeV ™2
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Photoproduction ()
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[Kroll, P-K '21]
107 107
s7do /dt(n") s'do/dt(m™)
100 [ GeV'? 100 [ubGeV'?)
5= 11.06 GeV? 5=113GeV?
10° . 10°
.
Tm % e meree Y
wl o [rfl Lo T1] w0
10% 10°
102 102
10t 10! -
0.8 -06-04-02 0 02 04 06 0.8 0.8 -0.6-04-02 0 02 04 0.6 0.8
~ cos 6 cos 6
107 107 —
s7do /dt(m™) s'do/dt(n™)
109 [ubGeV'™?] . 109 [ubGeV'™?) .
s =10.3GeV? 5 =15.0GeV* .
10° 10° % .
L]
10! 10!
10% 10%
10% 10%

-0.8-06-04-02 0 02 04 06 08
cos 0

@ twist-2 prediction well beyond the data [Huang, Kroll '00]

-08 -06-04-02 0 02 04 06 08
cos 6

NLO fits M
[e]e]e) 00000

theoretical predictions with
parameters from [Kroll, P-K 18]
(fit of 70 twist-3 prediction to
[CLAS '17] data)

solid curves: complete twist-3
dotted curves: twist-2
dashed curves: wgog = 10.3
pR =pp =1 GeV

exp data:

full circles [SLAC '76]
open circles [CLAS '17]
triangles [JLab, Hall A '05]

@ scaling: s77 (s78) twist-2 (twist-3) — effective s~ — too strong
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Electroproduction ()

0.1

0.0

0.4

03

0.2

0.1

0.0

App.3

00000000000 0e000

[Kroll, P-K "21]
0.4
doy/dor(nt) dor(Q?)/dor(0)
s =15GeV? 0.3 s:150ej/ 1ot
0.2
e 2
01
Q*[GeV?]
Q*[GeV?]
0.0
-08-0.6-04-02 0 02 04 06 08 0.8 -0.6-04-02 0 02 04 06 0.8
cos 6 cos
T —— 1.0
—dorr/dor(nt)
—doyr/dor(m") 08} s=15Gev?
s =15GeV?
0.6
1
2
04 3
Q*[GeV?]
0.2

-08-06-04-02 0 02 04 06 08
cos 6

"0S S
@ both for o, and o7 no twist-2 and twist-3 interference

@ information on Sg (Hy) from opq (suppressed for DVMP)

= information on St (Hr)

-08-06-04-02 0 02 04 06 08
cos 6

NLO fits
000

~yM
00000
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Spin effects - photoproduction

[Kroll, P-K '21]
1.0

0.8
0.6
0.4
0.2
0
-0.2
-0.4
-0.6
-0.8
-1.0
-1
0.6

0.5

0.4
0.3
0.2
0.1

0

-0.1
-1

s =10.3GeV?

Arp(Kpr)... correlation of the helicities of the
photon and incoming (outgoing) nucleon

Ptw2 _ P,tw?2
ALL - KLL

P,tw3 _ P,tw3
ALL - _KLL

— characteristic signature for dominance of twist-3

.0-08-06-04-02 0 02 04 06 08
cos 0

(like o > o, in DVMP)

1 Ars(Krg)... correlation of the helicities of the
| photon and sideway polarization of the incoming
(outgoing) nucleon

0-08-06-04-02 0 02 04 06 08
cos 0
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Spin effects - electroproduction

[Kroll, P-K '21]
1.0

0.8
0.6
0.4
0.2
0.0
-0.2
-0.4
-0.6
-0.8
-1.0

0.4
0.3
0.2
0.1

cos
ALp

Arp(Kpr) have two modulations for

electroproduction
(— measured for DVMP [CLAS '15])

Arr(KrLT) ... correlation between the lepton
helicity and transversal target polarization

+
Ve(l—e) K
2 -
=== .2
g 1
Q[GeV?
cos (0g)
Ao 5 s = 10.3GeV?
1—¢€
-0.8-06-04-02 0 02 04 06 08
cos 0
A9
1—€2 7T+
- ""l”“\ -
Q*[GeV?)
B 1 g
As® \\\7 7 )
JLm ' s =10.3GeV?
-08-0.6-04-02 0 02 04 06 08

cos 0
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Spin effects - photoproduction

[Kroll, P-K '21]
1.0

0.8
0.6
0.4
0.2
0
-0.2
-0.4
-0.6
-0.8
-1.0

1.0
0.8
0.6
0.4
0.2

0
-0.2
-0.4
-0.6

1
[

Arp(Kpr)... correlation of the helicities of the
photon and incoming (outgoing) nucleon
s =10.3GeV? Pitw2  _ P,tw2
AL = Kpp
P,tw3 _ P,tw3
AL = —Kipp
— characteristic signature for dominance of twist-3
008060402 0 02 04 06 08 (like o7 > o in DVMP)
cos 6
Kroll, P-K '18]
--------------------- K},
\ K" .
L Arr(Krr) for 0 photoproduction on neutron and
1 photoproduction
_/,/ ALp
--------------------- Ay,

-08-06-04-02 0 02 04 06 0.8
cos 0
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NLO fits
@00

Global NLO fits (DIS+DVCS+DVV_P)

small-x global fits to HERA collider data
@ LO: [Meskauskas, Miiller '11] (X2/nd_0'f ~ 2)

@ NLO: [Lautenschlager, Miiller, Schifer '13] (normalization of experimental

DVMP datasets treated as fitting parameters)

0

e e

Tpoep

0.1

o [nb] o [nb] de/dt [nb/GeV*]
T
ol wlna Ty % SR :
® 83 = 7
et 110 B ]
v “=HIE :
o ] ]

H1-09
ZEUS-07

20 40 60 80 100 120

50 100 150 200 250

0.2 0.4 06 0.8 1

1.2

oe

\

Lan

N\

0? [GeV?]

50 100 150 200 250
W [GeV]

~yM
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Global NLO fits (DIS+DVCS+DVV_P)

small-x global fits to HERA collider data
@ LO: [Meskauskas, Miiller '11] (X2/nd‘0.f ~ 2)

@ NLO: [Lautenschlager, Miiller, Schafer '13] (normalization of experimental
DVMP datasets treated as fitting parameters)

0.001 0.01 0.1 0.001 0.01 0.1 1 0 5 10 15 20 25 30 35 40 45

M = Q2 [Gev?]
6l w100 D aH @n=n) o107 0 0 m)

0.50 (2)" (2,0 [fm]

B aH%* (2,n=0,t)

0.75

00 02 04 06 08 00 02 04 06 08 10 0 5 10 15 20 25 30 35 40 45
~t[Gev?] ~t[Gev?] Q* [Gev?]

~yM
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Global NLO fits (DIS+DVCS+DVV/P)

@ hard scattering amplitude corrected [Duplanti¢, Miiller, P-K. '17]
NLO fit using GEPARD software: x2/ng..¢ = 254.3/231

@ new

10|

NLO fits
oeo

LO

Guo®

s -

NLO

T %
Q2 [GeV?]

) DVCS

Xp=0.001

Gluons

Quarks

i %
Q?[Gev?]

15 %
Q?[GeV?]

T DVpLP

[preliminary K. Kumeri¢ki at Transversity 2022]



App.1

00000

App.2
00000

App.3

0000000000000 000

NLO fits
oeo

Global NLO fits (DIS+DVCS+DVV/P)

@ hard scattering amplitude corrected [Duplanti¢, Miiller, P-K. '17]
NLO fit using GEPARD software: x2/ng..s = 254.3/231
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Global NLO fits

@ hard scattering amplitude corrected [Duplanti¢, Miiller, P-K. '17]
e new NLO fit using GEPARD software: x2/nq.t = 254.3/231
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Global NLO fits

@ hard scattering amplitude corrected [Duplanti¢, Miiller, P-K. '17]
e new NLO fit using GEPARD software: x2/nq.t = 254.3/231
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Prospects at experiments
Counting rates: JLab

Good statistics: For example, at JLab Hall B:

» untagged incoming v = Weizsacker-Williams distribution

» with an expected luminosity of £ =100 nb~1s~ 1, for 100
days of run:

- p¥ (on p) : 2.4 x 10°

— p% (on p) : = 4.2 x 10* (Chiral-odd)
- pf i~ 1.4x10°

— p¥ i~ 6.7 x 10* (Chiral-odd)

-7t x~18x10°



App.1 App.2 App.3 NLO fits yM

00000 00000 0000000000000 000 000 0®@000
Prospects at experiments
Counting rates: COMPASS

At COMPASS:
» Taking a luminosity of £ = 0.1 nb~*s~, and 300 days of run,
- p? (on p) : = 1.2 x 10°
— p% (on p) : a2 1.5 x 10? (Chiral-odd)
— pf 1~ 7.4 %10
- p¥:~2.6x 102 (Chiral-odd)
- 7t 4.5 x 102

» Lower numbers due to low luminosity (factor of 103 less than
JLab!)
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Counting rates: EIC
> At the future EIC, with an expected integrated luminosity of
10fb~! (about 100 times smaller than JLab):

- 0% (on p) : = 2.4 x 10
- p% (on p) : = 2.4 x 103 (Chiral-odd)
- pf = 15x 10
- p¥ =~ 4.2 x 103 (Chiral-odd)
-t~ 13x10%

> Small £ study: 160 < S, < 20000 (5-107° < £ < 5-1073):
- 09 (on p) : ~ 2.3 x 103
- p% (on p) : = 6.5 (Chiral-odd) (tiny)
- pf 1~ 1.8x10°

- 7t x1.0x 103
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Prospects at experiments
LHC at UPC
For p-Pb UPCs at LHC (integrated luminosity of 1200 nb=1):

» With future data from runs 3 and 4,
-}~ 1.6x 10
- p% &~ 1.7 x 103 (Chiral-odd)
- p/ 1~ 1.0x 10
- pT:=2.9x 10 (Chiral-odd)
-7t =90 x 103
> With 160 < S,y < 20000, probing 5-107% < ¢ < 5-107%:
- 9~ 1.6 x10°
- pl = 1.2x10%

- ot~ 6.5 x 102
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Prospects at experiments
Why counting rates lower UPCs at LHC?
vai(pb)

Syn(GeV?) S n(GeV?)
» Photon flux enhanced by a factor of Z2, but drops rapidly
with S,y == Low luminosity not compensated by larger
photon flux.

» LHC great for high energy, but JLab better in terms of
luminosity.

> Still, LHC gives us access to the small £ region of GPDs!
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