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@ arguments for factorization

H(1/z ® GPD(€ = 0))
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@ DVCS, WACS: widely investigated, good description using handbag
(NNLO, NLO...)
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Status and motivation

@ DVCS, WACS: widely investigated, good description using handbag
(NNLO, NLO...)
@ DVrP:
o leading tw-2 theoretical predictions (7 ) bellow the experimental
data which indicate the importance of v
= tw-3 calculations with transversity (chiral-odd) GPDs (Hr...)
[Goloskokov, Kroll '10] (2-body, i.e, WW approximation), [Ahmad, Goldstein Liuti

‘09, Goldstein, Hernandez, Liuti '13]
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Status and motivation

@ DVCS, WACS: widely investigated, good description using handbag
(NNLO, NLO...)

@ DVrnP:
o leading tw-2 theoretical predictions (7 ) bellow the experimental
data which indicate the importance of v
= tw-3 calculations with transversity (chiral-odd) GPDs (Hr...)
[Goloskokov, Kroll '10] (2-body, i.e, WW approximation), [Ahmad, Goldstein Liuti
‘09, Goldstein, Hernandez, Liuti '13]
@ WATP:
@ tw-2 results [Huang, Kroll '00] well bellow the experimental data for
photoproduction (Q* = 0)
tw-3 2-body contribution to pion photoproduction in WW
approximation vanishes [Huang, Jakob, Kroll, P-K '03]
@ tw-3 (2- and 3-body) prediction to 7y photoproduction calculated
[Kroll, -k '18] and fitted to CLAS data [cLAs '17]
o tw-3 prediction for 7%, 70 photo- and electroproduction (Q? < —t)
analyzed [kroll, P-K. 21]; extension to DVMP is straightforward

@ tw-3 prediction for photoproduction of 1,1’ mesons [Kroll, P-K. 22]
(preliminary GlueX '20)
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qq — ™ projector [Beneke, Feldmann '00]
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Subprocess amplitudes H

qq — ™ projector [Beneke, Feldmann '00]
(rd' + k1) + (¢ — k1) =¢

Py~ fﬂ{"/5‘1/¢7r(7',/-‘F)
+pn(1r) [’Y5 Gap(T, LF)
7

gV

qgrn

_6 Y5 Opuv ,7(1’;-0(77“1’)
q-n

i ' o
+6 V5 Ouv 4 Gro (T, NF)aklv] }kl—m

qqg — T projector [Kroll, P-K '18]
Taq' +7q + 790" = ¢

i 37 (Tas Ty, Tg, BF)
P ~ fax(pr) 37 oug'tgh 2 DTS

Tg
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Subprocess amplitudes H

qq — ™ projector [Beneke, Feldmann '00]
(' + k1) +(7¢ — k1) =4¢

PI o~ fx {5 d én(ror)

+pr (pF) [“/5 Grp(T, bF)

I,V
qgrn
— = Y5 0uv ¢;\'O‘(T7 H/F)

| =,

q-n

+ Y5 O pv q,u(ﬁﬂ'o(‘ﬂ UF)

@] }kl—m
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qqg — T projector [Kroll, P-K '18]
Taq +10q" + 790" = ¢’

PT ~ far(ur) s L i $3n(Tas T, Tg, HF)
g Tg

i = m2 /(s ) 222 GeV, fir ~ pix

distribution amplitudes (DAs):

twist-2 (¢7) : ¢=

2-body (qq) twist-3 ¢rp, Pro  3-body (¢qg) twist-3 ¢z

— connected by equations of motion (EOMs)

Summary
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DAs and EOMs

T6m0(T) + G Vo (7) = 3 6ma(r) = SEPM(P)

1
3
_ T 1 _ L EOM
T(bﬂ'P(T) 6¢7‘r0’( ) 3¢TFO'( ) - ¢7r2 (T)

/3
EZO]W(T) f‘;r,l:n ?q Oi"r( T — Tgs Tg)

@ EOMs and symmetry properties
¢Tr*(77') = ¢Tr*(7'): ¢37r(7'a7 Tbh, Tg) = (15371'(77),7'(17 Tg)
= the subprocess amplitudes in terms of two twist-3 DAs
and 2- and 3-body contributions combined

@ combined EOMs — first order differential equation = from known
form of ¢z, [Braun, Filyanov '90] One determines ¢, (and ¢y )

Note: qgg projector and EOMs were derived using light-cone gauge for constituent gluon
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Subprocess amplitudes: twist-2
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) : = Q%> = well known LO result for DVMP
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Subprocess amplitudes: twist-3

General structure:

HP,t”LU3

H Prtw3.aq + H Prtw3.aqg

_ (’)L[P7¢7Tp + fHP,¢>,%OM) + (fHP,q(Ig,CF +fHP,qtig,CG)

= HPomp + H EPrb3n,Cr +HP7¢37T7CG

v

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

o Cg 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 |

10
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Subprocess amplitudes: twist-3 at Q << or t <<

General structure:

/HP,tw?) _ HP,tw3,q(j+HP,tw3,q(jg

— (HP=¢7TP + HP7¢£20M) + (HP,Q@,CF _|_'HP,Q§Q7CG)

~~

— ’HP7¢7TP + ’HP7¢371'70F + ”L[P7¢37rch

o Hi'™? ~ Qv/—t — 0 both for @ — 0 and £ — 0

@ photoproduction (@ — 0):
o HPP > =0 (ol Pk 18]
° Hf’twg proportional to (2X — u)
o DVMP (& — 0):
o end-point singularities in H*®™7 [Goloskokov, Kroll '10]
EOM

o HP¥m2 " =0

° H?’th proportional to (2 + u)
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Subprocess amplitudes M — H{17

Novel features:

e

o ‘}/éi lgg) states contribute to twist-2

° meth = ’Hﬂs,tuﬂ’ Hﬂl,q,th (6 fr) — (¢7lsvf7ls) , (¢$717f771)

HN = Hmatw2 4 g, tw? @3, and ¢, mix under evolution J

o HMIWS = pPrtws (B35 frs f3n) = ($3P [s f3P)

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

[ = fscosbg [y = —fisin6,
fS/ = fgsinfg f%/ = f1cos b

[review Feldmann '00]

12
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Pion distribution amplitudes

Twist-2 DA: | ¢ (7, ur) = 677 [1 + az(ur) C5/(21 — 1)]

Summary
o]

Twist-3 DAs:
2 1
O3 (Tas To, Tg, pr) = 3607477, [1 + wi,0(pr) 5(779 —3)
—+ wz,o(up) (2 — 41Ty — 8Tg + 8’7'92)
+ U.)1,1(/,LF) (3TaTb = 27'9 =+ 37’;)] [Braun, Filyanov "90]
using EOMs [Kroll, P-K '18]:
1 far
¢rp(TnF) = 1+ 1 fonlor) <7w1,0(MF) —2waz,0(ur) — wl,l(up))
7 frbix(1F)
x (10032 2r = 1) =301%(21 = 1)), ralr) = ...
Parameters:

"] az(u()) = 0.1364 + 0.0213 at pp = 2 GeV [Braun et al '15] (Iattice)
@ wio(po) = —2.55,w10(po) = 0.0 and f3(10) = 0.004 GeV?2. [Ball '99]
@ woo(uo) = 8.0 [Kroll, PK 18] fit to m° photoproduction data [CLAS '17]
Evolution of the decay constants and DA parameters taken into account.
13 Choice of scales: ug? = pp? =ta/s
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n, ' distribution amplitudes

Twist-2 DA:
ds(mur) = 677 [1+af(ur) C3/% (27 —1)]
bro(ropr) = 677 [1+ab(ur) C3/7(2r — 1)]
brg(mour) = 307272 [1+a(ur) CY7 (27 —1)]
Twist-3 DAs:
assumption

’ ¢38(7'a,7'b,7'g,,UF) = ¢31(Ta77-b77-97uF) ~ ¢37r(7-a77'b77'g,,U/F) ‘

Parameters:

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

o fgg(’u,o) = 086f37r (,U,()) <= [Ball '99; Braun, Filyanov '90]
o fgl(,u,o) = 086f37r(,u0) < mn exp: [GlueX preliminary '20]
@ mixing parameters from [Feldmann, Kroll, Stech '98]
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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(+ f[) form factor analysis and WACS KLL asymmetry [Kroll '17]
@ Sr(+ Hr), S'T(e ET) low —t from DVMP analysis [Goloskokov, Kroll '11]
® Ss(«+ Hr) = 8r/2 (BEr = 2Hr + Er)

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

K = k2 () exp [12(2)], £2(x) = (BY — o} ) (1 — 2)° + Aa(1 — 2)°
@ strong x — t correlation
@ power behaviour for large (—t)
@ choice for transversity GPDs A = 0.5 GeV ™2

15
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[Kroll, P-K "21]
107
s7do /dt(n") s'do /dt(m™)
(b GeV'? 100 [ubGeV'?)
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10°
10t
10°
10°
10
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cos 0 cos 0
10°
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]
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Numerical results

-0.8-06 -04-02 0 02
cos O

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

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

Summary
o]

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
HRr = 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 ()

04

03

0.2

[Kroll, P-K '21]

0.4

3 dop/dor(m™) dor(Q?)/dor(0)

5= 15GeV? 03 8= 15GeV? 1ot

o /
0.2

1
0.1

Q*[GeV?) \
N Q?[GeV?
0.
-08-06-04-02 0 02 04 06 08 08 -0.6-04-02 0 02 04 06 0.8
cos 6 cos

1.0

3 —dorr/dor(mt)

—doyr/dor(n") 08l s=15Gev?

N s =15GeV?
0.6
04
02

-08-06-04-02 0 02 04 06 08

cos cos
@ both for oy, and o7 no twist-2 and twist-3 interference

0.0

-08-06-04-02 0 02 04 06 08

= information on St (Hr)

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

Numerical results

Summary
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Spin effects - photoproduction

[Kroll, P-K '21]: 7T
10

0.8 KL Arp(Kprr)... correlation of the helicities of the
0.6 photon and incoming (outgoing) nucleon

0.4

02 2 ,

s =10.3GeV’ Pitw2 _ P,tw2
0 AL = K.
0.2 :
P,tw3 _ P,tw3

-0.4 LL - 7Kl, L

-0.6

038 — characteristic signature for dominance of twist-3
-1.0 H H

210 -08 -0.6 0.4 02 0 02 04 06 08 (like o > o, in DVMP)
cos H,
[Kroll, P-K '22]2 1], T

1.0 10

08 B 08 .

0.6 b 06| Koy s — In contrast to

e P

0.4 " Odr TR ) m and n, for o’
021 — 16.36 GeV? 0271, —1636Gev: T n .

0.0 0.0 e dominance of
0.2 lyp(n) = np(n) 0 ﬁ .

02 021 4,0 twist-2 and
04 ) Od T
0.6 0.6 poe sensitivity to
08 08 Lypn) — n'p(n) gluons
-0.8 -0.6 -0.4 -0.2 0.0 0.2 04 0.6 08 -0.8 -0.6 -04 -0.2 0.0 02 04 0.6 08

18 cos @ cos @
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Conclusions, outlook...
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handbag factorization applied to wide-angle photo- and electroproduction
of pions and etas — WAMP

in contrast to WACS, but like DVMP, the leading twist-2 analysis
(helicity non-flip GPDs) for wide-angle photoproduction fails by order of
magnitude

obtained twist-3 prediction includes both 2 and 3-body contributions
7° photoproduction was fitted to the data

helicity correlations show that twist-3 dominates for 7s and 7, while n’
sensitive to twist-2 = window to gg contributions

different combinations of form factors =-possibility of extraction = large
—t behaviour of transversity GPDs

application to DVMP underway
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Conclusions, outlook...
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handbag factorization applied to wide-angle photo- and electroproduction
of pions and etas — WAMP

in contrast to WACS, but like DVMP, the leading twist-2 analysis
(helicity non-flip GPDs) for wide-angle photoproduction fails by order of
magnitude

obtained twist-3 prediction includes both 2 and 3-body contributions
7° photoproduction was fitted to the data

helicity correlations show that twist-3 dominates for 7s and 7, while n’
sensitive to twist-2 = window to gg contributions

different combinations of form factors =-possibility of extraction = large
—t behaviour of transversity GPDs

application to DVMP underway

Thank you!
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