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DVMP (meson production) WAMP
[Collins, Frankfurt, Strikman '97] [Huang, Kroll "00]
@ arguments for factorization

@ factorization
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DVCS (Compton scattering) WACS

[Collins, Freund '99] [Radyushkin '98]

[Diehl, Feldman, Kroll, Jakob '98]

DVMP (meson production) WAMP
[Collins, Frankfurt, Strikman '97] [Huang, Kroll "00]
@ factorization @ arguments for factorization
H®GPD H(1/z ® GPD(¢ = 0))
@ GPDs at small (—t) @ GPDs at large (—t)
a+p=4q +p Q*=—¢*s=(q+p)?*t=(p—p)%u — parent process
q+kj=q¢ + k; Q2%,5,4,t — active parton



@ 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...)
@ DVnP:
o leading twist-2 theoretical predictions (77) bellow the experimental
data which indicate the importance of vr
= twist-3 calculations with transversity (chiral-odd) GPDs (Hr...)

[Goloskokov, Kroll '10] (2-body, i.e, WW approximation), [Goldstein,
Hernandez, Liuti '13]
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Status and motivation

@ DVCS, WACS: widely investigated, good description using handbag
(NNLO, NLO...)
@ DV#nP:
o leading twist-2 theoretical predictions (77) bellow the experimental
data which indicate the importance of v1.
= twist-3 calculations with transversity (chiral-odd) GPDs (Hr...)
[Goloskokov, Kroll '10] (2-body, i.e, WW approximation), [Goldstein,
Hernandez, Liuti '13]
@ WATP:
@ twist-2 results [Huang, Kroll '00] well bellow the experimental data
for photoproduction (Q? = 0)
@ twist-3 2-body contribution to pion photoproduction in WW
approximation vanishes [Huang, Jakob, Kroll, P-K '03]
o twist-3 (2- and 3-body) prediction to mo photoproduction calculated
[Kroll, P-K 18] and fitted to CLAS data [CLAS '17]
o [Kroll, P-K. '21, arXiv:2107.04544]: twist-3 prediction for P = 7+, 7°
photo- and electroproduction analyzed (Q? < —t); extension to
other PS mesons and well as DVMP is straightforward
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Helicity amplitudes M for WAMP
e
M = D37 [Hbw (BE@®) +20RE)
b
—2>\ 7‘[0 A pA St (¢ )}
2 €o \ P P
Mo_ vy = ) [% Hox,ux B (t)
t
~2X 55 M SE ()] + eoHi e ST ()
u photon helicity, A... quark helicities, P = (7=, 70),
form factors: RY(t) = dx Ha(x £=0,t)
RY" = RY — RE, RY = L5 (euRY — caR)

. ws
My s
o\ -

8P
- N

H(})))\JL)\"'
Ry — H, Ra— H, Rr - F

non-flip subprocess amplitudes (twist-2)

Hé),)\,w ... flip subprocess amplitudes (twist-3)

Sy — Hp, 87 — Er, Ss — Hr (transversity GPDs)
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Helicity amplitudes M for WAMP

 photon helicity, X... quark helicities, P = (7%, 70),

Transverse photon polarization (4 = £1)

Mrwr = 5 [H(’;,M (R5(t)+2)\RfZ(t)) 5 twist-2

V-t p GP .
—2A % HO*A#U\ St (t):| — twist-3

V=t
& [ Honux RE (1) — twist-2

P
Mot = 3 om

t .
—2\ o H i 56 (t)] teoMb 4 SE(t)  — twist-3
Longitudinal photon polarization

M(l):)+’0+ = €0H(§)+’0+ R,}Z (t) — twist-2

M§7’0+ = 60%(1)37704', S’]If (t) — twist-3



Subprocess amplitudes H
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Subprocess amplitudes H

qq — m projector (a) [Beneke, Feldmann '00]
(tq' + k1) + (7¢ — k1) =¢

PE ~ fa {95 bn(ror)

+pr(pF) [’m Srp (T, F)

I Lp, V
i q'HFn
=V 0ur —; ¢{lro'(7—7 .U‘F)
6 q -n

‘ ' o
+6 V5 Opw q'F oo (T, MF)akJ_,,] }kJ_—>0

qqg — m projector (b, c) [Kroll, P-K '18]
Taq' + 14"+ 19q" = ¢’

i P37 (Ta, To, Tgs LF
PY~ f3,,(uF)§75 ouvd M g"" %
g




Handbag factorization WAMP at twist-3 Numerical results
oo 00®0000 00000

Subprocess amplitudes H

qq — T projector (a) [Beneke, Feldmann '00]
(td' +k )+ (Fd —k1)=¢

Py~ fw{"/5d/¢7r(7aﬂF)

+pr (BF) ["/5 Grp (T, 4F)
; I,V
i q'HFn
76 V5 Opv — ¢;ro'(7-7 HF')
q -n

o))
ts Vo ¢7TG(T:#F)8]€LV kL0

qqg — m projector (b, c) [Kroll, P-K '18]
Taqd + 14 + 794 = ¢

PT ~ far(pur) ! s ouvq' g’ $an(Ta, T g, 1F)
g Tg
pr = m2 /(M +ma) =2 GeV
distribution amplitudes (DAs):
twist-2: ¢x
2-body twist-3 ¢rp, dre  3-body twist-3 par
— connected by equations of motion (EOMs)

Summary
o
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DAs and EOMs
T 1 _  EOM (-
TQWP(T) + 6 @770' (T) 3 OTO' (T) - ¢7‘r2 (T)
_ T 1
Tomp(7) = 20, (1) = 30ms(r) = GEPV()
fax [T dr,
pEOM 2T — 3 (1,7 — Ty, Ty)
( ) fﬂ',uw Tg 7

@ EOMs and symmetry properties ¢, (T) = ¢ru(T)
37 (Ta, Tos Tg) = Gn (T, Ta, Tg) = the subprocess amplitudes in
terms of two twist-3 DAs, 2- and 3-body contributions combined

@ combined EOMs — first order differential equation = from known
form of ¢3, [Braun, Filyanov '90] one determines ¢, (and ¢ )

Note: ¢qqg projector and EOMs were derived using light-cone gauge
for constituent gluon
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Subprocess amplitudes: twist-2

Transverse photon polarization (u=+1) T
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Ptw2 Qv—as ! W eq (e
H0>\70)\ fTrCFOCs(,U‘R)A §+Q2 /0 dT(bTr(T) (§(Q2f—£7) Tﬂ(Q2T—£f'))




Handbag factorization WAMP at twist-3 Numerical results Summary
oo 0000®00 00000 o

Subprocess amplitudes: twist-2
Transverse photon polarization (un=+1) T

tw (37 + Q)+ Q%) — Q7
HE ~ fCpasun) +Q2/ dront) |21 (0

+(§T_Q)(§+Q2_ﬁQ2%eb)+(2)\p—l)(( ﬁeaA n §7_'€bA )]

€q

aT(Q27T — t7) Q27 —tr)  T(Q%*t —t7)
Longitudinal photon polarization
v—us 1 7 t4+7a)e
yPtw2  Opas )\u/ dr ¢ ( Uea ( b )
07, 0x Jx O osur) A= TS =) T ra@r—i7)
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photoproduction (Q ) 7 9550

eq ep
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Subprocess amplitudes: twist-2
Transverse photon polarization (un=+1) T

tw (37 + Q)+ Q%) — Q7
HE ~ fCpasun) +Q2/ dront) |21 (0

+(§T_Q)(§+Q2_ﬁQ2%eb)+(2)\p—l)(( ﬁeaA n §7_'€bA )]

€a

aT(Q27T — t7) Q27 —tr)  T(Q%*t —t7)
Longitudinal photon polarization
vV=us 1 W eq (t 4 74) ep
HP,th ~ - C A L / d - ( - — = )
02,07 JxOresur) A"y Jo oD Siger — i)~ ra@er — i)
hotoproducti 0): P’“”‘ =
— photoproduction (Q — 0) H 90
w2 O as / ((1+2X) 8 — (1 —2x -
S FauRf ) 23— (12w a) (£ + )
DVMP (i — 0): P*““Q‘ =
- (t=0) Hry i—0
Hf’“’ﬂ‘ : s=_t-° PO Q? = well known LO result for DVMP

i—0 2¢ T ¢
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Subprocess amplitudes: twist-3

General structure:

/HP,tw?: — /HP,tw?),qtj + HRth%,ng
= (HP¢w 4 HR@SE?M) + (#P99.Cr 1 9(Pa19.Cc)
— HP7¢)7T;D + HP7¢37I'70F + HP7¢37HCG

@ 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 C'r parts is gauge invariant
(QED and QCD)

@ no end-point singularities for finite ¢

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

General structure:

HP,tw?: _ HP,tw3,qq+HP,tw3,qqg

— (HP,%JF%P@ESM) + (#P99.Cr 13(Pa19.Cc)

— HP7¢7TP + HP7¢3TI'70F + HP7¢37\’7CG

° Hf’tw?’ ~ QQ+/—t vanishes both for @ — 0 and £ — 0

e photoproduction (Q — 0): HP®m» = 0 [Kroll, P-K "18],

/H?twg proportional to (2\ — p)

e DVMP (t — 0): HEOM = 0, end-point singularities in
HPOm [Goloskokov, Kroll '10], HA™® proportional to (2A + 1)

11
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Pion distribution amplitudes

Twist-2 DA: G (7, pur) = 677 [1 + az(ur) C3/* (27 — 1)]

Twist-3 DAs:
1
Gar(Ta, o, Tg, fir) = 3607aTuTy [1 +twio(pr) 5(779 = 3)
+ woo(pr) (2 —471em — 879 + 87'92)
+ wii(pr) Brame — 279 + 37'92)} [Braun, Filyanov '90]
using EOMs [Kroll, P-K '18]:
1 fan(up)
o (T, = 1+ - (Tw, — 2wa, — w1,
¢ p( MF) 7f7rM7r(MF) ( 1 O(MF) 2 O(MF) 1 1(MF))
x (10021/2(27 —1)—3C%@r - 1)) L bro(T) = ...
Parameters:

@ az(pp) = 0.1364 £ 0.0213 at up = 2 GeV [Braun et al '15] (lattice)

@ wio(uo) = —2.55,w10(1o) = 0.0 and fax(10) = 0.004 GeV?2. [Ball '99]

@ woo(uo) = 8.0 [Kroll, P-K '18] fit to 7° photoproduction data [CLAS '17]
Evolution of the decay constants and DA parameters taken into account.

Choice of scales: ug? = pp? =ta/s

12
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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(+ H) form factor analysis and WACS KLL asymmetry [kroll '17]

St(
Ss(

+ Hrt), St(+ ETr) low —t from DVMP analysis [Goloskokov, Kroll '11]
«— HT) = ST/2 (ET = 2]?’1* + ET)

Summary
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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]
@ Ru(+ FI) form factor analysis and WACS KLL asymmetry [Kroll '17]

@ St(+ Hr), St(+ ET) low —t from DVMP analysis [Goloskokov, Kroll '11]
@ Sg(+ Hr) = Sr/2 (Er = 2Hr + Er)

GPD parameterization [piehl, Feldmann, Jakob, Kroll ‘04, Diehl, Kroll '13]
K = ki (z) exp [tf(2)], fi'(z) = (Bf — i Inz)(1 — 2)° + Afz(l — z)?
@ strong x — t correlation

@ power behaviour for large (—t)

@ choice for transversity GPDs A = 0.5 GeV ™2

13

Summary
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[Kroll, P-K '21]
107 107
s7do/dt(n®) sTder /dt(w)
10° [ub GeV'?] 106 [ubGeV'?)
5 = 11.06 GeV? s =11.3GeV?
10° . 10°
3 theoretical predictions with
10t 3 10t parameters from [Kroll, P-K 18]
108 108 (fit of ¥ twist-3 prediction to
[CLAS '17] data)
10 10? . .
solid curves: complete twist-3
10! - . 3 10! S > - - dotted curves: twist-2
» -0.8 -0.6 -0.4 -0. ZCD(SJG 02 04 06 0.8 ) -0.8 -0.6 -0.4 -0. _cogﬁ 02 04 06 08 dashed curves: wog = 10.3
107 107 pRr = pp =1 GeV
s7do /dt(m™) s'do /dt(m)
10° [ubGev??] . 100 [bGeV'?] .
s =10.3GeV?* s =15.0GeV? R
10° . 10° b .
. . . exp data:
. .
10 *an, 104 full circles [SLAC '76]
0 10 open circles [CLAS '17]
triangles [JLab, Hall A '05]
10? 10%

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

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

-0.8 -0.6 -0.4 -0.2 (]0 02 04 06 08

cos

@ scaling: 577 (s78) twist-2 (twist-3) — effective s~ — too strong
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oo 0000000
[Kroll, P-K '21]

0.4 04

3 dop/dor(nt) dor(Q?)
03 s=15GeV? 1 (3

2
02 1 02

1
0.1 1 01

Q*[GeV?)
0.0 0.0
-08-06-04-02 0 02 04 06 08
cos 0

0.5 — — 1.0

3 +
0.4 —dowr/dor(m)]

N s =15GeV?
0.3 0.6
0.2 0.4
0.1 0.2

WAMP at twist-3

Numerical results
000®0

xt

s:lEGi/

08

—dorr/dor(nt)

-0.8 -0,

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

-0

0.8

@ both for o, and o1 no twist-2 and twist-3 interference

= information on St (Hr)

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

Summary
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Spin effects - photoproduction
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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

-0.2
-04
-0.6

[Kroll, P-K '21]
)

s =10.3GeV?

1

[

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

Kroll, P-K 18]

-0.8 0.6 -04-02 0 02 04 06 08
cos 6

ApLp(KLL) ... correlation of the helicities of the
photon and incoming (outgoing) nucleon

P,tw?2 _ P,tw?2
ALL - KLL

P,tw3 _ P,tw3
ALL - _KLL

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

Arp(Kryp) for w0 photoproduction on neutron and
n photoproduction
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Conclusions, questions, outlook...
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handbag factorization applied to wide-angle photo- and electroproduction
of pions - 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

twist-3 prediction for WAMP obtained, both 2 and 3-body contributions
included

70 photoproduction was fitted to the data

interesting helicity correlations show that twist-3 dominates

different combinations of form factors along with available data should
allow to extract the form factors and to learn about large —t behaviour of
transversity GPDs important for parton tomography

extension to other pseudoscalar mesons straightforward



Handbag factorization WAMP at twist-3 Numerical results Summary

[e]e]

0000000 00000 L)

Conclusions, questions, outlook...

17

handbag factorization applied to wide-angle photo- and electroproduction
of pions - 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

twist-3 prediction for WAMP obtained, both 2 and 3-body contributions
included

70 photoproduction was fitted to the data

interesting helicity correlations show that twist-3 dominates

different combinations of form factors along with available data should
allow to extract the form factors and to learn about large —t behaviour of
transversity GPDs important for parton tomography

extension to other pseudoscalar mesons straightforward

Thank you!
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Subprocess amplitudes: twist-3 at ) — 0, ¢ — 0

photoproduction

P,tw3
HD—A,MA‘QQHO

P

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

1 1 €a ep
x |C - - e, =0
{ a (%2 %(%—Tg)> <§2 + ﬁ2) +
2 t se e
-C¢ — — <Ta + Tb>:|
TTg 84 \ § "
DVMP
IS 2 1
P,¢r ufe se dr
HO—A,ZA')?—»O ~ @2 X+ p) frpxCras(ur) \/ 3 [?a + 55] /(.] ?UTP(T)
P,Cp,b3x [ 4 (e s ep
HO—/\Ijufs liso ~ —(2A+p) fsx Cras(pr) 3 (?a + a g)

Ldr (7 dr,
X/ T2/ %4&#(7»?—79779)
o T2 Jo Tg(T—1g)

P,qqg,C Q> rea e
Ho NN lino ~  (2A+4) far Coas(pr) — (?a + 5)

Ydr (7 dr,
X / —- / —— I — 3 (7,7 — 74, 7g)
o T Jo 19(F—1q)
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Spin effects - photoproduction
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[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

-0.1

1.0 -0.8 0.6 -0.4 -0.2

cos

s =10.3GeV?

.0 -0.8 -0.6 -04 -0.2
cos 0

0

02 04 06 08

5s=10.3GeV?

0
s 6

02 04 06 08

ApLp(KLL) ... correlation of the helicities of the
photon and incoming (outgoing) nucleon

P,tw?2 _ P,tw?2
ALL - KLL

P,tw3 _ P,tw3
ALL - _KLL

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

Ars(Krg) ... correlation of the helicities of the
photon and sideway polarization of the incoming
(outgoing) nucleon
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Spin effects - electroproduction

[Kroll, P-K "21]
L0 —
0.8t Az’ +
06 Ve(i—e) ™
04 2
0.2 B -2 .
00 1 Arp(Kpr) have two modulations for
70'2 QGev? . electroproduction
04 (— measured for DVMP [CLAS '15])
-0.6 408 (09)
08t A= s = 10.3GeV?
1.0

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

04

5| a0 4
03 L\/@ P
0.2
0.1 I
0.0 oo Arr(KrT) ... correlation between the lepton
0.1 helicity and transversal target polarization
0.2 > 1

. AT NN = )
037 Tl PR 5=10.3GeV?
0.4

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