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[Collins, Freund "99]
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[Collins, Frankfurt, Strikman '97] [Huang, Kroll "00]
@ arguments for factorization

@ factorization
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Q%?=—¢%s=(q+p)?t=(p—p)%u — parent process
Q% 3,4, — active parton
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Handbag factorization
DEEPLY VIRTUAL WIDE ANGLE
Q% >>, —t << —t, —u, § >>

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)

Q?=—-¢*s=(q+p)>t=(p—-p)%u — parent process
Q% 5,4, — active parton
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Status and motivation

e DVCS, WACS (NNLO, NLO):
widely investigated, good description using handbag
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Status and motivation

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

e DVnP:
o leading tw-2 theoretical predictions 77 N — 7N bellow the
experimental data [HERMES '09] [JLab 12,16, "20] [COMPAS '19] Which
indicates the importance of v, N — 7N

= 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

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

e DVnP:
o leading tw-2 theoretical predictions 77 N — 7N bellow the
experimental data [HERMES '09] [JLab 12,16, "20] [COMPAS '19] Which
indicates the importance of v, N — 7N

= 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]

e DV(V)P:
o leading tw-2 theoretical predictions 77 N — VN can describe
the experimental data

o tw-3 calculations ’}/r}k—vN — VL,TN [Anikin, Teryaev '02], [Goloskokov, Kroll '13]
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Status and motivation

o WATP:

o tw-2 results [Huang, kroll '00] Well bellow the experimental data
[sLac '76], [JLab 05, 18] for photoproduction (@2 = 0)

= 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
18] fitted to CLAS data [cLas '1g]

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

= tw-3 prediction for photoproduction of 7, 7" mesons [kroll, P-k. 2]
(preliminary GlueX '20)
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pQCD prediction

M) = MO @)+ 24 MO Q)+ LD M, )+

Q2. .. characteristic large scale of the process

[LR- - - renormalization scale

o finite order prediction!, renormalization scale and scheme
dependence = theoretical uncertainty

o higher-order corrections (M®)(Q?, 1uz), ...) are important:
stabilizing effect reducing the dependence of the predictions
on the scales and schemes
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DVMP

Transition form factors

(et Q) = / ds / du Tz, €, u, s i) FO(2, 6,1, 1) (ut, )

a=q,G orNS,S(X,G)
coefficient function
Qs (,UH)

T“(Jc,g,u,/zw,up) = 4n Ta(l (x,f,u)

A2 (HR) ra
+WT @(%f,u,;zmuwlw) T

UV singularities — coupling constant renormalization = ug
collinear singularities — factorization = fi,,up
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DVMP

Transition form factors

TE4Q) = [do [ QuT (o 6w r) P Etos) ol i)

a=q,GorNSS(2,G)
coefficient function

a Qs (1 a
T (x7§7u7ﬂtp7,uF) = iﬂ_R)T @) ( 75»”)
a2 1
+(Z(7l_r)’§)Ta(2)(xu£7u7 /LRJ//LL,%MF) + -
DA evolution
as(p
¢ pr o) = S (u, pp, o) + %&”(u?unm)
a3 (pr)

+ S G0 (e i) +

(4r)?

GPD evolution...



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

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

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

NLO DV V, (corr.), PS, (S, PVL) prod.: [Duplanti¢, Miiller, Passek-K. '17]
YL(MF) = M7,

Y2.(8) = Vo, v (VL) = 8

v (PVy) — PS, v (PS) — PVL
= DVMP
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About "®": DVMP

T, QP) = / dz / du Tz, €, y, p2)) F* (2,61, 1) ¢(u, 4)

F...GPDs,a=q,G or NS,S(X,G)

conformal momentum space
[Miiller, Lautenschldger, Passek-K., Schifer 2014] [Duplanti¢, Miiller, Passek-K. 2017]

c+1i00 . '
e = o [l (3) e
: [Tj'“(QQ/“Q) @ ¢M,k(u2)} FP (&t u?)

all channels calculated to NLO :

ne, &1’ 0-+=ps | #." &4 HS, ES, | 17 =PV,

(x-space, conformal mom. space, imaginary parts for disp. relations)
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Size of the NLO corrections

[Kumeri¢ki, Miiller, Passek-K. 2007],
[Miiller, Lautenschlager, Passek-K., Schafer '14], [Duplanti¢, Miiller, Passek-K., '17]

@ LO evolution important
@ NLO calculations should include NLO evolution

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

@ DVCS NNLO calculation in conformal scheme: NNLO to NLO
correction moderate in comparisson with much larger NLO to
LO corrections

o DVMP: large corrections and model dependence
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NLO for DV V|, production

S 100 s ‘minimalist model I 100] minimalist model
= —t=0.0GeV? = —t=0.5GeV?
i 0} = 4.0 GeV? T 50 0} =4.0GeV?
S
‘f 0|
£ 50
g
3_-100)
<
-150
£
1074 0.001 0.01 0.1 1
xB

Fig. 6. Relative NLO corrections to the imaginary part of the flavor singlet TFF .7-'\5, (solid) broken down to the gluon
(dashed), pure singlet quark (dash-dotted) and ‘non-singlet’ quark (dotted) at 1 =0 GeV? (left panel) and t = —0.5 GeV?
(right panel) at the initial scale Q(z) =4GeV2,

[Miiller, Lautenschlager, Passek-K., Schafer '14]
@ big In(1/¢) terms for £ <<, i.e, j =0 pole,

in gluon evolution and gluon coefficient function
(similary to J/W¥ photoproduction, see J. Wagner talk)

@ comparisson of LO and NLO fits [D. Miiller '14], see M. Cui¢ talk
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NLO for DV V|, production

ponoo
o o o

)-arg(H) [rad]
P

1.0

m——

-100]
. . 1074 0.001 0.01 0.1 1
Xp Xp
Fig. 7. Relative NLO corrections to the modulus (left panel) and phase (right panel) for the flavor singlet TFF ’H?, for our
minimalist (I-SO(3) PW, asymptotic DA) model (solid curves) and a nnl-SO(3) PW model with a narrow DA (dashed
curves) at 1 =0 GeV? (thick curves) and t = —0.5 GeV? (thin curves) at the initial scale Q(z} =4 GeV2.

[Miiller, Lautenschlager, Passek-K., Schafer '14]
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DVMP at NLO
©0000000®

NLO for DV PS production

Intro
[o]e]

WAMP at twist-3
000000000

WAMP numerics

000000 o]

150 0]
-2
§ o -
S -4, -~
@ T~
X -6 S~
E
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-10
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
XB 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.

[Duplanti¢, Miiller, Passek-K., '17]

Summary
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Helicity amplitudes M for WAMP

MEyr = 257 [ (RE® +22RE®)
A
~A LN HE i SR ()]
’ =
ME e = 2 A [%%MR%)

t
—2A 5 HE 50 S§ (t)] +eoHb 4 SE()

Summary
[e]e)

v

u photon helicity, A... quark helicities, P € {n=, 7%, ng,n1,1,7'},

13
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Helicity amplitudes M for WAMP

MEpr = 257 [ (RE®) +20RE®)
A
—2x Y= HO aux SE(t )}
ME e = 2 [—VZ; My 0 RE(D)
A

t
—20 s Y SE ()] + eoHE iy ST (D)

Summary
[e]e)

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

dx

(1) = Ha( ,€=0,t) |...form factors

a€{u,d} = R} = RY — R{, B} = L5 (cuRY — caR)
~ 1 ~ 1 u d
RV ~ ﬁR"]} N7 (euRV —l—edRV)

(H,H,E) — (Rv,Ra, Rr)

(HT,ﬁT, E'T) — (St, Ss, S'T) transversity GPDs
13
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Helicity amplitudes M for WAMP

€
MEye = 257 [ (RE® +22RE®)
A
S TN 10)
’ =
Moy = 50 [%H&;AR;@)
A

t
—92)\ p HE Sg(t)] + eoHo it ST.()

Summary
[e]e)

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

H(i.m ... non-flip subprocess amplitudes (twist-2)
. L e L P
[P + T &
K/ ¢
- Yoo M
T and © "% for m

H(I):A#A ... flip subprocess amplitudes (twist-3)

+
Tl 7/%%‘“ ":/“wﬁ@ -

14 0 — %



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

PI o~ fw{%d’%(ﬂw)

+pn(ur) [’ys Grp(T, 1F)

3 I 0y V
% q'H*n
—6 Y5 Ouv q’_n ¢;ra(Ta #F)

i " 9
+6 V5 Ouv 4 ¢7r0(7'1 HF)akJ_V] }kl—m
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Subprocess amplitudes H

qq — ™ projector [Beneke, Feldmann '00]

PL o~ fa {5 d dnlrinr)

+pr (NF) |:'Y5 ¢7rp (T, NF)
I,V

7
T P P (T, 10F)

i
+5 Y5y 7" bro (T, uF)

qqg — T projector [Kroll, P-K '18]

~ fan(p) =75 0u0a g
g Tg

15

(' + k1) +(7¢ — k1) =4¢

akm] }kl—m

Taq' + 74" +79¢ = ¢

I vp ¢37F(Tﬂ: Tbs Tgs :U'F')

Summary
[e]e)
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Subprocess amplitudes H

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

PI o~ fx {5 d én(ror)

+pr (pF) [“/5 Grp(T, bF)

I,V
qgrn
— = Y5 0uv ¢f1ro'(7—7 H/F)

| =,

q-n

+= V5 0u0 q,ufﬁﬂ'o(ﬂ MF)

0
akm] }kl—m

(28I

qqg — T projector [Kroll, P-K '18]
Taq' + 74" +79¢ = ¢

PT ~ far(ur) s L $3n(Tas T, Tg, HF)
g Tg
i = m2 /(s ) 222 GeV, fir ~ i
distribution amplitudes (DAs):
twist-2 (¢q) : ¢x
2-body (qq) twist-3 ¢rp, Pro  3-body (¢qg) twist-3 ¢z
— connected by equations of motion (EOMs)

Summary
[e]e)
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Intro DVMP at NLO WAMP at twist-3
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(e} 00000000 000@00000

DAs and EOMs

T0m (1) § OrolT) = 3 0me(r) = OEM(R)

1
3
_ Ty 1 _ L EOM
T¢7TP(T) 6¢7‘ro’( ) 3¢7T0'( ) - ¢7'r2 (T)

™ dry _
sepMn =2 [T (7

@ EOMs and symmetry properties
= 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 ¢3ﬂ— [Braun, Filyanov '90] Onhe determines ¢ﬂ-p (and ¢ﬂ—o—)

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

16
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Intro DVMP at NLO

WAMP at twist-3
0o

WAMP numerics Summary
00000000 0000e0000 000000 [e]e)
Subprocess amplitudes: twist-2
Transverse photon polarization (u = +1) T
T tw2 7£ ! (ST + Q2)(S + QQ) - uQ2
M~ G Crastun) 2 [ arono [ ( e

(37 — Q) (3 + Q?) —anfE B G eq sTep
T (@i )+ @ (G )]

Longitudinal photon polarization

b QV—is /1 ( Geq (t+ 71) ey )
HMWS ~ fxC el — — -
0X, 0A Jr Crastr) A"y | 0O\ SGer — i) ~ e — )
hotoproducti 0): ’““”2‘ =
— photoproduction (Q — 0) Hy 90
Hj@tuﬂ‘  Cp as / (142X — (1 =2\ Ca | b
R e~ I Cra uRr ) (L +22m) 8 = (- 22 a) (£ + )
— DVMP (i — 0): H?W‘A -
t—0
HZ’WQ‘ A : §= E Q% 4= 7“733 Q%> = well known LO result for DVMP
t—0 2¢ 2¢
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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¢ 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 |

18
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Subprocess amplitudes: twist-3 at Q << or t <<

General structure:

HP,th} _ %P,tw3,q(j+/HP,tw3,q<jg

_ (HR%p i 'HP,¢§20M) + (Hpqugch _|_'HP,qli97C'G)

~~

= PO HE$3m.CF + HP¢3n.Ca

V.

° ’Hf’twg ~ Qv/—t — 0 both for @ = 0 and £ — 0

e photoproduction (Q — 0):
o HPPm> =0 [Kroll, Pk 18]

o DVMP (t — 0):
e end-point singularities in HPP7 [Goloskokov, Kroll "10]

EOM

o HPP=2" =0

19
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Subprocess amplitudes: twist-3 at Q — 0, t — 0

photoproduction

Summary
[e]e)

P,tw3
7'[0,)\, ;L)\‘Q2—>O

2

1 T drt
(2)‘_/»‘) fan CVS(PLR) V_ﬁg/o dr /0 g ¢37r(7',7_'_7'gy7'g)
Tg

1 1 €a ep
C — _ s
X{ F(—FZ %(%—rg))(§2+a2>+

-Ca 2t (efa-i—efb)}

TTg 84 \ 3 U
DVMP
S s -1
P,¢x ure s ep dr
Hy N lino ~ @A+ p) frunCras(pr) —g[f-kag] /U ?@m}(r)

P,Cp,p3x U
7‘[07)\1;()\#3 lio ~ —@X+p) fsx Cras(pr)\/—=

Ldr [T dr,
X / = / = b3 (7, T — 74, 7g)
o T2 Jo T9(F—1g)
Paa9.Cq

Q2 €a €p
o limo ~  (2A+p) faxr Caas(ur) (* )

>
VRS
Em‘g’
+
[SSYR
§>‘§9
N—

Ldr (7T dr,
></ — —— T Pan (T, T — 74, 7g)
o T Jo 1g(T—1g)
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Subprocess amplitudes M — H{17

Novel features:
B}
(1) lgg) states contribute to twist-2

o HTIWZ = nstw2 qym.q. w2 (¢, fr) = (Dns, fns) s (D1 Fnn)

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

o HMIWS = pPitw3 (¢37, frs f3x) — (3P, [P, f3P)

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

[ = fscosbg fh=—fisin6,
f3 = fssinfg far = ficos 6

[review Feldmann '00]
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Pion distribution amplitudes

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

Summary
[e]e)

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(TipF) = 1+ 1 fonlor) <7w1,0(MF) —2waz,0(ur) — wl,l(up))
7 frbix(1F)
x (10032 2r—1)=3¢1% (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.
2 Choice of scales: ug? = pp? =ta/s
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n, ' distribution amplitudes

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

Summary
[e]e)

Parameters:

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

and other choices tested
] fgg(,u,o) = 0.86f3~ (,uo) <= [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) = Sr/2 (BEr = 2Hr + Er)

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

K = k2 () exp [t2(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

Summary
o]

o
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Photoproduction ()

[Kroll, P-K '21]
107 107
s7do /dt(n") s'do /dt(m™)
108 b GeV'® 10 [ubGeVv'?) . - .
5 = 11.06 GeV? 5=113GeV? theoretical predictions with
10° 10° parameters from [Kroll, P-K '18]
100 104 (fit of 70 twist-3 prediction to
[CLAS '17] data)
10% 108
10 10
10! 5 - 10! - S i .
08060402 002 04 06 08 08060402 002 04 06 08 solid curves: complete twist-3
107 107 dotted curves: twist-2
s'do /dt(mT) s'do /dt(n) dashed curves: wog = 10.3
3 i 6 bGeV?
T e . 007 s . pR = pp =1GeV
5 =10.3Ge .
10° 10° *. .
L]
10! 10t
exp data:
3 )3 .
10 10 full circles [SLAC '76]
102 10 open circles [CLAS '17]
triangles [JLab, Hall A "05]
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

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

@ scaling: s77 (s78) twist-2 (twist-3) — effective s~ — too strong
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DVMP at NLO WAMP at twist-3
00000000 000000000
[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?) \
R Q2 [GeV?
0.0
-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
0.4
02

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

0.0

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

cos cos
@ both for oy, and o7 no twist-2 and twist-3 interference
= information on St (Hr)

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

Summary
o]

o



WAMP numerics Summary

Intro DVMP at NLO WAMP at twist-3 :
Spin effects - photoproduction
+

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

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

0.4

02 2 ,

s =10.3GeV’ Pitw2 _ P,tw2
0 ALL = 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

27 cos @ cos @



Intro DVMP at NLO WAMP at twist-3 WAMP numerics Summary
[o]e] 00000000 000000000 000000 e0

Summary

o WAMP:
o twist-3 dominates for ws and 7, while 1’ sensitive to twist-2 =
window to gg contributions
o different combinations of form factors = possibility of
extraction = large —t behaviour of transversity GPDs

e DV7M
e twist-3 dominates and analysis underway
o twist-2 NLO contribution still valuable to be determined

e DVMP twist-2
e NLO contributions available for implementation
(DV(V)P partially included in GeParD)

@ experimental goals
o clear L/T separation (eg., for DVrP JLab, Hall C)
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Helicity amplitudes M for WAMP

w photon helicity, X... quark helicities, P € {x®, 7%, ng,n1,1,7'},

Transverse photon polarization (p = +1)

Mrwr = 5 [Hirur (RE@ +20RE®) > twist-2
A
—2) —“t HY xn Sﬁ(t)} — twist-3
e .
M(};*,,u«l» = O Z |: HOA S RT( ) — twist-2

—a) % Hoaur S5 (t)] +eoHE Ly SE() s twist-3

Longitudinal photon polarization

M(I)3+,O+ = €0H(})D+’Q+ RIIZ (t) — twist-2
M§7,0+ = 60H63770+ S’llf (t) — twist-3
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Spin effects - photoproduction

[Kroll, P-K '21]
1.0 ——mM8m8 ——————————————
0.8 Arp(Kprr)... correlation of the helicities of the
0.6 photon and incoming (outgoing) nucleon
0.4
0.2 3 Gey?
s =10.3GeV’ P tw?2 _ P,tw2
AL = Kpj
Pitw3 P,tw3
ALL - 7KLL

— characteristic signature for dominance of twist-3
0.8 (like o7 > o, in DVMP)

05Fs=103Gev: /. 1
04 |
0.3 Aps 1 Ars(Krg)... correlation of the helicities of the
0.2 | photon and sideway polarization of the incoming
+ .
ol / T | (outgoing) nucleon
T
0 T
Kis
0.1

-1.0 -08 -0.6 -04-02 0 02 04 06 0.8
cos 0
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Spin effects - electroproduction

1.0
0.8
0.6
0.4
0.2
0.0
-0.2
-04
-0.6
-0.8
-1.0

[Kroll, P-K '21]

ACos®
_ALL

Veli—e)

Q*[GeV? L

cos (0p)
A

1—€2

-0.8 -0.6 -04-02 0
cos 6

cos (0
A5%.09)

cos NS
ALr

Veli—e)

5 =10.3GeV?

-0.8 -0.6 -04 -02 0
cos 6

02 04 06 08

Arr(Krr) have two modulations for
electroproduction

Apr(KLT)- -

App.
00000000

(— measured for DVMP [cLAS '15])

correlation between the lepton

helicity and transversal target polarization
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Spin effects - photoproduction

[Kroll, P-K '21]

1.0
0.8
0.6
0.4
0.2

s =10.3GeV?

.0 -0.8 -0.6 -0.4 -0.

b
P

Kroll, P-K '18]

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

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

P,tw2
KLL

Ptw3
7KLL

P,tw?2 _
ALL -

P,tw3 _
ALL -

— characteristic signature for dominance of twist-3
(like o7 > o, in DVMP)

Arr(Krr) for w0 photoproduction on neutron and
n photoproduction
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Discussing the finite order perturbative results

@ assessment of the theoretical uncertainty

@ optimal choice of the renormalization scale and scheme
b
analysis of the size of the higher-order corrections
and of the expansion parameter a,(ur)

Popular renormalization scale settings:
@ characteristic scale of the process: ur = Q2
@ FAC (fastest apparent convergence) [Grunberg 1980]: M) (Q? ug) =0

@ PMS (principle of minimum sensitivity) [Stevenson 1981]:
dMfinite order(Q—)'/”R) _
dpr
BLM scheme [Brodsky, Lepage, Mackenzie 1983]: M (2:50)(Q2, ur) = 0
with M3)/(Q?, ug) = BoM 2P0 (Q?, ug) + ME e (Q?)

— vacuum polarization effects from the 8 function resummed into as(pp)

App. 2
©0000000
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App. 2
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@ elementary hard-scattering amplitudes for twist-2 collinear
approximation (t=0):

o DVCS (v"q ™)
& meson transition form factor (7" — (¢q))

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

(v*(qq) — (42))
@ bookkeeping of momentum fractions
§+ax (5 —x
26 2¢

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

§—ie+x E+x
2(6 —ie) 2

=1-wu)

u —

+ tesignz
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M Jre DA GPDs
S, Vi (¢iqz) | 077, 17~ (A=0) | Gasym, Psym | (H,E)
S (99) 0t Psym (Hgv Eg)
PS, PVy (¢igj) | 07F, 177 (A=10) | ¢sym, Pasym (H,E)
PS (99) 0+ Pasym (Hy, Ey)
Vr (Qz 3) 1 ()‘ = i1) ¢sym (HT7 ET)
PV (Qi _j) B ()‘ = :l:l) ¢asym (HT7 ET)
T (gg) 2++ ¢asym (HTga ETg)
(¢i3): P = (-1, C=(-1)"" (i = j)
calculated at LO [...Baier, Grozin'82, '85] (g9): P=(-1), Cc=1

o vy — PS(S,T) = DVCS
o ViM* — M*,
v S(VL) — VL(S),
° vy — M* M*,
vy — PS(S) PS(S), vy — S(PS) PS(S),
vy = V(PV) V(PV), vy = V(PV) PV(V),
vy = T(PS) PS(T),

%  and few at higher order:

~i PVL(PS) — PS(PV;) = DVMP

vy —=T(S) S(T) = vyp — yMN
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About "®":

App. 2
000e0000

DVCS

e factorization formula for singlet DVCS CFFs:

SH(E 1,

Q) = [ dr Cla.&, /1, auw) Hiz &, 42)

.in terms of conformal moments

(analogous to Mellin moments in DIS: 2™ — 03/2( ), C, ,‘3/2(x))2

q
Hi(n,..

=2§:€TJCAQWM%QAM)Hﬂmetu%

j=0

A - T ‘
)= w /ldx 7}‘7_105/2(1’/77)H"(:1;,7;, o)

27+ (j+3/2)

H]a even polynomials in 7 with maximal power nJ+!

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

1

T2

c+1i00

c—100

dj [’H—tan( )]s I105(Q%/1i?, oy (1)) H (6.t )

[Miiller 2006, Kumerigki, Miiller, Passek-K., Schafer 2006, 2007]




(D)DVCS

g — Mg, v*g —+ g

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, Passek-K '07]

Meson transition form factor

Y*) = (g9), v*v*) - (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]



DVMP

v*q — (99)q. v*9 = (49)yg

M

P 3 P p
NLO DV PSt prod.: [Belitsky and Miiller '01]
NLO DV V[, prod.: [lvanov et al '04,]

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

M

Meson em form factor

7*(qq) — (qq)

M

NLO: [..., Meli¢ et al '99]



Photon-meson photoproduction Meson pair production
Y q — vq(qq) vy — (99)(q7)
12 M
Y
M
Y
M
P P
LO V mesons: [Boussarie, Pire, Szymanowsky, Wallon "16] NLO: [Nizi¢ '87, Duplanti¢, Nizi¢ '06]

LO PS mesons: [Duplanti¢, Passek-K, Pire, Szymanowski, Wal-

lon "18]
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Experimental status
DVCS DVMP

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

Q° [GeV?]

y 2 (CERN),
L IR pseudoscalar mesons (m, 1) at
collider fixed targets CLAS (JLab) ...

1
T i a0 89 o1 0z g3 wa @5 oo
0y 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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