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1) Exclusive processes in lepton-hadron scattering

Kinematic variables

Collinear frames and light-cone components “kinematics”
L/T currents

Cross section

Meson production and Virtual Compton Scattering VCS

ll) Asymptotic behavior and factorization

Bjorken regime

QCD factorization “dynamics”
Quantum correlation functions

DVCS factorization from collinear expansion

Generalized parton distributions

lIl) Meson production and phenomenology
Meson production factorization and GPDs
Characteristics of large and small x
Large x: DVCS, pseudoscalar mesons, JLab results

Small x: Diffractive processes, space-time picture,
vector meson production, DVCS


https://www.jlab.org/conference/HadronFemtographySchool

Notice

Slides are work in progress
Several references to literature still missing; will be added



Recap

Factorization of DVCS at tree level Q2 > ,uﬁad
Computed “handbag” amplitude containing leading asymptotic contribution

Considered process in collinear frame of external momenta P = [P*,P~,0], g=1[g",q",0]
Performed collinear expansion of loop integral, obtained light-cone correlation function of quark fields

Obtained DVCS amplitude in “convolution” form

1
1
Amp = | dx GPD(x, &, t

P [0 xx&xi0 (6.1



DVMP: Factorization

QCD subprocess requires perturbative
interaction to produce collinear gqg pair,
has amplitude O(g?)

N —h—( )—h— N’ Amplitude involv_es meson distribution
amplitude (M |y |0)

M = any Here: Explain DVMP factorization

“‘“r by analogy with DVCS

Go to collinear frame

Inspect +, - momentum flow

M=) w, ¢, Jy




DVMP: Factorization

gt = — 2EP* gF ~
g~ = Q2P+ q'" ~ QNPT
=NN\NN=p

(x+&PT (x = &PT

uq

(I —u)q'™

Virtual photon injects large “minus”
momentum ¢~ ~ Q2

DVCS: g~ carried away entirely by outgoing
real photon ¢ =~ q~

DVMP: g split between quark and antiquark
of outgoing meson

Virtuality in handbag graph reduced by
factors (1 — u) or u compared to DVCS



DVMP: Factorization

q+ — —2§P+

g~ = Q?%/2EPT

N

(x+ &P

(x = &PT

1

07
(x — &+ 1i0) 2—5 + [transverse]

1

02
(1 —u)x—E&+i0) 2—5 + [transverse]

1
J du[aﬂpT [...]
0

u, pr = internal longitudinal and
transverse momentum in gg pair

or u



DVMP: End-point singularities, Lvs T 7

Problem: Collinear factorization of DVMP amplitude leads to integrals of type

1
J du[dzp ! or ! u, pr = internal longitudinal and
0 ! (1 —u) O + p7 uQ* + p# transverse momentum in ggq pair

End points u — 1,0: Factors (1 — u), u “neutralize” hard scale Q>
Integral can become IR divergent (“end-point singularities”)

L virtual photon T virtual photon

Regions u — 1,0 suppressed Regions # — 1,0 not suppressed
by numerators

printegral not IR sensitive printegral IR divergent

factorization possible factorization not possible
(at least not without further approximations)



DVMP: Factorization 8

LT

u Transverse coordinate representation
=NNNN=D
1 yr Yy = transverse separation of ¢g pair
1 —u End-point singularities = contributions of

large-size pairs |y;| > 1/0Q

L virtual photon
DVMP amplitude dominated by small-size pairs |y,| ~ 1/0

QCD subprocess can be limited to production of bare gg pair. Radiation suppressed by small size (color dipole)

Collinear expansion approximation is self-consistent, leads to factorization

T virtual photon

DVMP amplitude receives contributions from large-size pairs |y, | ~ 1/p,,4 > 1/0

QCD radiation not suppressed. Large-size gg pair dressed up with gluons.
Standard collinear expansion is not self-consistent, does not permit factorization

Factorization can be achieved only with separate treatment of large-size configurations:
QCD Sudakov form factor, light-cone sum rules, matching with hadronic amplitudes...



DVMP: Amplitude

[+ N—->1I+M+N M = longitudinal vector meson, pseudoscalar meson
K (MN'|J |N) = s 1,1
e/ (MN'|J,|N) = factorxg X fiy | du ;il—u ®,,(u)

1 1
X{dx (x—{,‘+i0 ix+¢f—i0> GPD(x, &; 1)

dy~ i(u_l)pJ“y_ _ + I
iy @ui) = | S D (M) D12 T (=12 00y, g [du By) = 1

n 0

meson distribution amplitude / decay constant

M = longitudinal vector meson: [ =yt GPD = H,E

M = pseudoscalar meson: [t = 7/+}/5 GPD = ﬁ,E

Isospin/flavor structure specified later



DVMP: Amplitude

e DVMP amplitude is O(a,) because of QCD interaction in subprocess

e DVMP amplitude is 1/Q2. Factor results from “additional” hard quark/gluon propagator in QCD
subprocess compared to DVCS

e |ntegrals over momentum fractions x (parton in nucleon) and u (quark/antiquark in meson)
are independent; see discussion of end-point singularities

e Transverse momenta of parton in nucleon and quark/antiquark in meson are integrated over;
integrals are independent; contained in definition of GPD and DA

e Convolution integral of GPDs arising from DVMP factorization has the same form as the
Compton form factors arising from DVCS factorization
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DVMP: Channels 11

dror 1 1 1 2H(x, &, t) + H(—x, &, t
(&, 1) = Ju du O, () | dx Sdil) ( !
277 Jo u(l —u) J_4 E—x—1i0 _
+ same expressions
L 2u—1 U 2H(x, €, — H(=x,&,1) &—>E X —>H
— | du D,,(u) dx .
Jo u(l — u) J_4 E—x—1i0

Compact form obtained combining = u, = x

w __ rrd] @ rrd
HY = HY] = [H" - HY] [M. Diehl 2003]

e
1

S
e

([2H" + HY + [2H" + HT| + § 27 HY )

Sl Sl

U d U d 3 .-
wp 2H" — HY] + [2H" — H%| + 5 x 1H9)

) GPD spin/flavor components sampled in
KU (2l — 4= 1) - 1~ 1 - 1)) r*p — MB given in table

K*+EO —%(2[Hd—HS]—[HCZ—H§]> q 3 ;
K* 0+ [Hd—HS]—i—[HJ—Hg] H (X, 5? t) =—-H (_xa ga t)

op — [HS_|_H§]_|_%I—1H9) [:Iq(xaéat) = Hq(_xaéa t)

tno o 2[H* — HY 4 [H® — HY

wp  L([2H"+ HY - 20" + H9))
K*A —%(2[2ﬁ“—ﬁd—ﬁ]5]+[Qﬁﬁ—ﬁd—ﬁg])
K20~ (2(A! - B + A~ H))

KOs+t [HY— H%] - [H? — H)




DVMP: Channels

e Quantum numbers of produced meson (parity, C-parity, isospin) select spin/flavor components
of GPDs in amplitude

e DVMP can be used to separate the spin-flavor components of the GPDs

e Gluon GPD contributes to amplitude of neutral vector meson production (,00, w, ¢, J/y) at LO.
These vector mesons have the same C and P quantum numbers as the virtual photon.

12



DVMP: Cross section

F 2t=&*—>MB
(x5, 07, 1) = 2 (r*p )

= Jem A (1-&EHH? - <52 +L> H? — 2E’Re(E*H)
Q% 1 —xp 4M?

Expression for vector meson, for pseudoscalar #, & — #, &

Expression neglects baryon mass differences My = Mp =M

Exclusive cross sections decrease strongly with increasing Q2 (here xp fixed)

DVMP 9oL iy MB) ~ 06 9 1y~ IMB) ~ O~
. N ~ ~
' 2 P dxpdQ?dr
do; do
. — * ~ -2 l —_ l/ ~ —4
DVCS: L =rp)~ 0 Dxrd0? S p = 1yp) ~ O

Low rates in asymptotic regime. Exclusive cross section is small fraction of total (inclusive) cross section
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Applications

Apply asymptotic expressions to real processes at finite energy/momentum transfer

Proceed in two steps

) Test approach to asymptotic regime, applicability of expressions, size of corrections <«—

ll) Extract information on GPDs / DAs from experimental data

Step I: Focus on model-independent qualitative features of asymptotic regime:
Q2 scaling, L/T ratio, relative kinematic dependences, comparison of channels

It is difficult to test the approach to the asymptotic regime using absolute cross sections
depending on subprocess amplitudes and GPD/DA models. Large variations in predictions.

Cannot separate: Shape of GPD/DA < higher-order perturbative corrections <> power corrections

Onset of asymptotic regime depends on channel and kinematics.
Assessment needs to be made case-by-case
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Large vs. small xj

xg 2 0.1 “large”

Valence quarks, large-x gluons

Spin-flavor quantum numbers

Small phase space for radiation,
evolution minor

Non-perturbative dynamics:
Vacuum fields, chiral symmetry
breaking, confinement

xp < 0.1 “small”
Gluons and sea quarks
Singlet dominance

Large phase space for QCD radiation,
evolution essential

Non-perturbative dynamics:
Regge-type dynamics hadronic/partonic

Space-time picture: Dipole model,
aligned-jet model

e Fundamental distinction in analysis of exclusive processes in lepton-hadron scattering

e Recruit knowledge/experience about specifics of dynamics at large and small xp
gained from theory and “other” experiments (inclusive, diffractive, photon/hadron-hadron)
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Large xp: General features

e Spin-flavor dependent structures generally O(1)

| E| > | H| because of nucleon anomalous magnetic moment

| E“~%| > | E**| because of isovector anomalous magnetic moment

e Skewness effects large & ~ x3/2. GPDs far from forward PDFs, behavior unknown

e DVCS and DVMP behave very differently re applicability of asymptotic approximations

DVCS: Quark subprocess = handbag graph 0(g"). Quality of asymptotic approximation
expected to be similar to inclusive DIS

DVMP: Quark subprocess = perturbatlve one-gluon exchange @(gz)

Not relevant at Q ~ few GeV overwhelmed by strong nonperturbative interactions.
Application of asymptotic apprOX|mat|on questionable.

16



Large xz: DVCS

- Im C\(H, A, E) / F (1) DVCS amplitudes show Q2 scaling consistent with
6 1 approach to asymptotic regime

- ]kég ¢
] + Expected size of power corrections ~ x 02
3l

o2 * Q@*=15GeV?
- " QP=1.9GeV?
I ° Q¥=23GeV?
. —— Dipole fit: m=1.07

0— T T T !
0.15 0.2 0.25 0.3 0.35

-t (GeV?)

Further experimental results : Lecture Charles Hyde

JLab 6 GeV Hall A DVCS measurement 2006



Large x;: Pseudoscalar mesons

_|_
— n Asymptotically leading amplitude
QCD _D-* Y 75
— Chiral-even pion DA y ™y
+ + Chiral-even nucleon GPD y¥ys = quark helicity conserving

_._( GPD )_._ L current only

Frankfurt, Pobylitsa, Polyakov, Strikman 1998

Subleading amplitude

Chiral-odd pion DA y5

Chiral-odd nucleon GPD ¢ty = quark helicity flipping

T and L currents

’ ( GPD ) ’ Chiral-odd pion DA is numerically large because of
chiral symmetry breaking - nonperturbative dynamics

Subleading amplitude is numerically dominant
at momentum transfers Q2 ~ few GeV?

Goldstein, Liuti et al. 08+; Goloskokov, Kroll 11+

[+p—>1+M+p

M = 7°, 5 pseudoscalar



Large x;: Pseudoscalar mesons 19

400 400
E IE E . . .
300 Q°=1.38 GeV® | 300 - Q°=1.38 GeV? Practical |mplementat|on
K Xg=0.17 g Xg=0.17
200 -~ 200
oo | oo b st Invoke QCD Sudakov form factor
: . L . . to suppress large-size gqg pairs
C\I]—I 0 : I 0 W i
> r * 3 1 4
o -100 - -100 - - . . .
@ : : Include finite-size corrections from
= 20 200 " intrinsic p; of gq pair
&. -300 | -300 -
i : Approximations beyond strict asymptotics
E 300 |- Q°=2.21 GeV® | 300 - Q°=2.21 GeV? PP y ymp
= L ® s x5=0.28 g X5=0.28 Goloskokov, Kroll 11+
200 -~ 0 200 -
100 * ® 100 * -
L a . : S .
0r — = 0 ﬁ%ﬁ.%— = ) )
R ; Comparison with data
100 [ % 100 - @or + eo,
200 - n° 200 - WoLr n . . .
: S Predictions of chiral-odd mechanism
S T e consistentwithJLabGGeVﬂO,ndata
0O 02 04 06 038 1 1.2 14 0 02 04 O. 0.8 1 1.2 14
-t [GeV?] -t [GeV?]

Possible to sample chiral-odd GPDs in
pseudo scalar DVMP at JLab

Properties of chiral-odd GPDs: Active area of theoretical research
1/N_ expansion: Schweitzer, Weiss 2016

Will chiral-even mechanism become relevant at higher W? and/or Qz?
COMPASS exclusive 70 data. EIC



Large x5: Vector mesons

Description of vector meson production at large x5 in context of GPDs and factorization
still not well understood

Asymptotically leading expressions not adequate, qualitative discrepancies

Large subleading contributions: Chiral-odd structures? Nonperturbative interactions?

Goloskokov, Kroll 2008+
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Small xz: General features 21

e Processes without quantum number exchange between target and virtual photon (diffractive processes)
dominate in limit W — oo at fixed Q7

AN )unnp
y* - PO, ), o, ]y, y diffractive - dominant o+t
% _|_ % . . _
y* > mn, K pT, K nondiffractive - suppressed !

 |n factorized description, diffractive processes couple to the gluon and/or singlet quark GPDs

e All diffractive processes are “similar”, differ only in relative coupling to gluon and singlet quark GPDs

Jly. G only p% Gandg+ g y: g+ q atLO, G atNLO

 Evolution essential, determines behavior of gluon and singlet quark GPDs at x, £ — 0

e Skewness effect can be implemented theoretically. GPDs can be reconstructed from & = 0
functions in controlled approximation

Shuvaeyv, Golec-Biernat, Martin 1999. Polyakov, Shuvaev 2002. GUMP — Lecture Yuxun Guo



Small xz: Space-time picture in target rest frame
. l
l —u T

1 T

>
O = GPD b

i

Virtual photon fluctuates into quark-antiquark pair which then interacts with target

Coherence length ~ 1/xzM > 1 fm for x5 < 0.1

L photon: u,1 — u ~ 1/2. Quark/antiquark share momentum equally.
“Color dipole”, transverse size rp ~ 1/Q

T photon: u,1 — u — 0,1. Quark/antiquark share momenta unequally, fast + slow.
“Aligned jet”, transverse size rr ~ 1/u, 4

22



Small xz: Space-time picture in target rest frame 23

: l

Y

A

——( GPD )=

Correspondence with GPDs and factorization

Gluon GPD determines dipole-target scattering amplitude: A(dp — dp) r% G(x, ¢, 1), x,&E~xz

2

: : : . -2
Scale set by inverse dipole size () = const X r

Collinear factorization can be discussed/understood in space-time picture:
L vs. T, end-point singularities, size of power corrections, ...

Very useful representation~

Baym, Blaettel, Frankfurt, Strikman 1993. Brodsky, Frankfurt, Union, Strikman 1994. Frankfurt, Strikman, Képf 1996+.
Frankfurt, Radyushkin, Strikman 1998.



Small xz: Vector meson production

i >
<
—— GPD == l t
o~ 1 M [Trrvrvrry [rrrvvvrey [vrsrrvree [vrvrrrree
5 i O pZEUS 96-00 .
8 i B pZEUS 94 ]
= 12 * p ZEUS LPS 94 -
s o p ZEUS 95 '
s p H195-96 .
10 & ZEUS 98-00 .
& ZEUS 94 ]

« Jiy ZEUS 98-00
* Jhy ZEUS 96-97
* J/y H1 96-00

2R

* DVCS ZEUS LPS (31 pb™)
» DVCS H1 HERA|

* DVCSHT1HERA llep
lllllllll llllllllllllllllllllllllllllllllllllllll

0 10 20 30 40 50
Q% +M?*(GeV?)

H>—E
X = .
O
4t
|

LI B l L l L l T LI I
|

A. Levy, summary of HERA results

Test approach to asymptotic regime,
applicability of factorization?

do

— x exp Bt t-dependence of differential
dt cross section

Slope B measures transverse radius
of dipole-proton interaction

~ proton’s gluonic size + dipole size

HERA vector meson data

Dipole size decreases with increasing Qz,
becomes pointlike

All diffractive channels show same r—slope
= t-slope of gluon GPD

Confirms approach to asymptotic regime
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Small xz: Vector meson production

—— GPD )=

Ko 0.6
£ Jhp, H1 05—+
s Jhp, ZEUS 02 ¢Te” ——*—
A _ Jhp, FNAL 82 +——&—
04 —
s il SRS, charge
s ! ~] 1 l { ) radius
q = k ~ ~
s I 13400~
o % RN N
§ 02 F -
o
&
S
S |
g= COMPASS Jhy ~ JLabl2 ¢
o wEFeenenenenenenanead St > 4
2 _ :
O 0
0% 100 107 10" 1
X

Frankfurt, Strikman, Weiss 2011

Jlhy
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Transverse distribution of gluons in proton
extracted from J/y production data

Transverse size grows with decreasing x

Dynamical mechanisms: Bound-state dynamics,
parton diffusion at small x

Gluon imaging of nucleon, quantitative

gluons




Small xz: DVCS

0 DVCS analysis at small x5z well established

— Lecture Marija Cuic

= GPD )= GPD

Gluon GPD enters at NLO: Large effect,

cancellations between singlet quark and gluon
GPD amplitudes

Need model of singlet quark and gluon GPDs
at input scale based on nonperturbative dynamics

Aligned-jet model based on “soft” hadronic

qg+q high-energy scattering dynamics
/// Frankfurt, Strikman, Guzey 1997. Freund, Strikman 2003
luons
&
a1 String-based “holographic” model
X Mamo, Zahed 2024
/// Analysis can determine transverse distributions

<«— changes withx of singlet quarks and gluons in nucleon



