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e Motivation: why twist-3 GPDs

o twist-3 GPD G — L4

o twist 3 PDF go(z) — L force

o twist 2 GPDs — L imaging (of quark densities)
— twist 3 GPDs — L imaging of L forces

e J(x) contributions to twist-3 PDFs
— twist-3 GPDs — discontinuities at « + ¢
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e making the world safer for twist-3 factorization
e Summary .
e Outlook
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OAM from twist 3 GPDs 3

twist-3 GPDs (Polyakov & Kitpily)

/ dz= e P (g2~ /27" a(—2 /2)[p)

1 A* ATyt iIAYy T
= G H+E+G
21‘)*()[2M 1+ 7 (H+E+Gs) + +

Lorentz invariance relations

o [dxGi(z,£,t)=0 QCD Egs. of motion

o [dxGi(z,&,t) = o [dxxGi(z,0,0) =—
o [dzGi(z, & t) = o same relation also derived in
o [dxGi(z,&,t) = scalar Yukawa

v

issues
Tests [issues |

@ test above relations in scalar ° 4(z) in G37
diquark model & QED e G2 from DVCS?

o L(z) from —zGsy(x)




Twist-2 GPDs — L Imaging of Quark Densities

o form factors:¢—s p(7) (nonrelativistic)
reference point is center of mass
o GPDs(x, 5) form factor for quarks with momentum fraction x
— suitable FT of GPDs should provide spatial distribution of
quarks with momentum fraction x
o careful: cannot measure longitudinal momentum (z) and
longitudinal position simultaneously (Heisenberg)
— consider purely transverse momentum transfer

Impact Parameter Dependent Quark Distributions

by = [ LA g e —0,-A2 Je L AL
Q(xv J_) - (27‘(’)2 (.T,f =U,—Aaj)e

q(z,b, ) = parton distribution as a function of the separation b

from the transverse center of momentum R; =

MB, Phys. Rev. D62, 071503 (2000)

i€q,9 | ;%;

e No relativistic corrections (Galilean subgroup!)
< corollary: interpretation of 2d-FT of Fy(Q?) as charge density in
transverse plane also free of relativistic corrections (—G.Miller)
@ probabilistic interpretation



Twist-2 GPDs — L Imaging of Quark Densities
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e q(z,b,) = fc(l;TA)gH(x,O, —A?)ebL-AL
o Fy(~A}) = [drH(z,0,~A%)

x = momentum fraction of the quark

b, relative to L center of momentum

small z: large 'meson cloud’

larger z: compact 'valence core’

x — 1: active quark becomes center of
momentum

<5 by — 0 (narrow distribution) for z — 1




From 2015 Long Range Plan for Nuclear

Science

2. Quantum Chromodynamics: The Fundamental Description of the Heart of Visible Matter

represents the first fuit of more than a decade of effort
in this direction.

by high-energy particles and is leftintact beyond
the production of one or two additional particles.
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AMultidimenslonal View of Nucleon Structure
“With 3D projection, we will be entering a new age.
Something which was never technically possible before:
a stunning visual experience which ‘turbocharges’ the
viewing. This quotation from film director J. Cameron

t as well describe developments over the

Iast decade or so in hadron physics, in which a
mutticimensional description of nucleon structure is
emerging that is providing profound new Insights.

Form factors tell us about the distribution of charge

and magnetization but contain no direct dynamical
information. PDFs allow us to access information on the
underlying quarks and ther longitudinal momentum but
tell us nothing about spatial locations. It has now been
established, however, that both form factors and PDFs.
are special cases of a more general class of distribution
functions that merge spatial and dynamic information.
Through appropriate measurements, it s becoming
possible to construct “pictures” of the nucleon that were.
never before possible.
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3D Spatial Maps of the Nudieon: GPDs
Some of the important new tools for describing hadrons.
are Generalized Parton Distributions (GPDs). GPDs can
be investigated through the analysis of hard exclusive
Pprocesses, processes where the target is probed

16

are recognized as the most powerful
processes for accessing GPDs: deeply vtual Compton
scattering (DVCS) and deeply virtual meson production
(DVMP) where a photon or a meson, respectively, is
produced.

One striking way to use GPDs to enhance our
understanding of hadronic structure is to use them

to construct what we might call 3D spatial maps (see
Sidebar 2.2). For a particular value of the momentum
fraction x, we can construct a spatial map of where
the quarks reside. With the JLab 12-GeV Upgrade, the
valence quarks will be accurately mapped.

GPDs can also be used to evaluate the total angular
momentum associated with different types of quarks,
using whatis known as the Ji Sum Rule. By combining
with other existing data, one can directly access quark
orbital angular momentum. The worldwide DVCS
experimental program, including that at Jefferson Lab.
with a 6-GeV electron beam and at HERMES with 27-GeV/
electron and positron beams, has already provided
constraints (albeft model dependent) on the total angular
momentum of the u and d quarks. These constraints

can also be compared with calculations from LGCD.
Upcoming 12-GeV experiments at JLab and COMPASS-I
experiments at CERN will provide dramatically improved
precision. A suite of DVCS and DVMP experiments is
planned in Hall B with CLAS12: in Hall A with HRS and
existing calorimeters; and in Hall C with HMS, the new
SHMS, and the Neutral Particle Spectrometer (NPS).
These new data willtransform the current picture of
hadronic structure.

3D Momentum Maps of the Nucleon: TMDs
Other Important new tools for describing nucleon
structure are transverse momentum dependent
distrbution functions (TMDs). These contain information
on both the longitudinal and transverse momentum of
the quarks (and gluons) inside a fast moving nucleon
TMDs link the transverse motion of the quarks with their
spin and/or the spin of the parent proton and are, thus,
sensitive to orbital angular momentum. Experimentaly,
these functions can be investigated i proton-proton
collsions, in inclusive production of lepton pairs in Drell
Yan processes, and in semkincluswe deep inefastic
scattering (SIDIS), where one measures the scattered
electron and one more meson typically a pion or kaon)
in the DIS process.

The 2015 Long Range Plan for Nuclear Sclence

Sidebar 2.2: The First 3D Pictures of the Nucleon

A compurted tomography (CT) scan can help physicians
pinpoint minute cancer tumors, diagnose tiny broken
bones, and spot the early signs of osteoporosis.

Now physicists are using the principles behind the
procedure to peer at the Inner workings of the proton.
This brealdhrough is made possible by a relatively new
concept in nuclear physics called generalized parton
distributions.

Anintense beam of high-energy electrons can be used
as amicroscope to look nside the proton. The high
energles tend to disrupt the proton, o one or more new
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particles are produced. Physicists
what happened to the debris and measured only the
energy and position of the scattered electron. This
method i called Inclusive deep nelastic scattering

and has revealed the most basic grains of matter, the
quarks. However, it has a limitation: it can only give a
one-dimensional image of the substructure of the proton
because It essentlally measures the momentum of

the quarks along the direction of the Incident electron
beam. To provide the three-imensional (3D) picture,

we need Instead to measure all the particles in the.
debris. This way, we can constructa 3D image of the
proton as successive spatial quark distributions in planes.
perpendicular to ts motion for sices In the quark's
‘momentum, just like a 3D image of the human body can
be bult from successive planar views.

An electron can scatter from a proton in many ways. We
are interested In those collisions where a high-energy
electron strikes an individual quark Inside the proton,
giing the quark a very large amount of extra energy.
This quark then quickly gets rid of ts excess energy, for
instance, by emitting a high-energy photon. The quark
does not change Identity and remains part of the Intact
target proton. This specific process Is called deeply
virtual Compton scattering (DVCS). For the experimentto
work, the sclentists need to measure the speed, position,
and energy of the electron that bounced offthe quark.

of the photon emitted by the quark, and of the reassem-
bled proton. From this Information the 3D picture of the
proton can be constructed.

Very recently, using the DVCS data collected with the
CLAS detector at JLab and the HERMES detector at
DESY/Germany, the first nearly modekIndependent
Images of the proton started to appear. The resut of
this work Is flustrated In the figure, where the proba-
biltes for the quarks to reside at various places inside
the proton are shown at two different values of ts
longttudinal momentum x (x = 0.25 left and x= 0.09
right). This Is analogous to the “orbital” clouds used to
depict the likely position of electrons I varlous energy
levels inside atoms. The first 3D pictures of the proton
Indicate that when the longtudinal momentum x of the
quark decreases, the radilus of the proton increases.

The broader implications of these resuts are that we
now have methods to fill In the information needed to
extract 3D views of the proton. Physicists worldwide are
‘working toward this goal, and the technique ploneered
here will be applied with Jefferson Lab's CEBAF
accelerator at 12 GeV for (valence) quarks and, later, with
a future EIC for gluons and sea quarks.



From 2015 Long Range Plan for Nuclear Science

by [fm]

The first 3D views of the proton: the spatial charge densities of the proton
in a plane (bx, by) positioned ar two different values of the quarks
longitudinal momenrum x: 0.25 (left) and 0.09 (right).



Twist-3 PDFs — | Force on Quarks in DIS

dy +» average | force on quark in DIS from | pol target
polarized DIS:

2A,j[w92 @ oL X gr = g1 + g2

@ oL X g1 —

— ’clean’ separation between g, and é corrections to g;
_ . _ 14
o g2 =g¥"W + g with gV (2) = —g1 () + [, 7yg1(y)

1

Siiprgs (P8 a0 gF T (0)a(0)] P.5)

4

d253/dxx g2(x) =

color Lorentz Force on ejected quark (MB, PRD 88 (2013) 114502)

— -\ Y
V2F+Y = FO { f?y — _EY | B* = —(E+17>< B) for & = (0,0-1)

v

matrix element defining do ¢+ 1°¢ integration point in QS-integral
ds = | force & QS-integral = | impulse

magnitude of do

o (F¥) = —2M?dy = —10%27d;

o L deformation of ¢(z,b )

< sign of d3: opposite Sivers o |(F¥)| < o~ 1% = dy = 0(0.01)




Twist-3 PDFs — | Force on Quarks in DIS

dy +» average | force on quark in DIS from | pol target
polarized DIS:

o or o< g1 — g, @ oL X gr = g1+ 92

— ’clean’ separation between g, and é corrections to g;
_ . _ 14
o g2 =g¥"W + g with gV (2) = —g1 () + [, 7yg1(y)

dy = 3 / et = m (P, S |g(0)r+gF*¥(0)g(0)| P, 5)

4

color Lorentz Force on ejected quark (MB, PRD 88 (2013) 114502)

- -\ Y
V2FTY =F% 1 F*¥ = _FY 4+ B* = —(E+ ¥ x B) for 7= (0,0~1)

magnitude of dy

o | deformation of ¢(z,b,) o (FY) = —2M?dy = —108% d,

fm
< sign of d3: opposite Sivers o |(FY)| < o= 16*1?1/ = dy = 0(0.01)

consitent with experiment (JLab,SLAC), model calculations (Weiss),
and lattice QCD calculations (Gockeler et al., 2005)



Twist-3 GPDs — L Force Imaging

details under construction...so no eqs. today
take 22 moment of twist-3 GPDs (£ = 0)
subtract twist-2 parts

take 2d Fourier transform

(R =0,8q(bi )y gF ¥ (bi)q(br)| R1 =0,5)
distribution of L force in L plane

still checking some factors...

addressed some other issues first to make world safer for twist-3
GPDs = rest of talk



Spectator Model Calculations of PDF's

example: scalar diquark

E+m E+m 1
PSS
—m?2 +ie k2—m2+i5u( ’ )(P—k)2—)\2+i5

sl = / Ak~ a(P,8)

o similar for quark target (QCD)

@ similar for 1-loop corrections

denominator integral

1 1
Lien, = -
den /dk (k2 —m? +ie)2 (P — k)2 — A2 + ie

o k2= 2Ktk — k2, (P— k)2 =2(PT — k") (P~ — k) — k2
@ Igen, =0 for kt < 0: all k= poles in UHP
o I, =0 for kt > P*: all k= poles in LHP
I — —7t 1
O Ligtem Pt (1—z)z? {2P+P*7kizm2fkﬁfj—:2}2

o twist-2: T contains v }f = k=

< numerator only function of z, k; as yt4T =0 = straightforward!



Spectator Model Calculations of PDFE'S us. ero sz, ssa1 (1005

example: scalar diquark

E+m E+m 1
PSS
—m?2 +ie k2—m2+i5u( ’ )(P—k)2—)\2+i5

sl = / Ak~ a(P,8)

o similar for quark target (QCD)

@ similar for 1-loop corrections

twist-3: example I' = 1

e numerator (§ +m)? = k? + m? + 2m}
o u(P,S)ku(P,S) =2PTk™ + ...

_ P—k)2—)\2 _ k2 22
o 2k~ = (= — [P - pim]

o 27?4 term canonical (from LF Hamiltonian pert. theory — SJB)
e 1% term cancels spectator propagator

= Is = fdkfm = [dk~ (2k+k*—k%—m2+ie)2 =
e Is = 0 for k™ = 0 as pole can be avoided

o [dky oy = [k Ak rmprrye = e = L= a0 (k)




Relevance for QCD

sum rules for twist-3 PDF's MB, PRD 52, 3841 (1995)

° f drgr(z f dzgr (z)
(] f dﬂ?hL f dmhl )
° j;l dze( x) = 517 (P|qq|P) (o-term sum rule)

o first two are Lorentz invariance (LI) relations

If sum rule is tested by evaluating e.g. lim._,o f; dx [hr(x) + hr(—2)]
then presence of d(z) in hz, would result in violation of LI relation!

violation of twist-3 sum rules in QCD MB & Y. Koike, NPB 632, 311 (2002)

Using moment relations based on QCD eqgs. of motion one finds
o hy(z) = —5:% [91(0T) — g1(07)] (LI relation violated at 1-loop)
o gh(z) = =3 [h1(0F) — hy(07)] (LI relation o.k. at 1-loop)

@ o-term sum rule violated at 1-loop

implications for twist-3 GPDs

what does presence of §(z) in twist-3 PDFs imply for twist-3 GPDs?




Relevance for twist-3 GPDs

o relevant energy denominators:

di 1 1 1
/ (k—2) —m24ic (k+2)" —m2+ic(P—k)’ =) +ic
2 2

e twist-3: k= from Dirac numerator can cancel (P — k)* — A2 + ie

— 1 1
- fdk (k—%)z—mQ-i-is (k+%)2—7n2+ia

e nonzero for —§ < x < ¢
e discontinuous at x + &
° oc%for—§<m<§
— representation of § function as £ — 0
e big issue: convergence of [ I“Jf’f GPD(z,£,t) when GPD(x,&,t)
discontinuous at = + &




Go, Gs in QCD (1 loop)
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o (s, G discontinuous at z = —£
o [ liéGg x, xi,t) divergent

— factorization?



G+ 1G5 in QCD (1 loop)
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o Gy + %G‘z continuous at z = —&

o Gy — %ég continuous at x = &

< makes world a lot safer for twist-3 factorization!




G+ 1G5 in QCD (1 loop)
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o Gy + %ég continuous at x = —¢

o Gy — %ég continuous at x = &

— makes world a lot safer for twist-3 factorization!




Summary

o

GPDs 5 q(x,b ) ’3d imaging’
x2 moment of twist-3 GPDs
gy Ft+q distribution

4(z) in twist-3 PDF
discontinuities in twist-3 GPDs
rep. of 6(z) as & — 0

cancel in DVCS amplitude

individual extraction of Gy & Go questionable
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