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A Abstract

* Spin and transverse momentum dependent Generalized Parton QCD-
Distributions (GPDs) exist at the interface between the non-perturbative
regime of QCD hadron structure and observable quantities. The QCD-
Distributions appear as linear superpositions and convolutions within
helicity amplitudes for parton-nucleon scattering processes, which, in
turn, occur in amplitudes for leptoproduction processes. We have
developed a "flexible model" of quark and gluon GPDs that incorporates
diquark and other spectators, Regge behavior and evolution. Chiral even
GPDs determine deeply virtual Compton scattering amplitudes and are
compared with cross section and polarization data. The chiral odd GPDs
can be generated from these via parity relations. Those chiral odd GPDs,
including "transversity", lead to predictions for pseudoscalar
leptoproduction. We will present relations between crucial quark-nucleon
or gluon-nucleon GPDs and the rich array of angular QCD-Distributions in
Deeply Virtual Scattering processes.

Collaborators: S. Liuti, O. Gonzalez Hernandez, A. Rajan, J. Poage

5/23/16 G. R. Goldstein QCD-Evol'n 2016



OUTLINE

 GPDs, Models to guide— Reggeized spectator
“flexible”

e Valence quarks: Chiral Even
* Valence quarks: Chiral Odd

* Gluons & sea quarks - Reggeized spectator
“flexible”

* Helicity amplitudes
 Observable quantities
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Preview: Gluons
Spectator t-dependence w/o Regge small x behavior:
hybrid Reqge-Spectator model combines
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Compare Gluon form factor via QCD sum rules
Braun, Gornicki, Mankiewicz, Schaefer, Phys.Lett.B302, 291 (1993)
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¢@'eview:Why consider chiral-odd GPDs? Why go beyond leading twist?

0 electroproduction data dictate necessity of transverse photons
CLAS; Hall A separated cross sections ; Asymmetries distinguish models
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- 4 ﬂ We look at Chiral odd GPDs - why? = H.(x,§,t)->
h,(x) Transversity = tensor charges 0,
to get complete picture of spin decomposition

L5 ® This paper Q°=1GeV O Q*=4 GeV
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S PTAN Gluon distributions

What to expect for H,, Eg(x,ﬁ,t) ... P
Begin with normalization

H,(x,0,0) 2 xG(x)|* unpolarized
Parametrize via “spectator” model by pdf’s

~ollow procedure for valence quark chiral
even GPDs & then chiral odd

Review procedure:



O. Gonzalez Hernandez et al., Phys. Rev. C88; arXiv:1206.1876
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GPD definitions — 8 quark +

8 gluon (twist 2)

Momentum space nucleon matrix elements of quark field correlators
see, e.g. M. Diehl, Eur. Phys. J. C 19, 485 (2001).
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Chiral even GPDs

-> Ji sum rule

talks by Mueller, Kumericki,
Guidal.

Liuti, et al. > “flexible
parameterization”

(J)=4]dx[H(x,0,0)+ E(x,0,0)]x

Pa—

Chiral odd GPDs

-> transversity

— How to measure
and/or
parameterize them?

u(p, A

—



Normalizing quark GPDs - Chiral even

Form factor, Forward limit

1
J‘Hq(x’éat)dx = Eq(t)’ Hq(x’O’O) = q(x) Integrates to charge
0

1
qu (X,é,l‘)dx = qu (t) - Anomalous maghetic moments
0

[ B,(x.e.0dx=gi(1), H,(x.0,0)=Ag(x)=q2(x)- g5 (x)

Integrates to axial charge

J E,(x.8.0ydx=gi(0)
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Convolution of “hard part” with quark-proton Helicity amplitudes
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see Ahmad, GG, Liuti, PRD79, 054014, (2009)
for first chiral odd GPD parameterization

Gonzalez, GG, Liuti PRD84, 034007 (2011) chiral even GPD
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% Recursive fit GRG, Gonzalez Hernandez, Liuti, PRD84 (2011)

Advantage: control over the number of parameters to be fitted at
different stages so that it can be optimized

Functional form:

pdf’s

Form Factors
do /dQ
Asymmetries

&+, (1=x)"1]

Gala2a3“(x,§,t)

"Flexible” parameterization based on the Reggeized quark-diquark-model.
—
uarks and gluon parametrization, work in pregress
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EM Form Factors (t dependence)
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1 Transversity2014 GR.Goldstein



Procedure to construct Chiral Odd GPDs & observables
Spectator diquark model & Reggeization

A—: k+:XP+ S=O or 1 A.' ’ k’ +:(X'C)P+

A P/‘F>X+:(1-X)P+ '\i\"’*(l- C)P*

Product of diquark l.c.w.f.’s —A . A\ =

v
[A,W\,)\ —> chiral even GPDs + Evolution }

!

{ g ® A — exclusive process helicity amps }
|

{ pdf’'s, FF’s, da/dQ) & Asymmetries: parameters & predictions }
|

¥
[vertex parity—A,. r = chiral odd GPDs—=>pdf’s, ... }
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9a

Reggeizing diquark model

Diquark+quark & fixed masses (e.g. at €=0)

g /‘ d*k, [(m, + Mx)(m, + Mx) +k, -k_]

Mim, =X [M2(x) - K2 /(1 = ) [M2@) = B2 /(1 = 0]
EY A d*k; —2M[A% [(my + Mx)k, - A, — (m; + Mx)k, - A ]
H"m,, _/l—x 20ey 12 NPT A2 B2 I

[M2(x) = K2 /(1 = )] [M2(x) — &2 /(1 = x)]

Diquark mass “spectrum”

as in Brodsky, Close & Gunion F,}(X,g,t) — Nq/ dep(MA)F mg, M )(X,C,t; My).
Phys. Rev. D8, 3678 (1973) 0
(M%)* M3 — oo

p(M%) ~ .
d(Myx — My) Mz few GeV?

F(X,(,t) m N, X ~oatae(X0t pme MO (x ¢ 4 37 ) = REV(X,¢,1) G (X,¢,8)

Mx m

R¥Dq
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Chiral even GPDs

From GPDs
with evolution
to Compton
Form Factors

CFFs to helicity
amps l

helicity amps to
observables
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Momentum space nucleon matrix elements of quark field coniila rs

see, e.g. M. Diehl, Eur. I\% 3 c1
o
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B ~~Liuti, et al. > “flexible
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2/) 2w ' e \

2m ) | +=0,27 Chiral odd GPDs
' | -> transversity
— Measure and/or
parameterize them?
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Some results — GG, Gonzalez Hernandez, Liuti, PRD84, 034007 (2011)
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FIG. 16 (color online). Hall A data [49] for the *‘sum’ (upper -t (GeV7) Q° (GeVY) Xgj

panel) and “difference” (lower panel) of the two electron beam
polarizations. Shown are curves, including the contribution of
the {-dependent factor from Eq. (34) (solid lines) and neglecting
it (dashed lines). All terms (DVCS, Interference, and Total) are
shown for the sum graph. The wide yellow bands in both panels
represent the error of the data fit. The green band in the
asymmetry graph is the theoretical error from our parametriza-
tion.

FIG. 18 (color online). Calculations at Hermes kinematics
[52,53,56]. Shown is A;;;(90°) vs —1, @, and xg;, respectively,
calculated at each kinematical bin provided by Hermes [56]
(curve denoted as “Hermes kinematics) and at the nominal
average values presented in each panel. It is interesting to notice
that, due to the correlation between xp; and 0? in the data,
different features arise when using the average bin values. In the
lower panels, we also show the effect of disregarding the DVCS
term in the denominator (dashed curves).
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Some more results — GG, Gonzalez Hernandez, Liuti, PRD84, 034007 (2011)
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FIG. 21 (color online). Coefficients of the beam charge asym-
metry, Ay, extracted from experiment [52,53]. The upper panel
shows the terms E and F from Eqgs. (83) and (84), respectively;
the middle panel shows G, and the lower panel H, both in
Eq. (84). The curves are predictions obtained extending our
guantitative fit of Jefferson Lab data to the Hermes set of
observables.
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Procedure to construct Gluon GPDs & observables
Spectator color octet “nucleon” model & Reggeization

A k=Xp’ s=1/2 or32x X K =(X-OP

h P/‘Px*=(1-><)P*

Product of baryon l.c.w.f’s —A, A=

v
{AM;,\,;\ —> gluon GPDs }

AP O

v
[ g ® A — exclusive process helicity amps }

v
{ pdf’'s, FF’s, da/dQ) & Asymmetries: parameters & predictions }
|

¥
[vertex parity—A,. r = chiral odd GPDs—=>pdf’s, ... }
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‘The Model Extension- Sea Quarks & Gluons |
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Gluon & Sea quark distributions
- generalize Regge-spectator model

N-> g + "color octet N” spectator
N-> anti-u + color 3 "tetraquark”uuud

How to normalize?

Let H,(x,8,1)q®> DH,(x,0,0)q* =x6(x) o
Sea quark distributions H_..,_,(x.0,0) . . .
Use pdf's to fix x dependence

Small x ~ Pomeron

QCD-Evol'n 2016 G.R. Goldstein



70

Gluon-spectator light-front variable vertices
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LC helicity and Ordinary helicity give identical results at this order of P*. Similarly for the outgoing gluon -
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Gluon-spectator light-front variable GPDs

9.0
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Fitting gluon pdf's

c.f. Alekhin, .. etc.

X Hq ,g(x,0,0)

QCD-Evol'n 2016 G.R. Goldstein



pdf's fix x dependence

Gluon anti-u

Hg{X,0,08,25 Gey"2) XH_ubar{X,08,0,25 Gev*2)
® [\ ' ' ad2n_lo half Error Band b= 1.4 a82n_lo half Error Band C==—2
\ a82n_lo Central Value —— ad2n_lo Central Va%ue —
A = A it —— Q*2_Bsea = 0,95 Gey"2 fit ——
'\ Qo-0sea = 0.7 Geves fit —— ] Lo} Q"2 050a = 0.7 GeV™2 Fit —— -
1 b
0.8
5
S et
2 z
0.4
0.2
e r
8.2 . . A
6.0801 0.881 8.01 8.1 1
-5 L " L 1 L L " " X
8.0001 8.0801 0.01 0.1 1
X Figure 3: The plot above shows the distribution XH;(X,0,0,25 GeV?) for the two fits.
. o ) . . Alekhin’s distribution Xu(X) used in the fit procedure is included with an error band of
Figure 6: The plot above shows the distribution H,(X,0,0,25 GeV*) for the two fits. Alekhin’s one half of the error for the set a02m_lo. The X points used in the fit procedure are indi-
distribution Xg(X) used in the fit procedure is included with an error band of one half of cated by black dots.
the error for the set a02m lo. The X points used in the fit procedure are indicated by black
dots.

Single Q2 value shown --- fit known pdf’s all Q?
from J. Poage
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~ Gluon & sea distributions . roage

H_g(X,8,8) at Q"2 = 18 GeV"2

| Q=3 GeV? Q2=10 GeV?
Gluon \
4 \\ 1 \
\\
- \\\_
,0, u[',ar — - I KH_ ,8,8 lﬂ =18 ut',al_" ™ T T T
dbar dbar
sbar H sbar
Q2=10 GeV?

888888
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* Gluon & Sea quark distributions
- generalize spectator model
* N-> g + "color octet N” spectator
* N- anti-u + "tetraquark“uuud color3

* How to normalize?
* Let H,(x,8,1)q® 2H,(x,0,0)q* =x6(x) o

« Use pdf's to fix x dependence

« How to fix t-dependence? For valence quarks
used EM form factors:
Jdx H,(x,0,t) = F9 (1), etc. . . .
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Compare Gluon form factor via QCD sum rules
Braun, Gornicki, Mankiewicz, Schaefer, Phys.Lett.B302, 291 (1993)

0.6 T | | T T T T
QCD Sum Rules
05 L Regge |
‘ Spect. Model e
04
2
= 03
o0
.
0.2
0.1
0 l | | | | | |
0 02 04 06 08 1 12 14
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Spectator t-dependence w/o Regge small x behavior:
hybrid Regge-Spectator model combines
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Compare Gluon form factor via QCD sum rules
Braun, Gornicki, Mankiewicz, Schaefer, Phys.Lett.B302, 291 (1993)
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Spectator t-dependence w/o Regge small x behavior:
hybrid Regge-Spectator model combines
(connecting the dots)
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Preliminary: x and 1 dependence of H (x, O, t) for input scale
J. Poage

p
,.' REUM”VAR,,

0.8
Hg(X 0,1 0.6
H 0,

eX0.0 46
0.4

0.4

T T Ll T 1

0 02 04 06 08 1
!

|=——Xx=0001 — X=001 — X=0.1]

02 0.4 0.6
X Figure 10: The plot above displays the distribution Hy(X,0,t) as a function of t, for several
1=-08 ——t=-1] -~ - - - : - oo

[—i1=0——1=-02

‘igure 9: The plot above displays the distribution Hy(X,0,t) for a range of t values.
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Chiral odd quark GPDs

One question is: how do we normalize chiral-odd GPDs?

The only Physical constraints on the various chiral-odd GPDs are

Forward limit

HT(Qj, 07 O) — qg(gj) — q#(aj) — hl(gj) Tl"GﬂSVCf'SiTY
Form Factors Integrates to tensor charge &,

| H(2,&,t)dw= 5q(t)

qu (x,&,t)dx = j(Zﬁ; +EqT)d:B =Kk7.(1)

“fransverse moment" K

jE r,&,t)dx =0

No direct interpretation of E; .
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6 helicity amps for mt°
after Compton Form Factors
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' Selecting transversity

hh x A (27-2'1“ +(1+ )& — (1+ g)gr)
€

to —t .~ 62
HT 1_{:28 '1_62

—

fio o Hr+ Er

4M*

f1—0+ x A? ﬁT
fioo o A(2Hr+ (- O+ (- OFr), < || 2H: +E; =E;

odd & with chiral even Flongs"e"

Compare also f |,

foo = g2 (Q) 1 - €2 ['H'I' + & = =& + €f e ] it —t

2M
% ‘ od Vio Vb
i °) L L [
4 —,even __ C 1 vV to f— E
v T V1I-C1-¢/2 2M 7
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Chiral odd GPDs =
Transversity = pdf’s: h,%(x,Q?)
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Extraction of tensor charge-
GRG, O. Gonzalez-Hernandez, S.Liuti, arXiv:1401.0438
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Extraction of tensor charge-- GRG, 0. Gonzalez-Hernandez, S.Liuti, arXiv:1401.0438
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Closer to QCD sum rule values
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= How well do the parameters fixed with DVCS data reproduce m°
; electroproduction data?

Hall B data, Bedlinskii, et al. PRL 109, 112001 (2012)
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shows importance of H chiral even (CLAS data -DeMasi, et al. )
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Hall A data x3;=0.36
courtesy F. Sabatie & M. Defurne
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Ratio of unpolarized n / n® for flavor decomposition
(CLAS data in progress, Andrey Kim, Harut Avakian)
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Summary

Flexible parameterization for chiral even valence quarks from
form factors, pdfs & DVCS R¥Dqg

Extended R%Dq to chiral odd sector
DVMP - 19 many do ‘s & Asymmetries
measure Jransversity

Compared to new Hall A data - showed agreement
within error bands.

New Extension to gluons & the sea
More phenomenology
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Backup Slides
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Spectral distribution
of form p(M,?,k?)= p(M,?) B(k?)

p(M,2) =(M,2/M?) B/(1+ M2/ M 2)P-o+t
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V.

E, & E,, etc.
Gonzalez Hernandez, GG, Liuti
& GG, Liuti - QCD-Evol'np.Rel’n

1 1., .-...1.4.1“11L“1,.0.5
0.2 0.;4‘ 06 08

0.2 0.2 06 08

FIG. 6: (color online) GPDs F,(X,0,0) = {H,,E,, H,}, for
g = u (left) and g = d (right), evaluated at the initial scale,
Q2 = 0.0936 GeV?, and at Q° = 2 GeV?, respectively. The
dashed lines were calculated using the model in Refs.|24] 25
at the initial scale.

B723/16 G. R. Goldstein QCD-Evol'n 2016



Compton Form Factors
- Real & Imaginary Parts

+1

HQ(C’t, Q2) = / dXHq(X’ Cstan)

~14¢

1

1
X(X—C+ie

8R23/16

+X—ie

)

FIG. 9: (color online}] Real and imaginary parts of the
CFFs, H.((. 1), entering Eqgs.(85). The CFFs are plotted vs.
xn; = (. for different values of {, at Q% = 2 GeV*. They are
shown with the theoretical uncertainty from the parameters
in Tablel. Similar results are obtained for F and H.
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' uark angular momenta - from "flexible” chiral even model
applled to EM form factors, pdf's & some cross section & asymmetry data

Gonzalez Hernandez, Liuti, GRG, Kathuria
PHYSICAL REVIEW C 88, 065206 (2013)
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J

Improved precision based on EM Form Factor measurements
G. D. Cates, et al,, Phys. Rev. Lett. 106, 252003 (2011).
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% Observables expressed in bilinears of helicity amps —
‘ ) 0
ﬂ 6 amps for 7 Compton Form Factors

I b = g(Q) \/t“ f2ﬁfr + (1 +€) ( & +57~)]</

= 9:.°"(Q) o ‘/t"— [H b 7 Br+ 5= ! CET]’ Couplings g .V &/or A(Q?)
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= gk”"""’(Q)% [ﬁT l‘gg +2:55T]

Also Chiral Even CFFs
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Asymmetries & helicity amps

structure functions for the unpolarized beam and single transversely polarized target,

in(¢—0s) — Ax A i . p— — pom
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and three for the longitudinally polarized lepton and transversely polarized target,
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