¥

Presentation for Transversity
o T 201 geeee=—

These ideas wer%ﬂento ECT", INT, Jlab, DIS20T1%:SPIN = v .47 ' &
Frascati INF, Transve 1-2013, PANIC, POETIC, Transveréity2014 Ty R

& in consultation with many of you . AT




%ﬂ Collaborators

GPDs Fit
Aurore Courtoy, GRG, Osvaldo Gonzalez Hernandez, Simonetta Liuti,
Jon Poage, Abha Rajan, Silvia Pisano

Angular Momentum/OAM
Aurore Courtoy, GRG, Osvaldo Gonzalez Hernandez, Simonetta Liuti,
Abha Rajan

Extension to Chiral Odd Sector
GRG, Osvaldo Gonzalez Hernandez, Simonetta Liuti

Transversity2014 GR.Goldstein 5/27/14



£y  Why look for Chiral odd GPDs? >
Transversity - tensor charges §,

1.5
- ® This paper Q*=1GeV O Q*=4 GeV
A Bacchetta et al. Q°=1 GeV~, exp. x range o full x range
. ® Anselmino et al. (2012) Q°=2 GeV*
1 - O He and Ji (Bag model, 1997) 5 5
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3.5

05 -

Chiral odd GPDs =

transverse spin-flavor dipole moments k9
defined by M. Burkardt, PRD72,094020(2005)

- O Wakamatsu (CSQM, 2008)

- O Ledwig et al. (CSQM, 2010)

- O Pasquini and Boffi (LFCQM, 2008)

- e Lattice (2007)
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Asymmetry sensitive to tensor charge
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9.0

R P R

Outline
How to measure transversity & tensor charge

Word about OAM

Hadron Spin & Transversity Structure from GPDs -
“Flexible” parameterization for Chiral Even GPDs

Extend to Chiral Odd GPDs via diquark parity & spin relations

- Transversity

@ Model relations between Chiral even & odd helicity amps
@ 10 &n production & flavor separation

@ Tensor charge g,

@ Transverse spin-flavor dipole moments k9

Observables: Cross sections & Asymmetries

Transversity2014 GR.Goldstein



%’ﬂQuark Orbital Angular Momentum

Recent work in interpreting OAM (Elliot Leader’s introductory talk)
has led us to consider higher twist GPDs & GTMDs.

A.Courtoy, GRG, J.0.Gonzalez Hernandez, S.Liuti, A.Rajan, “On the
observability of the quark orbital angular momentum distribution”, Physics
Letters B731, 141 (2014).

Ji sum rule yields OAM - at twist 3, 15t moment of y*
distribution function G,(x,&,A) (see Kiptily & Polyakov ‘04)
satisfies sum rule.

f dxxG3(x,0,0)

= %[—/dxx(Hq(x, 0, 0) + E9(x, 0, 0)) +fdxﬁq(x, 0, 0)] = -Lq

Transversity2014 GR.Goldstein



La Observing OAM in DVCS

= 0.1 3 o HERMES (2010)

Gz — E2T 0.05 | — GGL (2013)
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quark GPDs

Transversity2014 GR.Goldstein




DVCS & DVMP Y*(Q2)+P—(y or meson)+P’
partonic picture - leading twist

(a)q 9 :55 C|+A

{ kT & .J"Ir- k'_l_= kT—A }
kt=XP* 2 2) k'+=(x_C)P+

_~Gpp

P+ P|+=(1_C)P+
/ Pr=-4 }
Factorized
-0 “handbag”
Regge picture Quark-spectator

quark+diquark

X>CT DGLAP A; -> b; transverse spatial
X<T ERBL x=(X-C/2)/(1-C/2); x=C/(2-T)

see Ahmad, GG, Liuti, PRD79, 054014, (2009) for first chiral odd GPD
parameterization Gonzalez, GG, Liuti PRD84, 034007 (2011)

Transversity2014 GR.Goldstein 10
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GPD definitions — 8 quark + 8 gluon

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

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

Pa—

Chiral odd GPDs
-> transversity

— How to measure
and/or
parameterize them?

RE




%ﬂ Factorization in exclusive processes (DVCS, DVMP...)

Y p—=>yM)p’
N b, b d=arAlA) <
___________ R — T S A
& » k=k-A.2 A

P, A

P=P-A, A’

Convolution of “hard part" with quark-proton Helicity amplitudes

Ay AL
Faonanar =Y gy 0 (@ kr, ¢t Q%)

A A

Transversity2014 GR.Goldstein
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Normalizing GPDs - Chiral even

Form factor, Forward limit

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

1
JEq (x,cg,t)dx — qu (l‘) - 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)

Transversity2014 GR.Goldstein 13



__ -&) The question is: how do we normalize chiral-odd GPDs?

Only Physical constraints on the various chiral-odd GPDs are
Forward limit ,
l :
HT(xa 0,0) = dy (z) - N (x) = hl(x) Transversity

Integrates t 5
Form Factors htegrates to tensor charge g,

| H (2,&,t)d= 8q(t)

:E’;(x,’g',t) dr = J(Zﬁ; + E;)dx =K7.(1)

Integrates to "transverse moment" k{9

jET(x, Et)dr =0

No direct interpretation of E+.

Transversity2014 GR.Goldstein 14 5/27/14



The Model - Reggeized Diquarks

Transversity2014 GR.Goldstein
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Observables .
ﬂ Chiral Even Chiral Odd

~ ~/

Ay © HEHE Ay s ©H L E L H, LB,

Compton Form Factors

HEn0) = [ dx[ : 1
X

—E—ie x+&—ie

=+l

}H(x,é,t;Qz)

— P.V.jdx H(x,6,60) +in H(é,f,t;QZ)Ji(symm.term)
N X
Re H ImH

Transversity2014 GR.Goldstein 5/25114



The Model - first for Chiral Even - Reggeized Diquarks

Transversity2014 GR.Goldstein 17



A — J\‘r

Reggeization

;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;

gﬁ/fg»/fg»/fg»/fg»/fg»/f.;:f/:»
f’.--’.:-'-'/"':;’/:-".:-'-'/"'f e

.f./.ff"

P-A, A’
P, A
dk? dk* p(k%, k%) x (spin structure)
(k2 — m? — ie)(k?2 — m?2 — i¢) (k% — M% — ie)

Landshoff, Polkinghorn, Short ‘71
Brodsky, Close, Gunion '71 Regge
behavior required for Compton

Ahmad, Honkanen,Liuti,Taneja '07, '09
Gorshteyn & Szczepaniak (PRD, 2010)
Brodsky, Llanes-Estrada ‘07

Brodsky, Llanes, Szczepaniak ‘08

Gonzalez, GG, Liuti, arXiv:1201.6088 [hep-ph] J. Phys. G: Nucl. Part. Phys. 39 115001 (2012)

1 5/25/14
Transversity2014 gR.GoIdstein



%ﬂ Our method: Recursive fit

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

Functional form:

From DIS

to Form factors, DVCS, DVMP l

Hq (x,g,l‘; Qoz) = Nq x_[aq-l-a'q(l—x)l’t] Gala2a3..(x,§’t)

— — q — q
al _mq, a2 _Mx, a3 _MA,...

"Flexible” parameterization based
on the Reggeized quark-diquark model.

5/26/14
Transversity2014 GR.Goldstein



1.2 ¢

0.8
0.6 &
04 '

2
' F,

EM Form Factors (t dependence)

IR Diquark
- -- Regge
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0.2 |

0.25 |
0.2
€3 5
o 015
0.1 -
0.05 |

A=)

O.Gonzalez, GRG, S.Liuti, K.Kathuria PRC88, 065206(2013)
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-t (GeV?)

data: G.D. Cates, et al. PRL106,252003 (2011).
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Parametric Form

F(X,¢t) = NG (X, ¢, t) R& (X, (1)

R¥Dq

Fit via DVCS do & asymmetries

see GRG, Gonzalez Hernandez, Liuti,
PRD84, 034007 (2011)

21
Transversity2014 GR.Goldstein
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Valence quark angular momenta

PHYSICAL REVIEW C 88, 065206 (2013)

0.1 ¢ This paper
i * Bacchetta Radici
0.05 - e Lattice (2010)
! * Diehl Kroll
N I F‘ Thomas
I s S S s
i 8-
- =0.05 |- Ly
-0.1
-0.15
2 _ 2
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0.2
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J
u
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Valence quark angular momenta - scale dependence

1
Q’ (GeV?)

FIG. 18. (Color online) Quarks angular momentum, J,, and or-
bital angular momentum, L, plotted vs the scale Q7.

Transversity2014 GR.Goldstein 23



V.

Valence quark angular momenta

GONZALEZ-HERNANDEZ, LIUTI, GOLDSTEIN, AND KATHURIA PHYSICAL REVIEW C 88, 065206 (2013)

TABLE V. Values of angular momentum, J, and J,, at Q* = 4 GeV?, obtained in various approaches: Qur parametrization which is
constrained by the flavor separated Dirac and Pauli form factors, compared to other determinations including theoretical uncertainty: from a
similar analysis in Ref. [58], from a model calculation [59], from a model dependent analysis including transverse momentum distributions
(TMDs) data [61], and from the most recent lattice QCD evaluation [62,63].

Reference This paper LHPC [62] Thomas [59] TMDs [61] Diehl & Kroll [58]
+0.009 +0.009
u 0.286 £+ 0.011 0.236 + 0.0018 0.390 4+ 0.035 0.214 —0.013 0.230 —0.024
+0.021 +0.010
d —0.049 £+ 0.007 0.006 £ 0.0037 —0.09 £ 0.01 -0.029 —0.008 —0.004 —0.016
24
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The Model for Chiral Odd - Reggeized Diquarks

Transversity2014 GR.Goldstein 25



Py+=(1-X)P*
S=0or 1

First focus on S=0 pure spectator - beginning
H=¢ (K,P)o. (£P)+¢ (K,.P)_ (kP)
E= ¢ (8,70 (kP)+o  (K,P). (£2)
H=¢ (k'.PY, (k,P)—¢ (k'.P)_ (kP)
E=¢ (k'.PYo._(k.P)-¢ (k'.P)p. (k,P)
- k? — m?
Vertex function ¢(k2, )\) _ |k2 — )\2|2.

Transversity2014 GR.Goldstein
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%ﬂ Vertex Structures with Diquark Spectator

A 2\

P+
S=0or 1

First focus on S=0 pure spectator - beginning
H= ¢ (K.P)_(£P)+o (K.P)_(4P)

E=q@ (K.P), (£KP)+o (£,P). (£P)
H=¢ (k'.PYp, (k,P)-¢ (k',P)p_ (k,P)

E=¢ (k',PYo, (k,P)—¢ (k'.PY. (k.P)
2 2
Vertex function L2 )) — k*—m
¢( ) ) |k2 . )\QIQ’

Transversity2014 GR.Goldstein

P.+=(1-X)P* P.+=(1-X)P*

k™*=(X-C)P*

P=(1- L)P*

A!

Parity at vertices:
Note that by switching
A>- A& A= -A (Parity)
will have chiral evens
go to % chiral odds
giving relations —
before k integrations
A(N'N;AN)D>

AN N ;-N\,-A)

but then (A'-N\)-(A-A)
#(/\'-N)+(A-A) unless A=A
27



How to single out chiral odd GPDs?

Exclusive Lepto-production of ©° or n, n
to measure chiral odd GPDs & Transversity

P =Kfx {)’5 q/(bn (r) + y5ﬂ7r¢;(;3) (r)} /2 -1/2

N N
t-channel J P¢ quantum numbers enhance chiral odd
28

Transversity2014 GR.Goldstein
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10

6 helicity amps for mr°
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9.0

Cross sections for i ©

do
dz p;dydodt

=T { [FUU,T + e Fyu.L + €cos 20F575%% + v/2¢en(e + 1) cos oF;5: % + hv/2e1(1 — €) sin ¢F5 ) 0]

+ S [V2£L(e +1)sin¢F; 1 ° + esin20F; 1 2% + h (\/1 — €2 sing Frr + /2er(1 —€) cosqﬁFfffo)]

+ S| [sin(gb — @s) (FZ‘;(g-m) + cFS,i,}‘,Ez—os)) te (sin(cb + ¢5)F!j,i,’;.(°+°$) + sin(36 — ¢S)sz;(:;¢_¢5))

+ v2e(1l+¢€) (sin ¢sFin® + sin(2¢ — és)Fz,i;(w"’S))]
+ Suh [V1- e cos(6 - 6s)Fi % + /2e(1 =€) (cos s Fi7 ¥ + cos(26 — ¢s)Fiz )] |
(55)
dO’T dUL g o dO’LT
Fopyr = —, Fyyr=—, F;%= ,
UuU,T 30 CUUL= 5 Sy 7

feos26 dorr o _ doy 7
UU 5 fw =y
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~ N g2 (Q))

~ N g2 (Q))

~ N2 ge(Q)

~ N g2(Q))

(t,-t)/2M2 =T

1
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1
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1
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3
A= 4 -
b ~

Chiral odd GPDs =

Transversity - pdf’s: h,9(x,Q?)

07 - Q’=1GeV*

S
04 - — Torino
0.3 -
02 -
01 -

01 -

- = Torino
r— Pavia
- —— This paper

4 3 2

10 10 10 10~

Transversity2014 GR.Goldstein

GG, Gonzalez, Liuti,
arXiv:1311.0483 [hep-ph]
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0.8 ¢
0.7
0.6 -
0.5 -

Extraction of tensor charge

This paper
BCR
Torino

Q’=2 GeV?

Transversity2014 G.R.Goldstein

® ju=039"015

® 5d = —0.25793¢

A du=0317015 A bd = 0277010
. 11 o
—*— -+
2 -——
5 3 | B
B 4 -
. 51 ——
. 6 -
o 71 -
8 B .
o 9 -
——— 10 .
| I l
1 1.5 -06 -04 -02 0O

Anselmino, Boglione, et al.,
Phys.Rev. D87 (2013) 094019
5U - 0-31_0_12+0'16 6d='0.27_0_10+0'10

From our Reggeized form
od =-0.08
Closer to QCD sum rule values

du= 1.2

33
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Y~4A}  Chiral odd GPDs >
Transversity = tensor charges ¢,

1.5
- ® This paper Q*=1GeV O Q*=4 GeV
A Bacchetta et al. Q°=1 GeV~, exp. x range o full x range
. ® Anselmino et al. (2012) Q°=2 GeV*
1 - O He and Ji (Bag model, 1997) 5 5
- A Gamberg and Goldstein (GVI\Z/ID, 200?%) Q=1 GeV
- O Wakamatsu (CSZQM, 200§) Q=1 GeV
@ Lattice (2005) Q = 4 GeV 5
[ Lattice (2012) Q"= 4 GeV
0.5 L ,.-::33:
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I | A 0 Fi‘—{ O
- s GG, Gonzalez, Liuti,
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%ﬂ Observables

e Cross sections
e Asymmetries

Transversity2014 GR.Goldstein
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How well do the parameters fixed with DVCS data reproduce m°
electroproduction data?
Hall B data, Kubarovsky& Stoler, PoS ICHEP 2010 & PRL 109, 112001 (2012)

600 ? — Fyyr+eFyy, 600 ? XBZJ: 0.28 X
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Same, separating the GPDs contribution
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Same, at x5, = 0.28, Q?=2.2 GeV?

F,,, (nb/GeV?)

400 |
200 |
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SA00E
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Asymmetries:
Longitudinal polarizations

ZGNOm(fa )V (5 Fio") + (F66")" (" + i)

sing __
FUL -

Fii® = =Nm [(fio") (fio7) = (Fih )" (Fioh)]

Fi7° = %-’VERC [(foo )" (fio™ = fio) + (foo )" (fio™ + fio7)]

1 = [ e ¥ - y — = |
Frp = Q'N[l fot P+ 1o P=1fo" P=1fio 7]

V1—eFrp + /2er(c — 1) cosp F[T°

Fyur +eLFyu.L

AL =
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9.0

Beam spin asymmetry
shows importance of H chiral even

L x,=0.19, Q'=16GeV’

-0.1 — Even+0dd -
-0.15 = = Only Odd -
P R | o F a1 . aa b a4 4 4
05 1 05 1
-t (GeV)) -t (GeV?)
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AULsim])

in®
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Look for tensor charge in f, ;™

6

Transverse dipole moment in f,,"",f, ;-
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9.0

Longitudinally polarized beam and target
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2000 ~— Re fl’[)'Im o 2000 —/ Re fl’[)'Im o
N Im(£5 £ E T Im(£5 £
20, TS~ 2F
0 : -_____--' ---------: _ 0 E’"""'""""'"""""':::::::::::”""“"'"-'.'—-'.'-;-'-'i-'-'_-'-'-'_-'-'-;-"_"'_
02 - — Im fl’;}'Re—f;‘O: ) 0205 T — Imf5Ref}
i — = Imfiimf; - mgmey
<02 Re foRef}; <02 RefjiRefy;
z A Re (£ £, z e — o e Re (£ £,
o -0 - o
< <
02 -
-0.4 = | | | | | | | | | | | | | | | | | | | | | | | | | | | | -0.4 = | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0 02 04 0.6 0.8 1 1.2 14 0 02 04 0.6 0.8 1 1.2 14
-t (GeV?) -t (GeV?)

Look for tensor charge in f, ;™
Transverse dipole momentin f,,"*,f,,~
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" -
- xp=02, Q=1.5GeV’ Y*p—=np
- — 5, =0.91+0.08,5, = -0.12
0.1 -
- - - 5,=0.6,0,=-0.12 P
SRS 5, =1.4,8,=-0.12
O
g I
U}P L
<D L
-0.1 -
02 -
03 ¢
0 01 02 03 04 05 06 0.7 08 09 1
-t (GeV?)
.'in{O'?O,\-i :' e & 44 A N " -
Asin(etes) _ € Fyy _ Refjy Smfiy" — Refiy” Smiy,
- 2 Fyur +eFyu.L do/dt
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La Comparing to other models

® The t-> O feature for us is that f,;* dominates & it is
driven by H; But f,,™ & f,, also contribute as

~+/(ty-t), however weaker.

o f.,*" & f,,are not equal in magnitude, especially vs. C
or §. =>E~;is significant.

® In ALL ~ |f‘| O++|2 + |f‘| O+_|2 - |f‘|o_+|2 - |f‘| O“|2 SenS|tlve tO
differences

¢ QOur normalization is set by Chiral-odd<-->even
e c.f. Goloskokov & Kroll - different dominant amps.
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Ratio of unpolarized n /

- — x,=02,Q’=15GeV’ - without "
1.2 - 10
Q2=1.5 GeV?
ey
<08 -
=)
=) L
o g 0.6 I K
= 0.6 |-
E %7 e
c B
= 04 -
no d quark
02 -
0 I L L L L L L L L L L L L L

0 02 04 06 08 1 12 14
-t (GeV?)
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%ﬂ State of the art

After these studies we are returning to a global fit

A. DVCS

Unpolarized scattering cross section

d'o = Fyyr = ¢y + ¢, cos ¢ + ¢y cos 2¢ (1)
BSA
oy a,sin @
Ay = \Je(1—€) 2 = : 2
o (1—¢) Fyur co+cicosg+cacos2o )
TSA
a _ Vele+DsnFGE® | esin2gFy*
vE Fyur +e€Fyul Fovr
B a, sin @ + a3 sin 2¢ (3)
"~ ¢p+ c1c080 + 30820
Double TSA
A - V1—62 FLL " \/6(1_6) COS¢F£(25¢
MO Fyur + eFpos Four + €Fyu,L
B a4 + as cos @ (4)
 ate cos @ + ¢2 cos 2¢
5/26/14
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9.0

Summarizing chiral odd for 9, n
& charged pseudoscalars

Based on our analysis we expect the following behaviors to approximately appear in the
data.

(i) The order of magnitude of the various terms approximately follows a sequence determined
by the inverse powers of Q and the powers of 1/, — f:doy /dt 2 doyp/dt 2 dopypp/dt 2
doy /dt.

(ii) doy /dt is dominated by H; at small ¢, and governed by the interplay of H; and £ at
larger ¢.

(iii) doy /dt and doyr/dt are directly sensitive to Hy.

(iv) doyr/dt and doy ¢ /dt contain a mixture of GPDs. They will play an important role in
singling out the less known terms, Ey, Ey and E;

The interplay of the various GPDs can already be seen by comparing to the Hall B data
[4] shown in figure 2.

One can see, for instance, that the ordering predicted in (i) is followed, and that do /dt
exhibits a form factor-like fall off of Hy with —¢.
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9.0

Summary

¢ Flexible parameterization for chiral even
from form factors, pdfs & DVCS R%Dqg

e Extended R%Dqg to chiral odd sector
e DVMP - 9 many do ‘s & Asymmetries
measure [ransversity

Transversity2014 GR.Goldstein 49



Backup slides

Transversity2014 GR.Goldstein
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%’ﬂ Quark Orbital Angular Momentum

e QOther ansatze using GTMDs or Wigner distributions invoke F,,
leading twist, but odd expectation values that vanish in TMD or
GPD limits - not observable.

e Appropriate twist 3 GTMD has the kinematic factor io)' kJ/M.

l-_(T-AT

4 [kr-Ar p p
Ar | JuL A

Pt Ar For + ArFog — (
I

G, =0;4 =35 xA expectation even at twist 3

This can be measured in DVCS sin2g asymmetry AULS"‘2¢ oc

1 b st poc Fi(t) SmHD
“eff=_2 I ¥ 1+ _ Ay
H &'(1+§_7{+'H3 7-13),
where (Table 1),

H=C"®H, Hi=C"®E)y, #H;=C QEr

Transversity2014 GR.Goldstein 51



Reggeization via spectator diquark mass formulation
) Where does the Reaae behavior come from?
Fi(X,(,t) = N, / M p(M3)Fy™ " (X, ¢, t; M),

0
Diquark spectral function

F(X,(,t) ENGY (X, ¢ t) Re (X, ¢, 1)

Regge”

“ «B(My2-My?) o(M2) z{

(M2)aa=1 M2 o0

§(M% — My) M2 few GeV?

+ QZ Evolution / \

Following DIS work by Brodsky, Close, Gunion (195723)
Transversity2014 GR.Goldstein
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DIS data
EM, G,,...

§%Lcﬂﬁk v H{(x.00; Q) = fI(x,Q2), ...

ot o prametrs <N

[

>

()

fix n,< N parameters e

t=¢=0
Gy §=0,5=1 ~0,5=1 _S§=0,5=I ud _ud
¢k, P ) Ains | f1S , gls T L8

] _

. form factor data =

v' Switch on t: Hq(x,O,‘r; Q?2) Ny

fix n, parameters n,+ n,< N F @), 5(1),6,,G,. <
v Switchon & H (x, .1 Q%) DVCS data

fix remaining N-(n,+ n,) parameters
9 ( 1 2)p AUL(gat)aALU(§9t)’ALL(§’t)"“

5/26/14 Transversity2014 GR.Goldstein 53



%fﬂs Summary so far

Fix n parameters — -

H© po.1)
o, oy = gued pud

parameters —

¢#0
CFFs

Reggeized diquark model Q?evolution

5/26/14
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Py+=(1-X)P*
S=0or 1

First focus on S=0 pure spectator - beginning
H=¢ (F,P)o. (£P)+ (4. (4 P)
E=q@ (K,.P). (6P +@ (£,PY, (kP)
H=¢ (k'.PYp, (k,P)-¢ (k',P)p_ (k,P)
E=¢ (k',PYo, (k,P)—¢ (k'.PY. (k.P)

2 2

Vertex function £2 ) — k*—m

¢( ) ) |k2 . A2|2 '

Transversity2014 GR.Goldstein
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Fit to pdf's (x dependence & evolution)

1.4 ? _____ Q2= Q(Z)
12 - Q’= Q2 (BCR)
1 — Q’ =2 GeV?
- — Q*=2GeV?*(BCR)

=F1
G
w

08 - Q* =2 GeV? (Alekhin)

56
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Having fit other data we predict Hermes data

Ay’

(M|
url

< 02
L sy

7, 02 |

E 3 'rr/7//'/7/'7';§z 5;
02 b+

Ad 2 2 PP PR PR 2222 0. . . P FEETE PETEE FEEE SN WIS
0 0.1 0.2 03 04 0.5 0 01 02 03 0:4 05 06 07
4 (GeV?) -t (GeV?)
FIG. 20: Coeflicients of the beam charge asvmmetry, Ac, FIG. 21: Coefficients of the t tetry, Ay,

extracted from experiment (52, 53|. The lower panel is the  extracted from experiment (527 53] The upper panel shows
coeflicient for the cos ¢ dependent term in Eq.(82), while the the terms F and F from Eqs.(83) and (84), respectively: the
upper panel is the cos ¢ independent term. middle panel shows G, and the lower panel I, both in Eq.(84).
The curves are predictions obtained extending our quantita-
tive fit of Jefferson lab data to the Hermes set of observables.
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Recursive GPD fitting procedure 2>
Flexible Parameterization

e

Fixn parameters — Fix remaining parameters —
ChiralEven SU(4 (=0 (#0
HOD_pOD

Hw ,d Eu
m— = B =0 d d —————— CFFS
mII//,,,,lH( ) )’ E( ,1) Hu Eu .
“u, l . .

*

" ®Zevolution

°©
°©

Parlty relations
Hto e » 5O

Z

//,
////m/m)u

Hud Eud

H(o 1) E(O 1) H}f d,Eu d_— CFFs I
Chiral Odd

58
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Extraction of transversity after using DVCS data via
chiral even<—->o0dd

0.8 - .
07 This paper 5 5
0.6 Eoe BCR Q=2 GeV 0.3 T
05 Torino - 02} q%241Gev?
- -
o 04 g 0.1k
“ 03 T TN e oA b =\
0.2 ._‘_q;:\:‘:;:ic*‘“ 0
01 - -0.1 f
0 »
-0.1 ¢
0.025 0.1}
0 - 0 e
0.025 | 0.1 W
— -0.05
= - - "
% -0.075 | : 0.2
-0.1 o -0.3 . .
0125 0.001  0.01 0.1 1
-0.15 |- X
C | | Lo | | | | | L
10 -1 1 Anselmino, Boglione, et al.,
X Phys.Rev. D87 (2013) 094019
BCR=Bacchetta, Conte, Radici du = 0.31,,,"016 5d=-0.27,,,*°1°
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S=0 Chiral even <-> odd helicity amps

A.(}OA)*,.A.. - A(.O).§ 4 (+ S=1 )
0 0

A(l)} b= = _A(l)+ :

A0 = —A©

Invert to get GPDs — same helicity amp sets
B = ~0-0F pod |5 S|

m+ Mz’ 2
o (1=¢/2?% |, =0 0 ¢/2 1\’ =
Br = - = [2Hr-E +<1—C/2) E"]
= §/2(1—=¢/2) 1,=0 0, 70
B = ¢ [2HT E°+E]
04 f70 2 70 4 100 2 — - ~
HO = H"+H°  (*/4E°+E° ¢*/4 O ¢/4(1 C/Q)E{}+H§l,

2 1-¢ 2 1-¢/2)1-¢ " 1-¢
S = 0 double helicity flip amplitude was calculated directly from Eq.(16),

(0) tg—t 1 1 T [ _E'ro]
Ajm—t = AM J1-C(1-¢/2) m+ Mz’ B 2E '

Transversity2014 GR.Goldstein 60




Lo

- Unpolarized cross section components

dop doy, . dopr
FUU,T — W’ FL-’U.L — T, F(c%c, — dt
5 dorr in ¢ do
F.cro:-: 2d - let‘p -
Ul dt ’ LU dt

Fyur = N[ /T P+ P+ ot P+ fio 12
Fyyp = N[ & P+ 1 foo ]

Fip® = —N2Re [(fi5t) (fio7) — (F57) (Fi5")]

Fip® = —NRe[(fi ) (s + fio) + oot (F5F = fiv)]

Fin® = NOm[(f7 ) (i + fioh) + Ut ) (T — fio))]
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RESULT: determined the chiral even GPDs

SN RAANRXO

[\ B "N B N

£=0.13, Q’=1.1 GeV>

4=0.1-1.1GeV?

X

N TR AT U BRI B S
02 04 06 08

X

Transversity2014 GR.Goldstein

A N R RN =
02 04 06 08
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He |éity amps (q'+N->g+N’) are linear combinations of GPDs

- H o+ H & E+ E
A++,+.-¢- - l_£ 2 o 1__52 2
- (H-8 ¢ E-E
A—.+.—‘+ - ‘I’ £ 2 1 . 62 2
\/ t
Ay 4 = 40” (E—-EE ) <
Vit -
A4 = AM \L 55) /
for chiral even GPDs and T-reversal
A _ Vh-t[m  14E.  14&x at g =0
t—tt = oM T 5 br 5 Er
A —FH+t”—tH S
T - & | Hr+ T am T Tll_gz
t
Ay = —/1-¢ ;U Hy
St~ 11— | — €~
Ay = QlM |:HT . ‘f > 3 'T] ’ /

for chiral odd GPDs, where for consistency with previous literature we have

In diquark spectator models A, ,,, etc. are calculated directly.

Inverted -> GPDs

Transversity2014 GR.Goldstein 03 63



S=1 Chiral even <-> odd

T+
A,(:l.sﬁﬁ - —1+.'BIE’ '(§~1')}~,'f~+
A.(:)H!H+ — 0
A(+11 F- _\/ U::i) A(+l)+ i
A 274 (R2)/pra At
1y (k%) (1)
Invert to get GPDs
7Y =o
) _ 1=¢20 () _C/2 zu w2 Fw)
Ey = ¢ -a E 1—(/2E E +1_</25 -
=1 _ 1=C2 [ (S22 zu W 82 mw)]
EYY = el E l_c/2E E +1_C/2E _
H(l) _ z+z | HY +H(1) ~ C2/4 EM) +E(l) C2/4 E(l) </4 E(l)
T 1+ zz' 2 1-¢ 2 C1-¢T T1-¢
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RESULT: Chiral odd GPDs

£=0.13,Q°=1.1 GeV* |
t=0.1--1.1 GeV?> |

rd, d
2 HT+E;

0.2

0.05

-0.1
0.5
0.25
0
0.25

0.5

0
-0.5

0.5
0
-0.5

0.6 5/26/14



" Invert to obtain model parameterization for GPDs

S=0 diquark
Spectator model
A++ 4+ A++ +-* - 1 2Me*
A ’ — A ok H(Il),é,t) - \/1_74.2(1{1*.*&& + A—.*;—,*) - (l _ 62) (A+ +;—y+ A—.*f* *)
A++,,++ = A++,-’- E(z,&,t) = _%(A*.-h—,* — A+
- 1 2M
H(z, £, t) = \/1_762(14~.*:+,+ —A_ )+ A(1——§§2)(A+’~'_'+ + A i t)
~ 2M
E(Il),{,t) A§ (A'f'*,—* +A—.*'* *)
for chiral even GPDs and
1 2M
Hi(60) = (A + A ) + 5 _‘;2)(,4_,*;*,_ A )
EBr(x6.1) — Brle,68) = A (Ao —A )
N A aM
Er(z,€,t) + Er(z,&,t) = 2M(1——§)[2A+’_‘*'_ + ﬂA_ i)
double flip Hp(z, €, t) = AZ%A_&;*,_

Transversity2014 GR.Goldstein 6%6



Q0

E,&E,, etc.

c.f. A.Bacchetta, et al.
& Ji sum rule
Disp.Rel'n

1 ] ] -...1.4.1“.1L.A11.0.5
0.2 0.;1 06 08

0.2 0.;4‘ 06 08

FIG. 6: (color online) GPDs F,(X,0,0) = {H,,E,, H,}, for
g = u (left) and ¢ = d (right), evaluated at the initial scale,

2 = 0.0936 GeVZ, and at Q° = 2 GeV?, respectively. The
dashed lines were calculated using the model in Refs.|24, 25
at the initial scale.

Transversity2014 GR.Goldstein
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9.0

Spectral function p(k%, k%) = (k%)*"18(k?),

leads ko small x l
oo M2 (X k5 )+M: o
H(X,0,0) = N dk? (k2 )1 / dk2B(k2)VH (X, M2, k%, k2).
M2 —-m?2 —0C
Reqqge behavior
Xzo p .
. 12
H(X,0,0) = NX~© / det [ g™ ok =2 ,
—00 (k2 Mj{)
X0 ~ Factorization with non Regqe behavior
zothr= MEX )+ My (m+ XM)? + (1 — X)(M2(X, 2) + M2 — k2)
2/1 _ v\3 A
H(X,0,0) = NX~ / dz[l+ﬂ2(2—ﬂ3 2]3/ dk2(1 — X) )
_ o zath— 2(m+ XM)? + M?(X, 2)
- NX /0 dz[1+ﬂz(z—ﬂa)2]3( - Xy MS(X, 2)
N NX*(1-X)* 2(m + XM)* + M*(X, M) =NX‘GH%;M(X,O, 0) (49)

MS(X, M)

6 5/25/14
Transversity2014 gR.GoIdstein



Compton Form Factors
- Real & Imaginary Parts

+1

Hq(Cat’ Qz) = / dXHq(X, CstaQ2)

~14¢

y 1 N 1
X —(C+ie X —ie

FIG. 9: (color online}] Real and imaginary parts of the
CFFs, H.((. 1), entering Eqgs.(85). The CFFs are plotted vs.
zn; = (. 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.

69
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Chiral odd GPD Compton form factors

ImH, ' Re H,

4r : o4
- Q=11 GeV" -
21 Xy;=0.13 !
i p—

S N
T

[w—y
wh O

1 T

P

=)

[ %]

oofl

+

s __p,-j
(=] [ 0% N “NE -~ W ]
Ll 'IIYYYITYYTT'Y T
/

'
—
(=}

l"]"!’l

1 (GeV?) 1 (GeV?)
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First Chiral Even: Recursive Fitting Procedure
e.qg. forHand E
v Fit at ¢=0, t=0 => H(x,0,0)=q(X) c.f. well known data
3 parameters per quark flavor (M9, A, a,) + initial
Qo2 1
. Fit at (=0, t#0 = / dXHY(X,t) = F(t)

0

1
/ dXEY(X,t) = F(1),

0
2 parameters per quark flavor (B, p)
—  Regge factor R~ X

X o(k2,\) d(k'2,\) :
. uark-Diquark
N=NT"%x /‘{ le(X.,kL)D(X.,kLwL(l—X)Al) Q g

Gu\(

v Fit at ¢#0, t#0 = DVCS, DVMP,... data (convolutions of GPDs with
Wilson coefficient functions) + lattice results (Mellin Moments of
GPDs) Evolution

v Notel This is a multivariable analysis = see e.g. Moutarde, 71
Kumericki and D. Mueller, Guidal and Moutarde



Unpolarized Helicity Amplitudes

600 Ry teFy, 900 Xp:=0.13
- - — F._cos¢ -
< 400 . FEECOS% 400
) - \e N
S 200 Ne 200
2 . -
5 0 - e e S— 0~
S flee :
=200 - (° 2200
-400}““_‘”““‘-400:““
30 100
60 * 0

40 -

100 ® o

N% AN

S 20 -

R 200

g a0 -200

B 40 300 i
:gs -

T T T T N
0 05 1 1.5
-t (GeV?)
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9.0

Scalar diquark contribution
to H(X,0,0) = G(X,0,0) for
M, =0.6 & 1.7

How to “Reggeize” for small
X while keeping large x
spectator behavior?

—
wh

04

T
0.6

73



Spectral distribution
of form p(My2 k2)= p(My?) B(K?)

P(My2) =(My2IMG?) PI(1+ My 2 My2)P-2

0.25 1

B(k?) chosen to give large
k2 falloff behavior

0.20 4

p(MX2) Iﬁ).lS-E

0.10 i
1

0.05 -

74

1
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Q0

Im I'Mo

6 helicity amps for m°
after Compton Form Factors

- Q= 16 GeV' 2f  Q=16GeV" ot
X, =0.19 " ! 0.5 b x=0.19
3 f
10 s
:N Ob;:,,:_f:'f..-..'___ﬁ

E 15 'E- s v
f..f' . ;/\ <: P
f ol Z -03f
:_ 0 ,‘:_ PP PP ——
1 1 1 L 1 1 L
- f; -0 e ' ,
- i L02F fo 3
i v 0.05F — Totul
L —  Total 04l E o Hy,E g
grte i -2 o2} fa
] li: hoﬁ L '0-15 r ) l!r i
1 1 1 [ 1 L 1 1 L 1 . I 1 1
0 0.5 1 1.5 0 05 1 1.5 .0'20 05 1 15 .030 05 1 1.5
-1 (GeV7) -t (Ge\r’zl -1 (GeVY) -t ((;ev‘)

Transversity2014 GR.Goldstein 5



9-Q Polynomiality

Goldstein et al. arXiv:1012.3776

0 0.1 0.2 0 01 02 .
Moments from GGL - ' ’ .
1.2 Polynomial Fit

t=-0.35GeV?  0th t=-0.5GeVZ  Qth

0.4

o

l‘lm moment
e
(=]

e
o

o
>

02

5/25/14



the minimal number of parameters
necessary to fit X and t ?" Results of Recursive Fit

9.0

~

~

Parameters H E H E
my (GeV) 0.420 0.420 2.624 2.624
M% (GeV) 0.604 0.604 0.474 0.474
M} (GeV) 1.018 1.018 0.971 0.971
Qy 0.210 0.210 0.219 0.219
o, 2.448 + 0.0885(2.811 + 0.765(1.543 + 0.296|5.130 + 0.101
Pu 0.620 + 0.0725(0.863 + 0.4820.346 + 0.248|3.507 + 0.054
Nu 2.043 1.803 0.0504 1.074
x? 0.773 0.664 0.116 1.98
ma (GeV) 0.275 0.275 2.603 2.603
M$ (GeV) 0.913 0.913 0.704 0.704
Mg (GeV) 0.860 0.860 0.878 0.878
Qd 0.0317 0.0317 0.0348 0.0348
ol 2.209 + 0.156 |1.362 + 0.585|1.298 + 0.245|3.385 + 0.145
Da 0.658 + 0.257 |1.115 + 1.150(0.974 + 0.358|2.326 + 0.137
N 1.570 -2.800 -0.0262 -0.966
x? 0.822 0.688 0.110 1.00
5125117
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Ree’ = X~ lote! (60,

(X)=d(1-X)? p=0.

Now see as effectively taking

into account Regge cuts
O. Gonzalez Hernandez, GG, S. Liuti
arXiv 1206.1876

>

a+ a'(x)t
. L ] ]
b o~ W et

~Initially introduced by Radyushkin,
Burkardt, ... to account for
coordinate space behavior

© no x dep.
- x=0.1

. Regge catP.D.B.Collins and Kear.

x=0.5
x=0.9

S
_— _,"
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£=0, t=0, Q°= 2 GeV>

i\\\\‘\\\

0.8

T B R
0.2 0.
X

TR R R
0.6 038

0.5
0
-0.5

0.5
0
-0.5

1st moment TMD vs. GPDs

S
th
|

—

S
)

1
[

h1=HT

| — thPerP=ﬁT
- — Boer Mulders=2HT+ET

-1.5
10
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