These ideas were developed in Jlab, Trento ECT*, INT, DIS2011, SPIN, Frascati INF, Transversity
2011-2013, PANIC, POETIC, QCD2015 & in consultation with many of you
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%ﬂ Outline

How to model & measure transversity, tensor
charge & Chiral Odd GPDs

e Hadron Spatial Spin Structure from GPDs ->
e Qur “Flexible” parameterization for Chiral Even GPDs

Regge % diquark spectator model: R®Dq
Some results for DVCS (transverse y* = transverse y)
EM Form factors

e Extend to Chiral Odd GPDs via diquark spin relations

o - Transversity
Model relations between Chiral even & odd helicity amps
m% & n production & flavor separation
Tensor charge §,

e Observables: Cross sections & Asymmetries
Which processes? Exclusive n° & n best candidates
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£y  Why look for Chiral odd GPDs? >
Transversity - tensor charges §,

15

-15

This paper Q*=1GeV O Q=4 GeV
Bacchetta et al. Q"= 1 GeV", exp. x range o full x range

Anselmino et al. (2012) Q°=2 GeV*>

He and Ji (Bag model, 1997)

Gamberg and Goldstein (GVMD, 2003) Q’=1 GeV>

Wakamatsu (CSQM, 2008) Q’=1 GeV*
Lattice (2005) Q’=4 GeV” |
Lattice (2012) Q*= 4 GeV

GG, Gonzalez, Liuti,
™ arXiv:1401.0438
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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?
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quark GPDs

» 8 quark GPDs per flavor (leading twist)

 N—qg:g— N 8independent helicity amps

2 questions: how to model them?

. how to measure them?
e DVCS accesses 4 Chiral Even — da/dQ
. linearly via BH X DVCS interference

«  DVnO®S accesses 2 Chiral Even + 4 Chiral Odd See F. Sabatie Jlab/
* because do; > do| «— HallA CIPANP talk
. bilinearly via da/dQ & polarization asymmetries
* See also - Goloskokov & Kroll EPJA47(2011)112 — Different approach

« Other methods for extracting Chiral Odd
DV dihadron production - El Beiyad, et al. Phys.Lett. B688 (2010) 154; M.Radici CIPANP talk
« DV longitudinal Vector meson production - Goloskokov & Kroll EPJC74(2014)2725

QCD2015 GR.Goldstein 6



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

Yy p—=>yM)p’
q.A\, %L l t P q=q+A, A ¢
V4
k, A K=k-A.N\ $
Longitudinal-factorizes- y=-m-=====-f--mmmmmmmmm e e N\ mm o s s s s s s s s s s
Collins, Frankfurt, Strikl;kar?\ k’=k =A )\’
PRD56, 2982 (1997) ‘ ¢ A

P, A\ P’=P-A, A’

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

Regge X diquark model: Chiral Even: Ahmad, Honkanen, Liuti, Taneja PRD75, 094003 (2007);
EPJC63, 407 (2009).

A\.,i\; M)
Faymingar = 3 Ga a7 (@ kr, €, Q%) ® An aian (@, kr, G, t),

AN T
v ~

Y
A= +(-) A chiral even (odd) see Ahmad, 66, Liuti, PRD79, 054014, (2009)

for first chiral odd GPD parameterization
Gonzalez, GG, Liuti PRD84, 034007 (2011) chiral even GPD

QCD2015 GR.Goldstein




Normalizing GPDs - Chiral even

Form factor, Forward limit

Integrates to charge

j H (x,&1)dx=F'(t), H(x,0,0)=g(x)
0

j E (x,E,t)dx = F{ (1)

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)

QCD2015 GR.Goldstein
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EM Form Factors (t dependence)
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data: G.D. Cates, et al. PRL106,252003 (2011).
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-4 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 J,

HqT(a;a 57 t) dr = 5Q(t) "Tensor form factor"”

| E!(z,E,t)dx = J(Zﬁ; + Eg,)dx =K7.(1)
Integrates to "transverse

~ dipole moment" K9
jET(x,ﬁ,t)dsz P '
No direct interpretation of E+

.t 5 L
ltlg)l Y H (2,0,t) = h (z)

QCD2015 GR.Goldstein
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The Model - Reggeized Diquarks

The Model - first for Chiral Even - Reggeized Diquarks

QCD2015 GR.Goldstein 1



Lo

Procedure to construct Chiral Odd GPDs & observables

k+=XP* S=0 or 1 K*=(X-C)P*

A P/'/‘waa-xw ‘?\P’*(l- C)P*

Product of diquark l.c.w.f.'s —A,.A-x=)

v
[AM;M — chiral even GPDs }

v
[ g ® A — exclusive process helicity amps }

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

:
[vertex parity—A,,..a-.» — chiral odd GPDs—pdf’s, ... }

<
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%ﬂ I GARERl GRG, Gonzalez Hernandez, Liuti

PRD84, 034007 (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 / d()
Asymmetries

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

5/25{ %5
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Chiral even GPDs

: From GPDs
H, 4 with evolution
] to Compton
Form Factors
CFFs *o helicity
: amps l
helicity amps to
.0. observables
e <-> parameters
8 £=0.13,Q*=1.1 GeV> | :
6 t=0.1-1.1GeV> -2
; N Cﬁd -4
CE, -6
0 ........ ‘ E

IR RS R R TR B SRR B BRI R
02 04 06 08 02 04 06 038
X X
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Observables .
ﬁ 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

QCD2015 GR.Goldstein 52515
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FIG. 20: Coefficients of the beam charge asymmetry, Ac,
extracted from experiment (52, 53|. The lower panel is the
coeflicient for the cos ¢ dependent term in Eq.(82), while the
upper panel is the cos ¢ independent term.
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FIG. 21: Coefficients of the t retry, Ay,
extracted from experiment [5L,...., peppranel shows
the terms F and F from Eqs.(83) and (84), respectively: the
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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%ﬂ Other chiral even predictions

Gonzalez Hernandez, Liuti, GG, Kathuria

PHYSICAL REVIEW C 88, 065206 (2013)
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The Model for Chiral Odd - Reggeized Diquarks

QCD2015 GR.Goldstein 18



%ﬂ Vertex Structures with Diquark Spectator
, §

k™*=(X-C)P*

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

S=0 or 1 A
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=¢ (kK'.PYg (k,P)=¢ (k'.PYp_ (k.P)
E=¢ (k'.PYo,_(k,P)-¢" (k',P)¢. (k,P)
k2 . m2

k2 — 2|2

Vertex form factor function ¢(k2, A) =

QCD2015 GR.Goldstein 19



%ﬂ Vertex Structures with Diquark Spectator

A 2\

P+
S=0or 1

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

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)
Vertex form o k? —m?
factor d(k*,A) = k2 — 222

QCD2015 GR.Goldstein

Py=(1-X)P* Py=(1-X)P*

k™*=(X-C)P*

P=(1- L)P*

A!

Parity at vertices:
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
20



%ﬂ S=0 Chiral even <-> odd helicity amps

odd <-> even (+ S=1)
A.(l,(.).)ygﬁﬁ - A(.O).§}
A = _A© t-channel flip-flip<->nonflip-nonflip
s oy =t : : T
©  _ _40 flip-nonflip<->nonflip-flip
A = — ettt

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

m+ Mz’ 2
o _ (1-¢/2)? 0 0 ¢/2 \* =
b= T [w -2+ (:25) EO]
E’g _ ¢77(1 ¢/2) [2HT E°+EO]
1-¢
o  HO+H° (2/4 E° + E° ¢*/4 ¢/4(1-¢/2)
Hi= =5 "i¢ 2 Ta-epa-ot T 1-¢ bt
S = 0 double helicity flip amplitude was calculated directly from Eq.(16),
(0) lo—t 1 1 T [ _£~0]
Ayt = 4M J1=C(1=¢/2) m+ Mz’ £ 2 F)

QCD2015 GR.Goldstein 21



RESULT: Chiral odd GPDs

0 de Hi(x,{,1,0")=06,(t,0%)
0.05 —Tensor charge

-0.1
0.5

0.25
0

jdx[zﬂ (x..1.0")+ Ef(x,{,1,00)] =K (1,0°)

- £=0.13, Q’=1.1 GeV’
-1+ t=0.1--11GeV> |

rrd  d
2 HT+ET

A S S —Transverse dlpole
= HY - 05 moment
0
- ~-05
\ ! L1
id 0.5
- 0 —sizeable—f,-f,
- 405
E
0.6
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ﬂ Compton form factors

Nar™ S e N e Nl
r ImH " Re H
45 2 ’21‘ 4- '
i Q%= 1.1 GeV k
2; xBj=0.13 2;
i 0
0 -
15- 8- Re 2 Fi+E,
10% ImZﬁT+ET 2
5- 20
B | Eoooo ol
0" m A, 0" ReH,
-10 - 10
20 20
L SRR R AR R R R R B R
2+ ImET 4+ ReET
0/\ 2\
20 B
Ll \ | S R R
0 0.5 1 15 0 0.5 1 1.5
-t (GeV?) -t (GeV?)
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How to single out & measure chiral odd GPDs?

Exclusive Lepto-production of ° or n, 1
to measure chiral odd GPDs & Transversity

P =Kfx {VS q/¢7r (r) + y;ﬂn¢;(;3) (T)} /2 -1/2

twist 2 twist 3 N

N

t-channel J P¢ quantum numbers enhance chiral odd
24
QCD2015 GR.Goldstein



odd-

E
Ovrg
A= v "
F
~

6 independent helicity amps for n° or 1,1 (& K, D)

8 Quark-nucleon helicity amps for u,d (& s,c)

A

A
P’A P7= P_A, A’

] f1§0* = gfo ® A, b

fim =gl @A, proeven _ & 1 Vie—tg
fio© = gip ® A4 00 T Ji-cl-¢/2 2M 7
flO = glé() ®Aff,§ foéof,c:ucn _ vl—C,;Z+ —C2/4 g
fooo = 900 ®(A__ 4y —AL_ _4) 1-¢/2 (1-¢/2)v1-¢C
f(]é()* = g(;O ®(A++,+ — Ay ,4{), even

QCD2015 GR.Goldstein
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6 helicity amps for m1°

Compton Form Factors
g7 Q) ¥ Vt"—'t (2Hr + (1+€) (&r tE&)| e
\/_t

gVodd(gy Yio —t [7'7'1‘*- 1 ]
Fir +

voss(Q) 2 o & e -
( 2 ( & [HT «;]Mz Tttt 1—§2£T]

g (Q) + g£°"(Q) V1 to—t~ . (34 ¢/2
5 1_4/2[’}{ 4M2H +1—C8 +1_<ET

g2 Q) — ¥ Q) o
2 & o 4‘\/!~2

odd(Q) gV odd(Q) \/IT to —t ~
2 1—¢/2 4M?

g;”"dd(cz)% 2P +(1-8) (6 &r)]

oddgy Vio—t [~  1-¢ 1-(=
9N Q) 5 e+ 5—pbr+ 5= ]
§

; ¢ Also Chiral Even CFFs
“4(Q) /1 — €2 |Hr + €1 + ]

= gy ‘ fg =1 7
-g7°"(Q) Vit [EET + ET] NI, — 1

2M
QCD2015 GR.Goldstein
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Observables

Cross sections
Asymmetries

QCD2015 GR.Goldstein
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%ﬂ Cross section with ¢ modulations & beam/target polarized
do V2e(1—¢) sinpFyin?

=T { [FUU,T + efyu, + €cos 2¢F§fl’§2¢ +1/2¢(e+ 1) cos¢Flf?5¢ +

dz dyddt

;
'
+ V2(1+6) (singsFy3* +sin(26 f 65) Fii e
'

Sih [\/ 1 — €?cos(o — qbs)Fz(,}?w_qb ) + cos(26 — ¢S)sz}§(2¢—¢s))]}

Fsin fur)

ALU =/ 6(1 - 6) LU

Fb'bv’T + CFLTLY’L

A Ne—y —Ne—o \Je(e+1)singF;;? | _esin 20F5 T2 - - —
UL = = . _ dor . _ aoy os¢ _ QOLT

Ns.=4 + Ns,=- Fyur +eFyu.L Fyur+eFypr | Tovr = g Fove=3 Fo7 ==

F-co.-i2¢ — dorr sing __ dop7
[og o) dt ? Lu — dt
—» AT “ AT ) — \ [COS @
A, = Ny —Ng = + Ny - — N _—_ _ _Vl-—e Frrp, " VE(l —€) cosdFrp
Ng=y + Ny —_ Fyur +€eFyu,L Fyur + eFyuL
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Unpolarized cross sections

600 — Pt R 600
LA o e 400
D 200 Ne 200
= $ .

5 0 - T ILL R |
=) B o o & B
== -200 - L 2200 -

V.Kubarovsky, et al.. -

400

X =0.13
Q°=1.1 GeV>

Jlab/CLAS data - -
30 100 -
— 60-° :
> 40 | :
o 20c 5 -100 -
R — 00|
5 _20 ? BN . + _____________ 200 C
LHB 40 . @ £10++ -300 -
P e byt <400

CooL L | 1‘0 Lo L
0 0.5 1 1.5 0

See F. Sabati€ Jlab/HallA -t (GeV?)

CIPANP talk for L& T
separation
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Same, separating the GPDs contribution
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- Unpolarized cross section components

dor doy, 18 & dorr
Four = ——, Fyvr=—-, ¥ =
dt ' T d ' ~Uv dt ’
Feos26 _ dorr o _ doyr

| _ |f;o" | dominates
Four = N[l f5" P+ P+Ifot P+ o 2] smallt& >|fi0™*

Fyupr = N [| fot P+ 1 foo~ 2] Jlab/HallA
L & T separation
Fg® = —N2Re [(f5")"(fo7) - U5 ) (5] <——  Orform of
- [f# 2+ [fy-?

Fop® = —NRe[(fi ) (fiy + fio7) + (et (5t — fio )]

Polarized beam Fit? = NSm[(fii ) (fi + /o) + (oot Ut — i)

QCD2015 GR.Goldstein 31



9.0

Comparing to other models

® The t-> O feature for us is that f,,*
dominates & it is driven by H; But f,,*+ &
f,o~ also contribute as ~+/(t,-t), however
weaker.

o f.,t+ & f,,are not equal in magnitude,
especially vs. C or E.

o In A ~ If,ot% + If 12 - If, o 7*1e - If, o712
sensitive to differences

QCD2015 GR.Goldstein 32



Comparison between models

2 — 12 I, =t
T +T|fT| Goloskokov and Kroll R SYE
e O 48 OV -6 £
dt "
Goldstein, Gonzalez, Liuti
do

2
raiale Goloskokov and Kroll

d‘;t” oc(fT+(1+*(fT+(1—§

Goldstein, Gonzalez, Liuti




A CLAS 1% Bedlinskiy, et al. PRL109, 112001 (2012).

400 ¢

400 [

Q°=1.15 GeV*
xg=0.13

300 |

GGL vs. G&K ™|

— 300 | =
~ 400 . 1 Il 1 ~

3 E Q°=1.74 GeV" | ® : _

S 300l e = Xg=0.22 O 300 E Xg=0.28
~ L - L i .‘\

2 £

8 N

B g

1 1 1 1
{ Q°=3.22 GeV~
300 .. XB=0.41

0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14

-t. GeV -t, GeV
FIG. 2: The extracted structure functions vs. ¢ for the bins with the best kinematic coverage and for which there
are theoretical calculations. The data and curves are as follows: black-cu (= or +e€oL), blue-orr , and red-orr. The
shaded bands reflect the experimental systematic uncertainties.The curves are theoretical predictions produced with

the models of Refs. [14] (solid) and [15] (dashed).
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€
w3
D= ; = -
FY
S

Important combinations
of overall helicity amps

) fo—tr ~ . ) )
o+l « 43\/[ _ZHT + (5T - §5T)] natural
bt - \V t(] —tr _ ~
from —fio > T (& ST] “unnatural”
— 0 for ¢—0

Quite sizable effect for ¢ >0

Goloskokov&Kroll take only H; and (2 “H; + E;) non-zero
EPJA47, (2011) 112 for ° and EPJC74 (2014)2725 for V,, .

What observables reveal this? A "¢, . . .

35
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Asymmetries:
Longitudinal polarizations

Fi?i?," = %;\f%m[(f&]_)*(fw‘ — fio )+ (f&f) (fu) +f1_0_)]
Fyi 0 = =NSm[(fig")"(fio)) = (Fio )" (fio")]

Fi7¢ = %J\'rmc[(f&]—)'(fl:ﬂ— fio") + (foo ) (Fio" + fio )]

S
t~
I

1 B y T
NG P+ P =1 fie" P = fig ]

V1—€e2Frp ++/2er(e — 1) cos F[T°

Fyur +eLFyu.L

AL =
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xp= 025, Q’=1.94 GeV’

Sensitiv
®

Andrey Kim, Harut
Avakian et al., Jefferson
Lab CLAS Collaboration

e to tensor charge

TENL xp;= 025, Q°=1.94 GeV’
I T e ———== RN
o : o \\
I L
o e,
| e o A T L L L L L LY T LD LTI XL T
. ;02 02 04 06 08 1 12 14 16
== e e If -+l -t (GeV?)
_____ |2 e 12
If o+ |

5/25é:}5
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Asymmetry sensitive to tensor charge

0
xp= 02, Q=15 GeV’ vip—=mp
— 5, =0912008,5,=-0.12
0.1
- 5,=0.6,0,=-0.12 -
R 5, = 14,5, = -0.12 "
G e T et
T
e
<D
0.1
02 -
0.3
0 01 02 03 04 05 06 07 08 0

9 1
-t (GeV?)
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o Chiral odd GPD’s
& helicity/transversity
interpretation?

T 2ﬁT(x,o,t)+ET(X,o,t)] — A A

=AY A AT, AT
HT(X,O,t) == A++,__ +A__._,_.__

= A AT AT AT

TzﬁT(Xa 0, t) = —A—+.~+_
Ty Ty Tx T

s A++.++ — A-‘-—,+— - A__+_’__._ + A_Y_,__

Er(X,0,t) = Ay o —A_o __ =0 From T invariance
for ¢ =0

QCD2015 GR.Goldstein 39



9-Q Chiral odd GPDs & TMDs ?
Transversity transfer; Boer-Mulders;
pretzelosity; worm gears
Hr(X,0,0) = hi(X), Transversity pdf

Model dependent relations | with the Boer-Mulders, h+-(X), and h-(X) functions, -

. .t =
Pretzelosity lim 4M.2HT(X,0= t) = hip(X) = / d*kr hip (X, kr)
B-M 2H(X,0,t) + Ep(X,0,t) = hi(X)= / d2ky b+ (X, kr),

y the integration to form factors at £ = 0, giving the tensor charge,

1
5,= | dzHr(X,0,0)
0

E’I'(X,@t) = App - — Ay -
**Tensor charge can be related to BSM couplings
A.~Courtoy, S.~Baessler, M.~Gonzalez-Alonso and S.~Liuti, arXiv:1503.06814.

h, " worm-gear
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% Connecting tensor charge to BSM:
) Courtoy, Baessler, Gonzalez-Alonso and Liuti, arXiv:1503.06814.

- G
: .t _ F
BSM couplings 1,ys5,(y, +7,Ys)}io" Vs G = NG ud8TET
h = ses — 12g7€er )\ The observable is always
1 +23)\2 9 grerd the prodict of the
b, — \—4 149\ ¢ bal coupling times
1+ 3)\2 lgses grer(1+23)], a padronic matrix element!
ya

g and gc are the flavor- non-singlet/i of hadronic matrix elements

gs(—t)
<pp=Sp|ﬂauud |pn,Sn) - gT(_t)

(Pps Sp)U(Pr, Sn)
(pp= Sp)a;wU(pn, Sn)’

The precision with which € can be measured depends on the uncertainty on g;
5/26/15

U
U



N LY Extraction of transversity after using DVCS data via
chiral even<&—>o0dd Transversity - pdf's: h,9(x,Q?)

GG, Gonzalez, Liuti,

08 Thi arXivF1311.0483 PRD
07 is paper , )
E e BCR Q=2 GeV
06 0 . Torino 0.3 T
05 ; '
= 04 —~ 02 F q2241GeV?
03 = S 01}
02 —
01— 2 OfF———
0 = ' 0.1} ]
'0.1 % I I I T I I I I I T P— -.-.-A: P— --...,: P— A.-“.:.
0.025 -
0 . : g 0.1 T
0025 | = 5 0 W
=
= (;00(7): - Lz 0.1 f ]
=0,
0.1 ¢ 'g'g
0125 - -0. ‘ '
0.5 - 0.001 0.01 0.1 1
C \ ! ! ! ! L
10 -1 N Anselmino, B)églione, et al,
X Phys.Rev. D87 (2013) 094019
BCR=Bacchetta, Conte, Radici Su = 0.31,,*%16 85d=-0.27_,,,*01°
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0.8 ¢
0.7
0.6 -
0.5 -

Extraction of tensor charge

This paper
BCR
Torino

Q’=2 GeV?

QCD2015 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
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Y~4A}  Chiral odd GPDs >
Transversity = tensor charges ¢,

1.5
- @ This paper Q* = 1GeV O 2Q2 =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
05 [ Lattice (2012) Q"= 4 GeV
(oc 0 FH O i i g “'"":""l':l:ltstt!i;;:l:l:ltl‘l‘: """""""""""""""""""""
[ ‘ o t \_1 i I |
i ‘ o R | Fi‘—( N
- s GG, Gonzalez, Liuti,
0.5 e . arXiv:1401.0438 PRD
-1 f-:::::: 333 -
-1 5 i | | ‘ | | ‘ | | ‘ | | ‘ | | ‘ | | ‘ | | ‘ |
0 02 04 06 08 1 12 14
6u
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3.5

05 -

Chiral odd GPDs -
transverse spin-flavor "dipole moments” k¢

defined by M. Burkardt, PRD72,094020(2005)

- O Wakamatsu (CSQM, 2008)
- O Ledwig et al. (CSQM, 2010)

- ® Lattice (2007)
- ® This paper

— [ Pasquini and Boffi (LFCQM, 2008)

GG, Gonzalez, Liuti,

/ arXiv:1401.0438

2 225 25 275 3 3.2T5 35 375 4 425 45
K

u
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nbam Gev?

G, (red circle) and 6, (blue triangle)

L 2 .
- Q% =1.5 GeV
1000—
so0f
i . |
002 0.04 B I T T E—Y T
1,.4(GeV?)
0, (red circle) and 6, (blue triangle)
o >
L T
600— ®
wb
e Q? = 2 GeV?
] + +

o, (red circle) and 6, (blue triangle)

Comparing with new data from Hall A
courtesy F. Sabatie, CIPANP

0o — sigma_T
S—
- 1600
1oooE é § + \
001" i 1400
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e % BOO i s
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40
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—A2=2.0 x=0.36

w—(15, 0.36)
w—(1.75,0.36)
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nbam GeV?

nbam GeV*

doy, /dt for @*=1.5 GeV? and x5=0.36

o [— \—
o

-50
-100| *

*
-150
w
-200
(DY) PPN EPIPN PRI I S P Loaaly PPN I
o 002 004 006 008 O01 012 014 016 018 02 022
1t (GeV)
doy, /dt for Q*=2 GeV* and x,=0.36

50,

40

30|

20 B . - -
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10}
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20

E 1 1 1 1 1 1 1 1

o 002 004 006 008 01 012 014 016 018 02 022

1 (GeV)

T Comparing with new data from Hall A

courtesy F. Sabatie, CIPANP

doy, /dt for @’=1.75 GeV? and x;=0.36

= / i Chart Area sigma_LT
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8
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\

ok | 160
f | 140
o} 120 ~
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Shaded area: 2% normalization uncertainty o
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Solid line: GK11 model (described earlier)

Dashed line: Goldstein-Liuti model
(waiting for updated values)
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do,/dt for @*=1.5 GeV? and x,=0.36

nbam GeV?
o
T T

-200

-400

N

g
Il 1T1 T

o

nbam GeV ¥
g 8 8 8 8 8 8 o

‘“"“”"""’]’T""TT'T“‘H'TT‘T‘T'-’Y’IT"T'

b
2

o

! | :
016 018 02 022
1t (GeV?)

| |
002 004 006 008 01 012 014

do,/dt for Q=2 GeV? and xg=0.36

ot (GOV7)

Comparing with new data from Hall A
courtesy F. Sabatie, CIPANP

do/dt for @*=1.75 GeV* and x,=0.36
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Ratio of unpolarized n /

1.2

-t (GeV?)
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- — x,=02,Q’=15GeV’ - without £
Q?2=1.5 GeV?
Xg;=0.2

- _n_o:i quark

0 02 04 06 08 1 12 14
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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

QCD2015 GR.Goldstein 50



Backup slides
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AULsim])

in®
A

E 03 2 2
gi ~ x,= 025, Q%= 1.94 GeV? = 02  Xp= 0.25, Q°=1.94 GeV
o 2
02 /
01 !
_0 .;.. RS ransne
-0.1
02 - :
03 5 B T B
05 - _ 2 2 03 - _ 2 2 .
04 ; Xpi= 04, Q’:_Z._.§_3_GSV_ — 02 ; Xpi= 04, Q'=283GeV" ... £+ £
03 - s T — . ) £t f10~
3 / 0.1 -
Lo g / S o E
0.1~ R Uy A I I
-0 ';’ """"" ren _0.1 } K
-0.1 - E
-0.2 ; """"" foot™ (B1g+ - £19™) -0.2 F
e oo f ++* (f ++ 4 f --) C
-0'3?\\\\\\\\\\\\\\\\\0\0\\\10\\\1‘\)\\\\\\\\ -0'3?\\\\\\\\\\\\\\\\\\\ | | |

02 04 06 08 1 12 14 16 02 04 06 0S8
-t (GeV?) -t (GeV?)

Look for tensor charge in f, ;™

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

QCD2015 GR.Goldstein
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Transverse target

- x=02, Q=15 GeV*

Y*p—=np'

= o=

eTTCELEEDEE D

- — ImfjRef;
~ -
Re f ' Im £

B I s L

Im f i Re £}

T 02
£ L
= L.
- = Im fl*(')'Re 5 <D 0 L
2\~ Re fl’[)'Im o 02 -
N Im(F5 ) E
-2 : ------ zw 0.2 [ I/ S <
TN T i .
0 [ S T B e
r. e T T e e < r
0.2 T — ImfRef 02 .7
- L _ - Im‘ fi;fm f,g‘ | )
T 02 Ref;-Ref,; < 020
z 02; TS~ e Re (F4 £ g e P
45 " - 45
-0.2 -
-0.4 = L L L L L L L L L L L L L L L L L L L L L L L L L L -0.4 = L L L L L
0 0.2 04 0.6 0.8 1 1.2 14 0 0.2
-t (GeV?)

- = ImfiImf;
Re f;Ref};
Re (fﬁ:’* fu})

Look for tensor charge in f, ;™
Transverse dipole momentin f,,"*,f,,~

QCD2015 GR.Goldstein
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Reggeization via spectator diquark mass formulation
Where does the Reage behavior come from?

FA(X,(,t) = A, / AM%p(M%)F™ MY (X, ¢, 8 M),

0

Diquark spectral function
F(X,(,t) ENGYE (X, (1) RE™ (X, (1)

1]

Regge”

(MZ)a=1  MZ — o0

“ <O(My>-My?) p(M2)
§(M% — My) M2 few GeV?

+ QZ Evolution / \

GRG, Gonzalez [Hernandez, Liuti, J. Phys. G: Nucl. Part. Phys. 39 115001 (2012) MXZ
Following DIS work by Brodsky, Close, Gunion (1973)

QCD2015 GR.Goldstein
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A — J\‘r

Reggeization

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

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

.f./.ff"

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

GRG, Gonzalez Hernandez, Liuti, J. Phys. G: Nucl. Part. Phys. 39 115001 (2012)
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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

QCD2015 GR.Goldstein >0 56



" Invert to obtain model parameterization for GPDs

S=0 diquark
Spectator model
2++,-+==-_AX+,+-** H(z,£,t) = \/11_752(,4*,% YA ) - (QIL_%(A = A )
A+++++++ = A+:.’T+ E(z,£,t) = —%(A%_,_ A l)
.60 = g (eine = Am) + g oo (b + e
E(z,£,t) = QA"; (Ap o+ A i)
for chiral even GPDs and
Hi(e,68) = (v + A ) + gy (et = Aoier)
EBr(x6.1) — Brle,68) = A (Ao —A )
Er(w.6,8) + Br(@,6,0) = gy P+ \jl‘%zA_ o]
double flip Hp(z, €, t) = AZ%A_,WL:*._

QCD2015 GR.Goldstein
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Unpolarized Helicity Amplitudes

600 Ry teFy, 900 Xp:=0.13
- - — F._cos¢ -
< 400 . FEECOS% 400
) - \e N
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2 . -
5 0 - e e S— 0~
S flee :
=200 - (° 2200
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30 100
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g a0 -200
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:gs -

| | | | ‘ | | | | ‘ | | | | ‘ |

0 0.5 1 1.5
2

-t (GeV) 5/25/45




