%ﬂ GPDs

and Their Relationships with
TMDs

Gary R. Goldstein
Tufts University
Simonetta Liuti,

Osvaldo Gonzalez-Hernandez

University of Virginia

Presentation for POETIC 2012
Indiana University

These ideas were developed in Trento ECT*, INT, Jlab, DIS2011, Frascati INF,
Transversity 2011 & in consultation with many of you



%ﬂ Outline

@ Hadron Spin Structure from GPD and TMD perspectives
@ ‘“Flexible” parameterization for Chiral Even GPDs

@ Regge % diquark spectator model: R%Dq
@ Satisfies all constraints
@ Results for DVCS (transverse y* = transverse y) Simonetta’s talk

@ Extend to Chiral Odd GPDs via diquark spin relations

Transversity
@ Some relations between Chiral even & odd helicity amps
@ 9 n, n’ production data involve sizable Y*1insverse

@ Helicity & Transversity Amplitudes, GPDs & TMDs

@ Spin amps <-> Spin bilinears
@ Extend R®Dqg to TMDs

@ Trans even & odd

@ Wigner Distributions > GTMD - TMDs & GPDs

@ What is measurable?
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DVCS & DVMP Y*(Q2)+P—(y or meson)+P’
partonic picture

(a)q 9 :‘55 C|+A

) R\
{ : XP+/_\J\|<'+ (X- C>P+}

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

quark+diquark

X>C 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 focused on pseudoscalar production
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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).
1 fdz™ 7

z.LP*‘* /
5 | or P\ XNY(=32)7"¥G2) PN,
3y TOX
- 2113 u(p’, \') {H"'y*+E" meA“]u(p,/\),
1 [fdz" R Nl 1oy At Chiral even GPDs
2/ 2w ', X4 z)ﬁ’/ ‘@( 2) |p:A) z7=0,27=0 -> Ji sum rule
~ - 5 +
= L a,X) [ATy s + B Bl u(p, A), .
2P+ 2m
(J)=4]dx[H(x,0,0)+ E(x,0,0)]x

—_

1 dz~ izPtz= .0 110 1
2 / 27r € (p ?A QP’( 2‘2) Za zf’( ) e U "—U
. | VAR, q : +i T PTA'— A" Pl Chiral odd GPDs
- 2P~ up, X) [HT o+ Hy m? -> transversity
~ A A+ U -~ ’V+Pi — P+"r'.i
q q |
+ E7. o + E, - ] u(p,A). |
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Lo

Helicity amps (q’+N->g+N’) are linear combinations of GPDs

—— [H+H : B4 E|
A vy = 1 -& 2 o 1552 2

N

B (H-B ¢ E-E]
. tl') _t . -
A+ +i—+ = AM (b E‘b) N
Vio—t, .. .=
44 == -
At A4M (E+£E) /
for chiral even GPDs and T-reversal
te¢=
MY VAR T
A = 4/1-§ HT+tl]_tﬁT— £2 Er 4+ § ET
' 4M? 1— &2 1-¢2
— g —1 =
=ty  1-E,. 1€
Aviie = Topr |Hrt 5Bt ==,

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

In diquark spectator models A....., etc. are calculated directly. Inverted -> GPDs
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va Spectator inspired model of GPDs

e 2 directions -

= 1. getting good parameterization of H, E & ~H, ~E
satisfying many constraints

(see 0. Gonzalez-Hernandez, GG, S. Liuti - Phys.Rev. D84, 034007 (2011))

= 2. getting 8 spin dependent GPDs

e Chiral Odd GPDs 9 production is testing ground (Ahmad, GG, Liuti, PRD79,054014 (2009),
Gonzalez, GG, Liuti, arXiv:1201.6088 [hep-ph] )

e => Chiral even related to Chiral odd GPDs - normalizations
H, E, .. < helicity amp relations > Hq, E, . .

e Small x & Regge behavior

¢ Bridge through GPD in helicity or transversity to TMDs?

POETIC2012 GR.Goldstein 6



Lo

Invert to obtain model for GPDs

A++,-+= - A++,+-
A-+,++ = - A+-,++ 1 2ME?
A++ ++ - A++ _ H(IE,&, t) - \/@(A’“.*l'f'(*' + A—.*;—,~) - W(Ah*:—& - A—,~;~.*)
2M
E(:C,f,t) - A (A—.+,—,— _A—.—;-i-,—)
~ 1 2M¢E
H(z,§,t) = m(-‘h.* et — Ao y) + m(A+,~.—.+ + A i 4)
~ 2M
E(xagat) - A€ (A+———' +A——“‘*‘)
for chiral even GPDs and
B 1 2M¢
HT(:C9 €= t) - \/1_752(‘4*%,*:—.— + A—,*:*,—) (]. . é-z) (A*,*:*,— - A—,*;—.—)
EEr(z,€,t) — Er(z,€,t) = %(A_ - — Ao )
~ A aM
Er(z,&,t) + Er(z,é,t) = W(l——ﬁ)[QA“L’_‘*'_ + WA_'+;+’_]
, 4M?
double flip (z,€,t) = A'z\/l—inghﬁ -
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Reggeized diquark mass formulation

Where does the Regge behavior come from?

2 o(k?, A?) ¢(k'?, A?)
G (X,(,1) / ik, / aM2 p(M2) e INyers (2 X
X

Diquark spectral function

F(X,(,t) = NG (X, ¢, t) R&™ (X,(,t)

“‘Regge”
"]
«B(My2-My?)
x (sz)a
+ QZ Evolution / \
M2

Following DIS work by Brodsky, Close, Gunion (19873)
POETIC2012 GR.Goldstein



Fitting Procedure e.g. for Hand E
v Fit at ¢=0, t=0 => H(x,0,0)=q(X)
3 parameters per quark flavor (My9, A, a,) + initial Q,?
. Fit at =0, t#0 = 1
/ AXHY(X, 1) = FI(t
0

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

0

2 parameters per quark flavor (B, p)

R = x lere'0=X)"rsp(o)l = Regge factor
, X o B2, d(k'2, ) .
A (X)) =N—— | d’k, — ! uark-Diquark
(JH\(Xf) NI—X. o kLD(zY._k_L)D(AX’,k_L—F(l—)()A_L) Q d

»  Fitat #0, t#0 = DVCS, DVMP,... data (convolutions of GPDs
with Wilson coefficient functions) + lattice results (Mellin

Moments of GPDs)
v Notel This is a multivariable analysis = see e.g. Moutarde, o
Kumericki and D. Mueller, Guidal and Moutarde




Vertex Structures

Pi+=(1-X)P*
S¥0 or 1

First focus exg. on =0 pure spegfato
H=¢ (£,P)V. (£P)+ A4, P _ (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 functions ¢(k2 )‘) k?* —m?

2SS YIS

POETIC2012 GR.Goldstein
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X flu
S
e

o Q=Q

----- Q’=Q; (BCR)

— Q*=2GeV’

— Q*=2GeV? (BCR)
Q? =2 GeV* (Alekhin)

POETIC2012 GR.Goldstein
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1 1. . 31

0.2 0.g 06 08

b—...l.‘!.llulu,l,.o.s
0.2 0.g 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.
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Compton Form Factors
- Real & Imaginary Parts

+1

HQ(C’t, Q2) = / dXHq(X’ Cstan)

~14¢

(e xw)
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.
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.

POETIC2012 GR.Goldstein 13



Hermes data

* DVCS
L |
PEPEPEPS IPEPET IS EPEPEPITS IPEPIP TS AP APS BT AP AT
TEEE FETETE PETTE P SR RS e
04
02 |
= s T 7,
02 +
a2 g P S T PU S T PR T P PR SR FTETE PETTE FPTTE FETTE PETTE PR
0 0.1 02 03 04 05 0 01 02 03 0;4 05 06 07
1 (GeV?) t(GeVY)
FIG. 20: Coefficients of the beam charge asymmetry, Ac, FIG. 21: Coefficients of the| A,
extracted from experiment (52, 53|. The lower panel is the  extracted from experiment (52, 53]. The upper panel shows
coefficient 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.

POETIC2012 GR.Goldstein 14



%ﬂ Vertex Structures

A 2\

S=0 or 1
First focus e.g. on S=0 pure spectator
H= 0 (£.P). (£ P)+o (£,P)p_ (£ 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)
2 2
Vertex function L2 )) — k*—m
¢( ) ) |k2 . )\QIQ’

POETIC2012 GR.Goldstein

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

k™*=(X-C)P*

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>
+=A(N,N;-\,-N)

but then (A'-N\)-(A-A)
#(/\'-N)+(A-A) unless A=A
15



S=0 Chiral even <-> odd

A(iO)i . = AY} P
A(iO)i - = _A(i01 i
A.(*O.)_’.* + = _A(O)*.,*. 4+
Invert to get GPDs

70 (1 2M(1 ) g"'o
Hr = -(1-¢) m + Mz [ 2E]

o _ _(1=¢/2? (=0 o, (_¢/2 \'&
Br = —92% [2HT—E +(1—C/2) E"]
B = 20D g 0+ 5]
Ho - H°+H° (?J4E°+E° ¢2/4 o . $/4(1 - ¢/2) g0 fio.

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

©  to—t 1 1 i [ _£~0]
A=+ = "1 VI—C(1—=¢/2)m+ Mz £ 2 F)
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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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%ﬂ Chiral odd integrated amplitudes

Aeos =-Acepo = [ Ehi6} (K, P)ors(k,P)

Vit -t [ﬁr JLlEEp 14 ﬁéz-]

2M 2 2
v = [ @hu6t (K, PYo-(k, P
_ M[H»,- yhootp & QE,,.]
4M? 1 - ¢
Ao = / k.6 (K, P')6_.(k,P)
= Vi€ t;l)Af_ﬁt Hy

Ary,. = / &k, 6" (K, P)é._(k, P)

Vb t[n  1-€. 1-£=
= on |Hrt g Bt 5B

POETIC2012 GR.Goldstein
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Extraction of transversity using DVCS data

08 ¢
0.7
0.6
05
04
03 -
02 __—
01~

-0.1 _
0.025 -

X hlu

0

-0.025 — _
o i
= 005

= -0.075

0.1

-0.125

-0.15

Simonetta Liuti

This paper ) 5
BCR Q=2 GeV

10 g Indianp U 8/21/12



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

g nos of C-odd
Y - _1./2 ............. :’- - eXChange
p&w

1*- exchange

TCO

/1
What about coupling of & to g—q’?Assu L7
Then for m,,,,=0 has to flip helicity +1.0
for g—»n+q” and qxq” = 0. ;& h,
Naive twist 3 Woar Y° /2

+1/2

Rather than Y’ — does not flip twist 2. But q" #y°q N N
will not contribute to transverse v~  Differs from t-
channel approach to Regge factorization 20

POETIC2012 GR.Goldstein



%ﬂ Which GPDs involved in 1t©

e Consider t-channel y* m® - N+antiN

Axial Vector
operators
(S;L)

S/L

0O 1 2 3 4 ...

0
1

0+ 17— 2=+ 37 4+

1™ 077 17— 277 37~
1™ 277 377 47
27T 3T 47T 5

TABLE I: JPC of the NN states.

JPC(S; L)

Lo N = O

0-7(0;0) 1t%(1;1)
0-— 177(0;1) 27 (1;2)
0~7(0;0) 17%(1;1) 271(0;2) 3t (1;3)
0-—  177(0;1) 27(1;2) 3" (0;3) 4 (1;4)

. ,
POETIC2012 GR.Goldstein 1



X J PC for chiral even GPDs

distribution JFC
H¥z &, t) — Hi(—x,E,t) 077,277,...
E%(z,£.t) — B(—x,£,8) 0,2+, ... }S=1 crossing even
HY(z, &,t) + HY(—z,&,t) 17F,37F, ... «S=1 crossing odd
E%(z,€,t) + E%—x,£,t) |[0-F||1++,2-+,3++, . S0 crossing even

& S=1 crossing odd

H¥z € t)+ HY(—x,6t) 177,37 ,...
Bz, €.8) + B—2,6.8) 1-.3—.... }S=1 crossing odd
H¥z, €,t) — Hi(—z,6,t) |2~ |4 ,... S=1 crossing even
E%z . t) — E*(—x,&,t) [[I77]]277.377,47, ... 8=0 crossing odd

& S=1 crossing even

Hence only E~ will enter in p° but will be suppressed by Dx or x2.
Tables: See Lebed & Ji, PRD63,076005 (2001); Diehl & Ivanov, Eur. Phys. Jour. C52, 919 (2007)

8/2312
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%ﬂ J PC for chiral odd GPDs

e 2 series for each GPD, space-space or time-space tensor from c*V. u-
> + in light front frame.

e |Indices become (+,1) or (+,2), so mixtures.
e see P. Haegler, PLB 594 (2004) 164-170; Z.Chen & X.Ji, PRD 71, 016003 (2005)

n o JPC(S:L,L') ok JDC(S:L)

0 1177(1;0,2) 177(0;1)

1| 17 27H(1:1,3) 1F4(1;1) 274(0;2)

2 [1--(1;0,2) 2+ 3 —(1;2,4) 1+-(0:1) 2--(1;2) 3+-(0:3)

3| 17F 2fH(1,3) 37 4FH(13,5)[1FH(L1) 2H(0;2) 3+H(1:3) 4F(0:4)

TABLE III: J”C of the tensor operators o and 7% with (S§: L) for the corresponding NN state.

L=0 1 2 3 4
.'\-, =0 1+— 192e3+— 3949 5+— ~
AL |— - - - e +-
| Ay |=1| 177 0,1,277 1,2,3" 2,3,47~ 3,4,5 H.,E., H,
TABLE IV: JPC of the *n" states. E

T

lowest J values have lowest L for N-Nbar states

& are nearest meson singularities
POETIC2012 GR.Goldstein 8/23£2



GPDs & JPC
o Even and odd under crossing

Chiral Even GPD Jre

H(z,§,t) — H(-z,§,1) 0%F, 27, ... (§=1)

E(z,§t) — E(—z,§.1) i, 2%%,... (§=1)

H(z £.t) + H(—z,f t) 177,37, ... (§=1)

E(z,£.t) + E(—z,£1)[0-+, 17+, 2=+, 3+, .., (§=0,1)

H(z,£.t) + H(—z.£,1) 177,37, ... (§=1)

E(z,£,t) + E(—z,¢,t) 1=, 3 . ... (S=1)

H(z,£.t) — H(—z,£,1) 2-=, 4, ... (§=1)

E(z,£.1)— E(-z, &) 177,277,347, ... (§=0,1)

Chiral Odd GPD  |J-€ J+¢

Hyp(z,€.t) — Hy(—z,€,8)|27F, 4+, ... (§=0) 1+, 3% .. (§=1)
Er(z,€.t) — Ep(—z,6.t) |27, 47F, ... (§=0) 1+, 3% .. (§=1)
Hy(z,€,t) — Hy(—z,€,1) 17, 3t L (8 =1)
Ep(z.6,t) - Br(—z,6t)[2F,47F,...  (§=0) 35T (S=1)
Hyp(z,€,8) + Hy(—z,€,8)[177, 277,37 ... (§=1)1t, 37 ... (S=0)
Er(z,6.8)+ Ep(—z,6,t) 177,277,383 ... (§=1)1t, 37 ... (S=0)
Hy(z,€,t) + Hr(-z,6,8)|17—, 277,37 ... (s=1)
Er(z,6,t) + Br(—z,6,t)[27=, 37,4 ... (S§=1)[3+, 57 ... (5=0)

POETIC2012 GR.Goldstein
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Chiral even < odd relations

* Helicity amps from @y X @y
» With @, y=10%y

(0) — Al0)
¢++(k, P) = A(m+ Mz) AL o= ALl
0. (k,P)= A(k, — ik (0) _ (0)
S 1 4 ( ) ( 1 l 2) A++.+_ - —A+_._.._+
B (0) (0)
ky — ik: A7 = —A"
ot (k,P)= A ‘1_’; LA o
o ki + iks) X T+
¢++(k’P) = —‘A( 11 _;) A!:l_’__ - _1+$$I g'l')“ . g2
ot (k,P)= 0 AP =0
¢i_(k’P)= ~A(m+ Mz) e _ Gfi) e
¢—+(kaP) = —.A(m+Ma:) b= T'2 + (ki)/P*J +4, =+
o . (k,P)= 0 ,
A0 (k1) ne
A z? + (k%)/Pt2 T

1 I(k)

A= . 2
VT k2 — m? POETIC2012 GR.Goldstein
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dt

~ NQ[
~ N2 gt

~ N2[gat

~ NP get

~ N2[get

HT’gT’ gT’gT

(QF g 1% P (1B P+ 15 F)] 1
2,

@F le) Rk (1

@F a7 6) [|3T > = & | + ReHr R(ETQ 8T)+3‘m7{7-gm(§;_8r)

(1

AT2

Q’z( ) 2\/2“527"‘7'2 (1

2— ¢ e r )

POETIC2012 GR.Goldstein %?23/12
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1st moment TMD vs. GPDs

S
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—
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1
[

15

h1=HT B
S thI)elfP=HT

- — Boer Mulders=2fIT+ET

10

Hall B data, Kubarovsky& Stoler, PoS ICHEP 2010
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How well do the parameters fixed with DVCS data reproduce m°
electroproduction data?

T S 7 S S
g8 8 8 8

§

Cross Section (nb/G Vz)

Y T

Q*=235 GeV*

2 IS T i P T N
0 02 04 06 08 1 12 14
-t (GeVH)

_200'.3,1,‘)1;4 !

Hall B data, Kubarovsky& Stoler, PoS ICHEP 2010
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CLAS m° arXiv:1206.6355v1 [hep-ex]

do/ dt [nb/ Gev?]

400
300 |
200 |
100 |
0:

-100
-200

-300
400

300

..

Q°=1.15 GeV*
xg=0.13

| | | 1
Q°=1.74 GeV*
X5=0.22

0

0.2 04 06 08 1

1.2 14

the models of Refs. [14] (solid) and [15] (dashed).
POETIC2012 GR.Goldstein

do/ dt [nb/ Gev?]

400 ¢

Q°=1.61 GeV?

Xg=0.28

L L

1 1
Q°=3.22 GeV~
xg=0.41

0.2 0.

1
4 06 08 1 1.2 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



Y Transversity amplitudes & GPDs

e H.(x,0,0) = h;(x) “measures” transfer of transversity

o |p,+(-)>W=[lp,+> +(-)i Ip,~>]/4/2 (y-normal to scattering plane)
e Orlp,+(-)>™=[lp,+> +(-)lp,->1//2 (x-in plane)

e Orlp,+(-)>™=[lp,+> +(-)e® |p,->]/4/2 (in transverse plane)

* AWy gng = linear combination of Ahelicity

® Hroc AV, -AY_  -AV,  +AWV__notforA;r=0
° HT x ATX++,++ - ATX+—,+— - ATX—+,—+ + ATX——,——
2
Introduce H =H,+——H,
2M*
o« ATY e+, AT - ATy_+,_+ + ATy——,——

2
So 2MT2 H., is the difference between canonical transversity transfer and planar

transversity transfer

POETIC2012 GR.Goldstein 30



Transversity bases

Canonical Planar
: _WIy L —)i _ Wi L 4 — —
| P,+(-)) —ﬁHP,+>+( i | P,=) | P+(=)) ﬁHP,.H( ) | P, —)]

Ky

P

>
X

X quark
proton

Simonetta LIUtI 31 Indiana U 8/21/12



Spin amplitudes, GPDs - TMDs

e T .‘sare Diagonal in transversities = probabilistic
Interpretations

w/0 b-space

e H & H’ Same spin form as TMDs h,+(x,k+?) combined
with h;++(x,k:%)
h,t (x,kt?) compare H;(x,0,A:2)
or unintegrated H.(x,0, A;2,k)

. B .
hl(x,sz) =h,, (x,kT2)+ 21‘22 hlLT(x,sz)

k;
2M?

- - g
fr )= [k =I5 firxk) = ——T(x.S;)

POETIC2012 GR.Goldstein 32



Recall RxDq determination of pdf

14 ;* ..... Q2= Qﬁ
12 - Q’= Q? (BCR)
1 Q*=2GeV?
- — Q*=2GeV*(BCR)

=
o
o

0.8 - Q® =2 GeV” (Alekhin)

33
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fu(x, k)

)

2
T

f,d(x,k

Extend RxDq to unintegrated k-

----- x=0.01 (BCR)
— x=0.1 (BCR)

-
Y
~

:HHMH\\H.u\uummm“ I NI AR SN
0 01 02 03 04 05 06 0.7 08 09 1
k2 (GeV?)

POETIC2012 GR.Goldstein
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Beyond RxDq to get trans-odd f,;+ need f.s.i./gauge link
Same spin structure as E for this model (0" moment)

S()  eesssasmimammme e
-0.2
=
B 04
=" 06 -7 XE,Q =Q%
o 06 - _ xE, Q? = 2 GeV?
* 08 [ -~ xf;},Q*=Q% (BCR)
- — xf, Qi:Zg}eVz (BCR)
1 s, Q7= Qb
[ | | | ‘ |

POETIC2012 GR.Goldstein 35



Beyond RxDq to get trans-odd f,;+ need f.s.i./gauge link
Same spin structure as E for this model

0.2 )
hﬂ.':a‘
w =04
=7 ) - - xE, QZ=Q2"
o 06  _ xE, Q? =2 GeV?
» 0.8 | - xf;3Q*=Q% (BCR)

- — xf, Q=2 GeV* (BCR)
- X QT =Q

POETIC2012 GR.Goldstein

All GPDs’ spin
structures have

corresponding
TMDs

Is this more
general than
R%Dqg or simpler
quark models?

Wigner distributions
or Generalized TMDs?
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What happens at the unintegrated level

Distribution Graph

GTMD TA b
X(x.EA, krkrt) > X(xf,b krk b.)
593
(al“c‘cf g
oy
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L §
we are here T AL x
—> TMD hi(xkr) GPD H(x&1y <— Spin Densities
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FTA. b v

FF «<— Charge Densities
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H. Avakian

Wpoprm gear |
N9 U L T
u i B} hJL_
1
L ‘—;l hLL
A1
T flJ"l“ 2, |y by

/ pretzelosity

05+

ky (GeV)
(e

S =D>

ATV

Worm gear TMDs are unique (no analog in GPDs)
|s that certain? How to check?

0. ‘0i5 |
BMYSch arXiv:0907.2389"

B.Pasquini et al, arXiv:0910.1677
H. Avakian, Frascati, Oct 21
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Gonzalez, Goldstein, S.L., R-Diquark Model

H

H, [1/GeV4]

Hy[1/GeV4]

Wigner distribution studies
Lorce, Pasquini, (2011) LCCQM

0
bx(GeV")

bx(GeV™")

2

Pov [1/(GeV?- ﬁl'lz)]

Ak =03Gev

T, @
= 0.0 !y

Py 1/(GeV?- fin’)]

A k.=0.3 GeV

10 -05 00 05 1.0
E [T £33

-1.0 -0.5 0.0 05 10

4.

[13.6
3.2
2.8
(2.4
m2

1A

Wo.4
Wo.

(1.3
(.17

[1.04
[]0.91
[]0.78
[70.65
mo.s2
Wo.39
Wo.26
Wo.13




Spin Analogs 8 -8

3| | =2
WO

- C

hiT Connecting GTMDs
- 16 complex
by, Only 8 real combinations here
h;hyy
H 2(H™1)+E¢
H~ E~y
E E™ HT ’ HNT
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TMDs & GPDs

9.Q

o f. o« A++,++ + A+—+— + A——,— + A—+,—+
— ATY TY TY TY
=A t4+ T A T A T A —+,+ H
® g, «A++,++ - A+—+— + A—— - A—+,—+

— ATY TY TY TY ~
=A S A T A et T A —+,+ H

® h'ITJ' x A+_’_+ + A‘+,+_ ~ HTN mIXtUFe Of TY & TX
e “T”-odd TMD vs. GPD
¢ f'l TJ_ o ATY++ T ATY+— - ATY_ - ATY—+ -+ 7 E

® h,t «c ATV, -ATY, _ + AT+ ATV, | ~2H{7+E;

etc.
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GTMDs

Meissner, Metz & Schlegel JHEP 08, 056 (2009).
a. define GTMDs:

W (P, 2, kp, A, N; ) = / dk~ W (P k, A, N;n)

1 [de BFp 4y, 0 - 1 11 /1
2 [ 2 ke iy N1 — 22 W[ = 22, 52|n) o =2) b, A
s | Sy ""’( 22) W( 2"23'")"”(2"')""'>

b. General decomposition into Lorentz-Dirac structures: 16 complex valued
functions, but 72 have parity odd prefactors - 8 functions for completeness

z+t=0

o't kb, o't AL,

) 1 -
W)[")\" = WU(P', X) [Fl,l T pr Fip+ Pr Fig
otk Al
—le,; T F154] U(p, A). (36)
- 100 A it ol it i
A R SR e kp Ay o' Y5k 10Ty A%
Wiy ™ = Q—U(Pa)\) l— 72 G+ P+ G+ P+ G13
+io" s G1.4] u(p, A), (3.7)
joi+ys) 1 _ el ki ied Al M o't
W)El)\o' o= Q_U(P’a)\') [— LTHH— TMTHLZ-{_THI':’
k. ic* sk I Al ik yskk, T Al igk Ty Ak, 0
M P+ 14 M P+ LS M P+ 1.6
k% (1o A%p T A
M Hy 7 T Hyg| u(p,A). (3.8)
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Projecting GTMDs

. &=0and A;=0 for TMDs
or integrate k; for GPDs Meissner, Metz & Schlegel
TMDs:

fi(z,k7) = Ff1(2,0,k%,0,0),
fir(z, k3;m) = —F2y(z,0,k%,0,0;7),
ai(z,k7) = G5 4(x,0,k%,0,0),
gir(z, k}) = G$ 5(z,0,k%,0,0),
hi(z,k3;m) = —HY 1 (z,0,k%,0,0;79),
hig(z, k7)) = Hi(z,0,k%,0,0),
hir(z, k%) = HY 3(z,0, k%,0,0),
hir(z, k%) = Hf4(z,0,k%,0,0),

Chiral odd

POETIC2012 GR.Goldstein
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“Measurable” GTMDs

What are relevant GTMDs: Real subset of 16 complex
after Parity & T-reversal on functions of
(x, &, ki, ki-Aq, Ar?) and Hermiticity.
C.f. Aggap=(-T)cd+abA™ , . leaves 8
TMDs
F1,1% G128 Gy 4% Hy 2% Hy 38 Hy 48 & Fy 50 Hyp°
blue shared with GPDs
GPDs
F, 28 with F, 38, G, 3¢, (chiral even)
H, ;¢ with H, ,¢, H; s® with H; 42, H; ¢® (chiral odd)
Total of 13 real GTMDs will give 8TMDs+8GPDs for
E=0and A;=0 or integrate k;
Applying GTMDs: F; ,¢, Fq 48, Gy 18, Gy 4°

(Lorce & Pasquini) relate to pyy Py PuL PLL

POETIC2012 GR.Goldstein
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GTMD models

* Applying GTMDs: F; ,¢, F; 48, Gy 18, Gy 4°
(Lorce & Pasquini) relate to pyy, Py PuL PLL

But F, ,¢ G, ;®have no measureable equivalent since LU and
UL would be single longitudinal spin asymmetries.
* trans odd f,* and h;* both related to odd GTMDs F; ,°,
H1,1o
while spin-similar GPDs E & (2H;-tilde + E;) involve only
even GTMDs.

e Applying R%¢Dqg to GTMDs & TMDs

e How does Regge in R®Dqg enter? Consider inclusive
scattering & generalized optical theorem to relate SIDIS to
Im part of 3-body elastic forward scattering
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Observables

Restrictions on what is measurable in SIDIS &
exclusives

SSAs limited by Parity to be normal to scattering
plane - all that can be known

Cannot know how much is “sideways” polarized

Wigner distributions are not measurable
[k, , b,]. ..

GTMDs (Meissner, Metz, Goeke &/or Schlegel) extra
nomenclature for unintegrated model of GPDs
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A Conclusions

Q TFlexible Model GPDs — phenomenology (DVCS & DVMP)
@Spectator models relate Chiral even to Chiral odd GPDs. How far broken?
Regge behavior R¥Dq

Q) Exclusive 70 electroproduction observables involve chiral odd GPDs
do/dt, dopp/dt, Ayp, beam asymmetry, beam-target correlations,
do;/dt, do;/dt

Q GPD & TMDs through transversity & R®Dq

Q) Subset of Wigner distribution/GTMDs are accessed via models

Does this facilitate study of OAM?

Can 3-d imaging be completely model independent?
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