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Exploring Transversity

e “I've been to the zoo! Do you know what | did before |
went to the zoo today? | walked all the way up Fifth
Avenue from Washington Square; all the way . . . | took
the subway down to the Village so | could walk all the way
up Fifth Avenue to the zoo. It’s one of those things a
person has to do; sometimes a person has to go a very
long distance out of his way to come back a short
distance correctly.”

Zoo Story, Edward Albee (1958)



%ﬂ Outline

@ Some history of Transversity

@ “Flexible” parameterization for Chiral Even GPDs
@ Regge % diquark spectator model
@ Satisfies all constraints

@ Results for DVCS (transverse y* = transverse y)
@ cross sections & asymmetries

@ Extend to Chiral Odd GPDs via diquark spin relations
@ Some relations between Chiral even & odd helicity amps

@ 1Y n, n’ production data involve sizable Y 1 .nsverse

(factorization shown at leading twist for y*, ,gituainai [Collins, Franfurt, Strikman])
Y'7 requires chiral odd GPDs

Q2 dependence for i depends on y*+(p, b;)>°
@ 1Y cross sections & asymmetries

@ Transversity Amplitudes, GPDs & TMDs
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%ﬂ Transversity

e Early history - 4 decades ago
SSA nipn = Tmip elastic - single p Regge pole exchange
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dynamical models of strong interactions. A
Regge - pole model involving the exchange-of

a single 217

" trajectory (the p) has been success-

ful in fitting the differential cross-section da-

ta from 4 to 18 GeV/c.!

This simple one-tra-

jectory model clearly implies a polarization

But.. of zero.
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A Transversity

e Early history - 4 decades ago
SSA mipn = Tip elastic - single p Regge pole exchange
Need interference & helicity flip
Regge + fsi !
e Spin is not an unnecessary complication
Polarized target experiments ppf = 1 X
Polarized hyperon production pp = An X
e Amplitude analyses
e How to parameterize? Define Transversity Amplitudes

(“Optimally Simple Connection Between the Reaction Matrix and the Observables”.
G. R. Goldstein and M. J. Moravcsik, Ann. Phys. (N.Y.) 98, 128 (1976); 142, 219 (1982); 195, 213 (1989).)

e QCD & SSAs? Kane, Pumplin & Repko, PRL41, 1889 (1978).
Pol or Asym =« o(8)m, NG




9.

SSA’s cont'd

Several SSA directions
= A (WGD Dharmaratna & GG,PRD 41, 1731 (1990); PRD 53, 1073 (1996)) & /\C,B
= Heavy quarkn fragmentation (a.Adamov and GG, PRD56, 7381 (1997).

Jaffe & Ji rrie7,552 (1991) introduce h,(x) - transversity transfer
“Chiral-Odd Parton Distributions and Polarized Drell-Yan Process”
= How to measure chiral odd? DY or SIDIS

= or Fragmentation version A + anti/Af (Chen, GG, Jaffe, Ji NPB 445, 380
(1995))

New Millennium

Transversity — tensor current ¥Ybar-a gitv Ya — dq (L.Gamberg & GG, PRL 87,
242001 (2001))

Leptoproduction: SIDIS & TMDs (S.Liuti & GG . ..)
Leptoproduction: Exclusives & GPDs (119 electroproduction)

A in e p scattering, target fragmentation & fracture functions
N in p+p at LHC



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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How to determine GPDs?

Flexible Parameterization = Recursive Fit
CHIRAL EVENS: O. Gonzalez Hernandez, G. G., S. Liuti, PRD84, 034007 (2011)

J g0 = £

Constraints from Form Factors A Dirac
1
Ja’xE(x,i,f) = F(2) Pauli, etc.
0 including Axial

_ & Pseudoscalar
How can these be independent of €?

Constraints from Polynomiality Result of Lorentz invariance & causality.
Not necessarily built into models

- (=D’
2

J ar v gD = Y A e+ e

N

_(-1)"
Ja’xx E(xE )= 2  (DE - (2 ) C ()& @

#=0,2,.. )

Constraints from pdf’s: H(x,0,0)=f,(x),H~(x,0,0)=g,(x), H:(x,0,0)=h;(x)
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Lo

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

—H+1~i_ £ E+E]
2 1-e 2

N

Il
[e—

I
Y
L=

A+.+;+.+
H-H ¢ E-E

A 4= 1 & 2 1 £ 2

Ay = — AM (£~ EE) e
Vitg —t -
Ay = - , (E+£&E) /
AM
for chiral even GPDs and T-I'GV%I’SH|
te¢=
Mo = VTG 1E, 146G "
bt = oM T 5 & 5 &
A++ - \/1—62 HT+trj_tﬁT— 52 ET+ 5 ET
' 4M? 1— &2 1-¢2
— g —F =
Ap = —/1-§° zwg Hr
V=t [ 1-€ . 1 —-€~
Al = i Hr + T-’L’r + 5 Er|,

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

In diquark spectator models A....., etc. are calculated directly. Inverted -> GPDs

12
12



%ﬂ 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 Simple Spectator -- scalar diquark -
helicity amps for P>q ::::: g >P
Spin simplicity - P=>g+dig and g’+dig>P’ are spin disconnected
=> Chiral even related to Chiral odd GPDs
H, E, .. < helicity amp relations > H, E, . .
e Axial diquark: more complex linear relations
& distinction between u & d flavors
e Small x & Regge behavior
¢ Bridge through GPD in helicity or transversity to TMDs?

M3



Lo

Invert to obtain model for GPDs

++,-+= - A++,+-

A
A-+,++ = - A+-,++
A

1 2ME?
++ o+ — A++,__ H(x’gat) - \/@(A~*++ +A—*—,~) - A(l _62)(A+,~:—.+ - A—,';~.*)
2M
E(:C,é., t) = _X(A—.-{-,—,— - A—.—-;-i—,—)
- 1 2M¢
H(:L‘, €, t) - W(A*.* S o A—.~'— +) + A(l—_é-z)(A+,*.—.+ + A—,*:*n‘)
- 2M
E(.’E,&,t) - A€ (A+—,—— +A—.—7“‘ *‘)
for chiral even GPDs and
1 2M¢
HT(:C9 €= t) - \/1_762(‘4*%,*:—.— + A—,*:*,—) W(A*.--*'_ A—,~;—.—)
€Br(z,6,1) — Er(z,6,t) = QXI (Avee = Ao )
- A aM
Br@ &) + Br@&t) = jrre—al2Are + MA_H B
: 4M2
double flip A v
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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

QCDII 2012 GR.Goldstein
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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)
» Notel This is a multivariable analysis = see e.g. Moutarde, 5
Kumericki and D. Mueller, Guidal and Moutarde




Reggeized diquark mass formulation

Where does the Regge behavior come from?

2 2\ 4 12 2

G (X,¢,1) / Pk, / abz o) WAV OR L) e (X
Diquark spectral function

kz MX k/2 _ mz
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 (191773)
QCDII 2012 GR.Goldstein



9.0

Chiral Even Parameterizations
Flexible Parametrization of Generalized Parton Distributions from Deeply Virtual Compton Scattering Observables

Gary R. Goldstein, J. Osvaldo Gonzalez Hernandez , Simonetta Liuti arXiv:1012.3776

—

Parameters H E H E
mu (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
v 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
Du 0.620 + 0.0725|0.863 & 0.482(0.346 = 0.248/3.507 + 0.054
N, 2.043 1.803 0.0504 1.074
2 0.773 0.664 0.116 1.98
ma (GeV) 0.275 0.275 2.603 2.603
M2 (GeV) 0.913 0.913 0.704 0.704
M§ (GeV) 0.860 0.860 0.878 0.878
o 0.0317 0.0317 0.0348 0.0348
o 2.209 + 0.156 |1.362 & 0.585|1.298 £ 0.245/3.385 + 0.145
Y 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
2 0.822 0.688 0.110 1.00

QCDII 2012 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.

QCDII 2012 GR.Goldstein
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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.

QCDII 2012 GR.Goldstein 20



=t tol GeV* £=0.18

D N O N W O NN D N F =N

_ 0102030405060.708
X

FIG. 7: H.(X,C. Q%) evaluated at Q° = 2 GeV”. Each
panel shows H,. plotted vs. X at different values of { =
0.18,0.25,0.36,0.45. For each value of { several curves are
shown that correspond to a range of values in —t from tmin =
~M*¢ (1< ¢) to 1 GeV™.

QCDII 2012 GR.Goldstein
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%ﬂ Observables

dic? digt

id 4o _ I'(I'-TI)

ALU’ ==

d® d®

dio? N digt  2do/dd ’

do 1 [die" dio* , , IT4I*
@ _ 2 =T ||Teu >+ |T :
o 2[d<1>+d<1>] [I B |*+ | Toves | + 5 |
Note GPD & Bethe-Heitler diet dio
separate amplitudes - (I + I*)
. . , _ _d® dd _
-> interference linearin GPD Ac¢c = dig+ . dio- 2do/d®
d® dd
dicl diol N dio_ dio
apves _ L\ d® d® d® d® ) T |Tpp°%
v S, diot dio- 2do/d®
e 4o
(d“af_ B d“ai) B (d”a; B d"a;)
Al — 1 d® d® dd i@ ) T Tp |2
ur = g7 diot dio- "~ 2do/d®
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Hall B data
ALu(90°)

F A1(907) Q=30 GeV’

Q=23 GeV*
X, =0.36

(=]
T

M hhAAd hhddd MhAAd RAAd
. -

‘l.. A‘l;b.‘l;b.‘l FA‘l b.‘l.b.i
02 04 06 08 1 12 14
-1(GeVH)

FIG. 10: Beam spin asymmetry, Arv (¢ = 90%) in 12 of the
rp; and Q° bins measured in Hall B [51). The data points
were extracted by fitting Az (@), however they do not repre-
sent the uncertainties reported in the experimental analysis,
The second panel from the top includes also data from Hall A
(49]. The full circles, open circles, and triangles represent data
in similar z5; and ¢ bins, but at Q* values slightly displaced
around the value reported in the legend. All curves were ob-
tained at the kinematics displayed in the figure. Dashed lines:
results from the fit using only the PDF and form factors con-
straints as from Table I. The full lines represent the effect of
introducing the { dependent term, Eq.(34), in the numerator
of the asymmetry only.
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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.
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Interference contribution to cos(¢) term in DVCS cross section

5
! (2010)
. H
4 -
3|
o_
E 2
1
0 =
(P B S S S SR S ]

-0.35 -0.325 -03 -0.275 -0.25 2-0.225 -0.2 -0.175 -0.15
t (GeV?)

FIG. 17: Coeflicient C, Eqs.(72) extracted from Hall A data
[49]. Shown are the contributions from the GPDs, H, E and

H. All curves include the term in Eq.(34). A comparison with
a previous prediction based on a simplified diquark model,
and including H only (25 is also shown.

QCDII 2012 GR.Goldstein
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0.1
0'08 DVCS
~— Interference
0.06 o Tow
0-04 ﬂ--...”.....‘..
0.02 —
.0 S— R
002 E Sum (ub/GeV?)
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0.01 }
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0.02 F
0 20 40 60 80 100 120 140 160 180

©

FIG. 11: HallA data (47| for the "sum” {upper panel) and
"difference” (power panel) of the two electron beam polariza-
tions. Shown are curves including the contribution of the ¢

dependent factor from Eq.

33

(full lines), and neglecting it

{dashed lines). All terms (DVCS, Interference and Total are

shown for the "sum” graph.

QCDII 2012 GR.Goldstein
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Exclusive Lepto-production of 7° or n, 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. 1 & 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 29
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%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’

QCDII 2012 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(NN;AN)D>

AN ,N;-\,-N)

but then (A-N\)-(A-A)
#(/\'-N)+(A-A) unless A=A
30



S=0 Chiral even <-> odd

A9 = A9
A(+0)+ = = —Aﬂol -
A(+0Z o _A(—o-)hﬂ’
Invert to get GPDs
70 (1 2M(1 z) _Q"'o
Hr = -(1-¢) m+ Mz' [EO 2E]
o _  (1=¢/2% (=0 0. S2 \'x
b= T le -2+ (:25) EO]
=0 6/2(1—¢/2) 150 =0
B = =S [2HT—E°+E]
o  HO+H° (?/4 E°+EP ¢*/4 ¢/4(1-¢/2)
Hp = = ~12¢ 2 ~G-cpa-g&t 1-¢ Dt
S = 0 double helicity flip amplitude was calculated directly from Eq.(16),
o  to—t 1 1 F [ _§~0]
A=+ = "1 VI—C(1—=¢/2)m+ Mz £ 2 F)

31



A _xtT o
the= T T oy P HH
AV =0
A0 = A
BN 22 4+ (k2)/pr2 thT
(1) _ (k%) (1)
A+~,++ - _\/$2+<ki)/P+2 A—+,++a
Invert to get GPDs
Y=o
m _ 1=¢2 0 (ny $/2 =y (1)
Ey = vl E —1—4/2E +a| EM +

S=1 Chiral even <-> odd

1—¢/2

g _ =62 ey G2 gy (g S22
Ex T—¢ -a E . C/2E +
g _ _z+e [HO +HWY  ¢?/4 EW + EW

T = 14z 2 1-¢ 2

—~

EW

L (1
1 cET

)

/4 B

1-¢
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Chiral odd amplitudes

Avoye =-A_o__ = / k.6 (K, P)o..(k, P)

Vit -t [ﬁr JLlEEp 14 £EI_]

oM 2 2
A, = / &k, 6. (K, P')é__(k, P)
= /1—&2 | Hp+ to—tj.},._ & Ey
Pt e

Ao . = / &k, 6% (K, P)o_. (k, P)

byt o
V1= i Hr
Ary,. = / &k, 6" (K, P)é._(k, P)

Vi t[s 1€ - £~
= on |Hrt g Bt 5B

33



%ﬂ Which GPDs involved in 1t©

e Consider t-channel y* m® - N+antiN

S/ILI0 1 2 3 4 ..
0 [0+ 17 2=+ 3+ 4+
1 17— 07 17— 277 3~
17 2~ 3%+ 4
9+ 37 4FF 5

TABLE I: JPC of the NN states.

n JPC(S, L)
Axial Vector 0 077(0;0) 17(1;1)
operators Ll 077 177(0:1) 277(1;2)
(SiL) 2 1077(0;0) 1t (1;1) 277(0;2) 371(1;3)
3| 07— 1t7(0;1) 27 (1;2) 3t7(0;3) 4~ (1;4)
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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)
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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 1510
JLab Excl2010 Goldstein 0 5é%



GPDs & JPC
o Even and odd under crossing

Chiral Even GPD Jre
H(z, &, t)— H(—=z,£,t) o, 2+, ... (S=1)
E(z,£,t) — E(-z,,1) ot+, 2+t ... (§=1)
H(z,&,t)+ H(—=z,£,t) 1,3, ... (S=1)

E(z,£.t) + E(—z,£,1) [0-F, 17+, 2=+, 3%+, ... (§=0,1)
H(z,£,t) + H(—z.£,1) 177,37, ... (§=1)
E(z,¢.t) + E(—=z,¢.1) 17,3, ... (S=1)
H(z,£.t) — H(—z.£,1) 22—, 4—,... (§=1)
E(z,£t)— E(—z, &) 117,277,347, ... (§=0,1)
Chiral Odd GPD  |J-€ J+C
Hyp(z,€,t) — Hp(—z,€,8)[27F, 47T, ... (S=0) 1+, 3%+ ... (§=1)
Ep(z,€,t) — Br(—z,6,t) |27+, 47F, ... (§=0) 1+, 3% ... (§=1)
Hy(z,€,t) — Hy(—z,€,1) 17, 3t L (8 =1)
Er(z,&.t) - Br(—z,t)|277,47F, ... (§=0) 357 ... (8=1)
Hyp(z, €,8) + Hp(—z.£,8)|177,277,37 ... (§=1)|1t", 3 ... (8=0)
Er(z,€.8) + Er(—z, 6, t) 17,27, 3 ... (§=1)[11", 3" ... (S=0)
Hy(z,€,t) + Hr(-z,&,8)|17—, 27,3 ... (§=1)
Er(z,¢,t) + Ep(-z,6,t) |27, 3,4 ... (§=1)[3+, 5" ... (S5=0) 37




9.

Chiral even < odd relations

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

S=0
(0) — A0
¢++(k, P)= A(m+ Mz) A+*,—— - A++,++
_(k,P) = A(k; — ik: (0) ()
S_1¢+( )= Alk1 — tk2) AV, o= AV
B (0) (0)
k1 — ik A - = —A_ :
¢i+(k,P)= A 11_2:32 + =4+ +,++
_ ki +ikz) X T+ T
¢++(k’P) = —‘A( 11_::) Aill-,—— ~ 14z (+1-)~ s
ot (k,P)= 0 AP =0
éi_(k,P): —A(m+M.'1:) A(l] o (ki) A(l)
o' (k,P)= —A(m+ Mz) - T D24 (R2)pra b
¢_.(k,P)= 0 X
A0 (k1) ne
e T Ty peE e
1 TI(k)

A= @ 38



dt

~ N g™
~ N2[g

~ N2[g

~ N2[g

~ N2[

Q)

(@)

HT’ gT’ gT’ gT
gy e P (1B P B )] "
(@F (1:5)4 213: | Hr [* (1
(1+§) [I Er > | &r [P + ReHr Re(‘gTQ 1) | Smiy Sm(?;—sf)
(1
@ 2\/%7”‘7 5 0
@G s) . Méf lm‘”"-’ sxm@;—ar)_gm% sze(zT2_ gT)] .
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E 1 - h1=HT N
- | — thI)elfP=HT
- — Boer Mulders=2H +E
_ 10% é 05 -
> i O
% . 2
= g 0
g 0 =
> - =
3] E 5]
b4 i g -0.5
g E
° 1 xp;=0.37 =
i Q*=2.35 GeV> -1
-17 |
10 \ \ \ \ \ \ A5 oy
0 02 04 06 08 1 12 14 10 10 10 1
-t (GeV?) X

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*
_ZOO",Y.l,AAJAA 1 | T 13

0 02 04 06 08 1 12 14

-t (GeV?)

Hall B data, Kubarovsky& Stoler, PoS ICHEP 2010
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Transversity amplitudes

H:(x,0,0) = h,(x) “measures” transfer of transversity
| p,+(-)>"=[lp,+> +(-)i Ip,~>]/+/2 (y-normal to scattering plane)
Or | p,+(-)>™=[lp,+> +(-)Ip,->1/4/2 (x-in plane)
Or | p,+(-)>™=[lp,+> +(-)e® |Ip,->]/+4/2 (in transverse plane)
ATy ong = linear combination of Ahelicity
Hroc AY,  -AY,_  -AY _  + AY__
Diagonal in transver3|t|es = probablllstlc interpretation
w/0 b-space
Same spin form as TMD h;(x,k:?)

h,t (x,ky2) compare H;(x,0,A:2)

or unintegrated H(x,0, A;2,k)

42



9a

TMDs & GPDs

o f. o« A++,++ + A+—+— + A——,— + A—+,—+
= ATY++,++ + ATY+—,+— + ATY——,—— + ATY—+,—+ ~ H
® g, «A++,++ - A+—+— + A—— - A—+,—+
- ATY++,—— + ATY+—,+— + ATY——,++ + ATY—+,—+ ~H”

® h'ITJ' x A+_’_+ + A‘+,+_ ~ HTN mIXtUFe Of TY & TX
e “T”-odd TMD vs. GPD

o it o ATY

P h1l o« ATY

++,++

++,++

TY - ATY - ATY
FATY, AT AT

_ ATY
ATY

. ~E

e AT+ ATV~ 2HT+HE,
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ZASm FA+,A— Ochlj_(xak;) A —A_
ZASmFHL,—ﬂOCf;(xak%) A | _A_

(h1T) 2ﬁT +ET

esfl

1.75

0.75

01 02 03 04 05 06 0.7 08 09
X

44
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A Conclusions

Q Flexible Model GPDs — phenomenology (DVCS & DVMP)

@Spectator models relate Chiral even to Chiral odd GPDs. How far broken?
Regge behavior

Q Exclusive 0 electroproduction observables (depend on axial vector 1™
exchange quantum numbers)

QGPD H; yield values of du & 8d also have k" & x9.

Q do/dt, do/dt, Ayp, beam asymmetry, beam-target correlations,

do;/dt, do;/dt

Q@ FUTURE: DVCS & n° along with 1, p, ® production will narrow range of basic
parameters of GPDs, transversity & hadronic spin.

Q GPD = TMDs through transversity

QCDII 2012 GR.Goldstein 45
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DVCS Cross Section (Belitsky, Kirchner, Muller, 2002)

do Q3 TRY
drpdyd| A datle ~ 1672 Q24/1 + €2

e’J\Amletude

Angle between
transverse spin
and final state

_ (A9 ey M
(Pk,) *Jo?

e between planes
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Comtpon Scattering and Bethe Heitler Processes

\ £ e'
e
v 5 i’
€ “L. o3 = £ R T TN
(a) (b)

T = |’-1']511|2 + |Toves “+ T,

| Tau|* =

BN B s (ng) + 5”” sin (¢ }
(1+{emaﬁ[qﬂﬁ @ Zl e ?

' EE'
|Toves 2 _ zgz { DVCS Z [ ””%Lut-(ﬂv}-i—am 05 :-.111[1'1:;':]]} |

n=1

+e”
1= TPt AP (6)Pa(0) {Lu T rZ:l [_Lua (nd) + s, mn(nq{ﬂ }
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Look for instance at DVCS-BH Interference

T _ . [E_y]z 2T &_3 ey - il i
L[]:;:np - S{E g)%ﬂ 1 — y K £11np {':F} + Qz {1 U) I:? “EU} {cunp + ‘ﬂ'cunp) I:}_]

L _ 2
€1,unp _ _[2 —2y+y } e .
{E{I:unp } = 8K { ,}LUEQ — y) Sm Eun]ﬁ E-?-_:I 1
I g _
2 unp . 16K —{2 — |':||') e . P
{ . }  2-—up { AY Sm Canp (F ) "

‘H:jI:unp
SQEKH

v — L -
Caunp = i'll-‘f:elig o .’EE)E%L [:'I'J]Tlp {'F-f} '
E B 1 die™ _d‘lcr B d'lE[|BVCS|2]
dd 2| d'® 4@ || d*d
- : _ ﬁ"! . Im I
CL. =FH+ 5 J:U. (F, + E)H — e FE + 80y )T Im [CF(F)]
— B . —_sin(2¢. )05 Im [C? {.‘F”ﬁj] ,

dle  1[d'c" +d4.:r _ d'e(|DVCS]?)
did 2| did did || did
dia(|BH|?
+ Uiﬁ@ | ]+F§f:.lﬂtc [¢? + ACT] (F)
+ 1“3:“ “Ree |€I{ﬂ] _EUHE‘ﬁW'W')T?ERE [CI[F }]
+ €08(26,)TERe [C(F*)] ,
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Observables

dc(lf_.thN(lf1+0+|+|f1+0-|+|f1 o+ [+ 1 fi- 0'|)
= N(LAP+ILP+1fsP+]fuP) (1)
dg—t[‘ = N(|f0+0+| +|f0+0—|)
= N (I 5P +1£l), 2)
N=[M(s—M2? " @ (3)
d‘ZT = —2NRe(fio4fr—o0- — fivo-fr—o0+)
= 2N Re(fifs—f3fs). (4)
dorr

= 2N Re [f5,+;0,_(f1.+;0,— + fr—04) + fot04(fr+04 — fl,—:O,—)]
= 2N Re([f5(fa+ fa) + fs (fi — fa)]- (5)

For the beam polarization, taking the virtual photon in the z-direction in the
target rest frame,

dt

dU LT
dt

= 2N Qm [f5'+;ov_(f1,+;o,— + fr—04) + for04 (fre04+ — fl,—;O,—)]
= 2N m[f5(fo+ f3) + fe(fr — f4)] (6)

transversely polarized target asymmetry,

Ay — QQ(m(fld‘ng_ fi f2) (7)

T
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Q

more observables
_28m(fifs — fif2)
Apr = ‘kﬂ : (7)
dt
This is also called the sin(¢ — ¢s) moment for purely transverse photons.
When the azimuthal dependence of the hadron plane is averaged over sin(¢;)

moment
28m(f1 fs — f5 fe)

AL"T’ = 6(1 + 6) dO'T . (8)
dt
The beam spin asymmetry;,
dor
2€ L(l — 6) oLT
o=V dt (9)
dor . 9o
dt Tt dt
For the target polarized longitudinally to the virtual photon direction,
Ay = \Je(1 +€)Sm[(fi + fa)" fo + (f2 — f3)" f5] (10)
where € is the ratio of longitudinal to transverse virtual photon polarization.

ers.
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S
w =2
S

do, /dt (ub/GeV?)
-t = = =
TR S

&
[

0.05

0

-0.05

01761 02 03 04 05 06 07 08 09 .1

-t (GeV?)

All GPDs

Ahmad, GRG, Liuti, PRD79, 054014 (2009)
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Q2 dependent form factors
t-channel view

~

XIA + k'(rl) qu, + i"r(l)
V (L=0) —— 0 ([ =
A (L=1) = (L=0)
A =S q'=q+A
)
XZA + i;,(rz) qu’+ Fkv"I‘(Z)

see Belitsky, Ji, Yuan (2007) & Ng (2007)

Fypmo = f dx,dy f &by (yy, b)CK,(yx,(1 — x1) 0%b)
X ¢ o (x1, b) exp(—S), (50)

where now

y Oy, b) = f Lhr ;B kp), (51)
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All GPDs

<0.175 Q? = 2.3 GeV?

f— ) 7 2 )
4 0.3 GeV 07: 10 /\C/Z

0.075
0.05
0.025

-0.025

-0'0%.05 0.1 015 02 025 03 035 04

Ahmad, GRG, Liuti, PRD79, 054014 (2009)
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9.0

Asymmetries

e delicate interplay among amps, GPDs & Compton Form
factor phases. very sensitive to physical parameters -
tensor charges, “anomalous transversity”

o Ay (sin(0-0,)) Ay (sind,) o (beam pol'z’n) A, (‘long.”)

. A _
Asymmetries QA2=2.5, Asymmetries QA2=3.5, x=0.36

N5 0.12
0.08 x=0.25 o1
0.06 ) 0.08
0.04 0.06 A_UT
0.02 A_UT 0.04 — A_UT'
' 0.02
0 . . — . 0 . : . P
0.02 0 0.5 -\ 1.5 2 alpha 002 0 0.0 1 1.5 2 A_UL
' \—A_UL -0.04 \\
'0-04 \ o~ —~ ‘0.06 —
-0.06 -0.08
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