Chiral Odd Generalized Parton Distributions
and Their Role in Neutral Meson
Leptoproduction

Gary R. Goldstein

Tufts University

Simonetta Liuti,

e Osvaldo Gonzalez-Hernandez
cry omgd'u les v / 7‘;: —
=

e oy { University of Virginia

; —j_;- , and power supplies Presentatlon for
- S new cryomodules «
b : DIS 2011”
Thomas Jefferson National Lab These ideas were developed in Trento ECT*
& INT & JLab

1



%ﬂ Outline

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

@ Results for DVCS (transverse r ™ - transverse 1)
@ cross sections & asymmetries

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

e 10 n, n’ production data involve sizable 7 *1nsverse

(factorization shown at leading twist for » " .giudinai [Collins, Franfurt, Strikman])

y “1 requires chiral odd GPDs
@ pseudoscalars couple via 7>

@ Q2 dependence for i depends on r“+( 0, b;)>0
@ 119 cross sections & asymmetries

@ /., polarization & Generalized Fracture Functions



DVCS & DVMP  y*(Q?)+P—(y or meson)+P’
partonic picture

(a)q 2, 5 q+A
K =ko-A }
k|+=(x_C)P+
P'+=(1-C)P+
/ . Plr=-4 }
Factorized
C_'O ,,“‘handbag”
picture
Regge Quark-spectator
quark+diquark
X>TC DGLAP
X<T ERBL

see Ahmad, GG, Liuti, PRD79, 054014, (2009) for first chiral odd GPD

parameterization focused on pseudoscalar production
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GPD definitions

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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How to determine GPDs?

Flexible Parameterization = Recursive Fit
CHIRAL EVENS: O. Gonzalez Hernandez, G. G., S. Liuti, arXiV:1012.3776

1

. dxH(x,t,t)=F (t
Constraints from Form Factors ¢ (re)=Fi(1) Dirac

.de(x,ﬁ,t)z F,(t) Pauli, etc.
0
How can these be independent of €?

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

k 1 1 n+l
dex H(x,Et) = Zk s A, (DE + (2 ) C, ()¢
_ k '('1)n n+l
jdxx E(x,E )= ZBnk(t)<§ = C, (0%
Constraints from pdf’s
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= Spectator inspired model of GPDs

e 2 directions -
= 1. getting good parameterization of H, E & ~H, ~E
(see O. Gonzalez-Hernandez, GG, S. Liuti arXiv: 1012.3776)
= 2. getting 8 spin dependent GPDs

e Chiral Odd GPDs 9 production is testing ground (New results — preliminary)
e Simplest Spectator -- scalar diquark -
helicity amps for P>q: g >P’
Spin simplicity - P>g+diq and q’+diq>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

DIS2011 GR.Goldstein 4/14/81



La

| Spectator inspired model (cont'd)

e scalar (ud+du) -> u struck quark
e axial (uu, ud-du, dd) -> d and u struck
e pure scalar diquark: 3 - relations among helicity amps => at & & t not O

o E=-fLE;+E;", EE7 =-2H;" - E;+ &£E;~ (multiplied by /(ty-1))
Hy +(to-t)H{~/4M2= (H+H~)/2-E[(1+ E/2)E+ EE~]/(1-E2)
and H;™ in terms of chiral evens
Could apply to u-quark GPDs - part that has scalar if same Regge factors

e Regge-like behavior 1/x2M could differentiate among GPDs depending on
t-channel quantum numbers



Vertex Structures

7\"

First focys e.g. on S=0 pure spectator
H = ok (k'.P)o, (k.P)+ ¢ (K'.P)¢’ Ak.P)

E= o (k'.PYo, (k,P)+¢ (k'.P)p, (k,P)
H=¢ (kK'.\PYo (k,P)—¢ (k'.,PYp_ (k,P)

E=¢@ (k.PYo, (k,P)—¢" (k'.P),. (k,P)

Vertex function @
k2 . m2
k2 — 2|2

¢(k2a /\) -

k'*=(X-C)P*



Vertex Structures

MIN Ke(-0p

Py=(1-X)P* P,

First focyus e.g. on S=0 pure spectator
J P P Note that by switching

(k,P) A>- A& A= -A(Parity)
will have chiral evens
E=¢ (k',PYo, (k,P)+¢ (k'.P)¢, (k,P) gotochiral odds

H=0¢ (kP k.P)—o (k'.P' k. p) 9iving relations —
§0++( )§0++( ) ¢_+( )¢‘+( ) before k integrations

E=¢ (k',PYp, (k,P)—¢@ (k'.,PYp, (k,P) AINN: AN
+A(N N;-A\,-N)

H=o0o (k',P')(p++(k,P)+q): (k',P")op"

++

Vertex function ® T but then (A-N)-(A-)

d(k*,\) = [EEyviS #(/\N-N)+(A-A) unless A=A




Fitting Procedure e.g. for Hand E
v Fit at =0, t=0 = H(x,0,0)=q(X)

3 parameters per quark flavor (M,9, A

v Fitat (=0, tz0 = 1
/ dXHY(X,t) = F(t)

0

0

2 parameters per quark flavor (B, p)

1
/ X EY(X, 1) = Fi(1),

o) + initial Q,2

P12
Ry =X~ o =By (1) Regge
. 2y P, A) Sk, A) uark-Diquark
Gty (K1) = 1— x d kLD(X._kL) DX,k +(1-X)A,) Q ]

»  Fit at (=0, tz0 = 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,
Kumericki and D. Mueller, Guidal and Moutarde



Reggeized diquark mass formulation

(K%, A%) o(k"2, A%)

2 —1\([}2( klZ _m'Z

Diquark spectral function

F(X,(,t) = NG (X, (1) RE™ (X,(,t)

"Regge”
p 1 “
<8(My?-My?)
oc (sz)Oc
+ Q2 Evolution / \
M, 2

Following DIS work by Brodsky, Close, Gunion (1973)



Chiral Even Parameterizations
Flexible Parametrization of Generalized Parton Distributions from Deeply Virtual Compton Scattering Observables
Gary R. Goldstein, J. Osvaldo Gonzalez Hernandez , T and Simonetta Liuti arXiv:1012.3776

Parameters H E H E

m, (GeV) 0.367 0.367 2.479 2.479

My (GeV) 0.583 0.583 0.467 0.467

M} (GeV) 0.963 0.963 0.909 0.909
Q. 0.222 0.222 0.218 0.218
al, 1.859 £ 0.0747 | 6.340 £ 1.587 | 1.758 = 0.839 | 3.594 £ 0.193
Pu 0.2372 = 0.0788 | 1.861 = 0.432 | 0.5576 % 0.4677 | 3.235 £ 0.074
N, 1.468 1.468 0.0343 = 0.0032 |0.7997+ 0.0256
x* 1.150 0.795 0.113 0.856

ma (GeV) 0.0850 0.0850 1.211 1.211

M$ (GeV) 0.841 0.841 0.699 0.699

M3 (GeV) 0.759 0.759 0.836 0.836
i 0.0378 0.0378 0.0417 0.0417
al 1.456 £ 0.146 |3.725 = 3.176 | 1.488 = 0.629 | 3.302 = 0.393
Pa -0.4618 % 0.3355| 2.654 £ 1.543 | 1.032 % 0.552 | 2.804 £ 0.195
Na 1.023 -2.322 + 0.294-0.0768 £ 0.0068(-1.156 = 0.098
x? 1.044 0.620 0.110 0.863




Observables

dioc? diot
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d® ' do
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E—§[d¢+d®]—P[|TBu|+|TDvcs|+ 5 |
dio* B dio~
An — 4@ — do _TUT+TI)
diot N dio~ 2do/d® ’
d® = dd
(d“aj: d“a;)+(d4a; d"a;)

ADVCS _ 1 \ 4o dd dd e ) _ T | TRYCS |2
v S, dict dic 2do /d®
@ o
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FIG. 6: (color online) GPDs F,(X,0,0) = {H,, E,, f,}, for
g = u (left) and g = d (right), evaluated at the initial scale,
Q? = 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.



Hall B data
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FIG. 9: Beam spin asymmetry, ALy (¢ = 907) in 12 of the xp;
and Q* bins measured in Hall B [49]. The data points were
extracted by fitting A;(¢), however they do not represent
the uncertainties reported in the experimental analysis. The
second panel from the top includes also data from Hall A 47|
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] Full lines: effect of the ¢ dependent

term from Eq. .



Hermes data
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FIG. 14: Coefficients of the | . ,| Agr,
extracted from experiment [50, /51, The upper panel shows
the terms E and F from Eqs. and , respectively;
the middle panel shows G, and the lower panel H, both in
Eq.{72¢). The curves are predictions obtained extending our

quantitative fit of Jefferson lab data to the Hermes set of
observables.
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FIG. 13: Coeflicients of the beam charge asymmetry, Ac,

extracted from experiment [50, 51/, The lower |
coefficient for the cos¢ dependent term in Eq.|
the upper panel is the cos¢ independent term.
relevance of the pure DVCS contribution, Tphye

nanel is the

72c), while

Notice the

s |°.



DVCS
— Interference
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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.




Comparison with lattice

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

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

1*- exchange

TEO

/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 q-q" # 0. 1 & h,
Naive twist 3 Woar Y° 12

+1/2

Rather than yy>— does not flip twist 2. But q’*y® N N

will not contribute to transverse v Differs from t-
channel approach to Regge factorization 4/14/11 19
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Q2 dependent form factors
t-channel view

XA + k(Tl) yiq + k&«(l)

V (L=0) i
)

n° (L=0)
'=q+A

A (L=1)

o 10990000 ;
Ne)

~

+
|
72
B
o)

12
XZA + k'(r)
see Belitsky, Ji, Yuan (2007) & Ng (2007)

Fyame = f dx,dy, ] by P(y1, bYCK, (1 (1 — x1)0%)
X ¢ o (x1, b) exp(—S), (50)

where now

y Oy, b) = [ Lhrl, b)Y kp),  (51)

DIS2011 G.R.Goldstein 20



New Chiral Odd GPDs
& exclusive 10 electroproduction
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Cross Section




Cross Section

New Chiral Odd GPDs
& exclusive 10 electroproduction

50 -

xp=0.41

AS0

1
-aiN)

data:Q2=3.2 GeV?, x =0.41

preliminary data courtesy
V. Kubarovsky, HallB



New Chiral Odd GPDs
& exclusive 10 electroproduction
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Cross Section

100 -

New Chiral Odd GPDs
& exclusive 10 electroproduction
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:Q2=2.3 GeV?, x =0.32

preliminary data courtesy
V. Kubarovsky, HallB



Regge model at small x. Itl ¢,

3.00E-04 4N
B
L\SOE 04 '&
-
1{-2\00E-04 .
1 1\nr 04 sigma_L ! - —um
T VULCETUS . 4 - .
\" ——sigma_T 1) } N
+-0DE-04 sigma_TT N
——simga_LT ++ ->
-5—66.-\u-,;/t sigma_LT' \ { 3
()D 0.5 -1 -1.5 -2 +
- -5.00E-05 0 | [ | |

_ _ data:Q2=1.6 GeV?, x =0.19
Q2_1 3 Gevz’ X _013 preliminary data courtesy
V. Kubarovsky, HallB
large s, small t, but Q? too small for GPDs
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Regge model at small x, [f]

400
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sigma_TT

—

—sigma_LT

UUUUUU

-200

Q?=2.3 GeV?, x =0.27
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data:Q?=2.3 GeV?, x =0.32

preliminary data courtesy
V. Kubarovsky, HallB
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Asymmetries

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

o A, (sin(0-9,)) A, (sind,) a (beam pol’z’n) A, (“long.”)

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

0.12
Y o Yo N w
0.08 x=0.25 0.1
0.06 - 0.08
0.04 0.06 A_UT
0.02 aur 004 —A_UT
) , 0.02
o~ —_—A_UT alpha
o T 1 L 1 O u y U 1 p
0 0.5 \ 1.5 o apha 505 o~ e , =—A_UL
_002 J . . . v o I o Z
—AUL TN
0-04 \
'0-04 \ o~ y —0_06 R
-0.06 -0.08
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NUCLEON TENSOR CHARGE FROM EXCLUSIVE #" ...

do/dt (ub/GeV?)

do/dt (ubiGeV?)

PHYSICAL REVIEW D 79, 054014 (2009)
Nucleon tensor charge from exclusive 77° electroproduction

Saeed Ahmad,"* Gary R. Goldstein,™" and Simonetta Liuti'**

0.2
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Model of hyperon polarization
Dharmaratna & GRG (1990,96,99)

1.Gluon fusion P O T T i Y R ™
dominant mechanism AR
for producing polarized o 12 3 4 5 R T
massive quark pair S O T T T _gol (3%
r ] |
g. Iliow Pt phenomenon 5 ol e 3 T S
. Recombination rules = Lol Opmpm T
~ 0 1 2 3 1 5 i B800-Ce 1
< . 100-Ge
o OmEmT T -10 12-Ge
. | \ L _—
*Yep o 2 < |
3.31_._.“_{—::_4_._““: ...... _J .ch. .................... _J
0 1 2 3 4 5 0 1 2 3 { 5



Hyperon and Charmed Hyperon Polarization
GG, S. Liuti and P. Di Nezza

Interpretation in new language of GPDs:
Generalized Fracture Functions

W rrTT (L Trentadue)
P
| G, (x,2;8,1)

—=zzzd=zzzz=z=z=z=:=3% AC
| | (s

EOi % . ‘ . - zW \
0 1 2 o (ceB ' 5 —E§

p+p 2A:+X Polzn(A;) E791

Large mass scale ; l ; AC T

Antiprotons TrentHuI.O? 20
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Conclusions

9.0

Q Flexible Model GPDs — phenomenology (DVCS & DVMP)

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

Q Exclusive n° electroproduction observables (depend on axial vector 1+
exchange quantum numbers)

Q Pscudoscalar form factor without 70 limits E~ coupling for v

Q) GPD H, yield values of du & 8d also have k" & ;.

Q doy/dt, dopp/dt, Ayp, beam asymmetry, beam-target correlations,

do;/dt, do;/dt

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

QA

s.cp Polarization at high E & Generalized Fracture Functions

4/14/11 DIS2011 GR.Goldstein d
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90
Spectator inspired model (cont'd)

e recall that TMDs f,PeP = h,Pe® in scalar diqg model with gluon
exchange/gauge link/f.s.i. (Gamberg & Goldstein 2002)

e E=-£E;+E;” integrated over x at £=0 2F,(t) fromE;~ & E

o fE~=-2H- E;+ £E;~integrated over x at £=0,t=0 =2
kr=0? No - overall 4/(t,-t) on both sides => only sensible for
non-zero t

e att->ty Hy=(H+H~)/2-&E[(1+&/2)E+ EE~]/(1-&2) integrated
over x at £=0 = tensor charge = charge+axial charge for u
with“scalar diquark” remnant & 2hyu(x)sf,u(x)+g,4(x) . ...

(this roughly Torino analysis) Saturates Soffer bound at low Q2

e Departure from these simple results -> axial diquark contribution



Observables

d(fT

T = N (s P+ frvo P+ fimas P+ | ficac )
= N( LR+ LP+1 AP+ 1) M)
dg—t[‘ - N(|f0+0+| +|f0+0—|)
= N (I 5P +1£l), 2)
N=[M(s—M2? " @ (3)
d‘(’;f = —2NRe(fi1o4fr—o0- — fivo-fr—o0+)
= 2N Re(fifsi—fifu). )
d(jilf = 2Ae [f5,+;0,—(f1.+;0,— + fi—04) + for0+ (frr0+ — f1,—;o,—)]

= 2N Re[f5(fa+ f3) + fo(fr — f4)]. (5)

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

dU LT

i 2N QSm [f5'+;0‘_(f1,+;o,— + fr—04) + fo+04 (fre04+ — fl,—;O,—)]
= 2N m[f5(fo+ f3) + fe(fr — f4)] (6)

transversely polarized target asymmetry,

AUT _ 28’m(fld‘£;_ f4 f2) (7)

DIS2011 G.R.Goldstein
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more observables
_28m(fifs — filf2)
Ayr = dor : (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 9Sm(f fs — f1f)
o miJjiJs — Jale
AL‘T’ = 6(1 + 6) @ . (8)
dt
The beam spin asymmetry;,
J2er(1—e) 2o
a= gt (9)
dor . 9o
at Fdt
For the target polarized longitudinally to the virtual photon direction,
Aur = \Je(L+OSm[(fi + f)"fs + (fo = f)" (10)

where € is the ratio of longitudinal to transverse virtual photon polarization.
ers.

DIS2011 G.R.Goldstein 4144



Recall that helicity amps are linear combinations of GPDs

[H+H & E+E
A pp oy = 1 -& 9 o 1 — Eg 2
o ——|H-H & E-E]
A—.+;—.+ - 1 - £ 2 1— §2 D)
A+ = 4 W (b fb)
Vi -
A 4 = L , (E + §E)
AM
for chiral even GPDs and
Vig—1 |~ 14& 14&~
A4y = = ZOM [HT + 5 gbr - 513-)"]
to—t ~ £ £ =~
— . 2 ol o]
Al vV1-§& [HT 4»12 Hry . E,zbjr + 1= £2br]
A+---+ = - V 1— 62 11‘) HT
t t |~ 1-—- 1 —-§€ ~
Ay = 20'\«1 [HT + —Effr + E ]

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

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

DIS2011 GR.Goldstein
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Invert to obtain model for GPDs

++,-+= A++,+-
—+ ++ = - A+-,++ 1 2ME?
4t = A++ . H(.’E,&, t) - \/@(A~.*:+,+ + A—.*;—,~) - W(A+ s — Al i+, *)
2M
E(I,g,t) - = A (A—.-h—,— - A—.—;-i-,—)
- 1 2M¢
H(:E, €, t) - M(A*.* S % A~ +i— +) + A(l—_é-g)(A+,—~.~.+ + A—,*:*,+)
~ 2M
E(.’I),f,t) - Af (A+———+A—*T“‘*)
for chiral even GPDs and
1 2ME
Hi(60) = (At + A ) 4 g (e = A
EBr(x6.1) — Brle,68) = A (A —A )
~ A 4M
ET(iL',f, t) -+ ET(:L',f, t) = m(l—_g)[QA.h_;___ -+ WA_*H_,_]
. ~ 4M*
double flip Hy(z,§,t) = XN Ay

DIS2011 GR.Goldstein
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do, /dt (ub/GeV?)
= = =
e
;o b W O

&
—

0.05

0
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All GPDs

Ahmad, GRG, Liuti, PRD79, 054014 (2009)
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Regge-cut model Beam-spin asymmetry o
data R. De Masi et al.,Phys.Rev.C77, 042201 (2008).

Regge-cut predictions - comparisons involve g, €
Ahmad, GRG, Liuti, PRD79, 054014 (2009) blue
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Spin degrees of freedom in pp scattering

Transverse A polarization in unpolarized scattering
D. Boer, DIS 2010

Large asymmetries have been observed in p+p — AT+ X
G. Bunce et al., PRL 36 (19?6? 1113

Set of all data compiled by K. Heller Outstanding
? % 1. A puzzle!
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Collinear Factorization Non Collinear Factorization

D+ has been extracted from fixed target p + p(Be) — AT(AT) + X data

Py ~q(z1) R g(x2) ROgg—gq @7
A~ q(71) ® 9(22) ® Ggg—q0 Anseélino, D.B., D'Alesio & Murgia, PRD 63 (2001) 054029

Go beyond collinear factorization,

Insert krand polarization dependent = Polarizing Fragmentation Function
Fragmentation function



Comparison with lattice
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