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ZA Generalized Parton Distributions (GPDs)

spin & transversity distributions
See Ahmad, Goldstein, Liuti

PRD 49, 054014 (2009)

d QY
One amp for Deep InElastic Scattering via X

N(P) X
6(x,Q?) for DIS from squaring amp
& summing over X’s ] ~
<Im(F(YN—YN)),_, © Q%) g
“Handbag’ model is lowest order
Perturbative QCD q .
— Structure functions (x,Q?)
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From DIS to exclusive

electroproduction
.
c \ >
Y(QZ)
Y(QZ)

N(P) _><[ b ——pN(P)

Tiv = i/d'll'/d'xyc 1R VAN (pa, 82)| T {J 5 5 (W) TEar ()} IN (p1, 51))
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Q From DIS to exclusive
electroproduction of y or mesons

e

Y(Q2)
Y(O) orp,®,mT,N, M

N(P) —><( b—»N(P )

Ty = z']d"x/d"yc @Y (N (p2y 82)| T {J 50 (W) TEns (@)} IN (p1, 81))

Deeply Virtual Compton Scattering or
Deeply Virtual Meson Production
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Q From exclusive electroproduction to
neutrino-production

VvV or anti-v, W or W*

VvV Or anti-v ZO W+or W- Y(O) or p, ®, T, 0, M’

N(P) —><[ b—»N(P )

T, = i [ dia [ iy e T (N ()| T (T (8) T @) IN (1, 50)
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From exclusive electroproduction to
neutrino-production

e (v or anti-v, W or put)

(ev'or — Q) (Z°,Wror W) y(0) or p, o, T, M, M’
N(P) _><[ —pN(P’)

Tiy = 2'fd'l"?_/d'iy e " EREYAN (p, 82)| T {J 55 (4) T (2)} N (p1, 81))

Replace EM current entering with Weak current.
Replace outgoing photon with meson e.g. t°.

Ty = i/d&x/d‘;y e MY (N (p2, 82)| T {0 (y) Jiy (2)} [N (p1,51)}
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From hadrons to partons

e (v oranti-v, Wwor u')
Q) (Z°,Wror W) y(0) or p, o, T, M, M’

(v or ant1-v

NP) —p( Tk ) —NP)

Ty = 2'fd'lib'/d'iy e TRV AN (py, 82)| T {J5 00 () JEng ()} IN (p1, 81))

Replace EM current entering with Weak current.

Replace outgoing photon with meson e.g. t°.

Ty = i / d'z / dty e =9 (N (g, )| T {J0 (9) Ty ()} N (1, 51))
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A} From hadrons to partons

Vv or anti-v, W or w*

. v(0) orp,®, T, M, M’
V Oor anti-v

NP) —p( Tk ) —NP)

Ty = i [ diz [diy e ooy (N (oo, 50)| T (T () Ty @} IN (b2, 50)

Product of current operators has decomposition into quark field operators (OPE)

Leading twist involves free quark spinors. Now consider t production (outgoing y— )

iT {Jro (2/2) Ty (—2/2)} = iZ [w,- (z/2)°i B (z) ’}"’% (c{ '\/;-,C;f;) Y5 (—2/2)

2
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Spin dependent GPDs upon insertion of T
product into nucleon matrix elements
H,E to E.M.: F,(t), F,(t) &

Q
P
1:1 (X’Qz)’ 91(X’Q2)

v
r:{,p",n...
Chiral even N\ H; to h,(x,Q2)
, .

t
Chiral odd —H_.E_.H,.E

Spin dependence relates

Parity violating V-A coupling doubles the number of
helicty amps from 6 to 12.
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Procedure: GPDs to do"/d€2 o ;ond Q2 es0ndt &
asymmetries, especially ¢ for —yor p,o,n,n,,K

Exclusive spin dependent e or v amps
¥
Factorized into handbag with quarks (2 scales)

PQCD for Virtual boson+quark —vy (or p,m,n,n,K)+quark’

Soft quark/nuclgon amp—GPD

¥
4 chiral even + 4 chiral odd GPDs

Connected to 8*helicity amps

Combine soft & hard. Integrate over pg,, — T-matrix
for each helicity combinati%n — form do/dQdt...

Models: diquark or exchanges — predictions
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Defining GPDs via quark correlation on light cone

Fq - % d;r e (p Q(—-Z) (%z) Ip) z7=0,2=0
= 2113_,_ !H"(x & 1) u(p')y ulp) + B(z, &, t) u(p )%u(z))]
[ % d2z‘ ix P+ 2 i q(——z), ,,q(% ) o
1 AT
= >5F lH"(:z: &, t)u(p' )y vsu(p) +Eq(1‘ €, t)U(P) (P)]

These are chiral even — no quark helicity flip
4 other chiral odd GPDs with y> o*!
Collinear factorization applied (k; quark momenta integrated over)
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12

GPD is Real function of x (unobservable longitudinal
momentum of parton),

Cor C (fraction of long. Mom. lost by target), t, Q2.
>0Observables cannot depend on § or (.

>Integrated GPD is like a Compton Form Factor -
complex

>phases enable interferences & asymmetries

Lo o )
T (.00 = 2" u(p)iu(p) D e H (&

flavors

B +1 Hf(x,é,t)
0= a e
1 +1 H (x,f,t)
mff,EN=H,EED  ReHEn=_PV|d—=5

§(Max)?

1 H . (x,x,t
Dispersion Relation: Re H,(5,t) = —PV J dx A )
T

’ x=¢
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Quarks

do not

flip helicity
for these

amps
= not quark
transversity

07/18/2009

GPDs & helicity

Functions of x, &, A

dz™ u:P+’ '/ .
f Ap 27!' < )‘ |( #(“)lps A>|"+=0.~ZT=0
d*kr
= dz~ d°z N|O z)p. A
(271. [/ o e <p | JJ( ) |p >] 2t=0kt=xpt
B4 Fa
App+ = 5 ) ;
E9 _ Fa
A4+ = .
Aot = H(x,0,0)=f,(x)
A yos & H9(x,0,0)=g,(x)

2m 2
M. Diehl; Boglione & Mulders
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7.0

Chiral odd GPDs

1 dz= +.- T . i
e () N (= $2) io T u(32) [p. )|

2/ o2n 2+=0,27=0
01y e s s PTAT—ATP
opr P A) [HT i + Hp ——5
FAT - ATAE . ~tpi_ ptai
+ B — R 5 "]u(p,,\)

Eqns connecting GPD & helicity amps - M. Diehl, Eur.Phys.J.C19 (2001) 485;
Boglione & Mulders, Phys.Rev.D 60 (1999) 054007.

TR

(1+E)P* (1-&)p * (1+5)P* (1-E)P*
(a) (b)

e Exploit these relations to evaluate H;9 with diquark spectator (scalar &
axial vector -> u & d distributions) with constraints from form factors &

lattice calculations. (Hagler, Schierholtz, et al. See especially S.Liuti, et al. DIS 2008
tomorrow.)
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How does transversity enter?

e Quark helicity flip amps =quark

w o transversity
(x+&)p* / N\ (Pt
A — X
(I1+&)P* (-g)p+
fo—1 [ - 9 4 F9
A e Hq 1—¢ T T
+4+.4 € om ( r+(1-E§) 5 )
A = Moot ge L4 T —Ey
L 2m r h 2

to—t -~ ¢2 £ -
= 2
HTq(Xi t=07§=0) < Arr— = ! _ 4m?2 H"% T 1-—¢2 E% T 1—-&2 E%)

=h,(x) Norm oq 3 to—t
Also H(x,0,0)=f,(x) “-*++ = ~V1-& oz Hr
& H~q(X, 0’ 0)=g1(X) Norm Aq M. Diehl; Boglione & Mulders
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DVCS  y*+P—(y or meson)+P’
partonic picture

P} X>C DGLAP

X<T ERBL

P P'+=(1—'Q)P+}

P’T= _A
Factorized
/ “handbag”

picture

High E
Quark-spectator

quark+diquark
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DVCS Y*+P—(y or meson)+P’
partonic picture

(a)q Q, R C|+A

=k Ap}
k't+=(X-0) x>C DGLAP

X<T ERBL

“handbag”

/ picture \P’T= -4

Fa non = D.8a xonX &1, 01) @ Ay yin (X, £, 1)
WY

Factorized P'+=(1—C)P+}

12 g amps in V and A combinations
For vDVCS get 4 chiral even GPDs (see Psakar, et al., PRD 75,054001 (2007))
For vDVr get 4 chiral odd GPDs Pion selects chiral odd, C-parity odd in electro
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dl
(2m)*

C_“'z 12 :‘j ZO . Z [g'"’ (C{/Os - CAOI ) + 26{10;11 o iC{/Os_m,] ' (13)
f

+1
(N2 |Or| N1) = 1y {Z(Dirae x external kinematic factors)a f
A

-1

dze™P*GPDy(x, €, t)‘ us. (14)

Insert this into Eqn. 4 and use the integral over I of the propagator, Eqn. 5, to obtain for each Or

1 +1 l .
-3 [1 dz (27’)‘ /J‘zc“(”’*q - 212 0 & [Z(Du’ac x kinematic),"GPDax(z,£, t)] Uy (15)
+1
= —% /1 d:cl2 I: 5 Uy [Z(Dirac X kincmatic)fj‘”GPDA(a:,f,t)] Ui |j—zpig (16)
- A
For O, we have : l‘
it PEAY — A#PY YEAY — ABn¥ . yBPY . Py
S M - +
3], d:z:l2 10 Uy {HT ioH" + H e + Eq Wi + Er i ] Ut|imzpig.  (19)

For O;,,,, we have

1 +1 l . A C;JUPO’A PU CﬂVPUA ” - CpupoP N
-3 [1 dIL‘lz _:_‘2.0 Uy [H'I: gt 4 H, —sz -+ Ex _M2p’y + E; Tzfﬁ] U1 |i=zpiq- (20)
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(b)

Transverse

larized
polarized

Sensitive to tensor charge!

h=n%yxs
—p dooxL," W,

2%

L;'”__," ~ ~" polarization density matrix

W = > J,J,0(E; — Ey) = hadronic tensor
f

do TT ) o
dt - ‘”‘L!/!l - W Tr — 2?}%(.’(.]1 ,]_1*)
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Neutrino analog

Electroproduction differential cross section
d'c F{dGT do, do., do,.
dQde,dpdt d " dt dt dt

where subscript T = transversely polarized virtual vy
L=longitudinal y, TT= _L- || to hadron scattering plane,

L T=long.xtransverse interference

Neutrino (antineutrino) cross section

%f_/

d*o :F{dGT do, do., dGLT}
dQde,dpdt d " dt dt - dt

o, d
+ (g factor) sing (ZT + (¢ factor) sin2¢ 2217}

dt
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Neutrino (antineutrino) cross section

d* do, d
o =r{ % . +\/2£, (£+l)cos¢
dQude,dodt dt dt

+(¢& factor) sing Z’ L + (& factor) sm2¢ g }
t t

 Extra terms from parity violation - V and A interference -

« sing term would be obtained from polarized electron beam spin asymmetry
* Neutrino beam is 100% polarized left = separates parity
odd & even combinations of helicity amps = spin dependent GPDs

*sin2¢ term is tranverse in-plane V interference (Im) with transverse perp-plane A
*Would have no phases w/o rescattering- GPDs involve removing quark from target at
origin of light front & returning quark further up the light front.

* How to see ¢ dependence? CC like vN—u w* N allows 2 planes to be seen

*What to expect? From eN—e n® N see dgo, /dt, showing importance of long. Photon.
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Procedure: GPDs to do"/d€2 o ;ond Q2 es0ndt &
asymmetries, especially ¢ for —yor p,o,n,n,,K

Exclusive spin dependent e or v amps
¥
Factorized into handbag with quarks (2 scales)

PQCD for Virtual boson+quark —vy (or p,m,n,n,K)+quark’

Soft quark/nuclgon amp—GPD

¥
4 chiral even + 4 chiral odd GPDs

Connected to 8*helicity amps

Combine soft & hard. Integrate over pg,, — T-matrix
for each helicity combinati%n — form do/dQdt...

Models: diquark or exchanges — predictions
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Exclusive m° electroproduction and Transversity

loTt
((ZT = Wyy — Wiy = 2Re(J1J 1)
dt

|
Connect to helicity A 4

amps- make spin 2 Re(F+1+,O+ f+1 -0,- ~ F+1+,O- f+1-,0,+)

In each observable only f+1+,0_(s,t,Q2) = f,

there will be both survives at t — 0
V and A type agps
/m TC°

+1,0 /, Target asymmetry for V1
AUTOC2Im(f*+1+,O+ f+1 -0+ F+1-,0- f+1+,0,-)
+1/2
+1/ N
N /31 2

dGT oc |f+1+,0+ |2 + |f+1+,0- |2 t |f+1-,0+ |2 t |f+1-,0- |2
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Beam asymmetry measures |L-T interference
o VS t Preliminary Hall B data

l 0.2f
- . .. Qo 015
0.2 > i 0.15— I
B | e L] ! : ] I
of S -
; | ™ | o OO 5, v
b D -
0 | ’\1 -’ T1 s i l { { I
-0.1 l %L+ 3 1 o T |
g
...... g L B II I 1 I : ]I } }
0% o0 180 270 » B T O T
___'A=(X5in(l) 2 SRR Il
i3 | :II : 1 1
- any non-zero BSA - SR B S
indicates L-T NI I —
interference | | | | |
0.1 0.2 0.3 0.4 0.5



Models Beam-spin asymmetry o
data R. De Masi et al.,Phys.Rev.C77, 042201 (2008).

Regge-cut predictions - comparisons involve ¢, €
Ahmad, GRG, Liuti, PRD79,054014 (2009) blue

02 -

i . GPD predictions
0.15 O ’.J CC ‘ O.’.S O '. CC ’ ()‘8 . .
(preliminary) red
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Variation of asymmetries with tensor charge
All GPDs

Ahmad, GRG, Liuti, PRD79,054014 (2009)
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sind term = parity violating Longitudinal x Transverse
Interference = V & A phase difference
example from exchange model

A L'T Qr2=2 x=0.02

o2

== Sarjasl

-l
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ﬂ How to compare o1 with data for Q2>07?

Different choices of ;9 from small to large u&d

— 0.2
”> [ P =2 GeV?, x=0.36, s=4.4 GsV*
5 0.1 +
2
=2 00— # ...........................
»
©-0.1

SAID curve 02 :

-0.3
-0.4
0.5 |

r ® Kubarovsky x=0.4 Qz=2 GeV>
-0.6 — Regge

- — GPDs
0.7 F

..I..|I.|.I..‘:..I...

0.8 ] 08 06 04 02 0
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E
o, - -
B 2 g
P
N

Q electroproduction of yor p,m,n,1 at Q?= 2 tob, W = 6 GeV is
described by GPDs

* Coherent neutrino-production of yor p,®,7,n| 1n similar energy regime
should be amenable to similar description of dynamics

» Exclusive n0 electroproduction observables depend on p(n) &

azimuthal orientation of hadron vs. lepton plane

*do/dt, dop/dt, Ayp, beam asymmetry, beam-target correlations,
do;/dt, do/dt contribute to full do>/ dtd. . . along with parity-violating
observables doy, ;/dt and dop /dt

Conclusions

Q Charge Current interactions = azimuthal asymmetry
measurements & T-odd being related to GPD loop integral

Q electroproduction, GPDs in overlapping kinematic region can bring
enlightenment to neutrino scattering & transversity of nucleon within
nucleus.
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