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How do we detect quarks and gluons OAM?

(Is it an observable?)
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A key observation for the detection of angular momentum

Y p—yM)p’

Loop directly in LOHdhi'pli’rude
allows us to detect Single Spin
Asymmetry (SSA)
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TMDs

Brodsky, Hwang Schmidt, Ji and Yuan,...
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Transverse Spin Asymmetries for A in pp scattering

pE._g““’“\

Following Dharmaratna & Goldstein , 90’s



DVCS: Observables
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Factorization: Quark-Proton Helicity Amplitudes

for = featt+ Foi—t
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Helicity Amp. Ay ax in a Diquark Model

A++,++ = /dsz¢l+(k”P,)¢++(kaP)
Ap - = /dzk.L¢l—(k',P')¢+—(k,P)
Afis = / k16", (K, P')o. .+ (k, P)

w - : Ras

S=0,1

[ .6t (0 PYo-i (&, P).

Aii(k, +)u(P,+) = Alk,+ | P,+) = i(m + Mz)

v
Adilk, —)u(P,~) = Alk, — | P,—) = %(m + Mz)
Aﬁ(ks +)'U(P, _) - A<k,+ I P> _) = %(kl - 3k2)
Ak, ~)u(P, +) = Ak, — | P, +) = —%(h L iky)
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What happens at the unintegrated level

Distribution Graph

GTMD A
X(x.EA, krkrt) > X(xcf,b kv kr.b.)
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M. Murray
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Connection between "cartesian” and helicity bases
GTMDs (Me‘rz et al, 2009)

Wy, = 2M u(p', X) [Fl,l + ia:fiT Fip+ w‘;f%r Fi 3
+zazJA]fI1;AT F 4] w(p.N),
ngq-,w 2M a0, /\’)[ i J:/;ATG ot wt;i’% G1’2+iai+;§A} G1s
P +ioT s G1,4] u(p, A),

4 _VI-C(H+H C(*/AE+E
it T 1-¢/2 2 1-¢ 2

These objects are at least

A, L - V1I=¢ H-H (*ME-E twice as many and complex
A TN S 1-( 2
Ay —iAs /2 ~
A, _, = ———[E - E
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Need to define a way of counting the number of independent
objects

For form factors & gravitatomagnetic form factors use JF¢
quantum numbers of crossed channel — NNbar states (Z.Chen
and Ji, Hagler, GGL 2012)

(next slide)

Here we establish the criterion that we keep only the
combinations of helicity amplitudes that are diagonal in a given
spin basis: we are lead by the physical interpretation

(physical quantities exist only if they can be tied to an
observable)

By using Parity constraints on the Amps. we find a smaller
number of GTMDs than in Metz et al.



General rule to count form factors: t-channel JP¢q. numbers

n JPE(S: L)

o| ot 10102 Haegler, P_LB(2004)
o) 17+ 254 (1;1,3) Z.Chen&Ji, PRD(2005)
2| 0t~ 177(1;0,2) 27 377(1;2,4)

3lotH(;1) 17 2vH(L,3) 37T 47(1;3,5)

TABLE IIL: J¥C of the vector operators with (S; L, L') for the corresponding NN state. Where
there are no (S; L, L') values there are no matching quantum numbers for the NN system.

Deuteron
L=0 1 2 3 4 ..
Nucleon S=ol7Pdo T35  h— 2+
L=0 1 2 3 4 S=1 1™ 0717 27+ 3+
S=0|JPCo—+ 1+ 2+ 3+ 4+ L2t 37 4v
L 92—+ 3+— 4=+ 5t-
S=1 1 ol 2, S S=2| |2t | 1—7 otth— )2+t
1™ 27— 37 4 29— 1+t 92— 3++
2737 4+* 5~ 3—1 2t+ 3—— 4++
| 3T+ 4 5+t
TABLE I: JP€ of the NN states. 4+ 5—— g+

TABLE IL: JPC of the dd states.

Both S and L states considered (related to X.Ji's talk)



Transversity bases

Canon/cal Planar

| P +(- ))T‘ -7[|P+)+( )2|P—)n|P+( ))T"-\/—[IP+)+( =) | P,—)]

proton
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transversity state

T~
AT,
-

proton
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Chiral Even Summary

L 2H(X,k1,0,A1) = Auy oy — Ay o +A __ —A o .
A

Ty 1E(X ki,0,A1) = —i(A] , + A AT, AT

Tx sHE(X,kL,o,AL) = (ABTY 4 ATy, —Aff_‘r_J, — ARy

Chiral Odd Summary

Ty r[2Hp(X,k1,0,A0) + Br(X,0,8)] = AT, - AT 44T, AT
Ty Hr(X,k,0,AL) = AT —ATx | —ATx | +ATx
T 2Hp(X,k,0,A,) = AT, AT —ATx 44T
Y. X T°Hp(X,k ,0,A,) = b4+ N -, - IR
1 .~
TY [HT(X, k_L,O,A_L) + §T2HT(X, k.L:Oa A.L)]- = AZ};,++ - A?;Y_,_*__ - AT_‘).;_,_+ -+ A’{Y_ —
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Chiral Even Sector = GPDs and TMDs with:
1. same helicity/transversity structure
2. Same parton correlations in a suitably defined forward limit

Simoneita Liuti 17 Indiana U 8/21/12



Chiral Odd Sector
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SSA Sector: GPDs and TMDs with same helicity/transversity
structure

H,+E, o b (0 = (¢)

e ORAC
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..but different multi-parton correlations in a suitably
defined forward limit (aside from spin for a moment...)

zPT
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X
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/’
s
(1—z)P* \/ P
Momentum Space: diagonal in x non diagonal in k+
E(z,0,t) = /dz_ exp™” " (P | 9(0,27,07) T 4(0,0,07) | P) =

= Zf dz” exp'®P T PTIEOT (P, (0) | X)X | 94(0,0,07) | P) =
X

- /d2k1'¢.($s kT - A)é(z3 kl)

Coordinate Space: diagonal in b

GPDs and non SSA TMDs are one particle density distributions!

Simonetta Liuti indiana U 8/21/12




Momentum Space
(kr(@))vr = / dz” exp™ = (P | $(0, —2/2,0r)y" [W(=2/2, 2/2)I,(2/2)] $(0, 2/2,0r) | P) =

=2 /d"‘_ exp' @ PRSP | 9, (0) | X)X | 9:(0) | PYX | W(0,0)1,(0) | X) =
X, X'

= [ @ [ @ kaola, ke — b, P )

FSI

smonetsThis has the structure of an unintegrated GPD or GTMDuan u sz



Coordinate Space

But carefull Although the correlator factorizes intfo a GTMD and
FSI, it describes multiparton correlations which are different
from the TMDs

(kl](fE))(j - \/‘d'zbldzb,ldlzb‘z Pz(-5~ bl) (0~ b‘Z)a ("E~ bll)s (0~ b'z)]l(bl - b2)

semi-diagonal (in b) fwo-particle density distribution
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The multiparticle densities scenario provides a necessary
theoretical/formal context/background.

We understand what makes diquark and quark target models
“simple” in this context =» they are two component models,
therefore all of the "complexity” of multiparton interactions is
glossed over, FSI is a simple multiplicative factor.

More realistic diquark type models (with S and D wave
spectators, see e.g. Goldstein and Liebl, PL1995; F.Gross and T.
Pefia, PRD 2011, or taking into account the internal momenta of
the spectators, work in progress) could in principle give a very
different answer

Quark models could in principle give a very different answer
(see e.g. A. Courtoy and S. Scopetta, PRD 2009)



..on to physically motivated parametrization of

data ...
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Goldstein et al. arXiv:1012.3776

H(X, G, 1)

iy J S \ ) f | | |

R SRR AREEE .« FEETE SRR SRR E FRNWE B
0.102030405060.708
X
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Crossing Symmetries

ERBL DGLAP

H* + H')/2=Hq = valence

H(X,C,0)

01 0.2 0.3 04 0.5 06 07 0.8
X (H+ H')/2=Hq = sea
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Parametric Form: Reggeized Diquark Model

F(X,(,t) = NG (X, () RO (X, (,t) % =, dh —
/0 dM% pr(M%)H(X,0,0) ~ X *O~1, /ﬂﬂ/‘ variable M, .
o “ Diquark spectral function
B(My?-My?)
LTI
M, 2

Brodsky, Close, Gunion = DIS (‘70s)
Gorshteyn & Szczepaniak (PRD, 2010)
B;r%dsky, Llanes, Szczepaniak a%yg@&é%@?%

Siaonaitia T ik



F(X,(t) = NG (X, (1) R (X, (1)

X—¢ "
S [ [(m+MX)(m+M—1_C)+kl-kl] ¢
l—X/ k? — M3)?(k'2 — M})? Ta-0"
k-A X—c) ki-A
—oM(1 - - M
A [, ( <)[ AT (m+ — Ai]
/ (k2 — M3)2(k'2 — M3)?
X -~
= 1—(/2 25 [(m-i—MX) (m+M—<C) kJ_'k.L] ¢2 5
1_x/ — M2)2(k'2 — M2)? TI1=0)

-~

E =

_4M(1-¢) k-A ( X—() k, -A
- +(m+M
1-(/2/d2k ¢ [ az T\ To) AT ]

(&2 = M3)2(K'® = M)?
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We asked the question:

Can be addressed with Recursive Fit

Parameters H E H E
my (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
Q 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
Pu 0.620 + 0.0725|0.863 + 0.482(0.346 + 0.248|3.507 + 0.054
Nu 2.043 1.803 0.0504 1.074
¥ 0.773 0.664 0.116 1.98
mg (GeV) 0.275 0.275 2.603 2.603
M$ (GeV) 0.913 0.913 0.704 0.704
Mg (GeV) 0.860 0.860 0.878 0.878
Qd 0.0317 0.0317 0.0348 0.0348
ol 2.209 + 0.156 [1.362 + 0.585|1.298 + 0.245|3.385 + 0.145
Da 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
imonetta L'%Q 0.822 0.688 0.110 I.OBdianaU?/Z‘tMZ




Comparison with lattice

2 u-d E ]
{:1 AZO VS (-t) g ' \
| -t;(GeVIJ,Hlp
g .
E \
: : E|
. -t (GeV?),H2p
Dorati et . ]
E :
al. b \\
.EM
t{GeVIJ,Hsp

(Dorati-Blue)-t (GeV?)
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Implementing DVCS data...

R — X—[a+a’(X)t+B(C)t] :

extra term

ol 1 *

aaa e g b ool el A P Y
0 02 04 06 08 1 12 14
-t (GeV?)
Simonetta Liuti R» Girod et a., Hall B Wnaiana v ai2ii2



Having fitted Jlab data, we predict Hermes

Goldstein et al. arXiv:1012.3776

L'IllllllllIlllllllllllllllllllllIll
-

0 01 02 03 04 05 06 07
-t (GeV?)

0 0.1 02 03 0.4 0.5
-t (GeV?)
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New flavor separated data on form factors (G6.Cates et al., PRL 2011)

Interpretation? We believe it is not a simple model (pointlike diquark excluded),
but can explain it in terns of reggeized diquark model
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Gonzalez, S.L., Goldstein, Katuria, arXiv; Jane2012



Chiral Odd Sector

Using Parity relations with scalar (S=0) and axial vector (S=1) diquarks
we can predict all GPDs

S=0
o f A’I(l — IE)
H\U) — E((J]
T m+ Mz
/ A’I(l — 18)
0) _ (0)
Er = 2(1+ m+‘M:L') E
EY =0
7O _ H©O) 4 H0) to — t M(1—x) £0)
T 2 4M? m+ Mz
=1
~2(1)
HT — 0
EY = 2EW
(1)
Ey, =0
T 1+ z2 2
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Extraction of transversity using DVCS data
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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
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Orbital Angular Momentum in the Deuteron

New sum rule for spin 1
system =>deuteron

01 02 03 04 05 06 0.7 08 0.9
X

- %f dz 2 [H,(z,0,0) + E,(2,0,0)), —> J, =5 [ dzzH}(z,0,0),
l + H.O.
Fr#Fo= Gy Gy

Taneja, Kathuria, S.L., Goldstein, arXiv:1101.0581, Phys.Rev.D, 2012 """



Additional interest in Spin 1 targets: deuterium, °Li, ...

Unique possibility to study how the deep inelastic structure of
nuclei differs from a system of free nucleons.
> distribution w.r.t. spin 1/2

Tensor Structure Function
Hoobhoy, Jaffe, Manohar (1989)

- Role of D wave!

b,(x)=0  inbound systems

Sum Rule
[b,(x) dx =% [{aw-(a) +a}) |+ ar-(a; +@ )+ 5+ (51 +5!) [Jax

Close and Kumaté'{1990)



Hermes 2005
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What are the quark and gluon angular momenta in the deuteron?

q q'=q+A

R XK XX KR X IX X

B VA
AR A T AR A R A R XA XA
NN 149 ol o W0 8 et LG8 1 ) o

st Nt QoA KNE BN NN
)\ "Qo.g,g,:,:,:,:,:.:,o,o,o,o.o.o,o,o.o.o.o;o.o.o.o.o.o,o...o.o.o.o.o.o,W.o.o.o.o.o0o OO
W

Caagang = § Byrxig aan & Axar Ay

AN Ay

S
RN AN

P,=P,-A

tO—HQ(x,o,o):z(0m+C J={C.0 + €y )

2112 1+ 1= 1+,0+ T
MD/MN
= H, ~ [ do| FHH (@ 20,00+ ¥ @DE, (5 /20,0)]

Hiso=H,*Hy Eso=E,tE
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Deuteron LC Momentum distribution

o0

f(z) =2nM f dpp 33 M Mo, p) z=py*/P*p
Pmin(2) AN
(14)
@) = [ dppY x e ). ,
-/;z) z\ ’ )‘N_{)‘Nw)‘ N1)‘N2}

(15)

AN AN . jl j2 1 L 5 J\]
X5 2(z,p) —N Z ()‘-‘Vl ANQ ms) (mL mg A}

Lsm'l-ems 1

M(l—-2)—-F 1

X Yim, (2 = ( ) \'U'L(p)a ‘
p D /

Mixture of S-andD components|, L=0,2
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If f+(z) = *0(2)=5(1-2) then H,=H+E

1
Jo= / dz 2 [H,(x,0,0) + Eq(2,0,0)], —> . _ % / de = Hi(z,0,0),

!

F1+F2: GM GM

12 Nucleon — H+E

J(x,Q*=2 GeV?)

LISE — 5 M)

11 . Hy, (x)/Hy(x)
1.05 0

0.95 - e
09}
0.85 .-A sl la gl | - | T PWTTE PYTTE PWWe |
0 01 02 03 04 05 06 07 08 09
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Observable sensitive to gluon OAM

4D 1
> 2 ’;}m['HI'Hs +('H; + g'H;) (Ha - ’H"‘)J

11(;7' ~ —

subleading

Simoneita Liuti 47 Indiana U 8/21/12



Conclusions

GPDs can be extracted from data (once the questions addressed in this
talk are considered)

We have a well tested parametrization that satisfies all constraints -
including form factor normalization - for the valence and sea quarks
distributions. Work in progress to include gluon component.

Many open questions on the interpretation of GTMDs and their
connection to observables: issue of “observability” of QAM

Deuteren is an important target: access to gluons

All of these questions call for new analysis methods (Neural Network
and Self Qrganizing Maps Appreaches are the future)

Al af 232 uzsriuns cdn uz deldraggze I o aysramerie wey or ) =L

h
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