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Preface to the Series

The RIKEN BNL Research Center (RBRC) was established in April 1997
at Brookhaven National Laboratory. It is funded by the "Rikagaku Kenkyusho"
(RIKEN, The Institute of Physical and Chemical Research) of Japan. The
Center is dedicated to the study of strong interactions, including spin physics,
lattice QCD, and RHIC physics through the nurturmg of a new generation of
young physicists.

The RBRC has both a theory and experimental component. The RBRC
Theory Group currently consists of about twenty researchers, and the RBRC
Experimental Group, of about fifteen researchers. Positions include the
following: full time RBRC Fellow, half-time RHIC Physics Fellow, and full-time,
_post-doctoral Research Associate. The RHIC Physics Fellows hold joint
appointments with RBRC and other institutions and have tenure track positions
at their respective universities or BNL. To date, RBRC has ~40 graduates of
which 14 theorists and 6 experimenters have attained tenure positions at major
institutions worldwide. |

Beginning in 2001 a new RIKEN Spin Program (RSP) category was
implemented at RBRC. These appointments are joint positions of RBRC and
RIKEN and include the following positions in theory and experiment: RSP
Researchers, RSP Research Associates, and Young Researchers, who are
mentored by senior RBRC Scientists. A number of RIKEN Jr. Research
Associates and Visiting Scientists also contribute to the physics program at the
Center.

RBRC has an active workshop program on strong interaction physics with
each workshop focused on a specific physics problem. Each workshop speaker is
encouraged to select a few of the most important transparencies from his or her
presentation, accompanied by a page of explanation. This material is collected at
the end of the workshop by the organizer to form proceedings, which can
therefore be available within a short time. To date there are eighty proceeding
volumes available.

A 10 teraflops RBRC QCDOC computer funded by RIKEN, Japan, was
unveiled at a dedication ceremony at BNL on May 26, 2005. This
supercomputer was designed and built by individuals from Columbia University,
IBM, BNL, RBRC, and the University of Edinburgh, with the U.S. D.O.E. Office
of Science providing infrastructure support at BNL. Physics results were
reported at the RBRC QCDOC Symposium following the dedication. A 0.6
teraflops parallel processor, dedicated to lattice QCD, begun at the Center on
February 19, 1998, was completed on August 28, 1998 and is still operational.

| N. P. Samios, Director
October 2005
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Parton Orbital Angular Momentum

February 24-26, 2006
Gerry Bunce, Douglas Fields and Werner Vogelsang

The joint UNM/RBRC “Workshop on Parton Orbital Angular Momentum”
was held on February 24™ through 26™ at the University of New Mexico
Department of Physics and Astronomy in Albuquerque, New Mexico, and
was sponsored by The University of New Mexico (Physics Department,
New Mexico Center for Particle Physics, Dean of Arts and Sciences, and
Office of the Vice Provost for Research and Economic Development) and
the RIKEN-BNL Research Center. The workshop was motivated by recent
and upcoming experimental data based on methods which have been
proposed to access partonic angular momerta, including Deeply Virtual
Compton Scattering, measuring the Sivers functions, and measuring helicity
dependent k; in jets. Our desire was to clarify the state of the art in the
theoretical understanding in this area, and to help define what might be
learned about partonic orbital angular momenta from present and upcoming
high precision data, particularly at RHIC, Jlab, COMPASS and HERMES.

The workshop filled two rather full days of talks from both theorists and
experimentalists, with a good deal of discussion during, and in between talks
focusing on the relationship between the intrinsic transverse momentum,
orbital angular momentum, and observables such as the Sivers Function.
These talks and discussions were particularly illuminating and the organizers
wish to express their sincere thanks to everyone for contributing to this
workshop. :



Orbital Angular Momentum on the Light-Front and QCD Observables

Stanley J. Brodsky

-Stanford Linear Accelerator Center, Stanford University
Stanford, California 94309, U.S.A.

The light-front wavefunction formalism prowd&s a physical, but rigorous, representation for angular
momentum in s relativistic quantum field theory. Each n-particle LFWF ), (z;, k 1, S7) in the Fock
state expa.nsmn of a hadron in QCD is frame-independent and satisfies angular momentum conservation
JE =305+ Z"‘l Lz, summed over the n — 1 independent intrinsic orbital angular momenta L? =

—i kfm - k:’ e . Gluons propagate with physical polarization S7 = %1 in light-cone gauge At =0.

All of these features are illustrated by the Fock state expansion of the electron in terms of its fermion-
boson components.

The light-front formalism provides a representation of hadron physics at the amplitude level. Quark
and gluon distributions are computed from the square of the LFWFs and obey DGLAP evolution. The
gauge-independent hadron dlstnbutxon amplitudes ¢(x;, Q) which control hard exclusive processes is an
integral [d?k,6(Q* — k2 )¢(z, k L) of the valence LFWF and obeys ERBL evolution. Current matrix
elements, and thus all form factors, have an exact representation as overlap of the LFWFs. The Pauli
form factor is the matrix element of the J* current with opposite J* and thus is nonzero only between
states which have AL, = =+1. In particular, the anomalous magnetic moment is the matrix element
of the ladder operator J* - L¥. Thus, as shown by Drell and myself, the anomalous magnetic moment
of any system is nonzero only if the LF Fock expansion contains states with nonzero orbital angular
momentum. A similar result holds for the F spin-flip generalized parton distribution. The single-spin
asymmetries (Sivers effect) in deep inelastic scattering (and the Drell-Yan process) depend on the same
matrix element which enters the Pauli form factor as well as the difference of phases of the final- (initial-)
state interactions for Fock states differing by AL, = -+1. The anomalous gravitomagnetic moment B(0),
the spin-flip matrix element of the energy momentum tensor, is found to be zero, Fock state by Fock
state, consistent. with the equivalence theorem. The electric dipole moment of a hadron is related to the
anomalous moment by a factor tan 3, where f is the CP-violating phase of the LEWF.

The AdS/CFT formalism provides a remarkable framework for hadron physics in which conformal
symmetry is taken as an imtlal approximation. Color confinement is introduced by imposing Dirichlet
boundary conditions ¢(z = ) = 0 for the hadron amplitude in the fifth dimension. De Teramond
and I have found an exact ma.ppmg for current matrix elements in AdS space to the corresponding Drell-
- Yan West formula for hadron form factors in the light-front formalism. This correspondence leads in
turn leads to an exact identification of the z coordinate in AdS/CFT to a variable { in physical space-
time which represents the measure of transverse separation of the constituents within the hadrons. In
addition, we have derived effective four-dimensional LF Schrdinger equations for the bound states of
massless quarks and gluons which exactly reproduce the AdS/CFT results and give a realistic description
of the light-quark meson and baryon specirum for all orbital angular momentum excitations L, as well
as form factors for spacelike Q?. Only one parameter Agcp, which sets the mass scale, is introduced.

I also discuss a number of tests of orbital angular momentum in exclusive and inclusive reactions.

This research was supported by the Department of Energy contract DE-AC02-T65F00515.
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Hard Exclusive Reactions
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Hadron Dynamics at the
Amplitude Level

LFWFS are the universal hadronic amplitades that undeclie
structure fanctions, GPDs, exclusive processes.

Relarion of transversity and other distributions to physics of the
hadron itself.

Connections between observables
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Parton mumber not conserved: oon’ St nen'+2 at aonzero skewness
orbital angnlar momentum

Role of FSI and ISIs~—Sivers effect
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The total intrinsic k&, carried by quarks
Mauro Anselmino — INFN

The issue of the total amount of intrinsic transverse momentum, k, , carried
by quarks inside a transversely polarized proton, is addressed. In principle,
the Sivers function gives the necessary amount of information: the number
density of partons with longitudinal momentum fraction z and transverse
momentum k, inside a proton with spin-S. The extraction of the Sivers
functions for u and d quarks, based on HERMES and COMPASS data on
SIDIS azimuthal asymmetries, and performed by several groups, is reviewed.
Models for such functions are given. They allow to obtain, multiplying by
 k, and integrating over z and k,, the total intrinsic momentum carried by
u and d quarks. Existing data do not allow any conclusion: yet about the
- Sivers functions for sea quarks and for gluons: it is shown how indications
about the gluons might be obtained by studying D and D* production at
RHIC. .

The extracted Sivers functions are consistent with opposite total amounts
of intrinsic motion for u and d quarks, k% ~ k¢, in agreement with M.
Burkardt sum rule. The possible implications of such values for the orbital
angular momentum carried by u and d quarks are discussed.



The total intrinsic k. carried by quarks

> Extraction of the Sivers function
> What do we learn from it?

» k. and orbital angular momentum
> Orbiting quarké . ? |

Mauro Anselmino, Parton Orbital Angular Momentum,
RBRC-UNM Warkshop, Albuquerque, 24-26/02/2006

The Sivérs distribqtion function
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number density of partons with longitudinal
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M. Burkardt, PR D69, 091501 (2004)
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Sivers mechanism in SIDIS
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What do we learn from Sivers distribution?

total amount of intrinsic momentum carried by partons of flavour a

0] ,oar, U =
ke =[dxd’k, k, [fa,p(x,kl)+-2—A f‘z/pT(x,kL)s.(pxkl)]

=(sin @, 7 - cos @, ) % [dvd, B2 AF, (x.k,)

for a proton moving along the +z-axis and polarization vector
' S
g s . 4
S= (cosd)s i +sin®g ])

et ~ -
S (pxk,)=sin(®;-p)

13




= +0.141 (cos® f +sin®; ;)  GeVie

S0 S

=-0.128 (cos®, 7 +sin®; j)  GeVie

Sivers functions extracted from A data in
p p — = X give also opposite results, with

K =0032  k‘=-0036

i 4
ki+kl =02

k. and orbital angular momentum

(case of 2 quarks)
K aii=0 1?{+1§¢0 K +E =0 kz+1§§¢
LT+ 0 L+ 20 D+t =0 L'+1*=

Does I'c_i'+kl_f #0 imply +rt=02?
It depends on space distribution ...... to be continued ......
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kr Asymmetry in Longitudinally Polarized pp Collisions at PHENIX

D. E. Fields,*!*? J, Rak,*' 1. Younus,*! and R. Hobbs*!

YRR BNy T [T ey Y sni oGy T T Yy
JBcptrern
24030 < pla< k80
Ay 030801
0, xOAS 7002
2243804

: i A
] & 2] ' 1 iq

(b)

Fig. 1. Azimuthal correlation functions for dpposite (a) and
same (b) helicities in the (3.0GeV/c < pr: < 7.0GeV/c)
range of triggered 7" transverse momentum.

Researchers in the PHENIX ‘experiment at RHIC
have developed a method for measuring the average
net pair transverse momentum of hard scattered jets at
centra} rapidity?. This method utilizes the azimuthal
correlation between a leading high pr #° and another
charged hadron. The widths of the resulting near- and
far-side peaks can then be related to the fragmentation
transverse momentum, jr (the transverse momentum
of the fragmented hadron relative to the hard-scattered
parton) and the net pair transverse momentum, kr in
a straightforward manner. The net pair transverse mo-
menturn can be produced from parton intrinsic trans-
verse momentum inside the proton, from soft gluon
emmission, or from next-to-leading order processes of
the perturbative QCD. In addition, one can consider
the possibility that spin-correlated transverse momen-
tum (orbital angular momentum) may contribute to
kr, as discussed in Ref. 2. Coherent spin-dependent
parton transverse momentum adds to k7 an amount
dependent upon the helicity combination of the col-
liding protons, and upon the impact parameter of the
collision. However, an integration over impact param-
eter will likely leave a residual effect that is dependent
only on the helicity combination, a signal that could
be examined in the present data from past RHIC runs.

‘We have examined this bz asymmetry in the 2003
RHIC run. Figure 1 shows the azimuthal angle distri-
bution between triggered n° in the transverse momen-
tum range of (3.0GeV/c < pr: < 7.0GeV/c) and an
associated charged hadron in the (0.5GeV/c < prq <
2.5GeV/¢c) range for opposite (left panel) and same
(right panel) helicities for the colliding protons. From
these correlation functions, the widths of the near-side
peak (around A¢ = 0) and the far-side peak (around

*1  University of New Mexico
*2 RIKEN-BNL Research Center

0.2- i
g H i
2 I , )
S o1 i X
ﬁ\h : ................. :
s PHENIX Preliminary |
< _

¥, S SV A

1 5

2 3 4
Py, [GeVic]

Fig. 2. Difference in (2kr)rums for the same helicity minus
opposite helicity events as a function of triggered #°®
transverse momentum pr:.

A¢ = 7) are exctracted. From these, the correspond-
ing values of fragmentation transverse momentum jo,
and root-mean-squared (RMS) transverse momentum
fraction weighted by a momentum fraction (z) of the
fragmented hadron to the scattered parton, (zkr)riss,
are determined.

The difference in the extracted (zkr)rms for the
same helicity minus the opposite helicity events is
shown in Fig. 2. The 2003 RHIC run data set does not
show a significant effect. A bunch shuffling technique®
was used to test the errors on the points by randomly
assigning helicity combinations to each RHIC bunch
crossing and then resorting. The distribution of dif--
ferences in the extracted (zkr)gms for many sets of
randomized “shuffles” was centered on zero and had
widths (shown as dotted lines in Fig. 2) which were
consistent with the statistical uncertainties (solid lines
in Fig. 2) -

The PHENIX data set from polarized proton run-
ning during the 2005 RHIC run has approximately ten
times higher luminosity, and has almost twice the po-
larization as that of the 2003 RHIC run. Analysis of
this data set is on-going and should be completed soon.

References

1) J. Rak, J. Phys. G30 (2004}, S1309-51312.

2) Meng Ta-chung et al., Phys. Rev. D 40 (1989)
3) Adler, S. S. et al., Phys. Rev. Lett. 93 (2004)
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- Another Possibility

*Spin-Correlated transverse momentum —

Partonic orbital angular momentum

*We can perhaps measure using jet ky
_Sivers Effect in single (double?) transverse spin

_Possible Effect in double longitudinal spin
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kr, jo “easy” measurement in p +p

TV Vi T T T eI R reT I [ITai s
| LA LA RALAN RLLLN LLLEY LA

0

€ On

jet fragmentation transverse
momentum, jr-scaling.

parton transverse momentum,
intrinsic + NLO radiative
corrections.
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Like sign

Unlike sign

trigger 7°
1< pp<3 Gev/c
3<p<7 Gev/c

Associated h*
1< pp,<2.5 Gev/c

Run03 Data
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"Run03 Data

~ Its too early to make a definite

statement about the apparent
excess as the systematic
uncertainties are being
evaluated.

However, there is an ongoing

analysis of 10x more stat. and
2x better polarization in run05
=» should yield a definite

ansSwcr.
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N

T":rl.

¥ [ 1 i E T T ¥ i

J l L i t ¥ ' —S---b---'---l—--a'-~-l L i 1

BS variance |

N
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Summary

Jet k can be extracted from di-hadron correlations using
method developed by J. Rak and others.

Jet kr can be used to probe initial and final state contributions .
to transverse momentum distributions. |

We can make a measurement of the spin dependence of jet
<k;> in: |

— Single transverse spin asymmetries — Sivers Function.

— Double-longitudinal spin asymmetry — Fields Function.
These may be sensitive to orbital angular momentum.
Need theoretical guidance...
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Some thoughts on the helicity dependence of “jet-k7”

Werner Vogelsang

P.hysics Department and RIKEN-BNL Research Center,
Brookhaven National Laboratory, Upton, NY 11973, U.S.A.

The observable discussed in Doug Field’s talk, and experimentally studied by Phenix, is the
average pair transverse momentum (K?) of the two hadrons (pions) produced in §p — h1he X,
separately for the two settings +-+ or +— of the initial protons’ helicities. Based on earlier work -
by Meng et al. (T. c. Meng, J. ¢. Pan, Q. b. Xie and W. Zhu, Phys. Rev. D 40, 769 (1989)), it is
hoped that any difference between (K2),, and (K3 ),_ could be an indication of the presence of
partonic orbital angular momenta in the proton, through a dependence of parton motion “around”
the proton momentum on helicity.

The present talk discusses the observable in perturbative QCD. It shows first that even with-
out any intrinsic relation between proton helicity and parton transverse momenta, a non-vanishing
difference between (K?),, and (K?%).. may be generated by the fact that several partonic chan-
nels contribute to the observable, each of which has difference spin dependence. If the widths of
the quark and gluon distributions in intrinsic transverse momentum differ (which is supported
by perturbation theory), then the hehclty—dependence of the partonic scatterings will not cancel
in the difference 4/ Ixi).H_ /(K%),_. This effect is estimated in a simple Gaussian model to
be of the order of a few tens of MeV, with large uncertainties. The effect becomes very small
whenever a single partonic process dominates. This implies that the Drell-Yan process with its
single LO partonic reaction g§ — * would be ideal for disentangling :genume effects associated
with the structure of the proton from the more “mundane” ones dlscussed here. The Drell-Yan
" process was also the process discussed in the Meng et al. paper mentioned above

In the second part of the talk, we dlscuss the relevance of Sudakm effects for the observ-
able considered. Large logarithmic corrections appear in processes characterized by a large
momentum scale (here, the transverse momenta of each of the produced hadrons) and a much

-smaller, measured, transverse momentum (here, the pair transverse momentum). These correc-
tions may be resummed to all orders in perturbation theory. A detailed study of the difference
V(K%)= /{K?%);- will need to take into account these primarily perturbative effects.
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® The observable :

Ky =Fkig+FEio E
measure (K ) v (KT,

® it is hoped that any difference has to do with OAM
(won’t be discussed in this talk...) Meng e al.

® what can we say (in pQCD) about this observable ?

Let’s assume :

(1) can describe process by partonie hard scattering (V)

(2) can use factorization in terms of k., -dependent
parton distributions and fragmentation fets. :

do = Z/d%‘" dix, /dzk dxy fa(af,,,lz"i)fb(a;,}]?i)

x 6@ (R + 7Y —~I«:L) bus (Brrta, ,z;,)

)
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(3) dependence of distrib. on k, is entirely non-pérturbaﬁve,
Gaussian, and factorizes from x-dependence :

e"'ki/(ki)z

filw, k1) = fi(x) —5——  (none of these
\ T w{ki )i , will be true ...)
usual pdf

then : (K2?) = (k1) + (k%) for one part. channel
: . ab—cd

(4) if all guarks and antiquarks have same widths,
obtain after sum over zll partonic channels :

9(1"" )qsgq + (<l".i_)9 + (1‘«9 )tI) ng + 20‘ >q5qq
Sgy + ng SW

(xK3) =

f

ontain all partonic cross secs.
pdf’s & fragm. fcts.

(5) gluons are “broader” than quarks :

(has probably

7 IR "y
‘@330 4 x{‘v .
some truth ...)

(the “2” reallyis C,/Cy=9/4)
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(6) now assume that k,-widths are spin-indepenﬁent:

: k% J (k7 )
o I e L/ supported by
Afi(x, kL) = Afi(z) (supp 3

w{k?); pert. theory)
Then :
ety = S+ (KD + (2)0) S+ 2D, Sl
il++ =
S35 + Siet + S
(K2, — 2k2)g Sf + ((B3)y + (K3 )g) S + 2(k3), S5
L Sh 4+ S + Si
Note :
i 4 e =53 I 0 Y
* arelatively small effect : g — wlr’X
#)g = 2 GeV (kD)o + (K)o + (122 + 1/23) (k1) 4,
0.08 T T T . T
(1 (K2)oq — (K3 )-g(;exf; ! fragm.,
wosl ’ // ] 0.25 GeV?
| /,// -
0.04- /// .
. o 1GeV S P p £ Py
0081 el <035 ]
: GRY, GRSV, KKP
o.oor . " N A . . " L i L 2 { L
2 4 [ 8

P fﬂB\q
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* DY, first-order correction :

{ TSy
as qp — 0 , ar/Q)
a7
e higher orders :
Eogg e ¥ ar/Q)
dQd2qr ~ * T oF

° &’f_f | P s «»» Can be taken into account to all orders

= Resummation |

* work began in the ‘80s with Drell-Yan

Dokshitzer ¢f als Parisi Petroneio;

* (r resummation _ :
Ur Collins, Seper, Sterman; ...

* Iarge log. terms expanmtiate after suitable integral
transform is taken :

oda 3, i Py =3 i ioi
2 | S i i o 2 —1b-{q~r1~§:i ki)
d (q'z i Ei kr> 5t / d“be _

n*(qr/Q)
ar

“ inzk.(bQ)
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tke/dd (noklogras)

e same phenomenon in back-to-back hadrons :

0.0
pp-——>n = +X
V8=38.8GeV pu=0.35M CTEQSM

as
15+

og(l t

IV. Conclusions

{8=388G@V p=035M CTEQSM

5]
s

daldp,,, (nbiGeV)

-
Q

* one expects a difference between

(K%

for pp — mnX

kY

)iy

* not related to “infrinsic” properties

3. Owens

2
Lf+m

* on the other hand, effect is probably relatively small

¢ Refinement of observable 7 Other final states?
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Aspects of Quark Orbital Angular Momentum

Matthias Burkardt (New Mexico State University)

Distributions of quarks are transversely deformed when one considers transversely polarized nu-
cleons and/or quarks. The transverse deformation of the unpolarized quark distribution in a
* transversely polarized nucleon is descibed by the Fourier transform of the GPD E(z,0,—A3%).
The transverse deformation of the transversely polarized quark distribution in an unpolarized
nucleon is descibed by the Fourier transform of the GPD Hr + Er. The physical origin of these
deformations is the orbital motion of the quarks. Parton distributions have the physical inter-
pretation as momentum distributions in the infinite momentum frame [1]. For a quark orbiting
transversely to the nucleon this implies an increase of quark momentum due to the orbital motion
on one side and a decrease of the other side of the nucleon. The increase/decrease of a quark’s
momentum implies an increase/decrease in the momentum disytribution which causes the trans-
verse distortion. Since E enters Ji’s angular momentum sum rile for the total angular momentum
carried by the quarks, it is thus not surprising that Hr + Er enters a similar relation for the
correlation between the quark spin and its total angular momentum [2]

1 L |
(6°J7) = 5 fo da [Hr(z,0,0) + 2H1(x,0,0) + Er(z,0,0)| . (1)

1. M. Burkardt, Int. J. Mod. Phys. A18, 173 (2003).
2. M. Burkardt, Phys. Rev. D 72, 094020 (2005).

29



0¢

® example: yp — 7 X (Breit frame) | | v

o } -t
Dy DN d
A VAVAVY,.: B | ®
ayr”

® u,d distributions in L polarized proton have left-right asymmetry in
1 position space (T-even!); sign determined by k,, & kg4

® attractive FSI deflects active quark towards the center of
momentum

— FSl translates position space deformation (before the quark is
knocked out) in +j-direction into momentum asymmetry that
favors —y direction -

— correlation between sign of x, and sign of SSA: fl'é? ~ —Kq

® {9~ —g, consistent with HERMES & COMPASS results

Aspects of Quark Orbital Angular Momentium
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|a (-—-"’-”2;) o754 (%) |p> = Hruoysu+ Hri e |
. _ 3' ﬂAa ~
+Eru—57""2u + ETu =

® Fourier trafo of 2HY, + E7. for £ = 0 describes distribution of

transversity ¢*(x, b ) for unpolarized target in L plane:
(M.Diehl+P.Hagler, hep-ph/0504175)

1 -__ EZJ 6 dA—L ib; ‘A q 2 q
q(m,bj_)_zMabj/ e [2H (z,0,—A2) + E&(z,0, —A2 )]

® origin: correlation between quark spin (i.e. transversnty) and
angular momentum

Aspacts of Quark Orbital Angular Momentum



_Transversity Distribution in Unpolarized Target

R N N o s T N D getan S e s g R EiR R . S |
N . T N

.

7’

Y e e T YV VLV NN
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Decom

position o{f Jy

® similarily L. deformation distribution for quarks with given
~ transversity described by 2Hr + Er

— new relation: transversity decomposition of J&' = J7 . + J/ _;
S:I:
(Jg +3) 5 d:c:c[H(zc 0,0) + E(z,0,0)]
1 i |
:I:Z /dx.:z: [HT(CE,O, 0) + 2H7(z,0,0) + ET(SI},O,O)J :

® Jiisls angular momentum carried by quarks with spin
(transversity) in 2-direction; Pz =1 (1 £~%s)

X De‘comp'ositi'on is pdsSible since J; ~ | dBr (‘ngy — Tgyz) is
diagonal in transversity! |

# unpol. target: J; ., £ 1 [dzz [HT + 2Hr + ET]

Aspecis af Quaf! Orbital Angular Momentum -

. fd.iw[zﬁT + ET)] from lattice (hep-ph/0511047), or .
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® Boer-Mulders: distribution of L pol. quarks in unpol. proton

qu/p(a:,kJ_) f1(37 k )___h_Lq( k2)(PXl;4—_L)Sq

#® can be probed in Drell-Yan (— J-PARC)

® physical mechanism for BM-function: attractive FSI expected to
~convert position space asymmetry for L polarized quark
distributions into momentum space asymmetry

< e.g. quarks at negative b, with spin in +4 get deﬂected (due to
FSI) into +2 direction

— (qualitative) connection between Boer—Mulders function hi-(z,k, )

and the chirally odd GPD 2Hr + Er that is similar to (qualitative)
connection between Sivers function f.(z,k, ) and the GPD E.

#® No sum rule for hi-(z, k)
* (even possible that 25 same sign as hi-d

Aspects of Quark Orbital Angular Momentum -



Studies of OAM at JLab
H. Avakian for the CLAS Collaboration

Jefferson Lab

The orbital motion of quarks has been of particular interest since the EMC mea-
surements implied that the helicity of the constituent quarks account for only a
fraction of the nucleon spin. Two new sets of parton distribution functions were
introduced contain information not only on the longitudinal but also on the trans-
verse distributions of partons in a fast moving. This distributions are experimentally
accessible in measurements of azimuthal distributions of final state particles in semi-
inclusive and hard exclusive processes. .

We present recent results from Jefferson Lab’s CLAS detector on beam and target
single-spin asymmetries in pion and photon electroproduction off unpolarized hydro-
gen and polarized N H; targets. A precision measurement of DVCS asymmetries was
performed on the hydrogen target in a wide kinematic range , allowing a fine binning
required for extraction of underlying GPDs (slides 17,19 in the talk). The DVCS
asymmetry was also measured with longitudinally polarized target, which is sensitive
to the polarized GPD, allowing separation of polarized and unpolarized GPDs (slide
20). Measurements of Single Spin Asymmetries (SSAs) in exclusive rho production
at CLAS with a transversely polarized target will provide additional information on
flavor dependence of GPDs (slide 23).

Single spin asymmetries of pions were also measured with longitudinally polarized
target. The target spin dependent sin 2¢ moment of the cross section gives access to
the transverse momentum dependent distribution, describing the transverse polariza-
tion of quarks in the longitudinally polarized nucleon(27). In addition the target spin
dependent sin ¢ moment of the cross section probes the higher twist (HT) distribu-
tion (slide 28). The JLab upgrade will allow a precise test of the factorization ansatz
and the investigation of the @? dependence of the sin ¢ moments of unpolarized and
longitudinally polarized SSAs (slide 30) to prove their HT nature.
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Studies of OAM at JLAB

Harut Avakian
Jefferson Lab

UNM/RBRC Workshep on Parton Angular Momentum , NM, Feb' 2005

«introduction

*Exclusive processes
-Semi-Inclusive processes
Summary :

* In collaboration with V.Burkert and L.Elouadrhiri

Parton picture: Longitudinal and fransverse variables

Quark Angular Momentum Sum Rule

GPDs H, HY, B*, E¥ provide access to total quark
contribution to proton angular momentum.

Proton’s spin | %) = 1 (Au+Ad+As) + Lq +7J o ‘
T 7

Y
Jq

wave function probe
4 ) ¢ 1 2 F
= e
/Egg ) R 2O I,
_Q_E_d__ \\\ Tongitud.
“long before” 1= <
Inclusive f(=) PDF (spin/fiavor) Twist-2
Exclusive flz,b,§) GPD & J; Twist-2
Semi-inclusive  f(z., kr) TMD (Sivers, Boer-Mulders)  Twist-2, 3, 4
interaction-dep.
3D Parton Distributions
| TMD PDFs f¥xky), | | GPDs Hu(xED.. |
Mok o B Bty & BE

i
H BB B

M g P W

Ji = %—J G= % [ [r13x, 8,00+ B4z, €,0)]

X. 3, Phy Rev.Lett.78,610(1997)

® <
Measure - Measure momentum
momentum transfer transfar to target
to quark

Large x contributions important.

| PDFs £200kq), gy hy | | FFs Fygtlt).Fat). |

| Analysis.of SIDIS and DVMP &ré complementary - |
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Form Factor Studies

Sachs Form Factors

Gellj=F (tpaMeF) [ "t 14 = FRCE)
Gy(ti=F (+F,(t) o

[‘ ! dr £ 6) = FR D)

i) IE) i) di i
w008 -4

007 ;

006

005 Pl oo i

004 £ L ‘

0.03

002 e i
001

0

s L e e T S TTTITIVIN

_,
-

-»
»>

> .
4 (GeV) rora deto expected in 2006/2007

Form Factor St-udies

>
Use various paramstsrizations for GPDs to fit the /; dz H(w.t) = F{(t)
existing form factor data

A.Afanasev hep-ph/8910565
Diehletal, Eur.Phys.J c39 (2005)
M.Guidal et al PRD (2005)

[)‘ dw £z 1) = F{(t)

Different parameterizations yield different A)Large Ly and small L,
contributions for quarks to the OAM B)Sum of L, and L, small
A B C
Dy + L 0.6 0.82 0.73
Ag+ Ly -0.08 -0.37 -0.25
Ay + Ly 4+ Ag 4 Lg 0.52 0.45 0.48

Issues: different realistic fits to FFs produce different values for Lq
fits done at high t, need to be extrapolated to t—0

More observablss nesded for detalled studies of GPDs and the
OAM (RCS,DVCS,DVMP)

Hard Exclusive Processes and GPDs

DVCS

DVCS - for different polarizations of DVMP for different mesons is

beam and targst provide access to_ sensitive to flavor contributions

different combinations of GPDs H, H, E (p%p* select H, E, for u/d flaversyn,
n, K select H, E)

Study the asymptotic regime and guide theory in describing HT.

Deeply Virtual Compton Scattering ep->e'p"~(

4,

TBH: given by elastic form factors 1

-1
Polarized beam, unpolarized targst: 10
s 21

<
TOVCS; determined by GPDs 3
2
B
h-)

10

Agy, ~ singIm{F;H + &(F,+F,)H +kF,E} |

Kinematically suppressed 8 °L. “

Unpolarized beam, tongitudinat targst: 0! L
| Agyy ~ singIm{F F+E(F+F)(H +.. 3| w s " »
Kinematically suppregsed os * daavd ooos
Unpolarized beam, transverse targst: & = Xg/(2-x5 )k = tAM?
«Different GPD combinations

[ Acy; ~ singIm{k(F,H-F.E) +..} | accessible as azimuthal moments
Kinematically s&ppressed of the total cross section.
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Deeply Virtual Compton Scattering ep—-»e’p’y

Vs

6
(Tanl’ = m[ S Zc“" costms) + 5 sin (é} :%\ K x

n2l

_ o) oves VO cop(ng) + LV i } Interference
ITDVCS el {q? +§[ " )+ sm n¢)] responsibie for
L 2 SSA, contain the
P — ) {‘Icm 16 4 & g" aoi]d | same lepton
T UAP KRR | | peiobeco
¥ iz}
. as BH
A =2 S wayto to GPDS
w = y o 5” y to access

GPD combinations acoessible as azimuthal moments of the total cross section.

¢-dependent amplitude

2 _y .
QQz—xt=y foot =

0%(Q’ - 2xME)
(Q* ~2ME)x

Yer =

do/dt (nb/GeV*)
a
"

6 01 02 03 04 05 06 07 038 09 1
t

Strong dependence on kinematlics of prefactor ¢-dependence, at
y=y. P1($)=0 Fraction of pure DVCS Increases with tand ¢

0.4 IS

. Y =2y | CLAS at4.3 Gev
0.2 S\

-0 .2

-0.3

E LB & Husseshes
a
T
3 1
=]
DVCS ="
Experiments ,

A(d) = asing + Psin2¢ ) . . .

.0 1 2 3 4 5

3 : - - ‘27 s
&, [rad] & (rad)

S. Stepanyan at al. Phys. Rev, Leit. 87 (2001) A. Alrapetian et al. Phys, Rev, Lett, 87 (200)

2
GPDs from ep->e'p’ % 3
: P PY {/ \——/‘L_i 1 -
+ T+
Requirements for precision v 13 ) "
(<15%) measurements of ;' et . ) -~ \ i
and GPDs from DVCS SSA: T Y5 0
2
*Define relation between Ayy; and s,! ey
—» seffect of other non-0 moments ~5-10% | '
seffect of finite bins ~10% ’
::ri’_,
*Define background corrections / o )
~—» «pion contamination ~10% oo T ~Q 2
—» eradiative background et T el

—>.ADVCS<3%atCLAS— | 1§ + %y ¢+ o
e et e

More relevant when
proton Is not detected Bl . B Avesa Q!
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DVCS event samples

3 event samples(after data quality cuts) 2500 b
g

1) ep 0 photons (~2M events)
tight cuts on PID,missing mass MX
2)epy 1 photon in Calorimeter (~150000 events) 4gap i

cut on the direction 6,,<0.015, :
3)epyy 2 photon(x®) in Calorimeter (~70000 events 1000 |1 il
cut on the diraction 8,4,<0.02, 500
D asFE T
af % = )
3.8 B S

Y N IS SR S RO ol S

28 E
2 Eo
+.8 ETT 1
1 ol Lo d
0.1 0.18 0.2 0.26 0.3 0,05 0.4 0.48 O.5 0.65

Kinematic coverage of 5.75 GeV(red)and * |
5.48(blue) CLAS data sets

Angular cul rhost

eflicient in separating 1*

n® MC vs Data

m 3 [
W Y A
1 12 14 N lo 5 2 3 4 5 0.1 H85 0 05 1
P,
™ £ 1000 P Bt 1o00 8 EcEr By
400 800 ¢ 3 800
b W 60 : 3
20 ;- 7y 40 3 WE
100 00 ¥ 200 E
0 b tascnt: 1] i 0 1
0020408081 0 m 0 %0 1 220 30 005 ¢ 085 04

t [ 8,4 . Mi

*Exclusive pi0 production simulated using a realistic MC
*Kinematic distributions in x,Q2,t tuned to describe the CLAS datay

7® beam SSA cross section

Main unknown in correcﬁons of photon SSA
are the ¥ contamination and its' beam SSA.
ep and epy samples

1.6<Q%<2.6, 0.22<x<0.32

Use epyy to estimate the
contribution of =0 in the

BH cos¢ moment

F A

< CLAS 5.7 GeV a
Soiscrco.4a !
oy od| 4

s ' i
T I }
0.05 |- ! ' !
PRELIMINARY
% 0z o 08

Contamination from n? photons increasing at large t and x and also at large f.
Significant SSA measured for exclusive #0s also should be accounted

) sp—ra’p'y

E~5. 75400V, R 2GeV"

T"‘I"'..“l""
e
/‘ s
/

TR
i
h
]

. As; sing A5} sing—As; (c™ 1 2c5)sin2¢
R ) @

[ BH cosg mement can gansate ~3% sin2d in the A, |
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DVCS SSA kinematic dependences at 5.7 GeV

DVCS SSA kinematic dependences at 5.7 GeV

aua ] | g
" R wf HLo, o mee
3 * l “84<x<08 1 ’ I * . i *

02 t# J’ | ! 0'21” !+ +lg+lf +
2 i
¢ + ' il P ik f

N (814

01} } ]

]
0 1 L i N : ]
2 3 4 02 03 04

Qz X

Fine binning allows to observe the x

2 Ay, for ep->ep[y] sample
and Q2 dependence with -£<0.5 GeV?

Preliminary data for fully exclusive epyis consistent with
the ep data and conslstent with GPD base predictions

‘30_‘ [ TAZ<@ AT

3

£041 PRELIMINARY -g;!:;::az « 47eqle2y
10N<x<u : zngj<u
YO8 e <Oh 03 i 13-t

+

] f4 R f: &;' h 1
o W AN SRR

aal } | il *

0 ‘ |
[ , L - . .
2 8 N 02 03 04
@ X
Fine binning allows to observe the x
2 Ay for ep->ep[y] sample
and Q2 dependence with -£<0.5 GeV?

Preliminary data for fully exclusive epyls consistent with
the ep data and consistent with GPD base predictions

Extraction of GPD H from A, , moment

Gu A
:z:8K(a:, t,Q2)y(2 — y) Fysin($)

Lu(e) = B +C§H/c0 cos(¢)) tr+ }’,
20.4' - \é;' ol
“las 4| Sl
) -, *.‘- G
=l S Y it #‘F‘”‘w T
; : ~20%
1T 2<Q2<2.4 GoV' °r
ol—5'3 0.4 Y 04

*Red[blue] points correspond to projected A, [un]corrected for =0 (bin by bin)
*H stands for the ratio of the A ;and prefactor calculated for all events in a bin
(averaged over ¢)

*Curves are for a simple model for CFF H (blue) and H+...(red)

Target Spin Asymmetry: t- Dependence

A e owh

d 58
<.111_4 L S éim
——ith H-tikis

Unpolarized beam, longitudinal target: meeee Wikhout H-tiids

T,

AGy ~ sln¢lm{F,H+§(F,+Fz)(H +. } 02r
Aoy, ~ costRe(F, FHE(FHF)(H +.. } ﬁ -
off

First data avallable(5 CLAS days), /' o
more(60 days) to come at 6 GeV

Measurements with polarized target will constrain the
polarized GPD and combined with beam SSA measurements
would allow precision measurement of unpolarized GPDs.
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Exclusive p? production on transverse target

Polarized target SSA using CLAS at 6 GeV

24 4(Im{AB%))/m

Ayt

04+

4= 0.8 Gev?

[or] | A~H-H

B~ E:-Fd4
) : EY, Ed needed for
w2} angular momentum
R ] sum rule,’
o1 0.2 0.3 .4 [ 23
x K. Gooke, M.V, Polyakov,

M. Vanderhaeghien, 2001

Asymietry Is a more appropriate‘observable for- GPD stidies at JLab
‘energies.as possible cofrections {6 the cross section are expected to cancel
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*Provide measurement of SSA for all 3 plons, extract the Mulders TMD and
study Collins fragmentation with longltudinally polarized target
«Alfows also measurements of 2-plon asymmetries

Target SSA measurements at CLAS
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« Significant SSA measured for pions with longitudinally polarized target

» Complete azimuthal coverage crucial for separation of sing, sinZ¢ moments
. e

I Measuring the Q2 dependence of SSA |

I 0¥ vy ~Frugy~ HQ (Twist-3)

dpoenX
2o [ ® GLASE7 GV
-<..| B CLAS12 QuV
0.06 (roceis
0.04 +.+*. For fixed x, 1/Q
L "l----....‘___ T + «| behavior expected
0.02 ]
o ] n i1 3
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Wide kinematic coverage and higher statistics wili allow to check
the higher twist nature of beam and longitudinal target SSAs
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Probes of Orbital Angular Momentum at HERMES

G. SCHNELL [on behalf of the HERMES Collaboration]

Universiteit Gent, Subatomaire en Stralingsfysica, Proeﬂuinétraat 86,
9000 Gent, Belgium

In spite of significant progress that has been achieved, the spin of the proton is far
* from being explained. Though not yet completed, the contribution AY to the proton
spin from the spin of the quarks has been studied quite extensively. As already observed
by EMC in the 1980s, AY is small. Hence, the quark spin does not answer the question
about the origin of the proton spin.

Different decompositions of the proton spin have been discussed in the literature.
Both the gauge-invariant decomposition by Ji and the light-cone decofmposition by Jaffe
have in common that besides the contribution from gluons. the orbital angular momentum
of quarks L has to be considered as well. The unfortunate situation: to face is the lack
of direct probes of orbital angular momenta. However, Generalized Parton Distributions
(GPDs) represent powerful tools in the undertaking of extracting information on orbital
angular momentum. In the Ji decomposition of the proton spin, a certain moment of
two GPDs, F and H, gives the total angular momentum of quarks and/or gluons. In
combination with measurements of AY this moment can be used to extract LY.

"~ The most promising processes to measure GPDs are exclusive reactions. Among
them, Deeply Virtual Compton Scattering (DVCS) has been identified as the cleanest
and simpliest one. It gives access to both E and H. Exclusive Vector Meson (VM)
production can also be used to extract information on E and H. Bbth processes have
been studied extensively by the HERMES collaboration. In both cases, HERMES looks at
azimuthal single-spin or beam-charge asymmetries. They are proportional to either one
GPD amplitude convoluted with the well-known Dirac and Pauli form factors (DVCS)
or to the product of both E and H (VM production on a transversely polarized target).

HERMES observed significantly non-zero azimuthal beam-spin and beam-charge asym-
metries. They are important to constrain the GPD H. HERMES is in the fortunate and
exclusive situation, that it can measure both with electrons and positrons, which at
present can only be done at HERA at DESY. In order to constrain the GPD E one has
to turn to a transversely polarized target and either measure azimuthal SSAs in DVCS
or in exclusive VM production. HERMES has taken data on a transversely polarized
proton target during 2002-2005. Preliminary results available for the 2002-2004 data set
support in certain models a total angular momentum of up quarks at least bigger than
zero (exclusive VM production) and in the order of about 0.3 (DVCS).

A completely different observable that is sensitive to L is the Sivers function. It has
long been conjectured that L? can lead to SSAs in inelastic reactions. A clean process
to study the Sivers function is semi-inclusive deep-inelastic scattering on a transversely
polarized target where it produces a peculiar azimuthal distribution of hadrons from cur-

‘rent fragmentation. HERMES has done such a measurement with transversely polarized
protons. It was found that positive pions show a strong correlation between their mo-
menta and the target spin direction. Negative pions did not expose such a correlation.
These results suggest — in a model-dependent analysis — a positive contribution of the up
quark’s orbital angular momentum to the spin of the proton.
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Azimuthal Astmmetries in DVCS

e Beam-charge asymmetry Ag(¢) : <
do(e*,¢) — do(e™,¢) o Re[F1H] - cos ¢

» Beam-spin asymmetry Azp(¢) :
do(€,0) —do(e,$) x Im[FiH] - sin¢

. Long target-spm asymmetry Ayz(¢) :
do(P,¢) - do(P,$) o In[FyH] - sin ¢

Interference DVCS & BH cause azimuthal- asymmetnes in
cross-section:

» Transverse target-spin asymmetry Ay (¢, ¢s) [TTSA]L
do(¢, ¢s) — do(¢, ¢s + ) o< Im[FH — F1€] - sin (¢ ~ $s) cos ¢

+ Im[FyH — Fi£E] - cos (¢ — ¢s)sing

(Fl, F, are the Dirac and Pauli form factors, calculable in QED)
Compton form factors involving GPDs H, E, .

(7{5

-2

Fos.24%, 2008 —p. 10734

Constramlng H Partl
BSA x Im[FlH] sin ¢

Beam Spin Asymmetry: 7

SRS

1 _N* (¢)—N (¢)

PB) N+(¢)+N'1(¢) (:l: ... beam helicity) .

508 2,03
& 0s T p-re’yX (M<1.7GeV) P oz T poretx
) HERMES PREL. 2000 frefinad) HERMES PRELIMINARY 2000
04 £ ° — P1+P2sing+P3ain2s 04 E rained anatyaln)
o ‘M ’ o —t 0y
L 4= d 3 + ‘
[ ! = 01
0z r 0.2 F + +
04 F° 03 F +
P4 = .0.04 £ 0.02 (stat)
08 [ P2= 0.18%0.03 (atat) 04 |
s P3= 000+ 0.03 (stat) e Aw |“ <175ev = 018+ 0.03 (stat} + 0.03 (sys)
. Fet>=0asGev x> 0.12, <Q% » 2.5 GaV? . <t>=018 cev’ x> =0.42, <q’> =25GeV?
4 b M . . ; . . 26 by
3 2 4 ©o 1 2 3 -10123455
¢ (rad) M, (GsV)

significant sin ¢ modulation in exclusive region

Gunar Sthnell, DESY
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| Constraining H - Part Il
BCA o Re[Fl'H] * €OS ¢

~ Beam Charge Asymmetry: ﬁ% (4 ... beam chrge)

&0 - 025 ;
HERMES PRELIMINARY {<4,>= 0.12 GeV") 54, HERMES PRELIMINARY )
0e [ poerX (M<1.7GeV) 02 | {refinad analysis, <4> = 0.12 GaVY)
~ cl+clcosg+sising . o' p s etyX

B O |y

0.05 |
02 [ . 4 I
X3 ndf: 14,471 8 0 +
3 0 =0.009  0.020 (stat) ! * I
4 of =0.059 +0.028 (stat) - 05 |
s1%0,004:0.028 (stat) - ) )
.0.6 Lo 1 L L 1 L L .0-1 1 L L Lo 1 1 1 ]
-3 «2 -1 0 1 2 3 -1 0 1 2 3 4 5 ¢
$ (rad) ’ ) M, (GeV)

significant cos ¢ modulation in exclusive region

Gunar Schnell, DESY Workahon on Orbial : Fab. 4™, 2008
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Constrammg E Trans_verse TSA

Target Spin Asymmetry: E‘S%T g’;ﬁ (11 ... target polarization)

= extract sin(¢ — ¢g)cos ¢ and cos(¢ — ¢g) sin ¢ amplitudes
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Exclusive o° Production
TTSA x [E H] - sin(¢ — ¢s)

Target Spin Asymmetry ﬁ-ﬁ%{ﬁ;—}# . targt poartzation)

* qualitative agreement with model prediction fhep-phiosos264)
* model & HERMES data = slight preference for J* > 0

Guner Schnell, DESY Fob. #2006 —pu a4
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Collins Asymmetries 2002-2004
’ (Lepton-Beam Asymmetrles)

HERNES PRELIMINARY 2002-2004
Flepton eem aeymmety scopiindes

® published results confirmed with much
1 higher statistical precission

2 (sln{p+ba i,

.fEEE s

: ' ; + X ++ ; + - @ lepton-beam asymmetries

¢ {vs. virtual-photon SSA In publication)
« kin. prefactors (“depolarization
factors”) still included

® overall scale uncertainty of 6.6%

® positive for 7+ and negative for 7~ as
maybe expected (du > 0
éd < Q)
® unexpected large 7~ asymmetry

= role of disfavored Collins FF_
most likely: H;~%/" o5 _ prL:fov

ARVSCUITE ST ® no (new) constraint on transversity yet -
al _u 0302 03 44 08 o8 03 o4 08 04 t
x

Lz P, [GoV] "

Orbital Anguise Fotrs™, 2008 -p.21/34

46

!



Results on Sivers Moments from
|  2002-2004 data
2{ sin(4—4s) ) o ¢ ~ X, € 2 [25hs £9(z,53) DYz, K3)]

et f i ; ® n+: positive; 7 consistent with zero
" “h oyt 1Y t * = first evidence for non-zero Sivers fct.:
it ¢ ¥ Fi7* < 0 (u-quark dominance)
e MMt " ; ;
-% SJF oot e | ® Exclusive p° asymmetry (2005 prel.):
fui | ,
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', L TR : oo 4, 0
E T " «| = smallsyst. error from vector mesons
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-t;uws'wnn,'desv“ ";“ 9 “: .2 “;‘ 'l't.ic:ll Workehiop on Orbital Angutss Mameotom ~ Abuquercue, Feb. 4%, 2008 ~p. 25138
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Chromodynamlc Lensmg
Understanding the Sivers Moments

approach by M. Burkardt:

N .. . . . R Ux(:li, bJ.) dx(’-‘, b..L)
patial distortion of g-distribution : ,

(obtamed usmg anom. magn. moments

(gluon exchange) ) | S L

: = transverse asymmetries\
‘ u mostly ver here

= e -_1»

FSikick =+

¢S=”/Z}sin(¢—¢s)>0

6= = ;

Gunar Schnedl, DESY

b 24,2000 —p.20s4
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So much data — but whatis L,? |

* have some indication that L% & J* > 0

* however, no mbdel—independent extraction
possible:

» DVCS gives access to GPDs (needed for Ji's
recipe), but can only constrain GPD models,
no direct measurement of GPDs possible

« Sivers function related to OAM, but how?

* transversity extraction reqtjires_ knowledge of
Collins FF ‘

* how is “Leader's OAM” related to “Ji's OAM™?
* unpolarized-target data still under investigation

Gunar Schosll, DESY Orbital que, Feb. um.mos -p 234
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COMPASS plans to measure GPDs
. Jean-Marc Le Goff,
DAPNIA CEA-Saclay
in behalf of the COMPASS collaboration

COMPASS is a fixed target experiment at the CERN SPS. It makes use of a 160
GeV polarized muon beam to study the spin structure of the nucleon and of hadron
beams to study hadron spectroscopy.

The setup allows for the measurement of exclusive p® production. At high Q?,
small momentum transfer to the nucleon (¢ < @?) and for longitudinal photons, the
cross-section factorizes in a hard cross-section convoluted with generalized parton
distributions (GPDs). A one-dimension study of the p° angular distributions was
performed. It provides several p° spin-density matrix-elements and confirms the
earlier finding that s-channel helicity conservation (i.e. A, = A,) is valid to a good
approximation. In this framework the matrix element r33 gives R = o1 /op. The
2002 data provide very good statistics up to @2 on the order of 5 GeV2. The 2003
and 2004 data will increase the statistics and, due to an improved trigger, cover
higher Q2. R appears to be increasing with @2 and is larger than 1 for Q% > 2
GeV?, so the data will be used to measure the total cross-section and extract a
reliable measurement of the longitudinal cross-section, oy, at large Q2. Data with
a transversely polarized target have also been recorded. The corresponding spin
asymmetry is proportional to the GPD ratio E/H. This is particularly interesting
because E enters the Ji sum rule (which gives the total quark spin, including orbital
momentum contribution) while other observables show very little sensitivity to E.
These will, however, be exploratory measurements, since the setup does not guaranty
the exclusivity of the reaction and the target is a nuclear target (°Lid).

In a new phase of COMPASS an upgrade of the setup is considered for a ded-
icated measurement of GPDs through deeply virtual Compton scattering (DVCS)
and hard exclusive meson production (HEMP). This would include a 2.5 m long
liquid hydrogen target, a proton recoil detector around this target and an additional
electromagnetic calorimeter to cover 12 < 6 < 30°. A Pythia-based simulation
showed that the background rate falls faster with @2 than the DVCS rate and that -
DVCS is already dominant at.Q* > 1. Due to the interference with the Bethe-
Heitler process, the difference of the cross section for positive muons of negative
helicity and negative muons of positive helicity provides the real part of the DVCS
amplitude. In 150 days of data taking the ¢ dependence could be measured in 3
bins in z; times 6 bins in Q. In each bin a clear difference could be seen between
different models. p° production could be measured up to 20 GeV? and w, m, 5 and
¢ production up to 7 GeV2. The proposal for this new phase could appear in 2008
and data taking could start in 2010.
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* o, is dominant at Q252

- 2002: high stat
in large Q2 range
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* we have transv. target spin asym — E/H
~ important for Ji sum rule (JE+H)

» exploratory measurement
(no exclusivity, nuclear target)
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Additions to COMPASS setu

2.5m liquid H2 target | ECal 1 or 2
to be designed and built P

£=1.3 1032 cm2 s-!

Exclusivity: at high energy
8AMZ = 3[(m+m, )e-m 2] >1 GeV?
heed 0.25 GcaV2 for AM cut

— hermetic detector

Recoil detector
to insure exclusivity
to be designed and built
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A possuble solul.n -

ECAL(

Neutral detection

s }:’f?;v CcoMmp ASS
setup

- TOF counters 1 Megas
Drifts

1m ‘ SM1

2004 2007
Funding by European Union (Bonn Mainz-Warsaw-Saclay)
45° sector recoil detector
- scintillating material studies (200ps ToF Resolu’non over 4m)
- fast triggering and multi-hit ADC/TDC system
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Process Dependence for Single-Spin Asymmetries
From Orbital Structures

Dennis Sivers
Portland Physics Institute A
University of Michigan Spin Physics Center

The A, -odd spin observables generated from a spiﬁ-independent hard scattering

in a transversely polarized proton inherit a process dependence from the initial- and/or
final-state interactions that expose one or more sectors of the polarized proton s
underlying orbital structure. This subject is often discussed under the label “non-
universality” but the ferm “process-dependence” more accurately reflects the situation
when the set of observables are very far from universal. [1] The presence of large
process-dependence in the observables does not imply the absence of an underlying -
intrinsic property of the quantum orbital structure of a proton. This can be clearly
demonstrated by examining the components of a quantum rotator (Fig. 1) and calculating
the impact these components can have on specified hard-scattering processes.

In the convolutions involved in the hard-scattering model, the impact of soft
interactions can be separated into non-oriented and spin-oriented components. For the
non-oriented component, the interplay of initial- and final-state interactions can be
included in a geometrical or optical representation of screening and jet energy loss as
illustrated in Fig. 2 for three different processes. As shown in Fig. 3, the spin-oriented
component in semi-inclusive DIS can be identified with the lensing property of the
confining force as featured in the model of Burkhardt. [2] The Drell-Yan process
displays “virtual lensing” as demonstrated in Fig. 4. The combined effect of the
screening and lensing for these two processes produces the fundamental Collins
conjugation relation [3]

( q/,,T) ( q/pT)swls (1 1)

Hard gluon exchange as shown in Fig. 5 can lead to color liberation and the absence of
soft spin-oriented effects in some observables [1] and a more comphcated structure in
others [4]. The decoding or unwrapping of these effects requires, at least, a systematlc
program of calculating next-to-leading order effects in the kt-dependent version of the
hard-scattering model and comparing the process—dependence of these results with the
process-dependence of the higher-twist-expansion [5] in kinematic regions where both
approaches are valid. The factorization implied by the absence of A._-odd dynamics in

perturbative ged [6,7] plays an important role in this program.

1. D Sivers, work in preparation.

2. M. Burkhardt, Phys. Rev D69: 091501 (2004)

3. J.C. Collins, Phys. Lett. B536:43-48 (2002)

4. D. Boer, P.J. Mulders and F. Pijiman, Nucl Phys. B667, 201 (2003)
5. Feng Yuan, presentation this conference

6. G.Kane, J. Pumplm and W. Repko, Phys Rev. Lett 41, 1689 (1978)
7. D. Sivers, Phys. Rev. D43, 261 (1991).
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Using Dijets to Measure the Gluon
Sivers Functions at STAR

Renee Fatemi

Ma”ssachusetts Institute of
Technology

February 28, 2005
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»  STAR has made strong cbntributions to transverse physics in
forward rapidities (see L. Bland’s talk)

= STAR has been investigating ways to extend transverse spin
studies at mid-rapidity. Leading Charged Particle asymmetries
were consistent with zero and interpretation was complicated by
possible contributions from Sivers/Collins/higher twist effects.

= Vogelsang/Boer Proposal (early 2004) to Measure Single Spin
Asymmetry of Dijet opening angle deviation from A®=x provides a
clean way to access Sivers at mid-rapidity.

= STARIis -preparing to make this measurement in 2006 run. Why
STAR and Why Now?

= Estimated Statistical Errors for 2006

Sivers Effect in Dijets

- T
1 YDi‘et —YIJD'i'et
Ay = m/2) =+ 20~ Toim
N P Yo + Ygijeéi Jet#2
ct #2

Deviations from ¢ = 7 due
to Partonic k.

i. Gluon=U+D)/2

ii. Gluon=0

iii. Gluon=D

iv. Glion=D +VkT?2=25

Maximal Effects at Ay =
0.4-0.5. This region

experimentally available!

W.Vogelsang and D.Boer Phys Rev D 69 (2004) 094025
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Large n-¢ coverage of STAR Time
Projection Chamber + Barrel +
Endcap Electromagnetic Calorimeter
makes STAR a natural choice for a
di-jet measurement. '

2. BEMC fully installed - but not fully in
trigger - ONLY in 2005!

3. Investigated Sivers dijet analysis in
2003 data but it was clear that samplg
was statistically fimited due to
triggering only on half bairel.

4, Several Level 0 jet triggers were implemented, tested and understood in 2005

-- these form the basis for Level 2 triggers.

5. Needed time to develop and test L2 trigger algorithms in order to maximize di-

jet sample

Level 2 Dijet Trigger Aigorithms

s Goal: Reconstructed di-jet rate of 10Hz which is factor of 5
above 2005 rate. Do this by taking 1/2 dijet sample from LO Jet
Patch Triggers and 1/2 sample from L2.

= | 2: Pass events from LO (Jet Patch * ETOT) Trigger. if
reconstruct two localized clusters of transverse energy
surpassing thresholds (ET1,ET2) with thrust axis separation
|Ad} > 1 radian keep the event.

= L2 treats BEMC+EEMC as uniform detector - in effect taking
jets coveringn =[-1,2] and ¢ = [0,27]

= | 2 algo biases towards jets with higher neutral energy. LO
triggered sample biased towards fower than average neutral jet
energy. We are equipped to estimate this trigger bias in simulation.

alBP1Eg o
T we ET23GeV R . N
s ETI2AGY 7 R

Poios

E_TiGaV por 1.2 nsich, Bvemwit
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s

% of dijet events in sample increases from 10-80% for ET2>5!

ETZ>5Gev

L2 algo tested on 2005 data -
shows excellent agreement with
cffline analysis. Thresholds are
variable but currently set at
ET1=ET2 ==3 GeV.

Yo
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Tracking developments
allowed identification of
“straight tracks” which do not
originate from the calfision
vertex to be identified. These
tracks reproduce the
asymmetric background

pattern in the EEMC and point

back to an origin 40 m
upstream in blue beam.

2003/2004 Inclusive Jet Analysis led to
: identification of background via enhanced neutral
11*- e I in jet spectrum. The background is
asymmetric in phi —resulting in asymmetric trigger
rates in the Endcap Calorimeter.

%mmn« uﬁa&m

er i P LINT FYIih) P LY

Steel Shielding added near quadrupale triplet in'beam tunnels an
both side'of STAR in order ‘to absorb high-energy hadrons.

STAR- JetFmdmg Algcrathms
are on Firm Ground. .

1) Inclusive Jet X-sec agrees within
systematic error bars with NLO pQCD

predictions

2) Good agreement between data &
PYTHIA+GEANT simulations. We are
capable of separating trigger and L
detector effects from physics effects b

T4 w©
ietp_[GeVic]

e _
;'I;,’trgu.am-—%.?w

53 HTTS FUTIUSUN SONUT TURIESRUTE R
N e e A
' B, e BT

3) Spin Sorting mechanism
tested and incorporated into jet
analysis framework

4) Necessary tools are ready for
relatively quick di-jet analysis
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'STAR 2006 Beam Use Request

= Piace a world class constraint on gluon
polarization in the proton

= Delineate the roles of the parton orbital motion/transversity in creatihg the
transverse single spin asymmetry (A_N) observed for inclusive forward pi0
production - .

» First significant measurement of Sivers Effect asymmetry in di-jet
production

Y sreeveiggeriet . ® 18 cryogenic weeks

T TeGeVmaysel B =13 weeks physics running
i ] I I - « 1.5 wk calibratioriftrigger
235 SR . . o
32 “ o commissioning
§§ - g = 11.5 wks running = 45/15
%g pb- delivered/sampled

: ‘ = 5/10 pb transverse/long
Summary:and Discussion

= STAR Collaboration is invested in studying all aspects of spin puzzle.
= Transverse running has high priority for STAR in 2006.

= Recent developmehts in hardware, shielding and triggering should
enable us to produce first statlstlcally significant measurement of dijet 3¢
asymmetry.

? Do we need to worry about Collins effects from first gluon scattered
from polarized quark? How does this effect vary with cone size?

? If size of partonic kT is independent of hard scattering scale (jet pT)
then shouldn’t this asymmetry become smaller at higher jet pT?

? How will Sivers Functions be extracted from this asymmetry’? What is
the status of the necessary factorization theorems?

? Can we extract AL, from Sivers?
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Can We Learn Quark Orbital Motion from SSAs?

Feng Yuan'

1RIKEN BNL Research Center, Building 5104,
Brookhaven National Laboratory, Upton, NY 11973

In this talk, I argued that the Single-Transverse Spin Asymmetries (SSAs) indeed provide
information about the quark orbital angular momentum contribution to the proton spin.
This is because the SSAs are proportional to the interference between the hadron helicity
non-flip and flip amplitudes, and the latter one definitely involves the nonzero quark orbital
angular wave function of the nucleon. Furthermore, by an explicit calciulation, we have shown
that the Sivers function can be expressed as the overlap of the light-cone wave functions of
zero quark orbital angular momentum Fock state and the nonzero orbital angular one in a
particular choice of the light-cone gauge (e.g., the advanced boundary condition). However,
so far there is no quantital:,ive relation between the measured SSAs (or the extracted Sivers
function) and the size of quark orbital ané‘ular momentum contribuﬁon to the proton spin.
This will be a subject needed to be studied further

In this talk, I also demonstrated that the two mechanisms proposed in the QCD frame-
work for the SSAs are indeed unified. Using Drell-Yan pair production as an example, we
explore the relation between two well-known mechanisms for single transverse-spin asymme-
tries in hard processes: twist-three quark-gluon correlations when th:e pair’s transverse mo-
mentum is large, g1 > Aqcp, and time-reversal-odd and transverseimomentum-dependent
parton distributions when ¢, is much less than the pair’s mass. Alfhough the two mecha-
nisms have their own domain of validity, they describe the same physics in the kinematic
region where they overlap. This unifies the two mechanisms and. imposes an important

constraint on phenomenological studies of single spin asymmetries.
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GCan We Learn Quark Orbital
Motion from S5As?

Feng Yuan
RIKEN/BNL Research Center
Brookhaven National Laboratory

Feb. 24-26, 2006 Workshop on Parton Orbital
Angular Momentum

Why Does SSA Exist?

« Single Spin Asymmetry is proportional
Im (M, * M)

i $E 335, <~.££,}_,<\« .

-~ HMelicity tlip: one must have a reaction mechanism for
the hadron to change its helicity (in a cut diagram)

- Final Siate Interactions (F81): to generate a phase
difference between two amplitudes
The phase difference is needed because the structure
S (p x k) violate the naive time-reversal invariance

Naive Parton Model Faiis

« If the underlying scattering mechanism is
hard, the naive parton model generates a
very small SSA: (G. Kane et al, PRL41, 1978)

— The only way to generate the hadron helicity-
flip is through quark helicity flip, which is
proportional to current quark mass m,,

~ To generate a phase difference, one has to
have pQCD loop diagrams, proportional to ag

Therefore a generic pQCD prediction goes like
AN ~ (l.S mq/ Q
Every factor suppresses the 8SAl

Beyond the Naive Parton Model

 Transverse Momentum Dependent Parton
Distributions
~ Sivers function, Sivers 90
— Collins function, Collins 93
- Brodsky, Hwang, Schmidt 02
Collins 02
Belitsky, Ji, Yuan 02
» Twist-three-Correlations
— Efremov-Teryaev, 82, 84
- Qiu-Sterman, 91,98

Feb. 24-26, 2006 Workshop cn Parton Orbital
Angular Momentum -
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Feb. 24-26, 2006

Parton Orbital Angular Momentum
and Gluon Spin

« The hadron helicity flip can be generated

by other mechanism in QCD

— Quark orbital angular momentum (OAM):
Therefore, the hadron helicity flip can occur
without requiring the quark helicity flip.

Beyond the naive parton dllodel in which quarks are collinear

. Workshop on Parton Orbital

Angular Momentum

Parton OAM and Gluons (cont.)

« A collinear gluon carries one unit of
angular momentum because of its spin.
Therefore, one can have a coherent gluon
interaction b ‘

12

. Quark-gluon quark correlation function!
Efremov & Teryaev: 1982 & 1984
Qiu & Sterman: 1991 & 1988

Fab. 24-26, 2006 Workshop on Parton Orbital
Angular Momentum

Where are the Phases

TMD: the factorizable
final state interactions
---the gauge link in
the definition of the
TM! ¢ ¢

Brodsky, Hwang, Schmidt, 02
Collins, 02 .
Ji, Belitsky, Yuan, 02

+ Twist-three quark-
gluon correlation:
poles.from the hard
scattering amplitudes

[ i

Efremov & Teryaev: 1982 & 1984

Qiu & Sterman: 1991 & 1899

Feh. 24-26, 2006

Workshop on Parton Orbital

Angufar Momentum

Unifying the Two Mechanisms
(P, dependence of DY)

At low P, the non-perturbative TMD Sivers
function will be responsible for its SSA -

When P, ~Q, purely twist-3 contributions

For intermediate P, Aqcp< P, < Q, we should
see the transition between these two

An important issue, at P, < Q, these two
should emerge, showing consistence. of
the theory

{Ji, Qiu, Vogelsang, Yuan, to appear)

Feb. 24-26, 2006 Workshop on Parton Orbital
Angular Momsntum
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A General Diagram in Twist-3

\bar q(x’)

e TWist-3 quark-gluon
wwsd Correlation: Te(XyX,)

dz d:r:
do o P98 | g1 o / —————Q(w)TF(m T —xg) X -
Qiu,Sterman, 91
Feb. 24-26, 2008 Workshop on Parton Orbital
Angular Momentum

"L Antiquark distribution:

Soft and Hard Poles

< g 1 1
510 5 —— 7 -
T i 2_‘p—P+"'.’L'g—Z€
o % 2k Pt —ag + at/(QZ— )~ ie

* Soft: Xg=0
* Hard: x} 0

Feb. 24-26, 2006 Workshop on Parton Orbital
) Angular Momentum

Sivers Function at Large k|

= e 2Mp rdz,
472 (k_2,_)2 / x {A+CrTp(2)
x 8(61 - 1) (In¢%/R2 - 1)}

« 1/k,* follows a power counting

* Plugging this into the factorization formula,
we indeed reproduce the polarized cross
section calculated from twist-3 correlation

Q'_g"l) (m’ k.L)

Feb. 24-26, 2006 Workshop on Parton Orbital
Angular Momentum

Fac:torizaticm Arguments

Reduced diagrams for different reglons of the gluon momentum:
along P direction, P, and soft Collins-Soper 81

Fob. 2426, 2006 Workshop on Parton Orbital
Angular Momentum
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Final Resulis

* P, dependence

dAo dAc@S  dAcRS
[ER— N ki)g(z y k - .
Pqldy f ar(z1,k1)q(z2, k1) + ( Pqldy  Pardy
' Sivers function at low P, Qiu-Sterman Twist-three |

« Which is valid for all P, range

Feb. 24-26, 2006

Workshop on Parton Orbital
Angular Momentum

)

Transition from Perturbative region
to Nonperturbative region?

» Compare different region of P

epsent X
01 | 2 HEANES

i

';, | L >14 ¥
4 0.075 ‘ * + ? %l
0.05 | IS |
l ﬂ,
30.025 |- # _ ?
0 i. f
-0.025 L L :
0 02f 04 06 08 1
[ P, (GeV) .

fNoi\pfsrturbati TMD EPetturbative regioni
Feb. 24-26,2006 " 7"""Wcrkshop on Parton Orbital
Angular Momentum

What do we learn from 8SA?

Feb. 24-26, 2006

Workshop on Parton Orbital
Angular Momentum

‘Nonzero Sivers function implies

« Nonzero Queark Orbital Angular
Momentum

%

arks only in s-state!

Vanishes if qu

Frignds: |

~ Pauli Form Factor F(t)

- Spin-dependent structure function g,(x)
- Generalized Parton Distribution E(x, &, t)

Feb. 24-26, 2006 Warkshop on Parton Orbital
Angutar Momentum
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L#0 Amplitude and Sivers
Function

+ Al distributions can be calculated using

the wave function. The amplitudes are not
real because of FSI. Siver’s function:

The functions F, for the wquatk is

F, =2 {5(-3)(& ” &L’§§§I,27r(1.2_ 3).@3&){1: 9 J) - ")'1_3)(1: - kg)é}"-*"(],g: 3)1‘%(3,4);(2) 1, 3}

Py

« Similar expressions for F(Q), g.(x) and E(x,t)

Ji, Ma, Yuan, Nucl. Phys. B (2003)
Fab, 24-26, 2006 Workshop on Parton Orbital )
Angular Momentum

- Concluding Remarks

» Nonzero Sivers function indeed indicates
the existence of the Quark Orbital Angular
Momentum

» However, there is no definite relation
between these two so far

» We, as theorists, need to work hard for
that goal, as asked by experimentalists

Feb. 24-26, 2006 Workshop on Parton Orbital
Angutar Momentum




G. Bunce
RBRC and BNL

Transverse Spin at Phenix

These comments on transverse spin at Phenix are from my own perspective.
They are flavored by a view that so far most action in transverse spin has been in
the “valence” region, or the beamltarget fragmentation region. This is not entirely
the case, since at the AGS a large =" asymmetry was observed for inclusive
production at mid rapidity, with no asymmetry for =~ [1]. However, in general, at
mid-rapidity a transversity effect would appear unlikely, where the scattered
quarks or antiquarks carry polarization. A Sivers effect is possible, where an
orbital angular momentum of the partons in the proton associated with the proton
spin direction could be present.

The Phenix experiment, for mid-rapidity and at +/s =200 GeV and pr(max)=100
GeV, measured zero asymmetry for pion production to about 1% uncertainty in
the few GeV pr region [2]. The measurement is sensitive to lower momentum
fraction partons than for forward particle production. When compared with the
large forward asymmetry observed by STAR and BRAHMS at RHIC, the mid-
rapidity asymmetry is at least an order of magnitude smaller. When coupled with
the description of the cross section for n° production by pQCD, the Phenix

" measurement appears to limit the gluon Sivers function this reaction to a small
fraction of the apparent quark Sivers asymmetry observed for forward pion
production. Here | use the result reported by Anselmino that the large forward
. asymmetries are unlikely to be due to transversity.

Another measurement is proceeding at this time, to measure a transverse spin
dependent kr effect directly, following Vogelsang and Boer [3]. We have learned
at this meeting that each Sivers type measurement is process dependent.
Therefore, the absence of a Sivers effect in pion production at mid-rapidity would
not be incompatible with a non-zero kr asymmetry. This run (2006) should also
greatly improve the pr range and statistics for the single pion asymmetry, due to
RHIC running with much higher polarization (55% vs. 15% for the original
measurement) and luminosity.

A very large asymmetry was observed at RHIC, +/s =200 GeV, for very forward
neutron production, p_T=100-200 MeV/c, A_N=-0.1 [4]. This asymmetry is the
basis of the local polarimetry that is used to set up and monitor the spin direction
of the RHIC beams at Phenix. At the Japan Physical Society meeting this March,
the cross section was presented [5]. It is very consistent with earlier ISR cross
section data and matches the predicted energy dependence for one pion
exchange production.
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On new detectors [6]. Phenix installed a forward EM calorimeter just behind the
BBC counters, eta=3-4. This may give Phenix the opportunity to explore spin
dependent correlations of forward production with mid-rapidity. However, the
detector is surrounded by magnet yoke, so the albedo from particle conversions
in the iron wiil be an issue. A vertex detector is being built for installation in
2009-2010. The detector offers heavy quark i.d. and reconstruction of jet axes
for correlation measurements with spin. Lastly, a nose cone calorimeter is being
considered. The present inert brass nose cones filter muons from the debris of
‘RHIC collisions, for forward production. The muon-arms will be the focus for

parity violating W boson production, in s =500 GeV running planned for 2009 to

2012. The proposed calorimeter would allow tests for W isolation, and offer jet
information for correlation spin physics.

On the far future. eRHIC [7] offers many important measurements. For example,
probing the Sivers and transversity effects reported by Hermes and discussed
here by Schnell at collider energy.
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SSA Measurements with a Primary Beam at J-PARC
Yuji Goto

RIKEN and RIKEN BNL Research Center

J-PARC (Japan Proton Accelerator Research Complex) is constructed at Tokai, which is located
about 100km north-east of Tokyo. The facility consists of a linac, a 3-GeV synchrotron, and a 50-GeV
synchrotron. This is 2 joint project between KEK and JAEA (Japan Atomic Energy Agency) aimed
at not only particle and nuclear physics experiments but also material and life science experiments
and a nuclear transmutation. For the particle and nuclear physics, there is a hadron beam facility
and a neuntrino beam facility to Kamiokande. ‘

For the spin physics program with a primary beam at J-PARC, a study group for the polarized
proton acceleration and physics experiments was formed, and discussions are undefway. Asoneofthe
key issues in the hadron physics, we want to understand the origin of the nucleon spin 1/2. Polarized
DIS experiments showed the quark-spin contribution is only 10-30%. We are working at RHIC ‘to
measure the gluon-spin contribution. At PHENIX, we obtained Ay, (double—hehc1ty asymmetry)
of neutral pion production channel as a preliminary result of 2005 run. We got a. ‘result to favor the
gluon-spin contribution smaller than 0.4 in statistically one-sigma level. By using this number, the
sum of quark-spin contribution and gluon-spin contribution favors smaller than 1/2. The remaining
component is the orbital angular momentum. The orbital angular momentum measurements should
be developed for the final solution.

For the orbital angular momentum measurement at hadronic-reaction expenments, we have hints
from previous hadron experiments. One hint was provided by the Fermilab E704 experiment which
showed large SSAs (single-spin asymmetries) of pion production at a large-zr region. To explain
this result, many theoretical models have been developed. The similar asymmetry was shown by the
STAR experiment at the RHIC collider energy.

The SSA of the Drell-Yan process is one of the most clean channels to investigate contribution
from theoretical models because there is no final-stater effect, and it is sensitive to Sivers effect at
a low gr region and the higher-twist effect at a high g7 region. One experiment we are discussing -
at J-PARC is a Drell-Yan experiment similar to Fermilab E866/NuSea experiment. It is a closed
geometry muon spectrometer with tapered copper beam dump and Cu/C absorbers placed in the
first magnet. By using and extending the same apparatus, several other SSA measurements are
possible. For example, by measuring a backward SSA of pions, it is sensitive to the gluon Sivers
effect at fixed target experiment energies. The sensitivity is lower at collider energies. Another SSA
measurement under discussion is that of D-mesons.

Physics and detector studies are ongomg Collaboration with many groups in the world is very
important
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J-PARC facility

Hadron Beam Facility

Nuclear

) Neutrino to
B Kamiokande [

%

X

B 3 GeV Synchrotron N 50 GeV Synchrotron
1 (25 Hz 1MW) 0.75 MW

g +-PARC = Japan Proton Accelerator Research Complex |

| Joint Project between KEK and JAEA |

February 25, 2006 Yuji Goto (RIKEN/RBRC) 1

Introduction
* Gluon contribution — PHENIX A, of =?

Ay (),
S g T K L

L Run 5 (Preliminary
0.06! . =

P GRSV-max: Ag = 1.84
0.04;? .
0.02] |, |SR¥= GRSV-std: Ag = 0.42

o

, % ag=-g  best fit to DIS data

j
-0.02! -scaling error of "
bis not Incjudfd.

-0'046 s ' . :

2 4 6 8 10 12

Py (GeVic)

— PHENIX official statement
» conclusively excludes GRSV maximal scenario

* consistent with GRSV standard and GRSV Ag=0 input scenarios

— Personal statement
» ~1-sigma region: Ag < 0.4
* orbital angular momentum measurements should be developed for

the final solution
February 25. 2008 Yuii Goto (RIKEN/RBRC) 2
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Introduction S cissoen e

. 92 (2004) 171801
« Orbital angular momentum
— hint in hadron reactions :
Fermilab E704: E,,, = 200 GeV STAR at RHIC: Vs = 200 GeV
P S B a8
Y pp—a;ﬂ"x , E E
40:7 pp=anX 1 :
m'o pp=RX. 5. . } 4 4 n %
. I
c - s s ¢I.l ii: = f : N i
S L CI &
20 b e § ; | ..é — 06
: ot f |
'40_'.:".'". R A P Fo= 101113 15 18 23 24 GeVic
0 0.2 0.4 0.6 [X] 025 oz o" 55 o8

— asymmetries in angular distribution of semi-inclusive
hadron production at polarized DIS exps

Eebruary 25, 2006 Yuii Goto (RIKEN/RBRC) __ 3

Drell-Yan experiment

¢ Fermilab E866/NuSea and E906 at M|

— closed geometry
’ ;—Ring-Imaging

Cherenkov Counter

Fermilab E,,, = 800 GeV

2 x 10%2 protons / 20 sec | Muon
- Station 1 Detectors

{
i
{

—Station 2 . /| :—Hadrgnic
/1 Calorimeter
Y. Station 3~/ L
[N \ Electromagnatic
| * SM12 Analyzing ' SM3 Analyzing Calorimeter
| Magnet ‘Magnet :
---8M0
February 25,2006 Yuiji Goto (RIKEN/RBRC) _ _ ) 4
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Experimental apparatus
— two vertically bending magnets with p; kick of 2.47 GeV/c and 0.5
GeVic
— closed geometry
— tracking is provided by three stations of MWPC and drift chambers
— muon id and fracking are provided
— 2x10'2 50 GeV p/spill

— based on the Fermilab spectremeter for 800 GeV, the length can be
reduced but the aperture has to be increased

Schematic view in horizontal plane

'tapered copper beam dump and
Cu/C absorbers placed within the first magnet

D ol Mt

Emil

Mein Uagnet [—‘
: 100 tnches 2nd Uagnet m::mmmm
February 25 2006 Yuji Goto ( RIKEN/RBRC) 5
SSA on Drell-Yan

— no final-state effect
— sensitive to Sivers effect at low g7 g << Q

Drell-Yan A, at JPAC Energy
Sivers function from HERMES fit

- integrated over g;

0.15

T

0.1

4< Mu’u <5 GeV
i i " : ] " 1 L 1
0 . 0 2 0.4 0.6 v 0.8

Sivers function fit from Vogelsang & Yuan: PRD 72, 054028 (2005).

(from Xiangdong Ji’s sfide at J-PARC hadron
structure workshop at KEK, December, 2005)

February 25, 2006 Yuji Goto (RIKEN/RBRC) 6
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SSA on Drell-Yan
~ sensitive to higher-twist effect at high g;: Aqcp << g+

Drell-Yan A, at JPAC Energy

o Twist-three Contribution

—M,, ~2Ge

—M,, =4GeV

04}

.l...LI.J..I.=9
15 2‘ P 1(",:) 25

(from Xiangdong Ji’s slide at J-PARC hadron

structure workshop at KEK, December, 2005)

Yuji Goto (RIKEN/RBRC)

b

February 25, 2006

SSA measurement of pions

+ Forward pions with a polarized target
— backward Ay{x:< 0)
— sensitive to the gluon Sivers effect at fixed-target exp. energies
.— not very sensitive at collider energies

08 vt . 02 vy
— Sivers lquatd e quatk
07} -~ Swersighan) e gluen
e X ol k) &= 200% GeV®
O8 [ weee bz X Coins tquasie 015 ¢ Sy
05 — Ef04daln
3 -15Gavi
§ 0| Bar0GaV prossGaie 1& o1l
< PRELIMNARY o
03 pp->n X
02 005 |
o3
,‘I_‘_\ —
¢ N e i N o N e i —
4 08 06 04 92 O 02 04 05 02 1 08 07 06 05 04 03 -02

E,., = 200 GeV Vs = 19.4 GeV

pp—>a'X

RHIC: Vs = 200 GeV

STAR - saturated Sivers functions

February 25, 2006

& Xg
M. Anselmino, U. D'Alesio, F. Murgia, et al.
Yuji Goto (RIKEN/RBRC)
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SSA measurement of D-mesons

: . | maximized 99 ——
~ gluon fusion or quark-pair J-PARC.'E,Q&- 50GeV " et I |
annihilation
— no single-spin transfer to the 08
final state < o
— sensitive to initial state effect: '
Sivers effect 0z}

» to be measured at RHIC: . ;
PHENIX with silicon P 05060402 0 02040605 1
upgrade (2009) 0.3 prry P

~ collider energies: giuon-fusion I Sl NGk YR
dominant RHIC: Vs = 200 GeV .

» sensitive to gluon Sivers o2y

effect - ;—E 015
— fixed-target energies: quark-pair B ]
annihilation dominant Y
« sinsitive to quark Sivers P ]
effect g Lo BT
. 08-06-04-02 0 02 04 06 0.8
— complementary &
M. Anselmino, U. D'Alesio, F. Murgia, et al.
February 25, 2006 Yuli Goto (RIKEN/RBRC) 9
Summary

+ For the spin physics program with primary beam at J-
PARC, study group for the polarized proton acceleration
and the physics experiment were formed, and '
discussions are underway

¢ Measurement of the orbital angular momentum
component in the nucleon is one of the most important
goal of the spin physics program at J-PARC

« Drell-Yan experiments are planned

— SSA measurements of Dreli-Yan, pions, D-mesons, etc.
— gluon polarization at large-x, transversity, etc.

¢ Physics and detector studies are ongoing

¢ Collaboration with many groups in the world is very
important

February 25, 2006 Yuji Gato (RIKEN/RBRC) : 10
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k, Dependence and “T-0Odd” Effects in TSSAs & Azimuthal

Asymmetries

Leonard P. Gamberg
Division of Science, Penn State-Berks, Reading, PA 19610, USA *

Abstract
One of the persistent challenges confronting the QCD improved parton mddel is to account for the

large azimuthal and single spin asymmetries that emerge in semi-inclusive electro-production, and
di-lepton production in Drell Yan scattering. Going beyond the collinear approximation in PQCD
recent progress has been achieved in characterizing these asymmetries in terms of initial and final
state interactions. At moderate Pr ~ Aqqp these effects can be described by the so called naive
time reversal odd or T-odd transverse momentum parton distribution and fragmentation func-
tions. Thus a study of these asymmetries provide a window to explore novel quark distribution
and fragmentation functions which constitute essential information about the spin, transversity
and generalized momentum structure of hadro-ns. Here we consider the leading twist T-odd con-
tributions as the dominant source of the cos2¢ azimuthal asymmetry and sin(¢ + ¢;) SSAs in
SIDIS and pp — ppt X di-lepton production in Drell-Yan Scattering. These asymmetries contain
‘information on the distribution of quark transverse spin in an unpolafized proton, h,,l (z,k1). Ina
parton-spectator framework we estimate these asymmetries at HERMES kinematics and for Drell-
Yan scattering at 50 GeV center of mass energy. The latter azimuthal asyﬁunetry is interesting in
light:. of proposed_experiménts at GSI, where an anti-prbton beam is ideal for studying the transver-
sity properties of quarks due to the dominance of valence quark effects. With proposed luminosity
and detector upgrades at PHENIX and STAR. (RHIC II) it is of interest to comsider sea quark
Boer-Mulders and Sivers distribution functions see to predict the cos 2¢ azimuthal a,symmetriés for

di-lepton production in the Drell Yan pp — £¥£~ X reaction.

g
*Electronic address: 1pg10@psu.edu
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Provide source of T-Odd Contributions to TSSA and AA

s Enter the leading twist distribution and fragmentation correlators “T-
odd” Distribution Functions: Transversity Properties of quarks in Hadrons
Boer, Mulder: PRD 1998

aaﬂk_Lan_B Gl_ﬂ/pa-’y n kp hT

1
Az, k1) = Z{DI(Z’ zk)) p+ Hi(z, k) 7 + Dy T +--1,
' 1 : o™ pran e’"’ PoEn? ph ST
&(z,pL) = E{fl(wv pi) s+ hy (=, pl)—%i + fir(z, pL)- M+ LT3

SIDIS cross section

doe'N X o @ datarta @ D; + kL f1® d6'7 @ D, - cos
{r.A} Q .

k2 :
+ [b—gﬁ ® ds“ " @ Dy + hi @ d6'7 @ Hf] . cos 2¢

+ |Sz|- k@ d6* T @ Hi - sin(¢ + ¢s)  Coltins
+ lSTI * f]J:_z‘ ® daéq—)-fq ® D, - Sin(ﬁbb - Q()S) Sivers

Joint UNM/RBRC & Workshop on Parton Orbital Angular Momentum UNM 25t Fep 2006 17

SIDIS-Transversity Properties at Leading Twist

® Collins NPR:1993, Kotzinian NPB:1995, Mulders, Tangerman PLB:1995

Jds I’2PM-q—“sm(ww)(drﬂ—dai') - g 2 B O )
[ dibg [ 2Py (dottdat) T (1+(1-9)?) Tq e A=) D1(2)

( = sin{é + ¢y

® Sivers PRD: 1990, Anselmino & Murgia PLB: 1995 ...

k)
2 (1) y

\Pril . . 1+ (-9 T, eqff:p (2)zDY(2)

( sin(¢ — ¢g) = | - ! .

® Probes the probability for a transversely polarized target, pions are produced asymmetrically
about pion production plane
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‘Gauge Link-Pole Contribution to T-Odd Collins Function

. L~ B
L.G.,Goldstein,Oganessyan PRD68,2003 Al "8l(z, k1) = L [ dk+Tr(y v tysA)|, - _ —

Pl koo b 4l
NNy I SV A
o P 3
— =T — I '
? ? P r (7 10 Bikonul Feynman Roles Colling = e

Motivation:color gauge .inv frag. correlator “pole contribution”
leading twist T-odd pion fragmentation

~

H&D,G

2,2 9
Lo gy NOfg210-2) p My 2 .
HI (47 }'I.L) - (27;‘)4 4z =z A,U"-_zj‘_) 1‘72_L R(z, k_L) ael

02+

' 1
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Collins Asymmetry

L.G., Goldstein, Oganeséyan PRD 2003: updated For the HERMES kinematics
1GeV? < Q% < 15 Gev?, 4.5 GeV < Ky < 13.5GeV, 0.2 < & <041,02<2 <0702 <y <08 < P2, 5= 0.25 Gev?

y : 2 Uy,
Pry . 21-y) X, 8élzl(a:)zHiL (=)
- (é -+ és rp = |9 Yy y .
( A, Sio .))L T=| F‘(l +(1=)7) Xy el fi(=)Di(z)

Data from A. Airapetian et al. PRL94,2005
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Estimates for Sivers Asymmetry

Data from A. Airapetian-et al. PRL94,2005

PPl [P ein - gsdo (140 -9 Tyeifip) @)2D1)
M J d2Py; do 1+ 1 ~-y)*) T, 2 1(z)Di(2)
014
011 0.12:- -
1 0.1- . -
0l i
"50.05« 5 oosl- -
< |
004~ ]
0.(12_—- .
[} n- 1 I 1
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“Double T-odd cos 2¢ asymmetry

Transversity of quarks inside an unpolarized hadron, and cos2¢ asymmetries in unpolarized
semi-inclusive DIS

. .
2 |P
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Boer-Mulders Effect in Unpolarized DRELL YAN cos 2¢

opion piane i) P4+p— /.J.—ll."' + X
dN - do . do 3 1 2 . 2 L
Pl = (m) 1d4qd§2 = e <1+ Acos” 0 + psin 0cos¢+—2—sm 6cos2¢) (4)

Angles refer to the lepton pair orientation in their COM frame relative and the initial hadron’s
plane. Asymmetry parameters, A, i, v, depend on s, x, mfm,'qqp

Boer PRD: 1999, Boer, Brodsky, Hwang PRD: 2003 Collins SoperPRD: 1977 subleading twist

e leading twist cos 2¢ azimuthal asymmetry depends on T-odd distribution h{'.

‘ hi- (2 )R (2,p)
2y, eiF [(2P¢ k- py ki) 1511\"}2 -

Ea,(‘z e?zf[flfl]

vV =

(5)

Joint UNM/RBRC & Workshop on Parton Orbital Angular Momentum UNM 25th Feb 2006 33

Higher twist comes in

; ' hi (2. k2R (2.07) =
23, cAF [(2P.L kL —py k)L ,3,1;\}2 P+ vgfwafi fil

T S un AFUL
_(%f Za, 62.7: [104 fl(.’L', kJ_)jT]_(.’E, p.L)]
Vg = —
;. Eu- 6?1‘? (fl(mv k.i_)fl(_‘fa PJ.))
Weight

wy = 2 (5 (ks - P.L))z — (k1 —pu)?

Convolution integral F = [ d*p.1d®k 1 6%(p. + ki — q)f*(x, p ) f(Z, ki)
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e Going beyond the collinear approximation in PQCD recent progress has been achieved

characterizing transverse SSA and azimuthal asymmetries in terms of absorptive scattering.
Central to this understanding is the role that transversity properties of quarks and hadrons
assume in terms of correlations between transverse momentum and transverse spin in QCD
hard scattering.

These asymmetries provide a window to explore novel quark distribution and fragmentation
functions which constitute essential information about the spin, transversity and generalized
momentum structure of hadrons.

Along with the chiral odd transversity T-even distribution function, existence of T-odd

- distribution and fragmentation functions can provide an explanation for the substantial

asymmetries that have been observed in inclusive and semi-inclusive scattering reactions.

We should consider the angular correlations in SDIS at 12 GeV for cos 2¢ from the standpoint
of “rescattering” mechanism which generate T'-odd, infrinsic fransverse momentum, k;,
dependent distribution and fragmentation functions at leading twist

Addressing issues of Universality of Collins Function

Azimuthal asymmetries in Drell Yan and SSA measured at HERMES and COMPASS, JLAB.
Belle, GSI-PAX, JPARC may reveal the extent to which these leading twist T-odd effects are
generating the data :
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Forward Particle Production and Transverse Spin Asymmetries
L.C.Bland, Brookhaven National Laboratory

Measurements of neutral pions produced at forward angles (3.3 <1 < 4.0):in p+p collisions at Vs
=200 GeV have been completed by the STAR collaboration [1,2] at the Relativistic Heavy Ion
Collider (RHIC). The measured 7° production cross sections are generally in agreement with
next-to-leading order perturbative QCD calculations [3] using the same distribution and
fragmentation functions that describe midrapidity results [4]. This agreement is in contrast to
what is found at lower Vs where measured cross sections far exceed NLO pQCD predictions [5].
Transverse smgle-spm asymmetries (SSA) are found to be large at RHIC energies when the
produced 7’ carries a large fraction of the longitudinal momentum of the colliding lransversely
polarized proton (large Feynman x). The transverse SSA measurements exploit the unique
capabilities of RHIC to accelerate, store and collide spin polarized proton beams. Transverse
SSA are not expected in naive applications of pQCD and require extensions to the theory
involving spin- and transverse-momentum (k) dependent distribution functions (Sivers effect
[6]) or a non-zero transversity distribution function analyzed by spin- and transverse-momentum
dependent fragmentation functions (Collins/Heppelmann effect [7]). Higher twist effects
involving quark and gluon correlations have also been suggested but can have significant overlap
with kr-dependent approaches. Both Sivers and Collins contributions have been identified in
semi-inclusive deep inelastic scattering from a transversely polarized hydrogen target by the
HERMES collaboration, as described at this workshop. The Sivers contribution is interpreted as
evidence of orbital motion of the partons within a proton. ’

The STAR collaboration is embarking on an upgrade of their forward detection capability by the
construction of a Forward Meson Spectrometer (FMS) [8]. An engineering test of the STAR
FMS has been assembled for RHIC run 6 that is underway as of the wrifing of this contribution.
The extended forward coverage by the modular calorimeters at STAR for RHIC run 6 will
enable measurements of transverse SSA for multi-photon final states that exhibit jet-like
properties, as described in this contribution. The design of the modular calorimeters ensures
azimuthal symmetry about the thrust axis of the forward jet. Integration over this azimuthal
symmetry isolates Sivers contributions to the forward n° transverse SSA. An observed

. dependence of the transverse SSA on the azimuthal distribution of additional photons would
signal non-zero contributions from the Collins/Heppelmann effect. In addition, the modular
forward calorimeters at STAR should provide measurements of the cross section for large
rapidity direct photon production. Both transverse SSA and two-spin asymmetries with
longitudinal polarization for large-rapidity direct photon production will be possible upon the
completion of the STAR FMS.

[1] J.Adams et al. (STAR collaboration), Phys. Rev. Lett. 92 (2004) 171801.

[2] J. Adams et al. (STAR collaboration), submitted to Phys. Rev. Lett. [nucl-ex/0602011].

[3] B.Jager, A. Schafer, M. Stratmann and W. Vogelsang, Phys. Rev. D 67 (2003) 054005.

[4] S.S. Adler et al. (PHENIX collaboration), Phys. Rev. Lett: 91 (2003) 241803

[5] C. Bourrely and J. Soffer, Eur. Phys. J. C36 (2004) 371.

[6] D. Sivers, Phys. Rev. D 41 (1990) 83; 43 (1991) 261.

[71 J. Collins, Nucl. Phys. B396 (1993) 161; J. Collins, S.F. Heppelmann, G. A. Ladinsky, Nuc] Phys.
B420 (1994) 565.

[8] L.C. Bland et al. Eur. Phys. J. C43 (2005) 427.
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Forward Particle Production and
Transverse Single Spin Asymmetries
OUTLINE

- Transverse single spin effects in p+p collisions at Vs=200 GeV
+ Towards understanding forward =° cross sections

¢ Plans for the future
' o . L.C. Bland

Brookhaven National Laboratory
RBRC Workshop on Parton

Orbital Angular Momentum
Albuquerque 25 February 2006

STAR Forward Meson Spectrometer
[hep-ex/0502040}
2 L Band', B Bomen, B Urnsfond?, A Dierevshelifon®, J. Droctenber® § Eogeloge’ LB
8 Hoppeanr®, E 56V Kewtsn . Yo, Matediebe®, & Yoeleota®, D, Mazoan', L. Nz
Nangher', &, Dzwa’, €. Petkin’, G, Rebwss®, K. Shertorzor’, nd A, Vaslbew”

BROOKHEAEN

NATIONAL LABRRATORY

2/25/2006

3 Toas 4 Dbasy

ii\m STAR detector layout

Barre! !BI:’?E?E%E%IA‘ TPC: '1-0 < n < 1.0

Eleczf\:magne’.i: Y
® T o Tk | ‘ « FTPC:28<n|<338

{° BBC : 2.2 <|p|< 5.0

.« EEMC:1<n<2

< BEMC:-1<n<1

+ FPD:n|~4.0 & ~3.7

STAR characterized by azimuthally complete acceptance over
broad range of pseudorapidity.

2/2512008 L.C.Bland, RBRC Parton OAM
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Run 3 + Run 5 Preliminary
<n>=3.7,4.0
D. Morozov, for STAR {hep-ex/0512013]

Ll

2/25/2006 L..C.Bland, RBRC Parton OAM

First Ay Measurement at STAR
prototype FPD results
STAR collaboration - Similar to resuit from E704 experiment
Phys. Rev. Lett. 92 (2004) 171801 (s=20 GeV, 0.5 < p; < 2.0 GeV/c)
&3 s xmesons . '
S | © Totslenergy Can bhe described by several models
@O _ Collins available as predictions:
z |- Sivers . . S
'; F-—  Inltial state twist3 f + Sivers: spin and k, correlation in
£ |-~ Final state twista / parton distribution functions (initial
%na- S state) ’ ‘
< C « Collins: spin and k, correlation in
& "' fragmentation function (final state)
o S ) .
00 ¢ D + Qiu and Sterman (initial state) /
Koike (final state): twist-3 pQCD
9= 1011 13 15 15 21 24 GaVio calculations, multi-parton correlations
0% 02 04 13 0.4
Xp
Vs=200 GeV, <n> =38
2/25/2006 L.C.Bland, RBRC Parton OAM
Present Status
Run 2 Published Result. Be pp— e of ves 2000w
Run 3 Preliminary Result. “* RunS = preliminary
-More Forward angles. o s cr vt D :
-FPD Detectors. @ FutdERund s i T ‘
Run 3 Preliminary ¢3
Backward Angle Data. X
-No significant Asymmetry “r i
seen. 4 :
A. Ogawa, for STAR: [hep-ex/0502040] - T ' i } :
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An(py) from run3+run5 at Vs=200 GeV

Online calibration of CNI polarimeter
+ Combined statistics from e.zé“" — :
run3 and run5 allowed to o} & s
distinguish nonzero

{x>0.4}

o
effect in Ay(py) y
-0
] . ~0.2 L. e
e Thereis an evidence that °° °
analyzing power at O s e
x>0.4 decreases with Gi PR R 1
increasing p; Y S Y
-0.1} L 3599 7 !
. : e 0.70015-01 1 02080501 |
» Todo: systematics study -c2- - -~ o o e
0.5 H 15 2 L2 3 25
O G&V/’C
2/25/2006 L.C.Bland, RBRC Parton OAM

;

—
s pp—7°X cross sections at 200 GeV

—, " ) }
> M i}‘bﬁﬂfpﬁ‘;?&'ﬁ‘%m - # The error bars are point-to-point
. é 102 A m=23-STARPelimnery |  Systematic and statistical errors added
o NLOpGCDeale. |  in quadrature
2 — KKPFF. !
=R 3 - i . . " . .
= KrezerFF.| & The inclusive differential cross section
[ . . . .
2. 1t : for=? production is consistent with NLO
5 ! pQCD calculations at 3.3 <n<4.0
: =400
e !
o« =38 | & The data at low p; are more consistent
2 | with the Kretzer set of fragmentation
10 L narmatization BN “@=331  functions, similar to what was observed
g Uncertainty=18% R . by PHENIX for z° production at
10 Hppy=t1 13 15 17 18 GeVie — v i Midrapidity.
tp)=15 17 18 21 22 GeVic — W
Ppp=23 28 30 34 GeVic — & ¢
25 30 35 40 45 5D 55 60 65
E, (GeV)
D. Morozov (IHEP), ,
XXXXth Rencontres de Moriond - QCD, NLO pQCD calculations by Vogelsang, et al.
March 12- 19, 2005
2/25/2008 L..C.Bland, RBRC Parton DAM
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FPD++ Physics for Run6.

We intend to stage a large version of the FPD to prove our
ability to detect jef-like events, direct photons, etc.

— 148% 3.8-cm calls, 3X5B-cmeulle - FENII-um cul's, 336 3 B—ctm beils
fg,:oo éioo -
» 3.0
75 G -
50 o N=d.%
= 7=, ANBED N
bt » NN
¢ o F i O g waew
a5 sl RS NS N 2637 %22 RiRE
AE TR
= -0 Cenglade ¥
with a5 Ge
-7 il Soarch area
®| Spacer
h . for second ¥
-0 cra| o teoddless e
I e e NI
x {em, 3
Run-5 FPD ' ot

. The center annulus of the run-6 FPD++ is similar to arrays used to measure
forward n? SSA. The FPD++ annulus is surrounded by additional calorimetry
to increase the acceptance for jet-like events and direct y events.

212512006 L.C.Bland, RBRC Parton OAM

Jet spln asymmetry

p+p = n° + X, V8 = 200 GeV
£1>=4.00, 40< £<45 GeV

«. lIs the single spin =0
asymmetry observed for . [ Simutation breakdown
7 also present for the Tmrec : in (&ne)
jet the =°comes from? = - gj::p At

* Answer discriminates 100

5 0.09mno 2 from ony one 7 in det
between Sivers.and :
Collins contributions

ot - n = -
+ Trigger on energy in . 0GTUGsE 01 oS o7 afs 03 035 0k DAs 65
small cells, reconstruct L
70 and measure the 280 -
energy in the entire 200 | + Run=3 sapt—south data
FPD++ : ~— Simulation

« Average over the Collins
angle and define a new
Xg for the event, then
measure analyzing

pOWer Versus Xg 06" b5 81 ot 62 az; 03 oI MM(G:VA/ c“)
Expect that jet-like events are
2/25/2008 LCBland, - ~15% of n? events
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p+p — jet—like + X, vs=200 GeV, PYTHIA 6.22

2
o p——Eea> 18 8} (B >40 ) (1477) Jet-Like Events
2 JOE L.C. Bland (hep-ex/0602012)
o * N,>3 requirement should allow '~z analysis

« (upper left) for each event, examine PYTHIA

o1 |

- B 8 3
T
5

7' record for final-state hard scatiered partons

NP
r=t{n -+ lrvimm?T" - event selection chooses jet-like events.

o bsenly \

« (upper right) event-averaged correlation
between photon energy and distance in n,¢
b space from thrust axis

3 = events are expected to exhibit similar jet
characteristics as found at =0

8 & 8
T

22 r — « (middle) multi-photon final states enable
il ":d,:;;fi.om ;tm":& reconstruction of parent parton kinematics via
E D<pom37 . B { | (E=E) momentum sum of observed photons.

Lz} 1

T l « (bottom) projected statistical accuracy for
) data sample having 5 pb™! and 50% beam
polarization.

-1 3 PUNEIT YO SN OUY S0 1 I . PR Y O T 5 PR T
] E (Gev)
Azimuthal symmetry of FPD++ around thrust axis, selected by E,; condition, enables

« integration over the Coliins angle = isolating the Sivers effect, or

« dependence on the Collins angle = isolating the Collins/Heppelmann effect

ASummary / Outlook

» Large transverse single spin asymmetries are observed for large rapidity =°
production for polarized p+p collisions at Vs = 200 GeV

> 4, grows with increasing x. for x.>0.35

> Ay is zero for negative x
 Large rapidity z° cross sections for p+p collisioné atVs=200GeVisin
agreement with NLO pQCD, unlike at lower Vs. Particle correlations are

consistent with expectations of LO pQCD (+ parton showers).

* Plan partial mapping of 4 in x—p; plane for =0 and measurément of 4,, for
jet-like events in RHIC run-6

+ Propose increase in forward calorimetry in STAR to probe low-x gluon
densities and further studies of transverse SSA (complete upgrade by 11/06).

21252006 L.C.Bland, RBRC Parton OAM
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Parton Orbital Angular Momentum Workshop

February 24-26, 2006 . .
University of New Mexico - Albbuquerque, NM
Workshop Participants

Name Affiliation E-mail Address
Mauro Anselmino INFN anselmin@to.infn.it
Harut Avagyan JLAB avakian@ijlab.org
Bernd Bassalleck UNM bossek@unm.edu
Les Bland | BNL _ bland@bnl.gov
Stanley J. Brodsky Stanford University sibth@slac stanford.edu
Gerry Bunce (Organizer) RBRC ~ bunce@bnlkgov
Matthias Burkardt NMSU blrl@_@;t@m_ed_u
Renee H. Fatemi | MIT rfatemi@MIT.edu
Douglas Fields (Organizer) UNM fields@unm.edu
Leonard Gamberg PSU Ipg10@psu.edu
Yuiji Goto RIKEN/RBRC goto@bnl.gov
Christina Haegemann | UNM haegeman@unm.edu
Brian Hannafious NMSU
Delia Hasch DESY hasch@mail.desy.de
Robert Hobbs UNM rhobbs@unm.edu
Jer;m-Marc LeGoff Saclay jlegoff@mail.cern.ch
Michael Malik | UNM mdmalik@unm.edu
Andy Miller TRIUMF
Gunar Schnell DESY gschnell@mail.desy.de
Dennis Sivers Portland densivers@sivers.com
Jonathan Turner . UNM Iihtuzrner@unm.edu
Wemer Vogelsang (drganizer) | RBRC V_OQ%E‘D@%MM
Imran Younus UNM iyounus@bnl.gov
Feng Yuan BNL fyuan@quark.phy.bnl.gov
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Joint UNM / RBRC Worksh_dp
Parton Orbital Angular Momentum

February 24-26, 2006
Albuquerque, New Mexico

Agenda
Thufsday, February 23, 2006 .

7:45 p.m. Pickup at Hotel
8:00 p.m. RECEPTION (The Lodestar Astronomy Center)

Friday, February 24, 2006

8:00am.  Pickup at Hotel

8:30 a.m. Stanley J. Brodsky  "Orbital Angular Momentum on the Light-Front and QCD Observables."
9:30 a.m. Mauro Anselmino  "The average intrinsic k_perp of quarks”

10:15a.m.  Douglas Fields "Orbital Angular Momentum from Helicity Dependent kt"

11:00a.m.  Werner Vogelsang _ “Some thoughts on the helicity dependence of jet kt”

11:45a.m.  Matthias Burkhardt "Aspects of Quark Orbital Angular Momentum."

12:45 p.m. LUNC H

5:30 p.m. Harut Avagyan "Studies of OAM at Jiab"
"6:15 p.m. Gunar Schnell "Probing Orbital Angular Momentum at HERMES"
7:00 p.m. Jean-Marc Le Goff "COMPASS plans to measure GPDs"

7:30 p.m. DINNER

Saturday, February 25, 2006

9:00am.  Pickup at Hotel A '
9:30 a.m. Dennis Sivers “Process Dependence of Single-Spin Asymmetries from Orbital Structures.”

10:15am.  Renee H. Fatemi "Using Dijets to Measure the Gluon Sivers Functions at STAR"
11:00 am.  Feng Yuan "Can we learn quark orbital motion from the SSAs?"
11:45am.  Gerry Bunce “Transverse Spin at PHENIX"

12:30pm. LUNCH

'2:30 p.m. Yuiji Goto ' "SSA measurements with primary beam at J-PARC"
3:15 p.m. Leonard Gamberg  "k_t Dependence and T-odd Fragmentation"
4:00p.m. Les Bland "Forward Particle Production and Transverse Single-Spin Asymmetries"
4:45 p.m. Discussion Dennis Sivers

7:30 p.m. DINNER
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Additional RIKEN BNL Research Center Proceedings:

Volume 81 — Parton Orbital Angular Momentum (Joint RBRC/Umversfcy of New Mexico Workshop)
February 24-26, 2006 — BNL-

Volume 80 — Can We Discover the QCD Critical Point at RHIC? BNL-75692-2006
Volume 79 — Strangeness in C0111s10ns, February 16-17, 2006 — BNL~
Volume 78 — Heavy Flavor Productions and Hot/Dense Quark Matter, December 12-14, 2005 — BNL-
Volume 77 — RBRC Scientific Review Committee Meeting —~ BNL-52649
Volume 76 — Odderon Searches at RHIC, September 27-29, 2005 — BNL-75092-2005
Volume 75 — Single Spin Asymmietries, June 1-3, 2005 — BNL-74717-2005
Volume 74 — RBRC QCDOC Computer Dedication and Symposium on RBRC QCDOC, May 26, 2005 -
BNL-74813-2005
- Volume 73 — Jét Correlations at RHIC, March 10-11, 2005 — BNIL-73910-200;5
Volume 72 — RHIC Spin Collaboration Meetings XXXI(January 14, 2005), XXXII (February 10, 2005),
XXX (March 11, 2005) — BNL-73866-2005 _
- Volume 71 — Classical and Quantum Aspects of the Color Glass Condensate - BNL-73793-2005
Volume 70 — Strongly Coupled Plasmas: Electromagnetic, Nuclear & Atomic — BNL-73867-2005
Volume 69 — Review Committee — BNL-73546-2004
Volume 68 — Workshop on the Physics Programme of the RBRC and UKQCD QCDOC Machines — BNL-
73604-2004
Volume 67 — ngh Performance Computmg with BlueGene/L and QCDOC Architectures — BNL-
Volume 66 — RHIC Spin Collaboration Meeting XXIX, October 8-9, 2004, Torino Italy — BNL-73534-2004
Volume 65 — RHIC Spin Collaboration Meetings XXVII (July 22, 2004), XXVIII (September 2, 2004), XXX
(December 6, 2004) - BNL-73506-2004 '
-Volume 64 — Theory Summer Program on RHIC Physics — BNL-73263-2004
Volume 63 — RHIC Spin Collaboration Meetings XXIV (May 21, 2004), XXV (May 27,2004), XX VI (June
1, 2004) — BNL-72397-2004
Volume 62 — New Discoveries at RHIC, May 14-15, 2004 — BNL- 72391-2004
Volume 61 — RIKEN-TODAI Mini Workshop on “Topics in Hadron Physics at RHIC”,
March 23-24, 2004 — BNL-72336-2004
Volume 60 — Lattice QCD at Finite Temperature and Density — BNL-72083-2004
Volume 59 — RHIC Spin Collaboration Meeting XXI (January 22, 2004), XXH (February 27, 2004), XXIII
(March 19, 2004)— BNL-72382-2004
Volume 58 — RHIC Spin Collaboration Meeting XX — BNL-71900-2004
Volumeé 57 — High pt Physics at RHIC, December 2-6, 2003 — BNL-72069-2004
Volume 56 — RBRC Scientific Review Committee Meeting —~ BNL-71899-2003
Volume 55 — Collective Flow and QGP Properties — BNL-71898-2003
Volume 54 — RHIC Spin Collaboration Meetings X VII, XVIHI, XIX — BNL-71751-2003
Volume 53 — Theory Studies for Polarized pp Scattering — BNL-71747-2003
Volume 52 — RIKEN School on QCD “Topics on the Proton” — BNL-71694-2003
Volume 51 ~ RHIC Spin Collaboration Meetings XV, XVI - BNL-71539-2003
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Additional RIKEN BNL Research Center Proceedings:

Volume 50 — High Performance Computing with QCDOC and BlueGene — BNL-71147-2003

. Volume 49. — RBRC Scientific Review Committee Meeting — BNL-52679

Volume 48 — RHIC Spin Collaboration Meeting XIV — BNL-71300-2003

Volume 47 — RHIC Spin CollaborationvMeetings XTI, X1IT - BNL-71118-2003

Volume 46 — Large-Scale Computations in Nuclear Physics using the QCDOC — BNL-52678

Volume 45 — Summer Program: Current and Future Directions at RHIC — BNL-71035

Volume 44 — RHIC Spin Collaboration Meetings VIII, IX, X, XI ~ BNL-71117-2003

Volume 43 — RIKEN Winter School — Quark-Gluon Structure of the Nucleon and QCD — BNL-52672

Volume 42 — Baryon Dynamics at RHIC — BNL-52669

Volume 41 — Hadron Structure from Lattice QCD — BNL-52674

Volume 40 — Theory Studies for RHIC-Spin — BNL-52662

Volume 39 — RHIC Spin Collaboration Meeting VII — BNL-52659

Volume 38 - RBRC Scientific Review Committee Meeting — BNL-52649

Volume 37 — RHIC Spin Collaboration Meeting VI (Part 2) - BNL-52660

Volume 36 — RHIC Spin Collaboration Meeting VI — BNL-52642 '

Volume 35 — RIKEN Winter School — Quarks, Hadrons and Nuclei — QCD Hard Processes and the Nucleon
Spin — BNL-52643

Volume 34 — High Energy QCD: Beyond the Pomeron —~ BNL-52641

Volume 33 — Spin Physics at RHIC in Year-1 and Beyond — BNL-52635

Volume 32 — RHIC Spin Physics V — BNL-52628

Volume 31 — RHIC Spin Physics Il & IV Polarized Partons at High Q"2 Region — BNL-52617

Volume 30 — RBRC Scientific Review Committee Meeting — BNL-52603

Volume 29 — Future Transversity Measurements — BNL-52612 _

Volume 28 — Equilibrium & Non-Equilibrium Aspects of Hot, Dense QCD —BNL-52613

Volume 27 — Predictions and Uncertainties for RHIC Spin Physics & Event Generator for RHIC Spin Physics
III - Towards Precision Spin Physics at RHIC — BNL-52596

Volume 26 — Circum-Pan-Pacific RIKEN Symposium on High Energy Spin Physics — BNL-52588

Volume 25 — RHIC Spin — BNL-52581

Volume 24 — Physics Society of Japan Biannual Meeting Symposium on QCD Physics at RIKEN
BNL Research Center — BNL-52578

Volume 23 — Coulomb and Pion-Asymmetry Polarimetry and Hadronic Spin Dependence at RHIC Energies
—BNL-52589

Volume 22 — OSCAR 1I: Predictions for RHIC — BNL-52591

Volume 21 — RBRC Scientific Review Committee Meeting — BNL-52568

Volume 20 — Gauge-Invariant Variables in Gauge Theories — BNL-52590

Volume 19 — Numerical Algorithms at Non-Zero Chemical Potential - BNL-52573

Volume 18 ~ Event Generator for RHIC Spin Physics — BNL-52571

Volume 17 — Hard Parton Physics in High-Energy Nuclear Collisions — BNL-52574

102



_Additional RIKEN BNL Research Center Proceedings:

Volume 16 — RIKEN Winter School - Structure of Hadrons - Introduction to QCD Hard Processes —
BNL-52569

Volume 15 — QCD Phase Transitions — BNL-52561

Volume 14 — Quantum Fields In and Out of Equilibrium — BNL-52560

Volume 13 — Physics of the 1 Teraflop RIKEN-BNL-Columbia QCD Project First Anniversary Celebration —
BNL-66299 |

Volume 12 — Quarkohium Production in Relativistic Nuclear Collisions —~ BNL-52559

- Volume 11 — Event Generator for RHIC Spin Physics — BNL-66116

Volume 10 — Physics of Polarimetry at RHIC —~ BNL-65926

Volume 9 - High Density Matter in AGS, SPS and RHIC Collisions — BNL-65762

Volume 8 — Fermion Frontiers in Vector Lattice Gauge Theories —- BNL-65634

Volume 7 — RHIC Spin Physics — BNL-65615

Volume 6 — Quarks and Gluons in the Nucleon — BNL-65234

Volume 5 — Color Superconductivity, Instantons and Parity (Non?)-Conservation at High Baryon Density ~
BNL-65105 |

Volume 4 — Inauguration Ceremony, September 22 and Non -Equilibrium Many Body Dynamics ~BNL-
64912 _

Volume 3 — Hadron Spin-Flip at RHIC Energies — BNL-64724

Volume 2 — Perturbative QCD as a Probe of Hadron Structure — BNL-64723
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