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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 nurturing 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 24th throu& 26th 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 NUN-BNL Research Center. The workshop was motivated by recent 
and upcoming experimental data based on methods which have been 
proposed to access partonic angular momenta, including Deeply Virtual 
Compton Scattering, measuring the Sivers functions, and measuring helicity 
dependent kt 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 Erom present and upcoming 
high precision data, particularly at RHIC, Jlab, COMPASS and HERMES. 

The workshop filled two rather full days of talks fiom 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. 

i 



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 provides a physical, but rigorous, representation for angular 
momentum in a relativistic quantum field theory. Each n-particle LFWF $n(zi, z~i, St) in the Fock 
state expansion of a hadron in QCD is frame-independent and satisfies angular momentum conservation ' 
Jz = St + CE; Lf, summed over the n - 1 independent intrinsic orbital angular momenta Lt = 

--i Z X L  - $%I . Gluons propagate with physical polarization Si = fl in light-cone gauge A+ = 0. 
All of these features are illustrated by the Fock state expansion of the electron in terms of its fermion- 
boson components. 

[ a$ aq 

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 distribution amplitudes q5( zi, Q) which control hard exclusive processes is an 
integral JdLkLe(Q2 - k:)+(z, z) 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 Jz and thus is nonzero only between 
states which have AL,+= fl. In particular, the anomalous magnetic moment is the matrix element 
of the ladder operator J* - E T .  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 E 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, = fl. The anomalous gravitomagnetic moment B(O), 
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& where /? is the CP-violating phase of the LFWF. 

The AdS/CFT formalism provides a remarkable framework for hadron physics in which conformal 
symmetry is taken as an initial approximation. Color confinement is introduced by imposing Dirichlet 
boundary conditions q5(z = A) = 0 for the hadron amplitude in the fifth dimension. De Teramond 
anti I have found an exact mapplng for current matrix elements in Ads space to the corresponding Drell- 
Yan West formula for hadron form factors in the light-front formdim. This correspondence leads in 
turn leads to an exact identification of the z coordinate in AdS/CFT to a variable C 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 SchrGdinger 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 spectrum for all orbital angular momentum excitations L, as well 
as form factors for spaceliie Q2. Only one parameter A Q ~ D ,  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 wa.s supported by the Department of Energy contract DEAC02-76SF00515. 
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Measure Orbital Angular Momentum 
in Diffractive Reactions 

* pA + qqqA Coulomb Excitation pe- qqqe, 

a Test Color Transparency ' 

* Measure $&q, gu, 14) 

e 

e 

Angular distributions reveal 9 vs. P wave5 

correlations wlth Spin or Prqlectile Proton 
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Orbital Angular Momentum and 
Hard Exclusive Reactions 

LFWFs with L nonzero ham faster MIpff at short 
distances +qZJ--}+ IM 41 - 2) 

[vWJ[Tl  ’ 
Faster fall-off of hard exclusive redoas 

Hadron atlicitp conservation violation 

+ Spectator rule for structure functions at 

0 Spectaculafvioiations, spin anomalies 

%* (1 - 3)s 
+ 1 
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Fg: MsMn orbitel and radial Ads modes for k c ~  = 0.32 GeV. 

S t a ~ B d + ,  SLAG New Mexico Orbird Angular &iomentum in QCD 
2-24-06 
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Hadron Dynamics at the 
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The total intrinsic kl carried by quarks 
Mauro Anselmino - INFN 

The issue of the total amount of intrinsic transverse momentum, kl, 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 2 and transverse 
momentum kl, inside a proton with spin’s. The extraction of the Sivers 
functions for u and d quarks, based on HEMES 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 
kl and integrating over x 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? N ki, 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. 
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The total intrinsic k..~ carried by quarks 

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

\ \  31 > h a n d  orbital angular momentum 

> Orbiting quarks . . . ? 

Mauro Anselmino, Parton Orbital Angular Momentum, 
RBRC-U NM Workshop, AI buquerque, 24-26/02/2006 

The Sivers distribution function 

number density of partons with longitudinal 
momentum fraction x and transverse 

momentum h, inside a proton with spin S 

M. Burkardt, PR D69,091501 (2004) 
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Sivers mechanism in SlDlS 

d 5 0  
dx dQ2dz d'P, 

d o  = 

d&'4+'4 
d 6  = 

dQ2 

A 2 - '  from Sivers mechanism 

M.A., U.D'Alesio, M.Boglione. A.Kotzinian. A Prokudin 

c 
n- (2002-2004) /IC 

n 

02 e 1  P.6 0.) Q.2 n.3 0 5  1 

'h XB P, (GeVlc) 

1 1  



Deuteron target cf ( AN f,,,, +ANfdi,?)(41$ +@) 

P, (GeVfc) P, (GeVlc) 

M.A, M. Bcglione, U. D'Alesio, A. Kotzinia'n, F. Murgia, A. Prokudin I 

9.1 i- t : :  , . , , , , ,  
1 0 2  Kii 

X 

comparison of different 
extractions: hep-ph/0511017 

first pLmoments of 
extracted Sivers 

functions, compared 
with models 

data from HERMES and 
COMPASS 
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SSA in pfp --+ D X 

E,=200 GeV 
only Sivers effect: no 

transverse spin transfer in 
qi7 + Qc, gg -+ Qg 

dominance of gluonic channel, 
access to gluon Sivers function 

1 ~ ~ 1 ~  = saturated Sivers 
assuming., 

function 

ANf,/ , t  =2f,/, 
(thick lines :gg + Qg, thin lines : qq-, Qg 

0, l, 2,3.8 denote rapiditis) , 

What do we learn from Sivers distribution? 

total amount of intrinsic momentum carried by partons of flavour a 

for a proton moving along the +z-axis and polarization vector 
S 
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U 

k; E +0.141 (cos@, f+sin@, 3) 
0 
k i  E -0.128 (cos @, f +sin QS /?) 

GeV/c 

GeV/c 

Sivers functions extracted from AN data in 
p p j tr X give also opposite results, with 

kff E 0.032 kf: E -0.036 

kA and orbital angular momentum 
(case of 2 quarks) 

F+&O + +  u u  
k: +k: = O  k ,+k  Y Y  * O  k: +k: = O  

L + L  # O  . L + L  =o V Y  L + L  *o 
u u  

L +L = o  L f 4  L 7 ' Y  

Y Y  Does k:+k:#O imply L + L  g o ?  
It depends on space distribution .. .... to be continued .. .... 

u u  
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kT Asymmetry in Longitudinally Polarized pp Collisions at PHENIX 

I 1 , , 1 L r I I , I ..., ' .....__ 'r-', , , , 

- 

i 
I I 

........... 1 PHENIX Preliminary 
I . . . . . . . I . .  -. 

4 

D. E. FieldS,*1,*2 J. Rak,*l I. Younus,*l and R. Hobbs*' 

Fig. 1. Azimuthal correlation functions for opposite (a) and 
same (b) helicities in the (3.0GeVlc < pTt < 7.OGeV/c) 
range of triggered 7ro 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 
central rapidity'). This method utilizes the azimuthal 
correlation between a leading high p~ xo and another 
charged hadron. T h e  widths of the resulting near- and 
far-side peaks can then be related to the fragmentation 
transverse momentum, j~ (the transverse momentum 
of the fragmented hadron relative to the hard-scattered 
parton) and the net pair transverse momentum, kT in 
a straightforward manner. The net pair transverse mo- 
mentum can be produced from parton intrin'sic 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 
k ~ ,  as discussed in Ref. 2. Coherent spin-dependent 
parton transverse momentum adds to I;T 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 k~ asymmetry in the 2003 
RHIC run. Figure 1 shows the azimuthal angle distri- 
bution between triggered xo in the transverse momen- 
tum range of (3.0GeVIc < pTt < rl.OGeV/c) and an 
associated charged hadron in the (0.5GeVlc < < 
2.5GeV/c) range for opposite (left panei) and same 
(right panel) helicities for the colliding protons. From 
these correlation functions, the widths of the near-side 
peak (around A4 = 0) and the far-side peak (around 

University of New Mexico 
*2 RIKEN-BNL Research Center 

[ .  i 
.._" _. 

Fig. 2. Difference in ( Z ~ T ) R M S  for the same helicity minus 
opposite helicity events as a function of triggered 7ro 

transverse momentum at. 

A4 = 7 ~ )  are exctracted. From these, the correspond- 
ing d u e s  of fragmentation transverse momentum jT, 
and root-mean-squared (RMS) transverse momentum 
fraction weighted by a momentum fraction (2) of the 
fragmented hadron to the scattered parton, ( z I E T ) ~ ~ ,  
are determined. 

The difference in the extracted ( Z ~ T ) R M S  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 eEect. A bunch shuffling technique3) 
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 ( Z I E T ) R M S  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 p e  
larization as that of the 2003 RHIC run. Analysis of 
this data set is on-going and should be completed soon. 

References 

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

1) J. Rak, J. Phys. G30 (2004), S1309-S1312. 
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Another Possibility 
.Spin-Correlated transverse momentum - 
Partonic orbital angular momentum 

.We can perhaps measure using jet kT 
-Sivers Effect in single (double?) transverse spin 

-Possible Effect in double longitudinal spin 



kT, j ,  "easy" measurement inp  +p 
kr t+ki 3 

0 I 2 4 

tx GN 

jet fragmentation transverse 
momentum, j,-scaling. 

.I G2,-o 2 N 

parton transverse momentum, 
intrinsic + NLO radiative 
corrections. 
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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. 

h, 
0 

However, there is an ongoing 
analysis of lox more stat. and 
2x better polarization in run05 
II) should yield a definite 
answer. 

BS variance 

1’ 
I 



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

2 <k,> in: 
- Single transverse spin asymmetries - Sivers Function. 
- Double-longitudinal spin asymmetry - Fields Function. 

0 These may be sensitive to orbital angular momentum. 
Need theoretical guidance. . 
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Some thoughts on the helicity dependence of “jet-kT” 

Werner Vogelsang 

Physics Department and RIKEN-BNL R.esearch 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 l )  of the two hadrons (pions) produced in @” -+ hlhpX,  
separately for the two settings ++ or +- of the initial protons’ helicities. Based on earlier work 
by Meng et al. (T. c. hleng, J. c. Pan, Q. b. Xie and W’. Zhu, Phys. Rev. D 40, 769 (1989)), it is 
hoped that any difference between (K$)++ and (IT:)+- 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 (Ki)++ 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 helicity-dependence of the partonic scatterings will not cancel 
in the difference d m  - d m .  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 qij -+ y* would be ideal for disentangling genuine effects associated 
with the structure of the proton from the more “mundane” ones discussed 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 discuss the relevance of Sudakov 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 resumnied to  all orders in perturbation theory. A detailed study of the difference 
d m  - d m  will need to take into account these primarily perturbative effects. 
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The 

what cam we say (in pQCD) aboat this observable ? 

Let’s assume : 

J J ab 
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contain all partonic crass secs. 
pws & fragm.fcts. 
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(6) now assume that kT-widths are sibindependent: 

Afi (x> 

... 

0.06 - 

0.04 - 

0.02 - 

/’ 
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DY, first-order correction : 

q a t - j o  

higher orders : 
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same phenomenon in back4aEback hadrons x 
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E-706 deb 
- NLO (heory 
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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, -A:). 
The transverse deformation of the transversely polarized quark distribution in an unpolarized 
nucleon is descibed by the Fourier transform of the GPD HT + ET. The physical origh 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 [l]. 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 rule for the total angular momentum 
carried by the quarks, it is thus not surprising that HT + ET enters a similar relation for the 
correlation between the quark spin and its total angular momentum [2] 

. 

1. M. Burkardt, Int. J. Mod. Phys. AM, 173 (2003). 

2. M. Burhd t ,  Phys. Rev. D 72,094020 (2005). 
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example: yp -+ n X  (Breit frame) 4 

I 1°'7T+ 
I 

I 
/ 

/ 

fiN 
4 / 

23fr 
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/ 

- 

U,  d distributions in 1_ polarized proton have left-right asymmetry in 
1_ position space (T-even!); sign determined by K ; ~  & ~d 

S attractive FSI deflects active quark towards the center of 
momentum 

~3 FSI translates position space deformation (before the quark is 
knocked out) in +jj-direction into momentum asymmetry that 
favors -ij direction 

L) correlation between sign of I E ~  and sign of SSA: f$ N - K ~  

B fi$ - -K;  consistent with HERMES & COMPASS results 

Aspects of Quark Orbital Angular Momentum . 
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i$ Fourier trafo of 2R; + E; for S = 0 describes distribution of 
transversity Q~(z, bl) for - unpolarized target in 1_ plane: 
(M. Diehl+P. Hagler, hep-ph10504175) 

origin: correlation between quark spin (Le. transversity) and 
angular momentum 

Aspscts of Qirark Orbitel Angufar Moinentum 
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w w 

similarily I, deformation distribution for quarks with given 
transversity described by ~ H T  + ET 

c+= new relation: transversity decomposition of J; = P + Jx q,+g q9-g 

<J;,*d = s" 1 dx x [H(x ,  0,o) + E(x ,  0, o)] 
* 2  

a J"fa is angular momentum carried by quarks with spin 
(transversity) in &?-direction; P t 2  = (1 zt yxy5) 

3 Decomposition is possible since J; N S d 3 r  (T40"y - Tg"%) is 
diagonal in transversity! 

a J d k  X; [2HT + ET)] from lattice (hep=ph/0511047), or ... 
Aspects OF Quark Orbital Angu!ar Woimntuni . 
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Studies of OAM at JLab 

H. Avakian for the CLAS Collaboration 

Jefierson 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 NH3 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 
t o  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 sin24 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 sin4 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 Q2 dependence of the sin moments of unpolarized and 
longitudinally polarized SSAs (slide 30) to prove their HT nature. 
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I Studies of OAM at JLAB I 

*Introduction 
*Exclusive processes 

*Summary 

, 
I -Semi-Inclusive processes 

I 
Harut Avakian 
Jefferson Lab 

L I 

Quark Angular Momentum Sum Rule I 
GPDs P, Hd, E", Ed provide access to total quark 
contribution to proton angular momentum. 

I 
J 9  

I Large x contributions important. 

Parton picture: Longitudinal and transverse variables 

Inclusive f ( 4  PDF (spin/flavor) Twist-2 

Exclusive f h b t t )  GPD f) Jp Tvrist-2 

Semi-inclusive f(s, k ~ )  TMD (Sivers, Boer-Mulders) Twist-2, 3 , 4  
interaction-dep: 

3D Parton Distributions 

I TMD PDFs fpYx,kT), I 1 GPDs HDU(x,S,t).. I 

lo auark 

Analysis of SlDlS and DVMP are complementary I 



Hard Exclusive Processes and GPDs 

a, + Lu 
A d  + L d  
Au + Lu. + 'Ad + L a  

DVCS DVMP 

A B C  
0.6 0.82 0.73 
-0.08 -0.37 -0.25 
0.52 0.48 0.48 

N N N N 

DVCS - for different polarizations of 
beam and target provlde access to, 
different combinations of GPDs H, H, E 

DVMP for different mesons Is 
sensitive to flavor contrlbutlons 
(po/p+ select H, E, for u/d flavwqrr, 
q, K select H, E) 

Study the asymptotic regime and guide theory in describing HT. A 
1 A% N sin@n{~(F,H-F,E ) +.. } I 

Form Factor Studies 

*Different GPD combinations 
accssslble as azlmuthal moments 

Use various parameterizatlons for GPDs to flt the 1' dr W(a.t) = +T(t)  

J' da €''(Z. t )  = q ( q  
existing form factor data 

A.Afanasev hepph19910565 
Dlehl et al. Eur.Phys.J c39 (2005) 
M.Guidal et al PRD (2005) 

Different parameterlzations yield different 
contributions for quarks to the OAM 

A)Large L,, and small L, 
B)Sum of L, and l,, small 

Issues: different realstic'tits to FFs produce different values for Lq 
fits done at high t. need to be extrapolated to t-0 

More observables needed for detailed studies of GPDs and the 
OAM (RCS.DVCS,DVMP) 

Deeply Virtual Compton Scattering ep->e'p'y 

Polarized beam, unoolarlzed tamet: 8 10 -' 
-BH:glven by elastic form factors 
'OvCs: determined by GPDs 

Kinematically suppreised 

Unpolarized beam, longitudinal target: ," 4 

I A% N singIm{F,~+f(Fl+Fz)(H +.. } I '" 4u 1, , , , , , , , J 1, , ,\ 
lo 0 0.5 1 0 0 5  1 0 0.5 1 

Kinematically suppre&ed -ti&Pl 

Klnematically sbppressed I of the total cross section. 1 



w 
00 

*Define relation between ALu and s: 
-+ *effect of other non-0 moments -510% 

*effect of finite bins -10% 

Deeply Virtual Cornpton Scattering ep-te’ p’y 

,.I‘ 

- 

ZEUS - g I O  
a P 
P 

.E I 
1 

DVCS 10’’ 

Experiment:, 

.. .. .. . .. . ... . . . . . . . .. 0.4 

0.2 

0 

..a1 . -0.2 

- 0 .  , -0 .4  . , . , , .  . . .  . , . . . .  
, 0 1 2 3 5 5 6  

+dependent amplitude 
Q z - t  . Q2(Q2 - 2xME) 

Y m r  =-= Q 2 - X t  - 7 (Q’ - 2 m ) x  

0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.0 O S  1 
t d 

Strang dependence on klnematlcs of prefactor +dependence, at 
y-yCol P,(O)-O Fraction of pure DVCS increases wlth t and 4 

n 2 4 

G P D ~  from ep->e’p’y I 
Requirements for precision 
(45%)  measurements of S$ 
and GPDs from DVCS S S A  EA YCSS 0‘ 

2 
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P 
0 

DVCS SSA kinematic dependences at 5.7 GeV 

2 
0 

& for ep-rep[l sample 
with 4e0.5 GeV2 

Fine binning allows to observe the x 
and Q2 dependence 

I data for fully exclusive epy Is conslstent with 
and consistent with GPD base Dredlctlons 

Extraction of GPD H from ALu moment 

$ 
0.3 

I 
0- ' 0.3 0.4 

x x 

*Red[blue] polnts correspond to projected 4" [un]corrected for rd) (bln by bin) 
*H stands for the ratlo of the &,and prefactor calculated for all events In a bin 
(averaged over 9) 
*Curves are for a simple model for CFF H (bluaand H+ ...( red) 

~~ ~ 

DVCS SSA'kinematic dependences at 5.7 GeV 

*- 
3 d 4 1  

2 
* t- _._- t- 

I I 

0.2 0.3 I 

with -t<O.S GeV2 
Fine binning allows to observe the x 
and Q2 dependence 

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

Target Spin Asymmetry: t- Dependence 
1, ..'. ~ r '  :.ji;d. 0 #fir 

--With H-UICs 
Unpolarized beam, longltudlnal target: 

First data avallable(5 CLAS days), / t ,Oe"2! 
OJ5 OS 

more(60 days) to come at 6 GeV 

I Measurements with polarized target will constrain the I I 
polarized GPD and combined with beam SSA measurements 
would allow precision measurement of unpolarized GPDs. 

I- I 



Exclusive po production on transverse target 

.. 

0.4 

0.1 

0 

0.i 0.2 0.1 0.4 0.5 
X 

E", Ed needed for 
I angular momentum ; 

-4 1 sum rule. ' I 

K. Gwka, M.V. P d y b v ,  
~.vandabrcabm. 2001 

AsymmeUy Is a more appropriate observable for GPD studies at JLab 
energiesaspossible corrections to the cross section are expected to cancel 

Target SSA measurements at CLAS I 

A 0.15 

0.08 
0 

-0.05 
-0.1 

6.15 
-0.2 

a 0.1 
Qb1.1 GeV 

0 . 4 d . 7  . 
Mp1.4 GcV 

PT4 GcV 
0.12CsaJ.48 

0 Q Q - Significant SSA measured for pions with longitudinally polarized target 
Complete azimuthal coverage crucial for separation of sin@, sinZ@ moTents 

I ,;a 

Polarized target SSA using CLAS at 6 GeV 

cs 0-2 

0.16 

0.1 

0.06 

0 

9.06 

-0.1 

.Provide measurement of SSA for all 3 plons, extract the Mulders TMD and 
study Collins fragmentatlon with longltudlnally polarized target 
*Allows also measurements of 2-pion asymmetries 

1 Measuring the Q2 dependence of SSA 1 

3.04 

0.02 - 
i 

- 2  1 \ 2 4  6 

Wide kinematic coverage and higher statistics will allow to check 
the hlgher 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, Proefiuinstraat 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 AX to the proton 
spin from the spin of the quarks has been studied quite extensively. As already observed 
by EMC in the 1980s, AX 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 gaugeinvariant decomposition by Ji and the light-cone decomposition by Jaf€e 
have in common that besides the contribution from gluons the orbital angulzlr 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 took in the undertaking of extracting information on orbital 
angular momentum. In the Ji decomposition of the proton spin, a certain moment of 
two GPDs, E and H ,  gives the total angular momentum of quarks and/or gluons. In 
combination with measurements of AX this moment can be used to extract L'$ 

.The most promising processes to measure GPDs are exclusive reactions. Among 
them, Deeply Virtual Compton Scattering (DVCS) has been identified 8s 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 .  Both processes have 
been studied extensively by the HERMES collaboration. In both cases, HERMES looks at 
azimuthal singlespin 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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w 
Interference DVCS & BH caust 
cross-section: 

Beam-charge asymmetry Ac(4)  : 
.u w 

&(e+, 4) - &(e-, 4) cc Re[Fl'FI] cos 

Transverse target-spin asymmetry AUT($, &) [TTSA]: 
dr(4,ds) - da($,$s + n) o( Irn[FzN - FIE] . sin (4 - 4s) cos 4 

+ ~ [ F $ Z  - F~$I cos (4 - 4s) sin4 
(Fl, Fa are the Dirac and Pauli form factors, calculable In QED) 

Beam Spin Asymmetry: &- (+ ... beam helicity) 

-+ e p*e+yx 
HERMES PRELIMINARY 2000 HERMES PRELZOOO Wnmdl - P1+ PZsln $+ P3 .In 0.4 

4 .8  

-0.8 

4.G 
- 3 - 2 - 1 0 1 2 3  4 0 1 2  3 4 5 6 

(ad) M, (GeW 

significant sin 9 modulation in exclusive region 
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Beam Charge Asymmetry: (* ... beam charge) 

-4- t 0.2 0 l e +  
4.4 

4.6 
3 -2 4 0 1 2 ' . 3  

0 (W 

0.15 - 
0.1 - 

0.05 - 
0 -  

q.05 ' 

significant COS 4 modulation in exclusive region 
~ o n a W w - - ~ n b Y m * m  --ply51 

t --- __---__---.--.--- 

-..I_I ~ - "- ___I. ~ - . - .....-I.. 

Constraining E - Transverse TSA i 

I TargetSpin Asymmetry: &$$$$$-# (t1 ... target polarization) 1 =+ extract sin(4 - 4s) COS 4 and cos(4 - 4s) sin4 amplitudes 
! 

I .  . -  
I r a 

..... J"=Q .-.. .&=El t Dit --.l@.4 
0.6 mDPW-1 

-, . , . . , . . I . .  . , . . I  I . . . .  
0 0.25 0.5 0 0.1 0.2 0.3 0 2.5 5 7.5 10 

4 (ON2) %I Q2(GeVz) 
VWWhopmOlb)OlAngpuYomnhm-MqmnP,m24h.20W 

model calculation [hepgh/0506264] 
GWM. msr -p. UM 

-. . . . . 
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L 
9.2 (O")Ei?.OGOV 4.2 - - , .  

. *  ' (X) D 0.00 (4) = 0.14 QaV 
f .  ... . ..,-.. -... . 

4.4 ' * " ' ' * ' . * ' * * ' *  
0.1 0.2 0.3 0.4 0.05 0.1 0.15 02 

-t (GeV2) X 

qualitative agreement with model prediction [he~-ph10506264] 

model HERMES data =+ slight preference for J' > o 

- -Y__ 

s Asymmetries 2002-2004 
(Lepton-Beam Asymmetries) 

?2r- .+ -*=&am- - -" - 
'RELIYINARY 202-.7mU 

I I - r  ---I ruaPlena-urr. published results confirmed with much 
higher statistical precission 

lepton-beam asymmetries 
(vs. virtual-photon SSA In publication) 
c-t kin. prefactors ("depolarization 
factors") stlll Included 

positive for ?r+ and negative for n- as 
maybe expected (6u > 0 

unexpected large n- asymmetry 
+ role of disfavored Collins FF 
most likely: Hf'dis'' w - H f y f a v  

, 

Yet 
~---,--. -P.Z1Iy 
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Results on Sivers Moments from 

2002-2004 data 
- *  

n+: positive; n-: consistent with zero 
=. fi rst evidence for non-zero Sivers fct.: 

ti!$' < 0 (u-quack dominance) 

Exclusive po asymmetry (2005 prel.): 

=+ small syst. error from vector mesons 
w u w m a b D l ~ Y o m c M I - - w n m . w  - p w  

.- 

-_I _____ -__. ___-____ .-_*...... .A,-.*.>.* .-..-.. I -- 
Chromodynamic Lensing 

g %&p-jls Understanding the Sivers Moments 

! 

j transverse asymmetries 
I m I \ u mostly over h 

sin(+ - 4s) > 0 
FSI kick 

J 
+ =  lr 
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So much-data - but what is 
-a*== we. 3 . .  f-?r 

have some indication that L; & Ju > 0 
however, no model-independent extraction 
possible: 

DVCS gives access to GPDs (needed for J~‘S 

recipe), but can only constrain GPD models, 
no direct measurement of GPDs possible 
Sivers function related to OAM, but how? 

transversity extraction requires knowledge of 

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

i -  

Collins FF 

GW5drmEDESY w r n d l o p . m a t . w ~ ~ - ~ w  ~ m h . m m  -emu 
--..-I- e-- ~ - -, ~ - - _I^ - - 

48 



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 po production. At high Q2, 
small momentum transfer to the nucleon (t << Q2) and for longitudinal photons, the 
cross-section factorizes in a hard cross-section convoluted with generalized parton 
distributions (GPDs). A onedimension study of the po angular distributions was 
performed. It provides several po spin-density matrix-elements and confirms the 
earlier finding that s-channel helicity conservation (Le. Ap = A7) is valid to a good 
approximation. In this framework the matrix element rg gives R = OL/OT. The 
2002 data provide very good statistics up to Q2 on the order of 5 GeV. The 2003 
and 2004 data wil l  increase the statistics and, due to an improved trigger, cover 
higher Q2. R appears to be increasing with Q2 and is larger than 1 for Q2 > 2 
GeV, so the data will be used to measure the total cross-section and extract a 
reliable measurement of the longitudinal cross-section, a ~ ,  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 < 8 < 30'. A Pythia-based simulation 
showed that the background rate falls faster with Q2 than the DVCS rate and that 
DVCS is already dominant at Q2 > 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 q5 dependence could be measured in 3 
bins in Xbj  times 6 bins in Q2. In each bin a clear difference could be seen between 
different models. po production could be measured up to 20 GeV2 and w, T ,  q and 
(b production up to 7 GeV. The proposal for this new phase could appear in 2008 
and data taking could start in 2010. 
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Conclusions( on ' .  

when Q2 > 2 + R > 1 : accurate oL 

we have transv. target spin asym -+ E/H 
important fo-r Ji sum rule (JE+H) 

exploratory measurement 
(no exclusivity, nuclear target) 



. Additions t o  COMPA 
2.5m liquid H2 target 
t o  be designed and built 

c =  1.3 l O S 2  cm-2 s-l 

Y 

Exclusivity: a t  high energy 

need 0.25 
-+ her met ic 

4 

G'eV2for AM cut 

P' 
Recoil detector 
t o  insure exclusivity 
t o  be designed and built 
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2004-2007: 
Funding by EL 'opean Unio I (Bon 

SMl 

COMPASS 
setup 

1-Mainz- Warsaw-Saclay) 
45" sector recoil detector 

- scintillating material studies (200ps ToF Resolution over 4m) 
- fast triggering and multi-hit AbC/TbC system 



BCA Q2=4k0.5 GeV2 

Model 1: H(x,O,t) - q(x) F(t) 0.25 
0 

-0.25 Model 2: H(x,O,t) = q(x) e t <bL2> 

50 100 150 tp 
assuming: 
C = 1.3 
150 days 
eff iciency=25% 

2 bins shown out of 18 
03 bins in xB 0 0.05,0.1, 

cm-2 s-l 

06 bins in Q j- f rom 2 t o  7 GeV 
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Process Dependence for Single-Spin Asymmetries 
From Orbital Structures 

Dennis Sivers 
Portland Physics Institute 

University of Michigan Spin Physics Center 

The A, -odd spin observables generated fiom a spin-independent hard scattering 
in a transversely polarized proton inherit a process dependence fi-om the initial- andor 
-hal-state interactions that expose one or more sectors of the polarized proton’s 
underlying orbital structure. This subject is oRen discussed under the label “non- 
universality” but the term c’process-dependenc”’ more accurately reflects the situation 
when the set of observables are very far fiom universal. [l] The presence of large 
process-dependence in the observables does not imply the absence of an underlying ‘ 

intrjnsic property of the quantum orbital structure of a proton. This qan 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. 34 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 fbndamental Collins 
conjugation relation [3] 

Hard gluon exchange as shown in Fig. 5 can lead to color liberation and the absence of 
soft spin-oriented effects in some observables [I] and a more complicated structure in 
others [4]. The decoding or unwrapping of these effects requires, at least, a systematic 
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 [S] in kinematic regions where both 
approaches are valid. The factorization implied by the absence of A, -odd dynamics in 
perturbative qcd [6,7] plays an important role in this prograrn 

(ANq,pT)Dy = -(ANq,pt)mlS’ (1.1) 

1. D Sivers, work in preparation. 
2. M. Burkhardt, Phys. Rev D69: 091501 (2004) 

4. D. Boer, P.J. Mulders and F. Pijhan, Nucl Phys. B667,201 (2003 
5. Feng Yuan, presentation this conference 
6. G. Kane, J. Pumplin and W. Repko, Phys Rev. Lett. 41, 1689 (1978) 
7. D. Sivers, Phys. Rev. D43,261(1991). 

3. J.C. Collins, Phys. Lett. B536~43-48 (2002) 
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Using Dijets to Measure the Gluon 
Sivers Functions at STAR 

Renee Fatemi 

Massachusetts Institute of 
Technology 

February 28, 2005 
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STAR has made strong contributions 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 Partide asymmetries 
were consistent with zero and interpretation was complicated by 
possible contributions from Sivers/Collins/higher N s t  effects. 
Vogelsang/Boer Proposal (early 2004) to Measure Single Spin 
Asymmetry of Dijet opening angle deviation from A@=n provides a 
clean way to access Sivers at mid-rapidity. 

STAR is preparing to make this measurement in 2006 run. Why 
STAR and Why Now? 

= 

= Estimated Statistical Errors for 2006 -. I_- ..--.-.....--.....I 

i. 
ii. Gluon=O 
iii. Gluon=D 
iv. 

Gluon = (v + D) / 2 

Gluon = D i- dkF = 2.5 

W.Vogelsang and D.Boer Phys Rev D 69 (2004) 094025 
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1. Large q 4  coverage of STAR Time 
Projection Chamber + Barrel + 
Endcap Electromagnetic Calorimeter 
makes STAR a natural choice for a 
di-jet measurement 

BEMC fully installed - but not fully in 
trigger - ONLY in 2005! 
Investigated Sivers dijet analysis in 
2003 data but it was clear that sampl 
was statistically limited due to 
triggering only on half barrel. 

2. 

3. 

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 rnaxjmize di- 
jet sample 

_ _ _ _ _ _ ~ _ _ _ ~ _ _ _ _ ~ _ _ _ _ _ ~ ~ ~  ~~ ~ ~~ 

9 Goal: Reconstructed di-jet rate of lOHz which is factor of 5 
above 2005 rate. Do this by taking 112 dijet sample from LO Jet 
Patch Triggers and 1/2 sample from L2. 

1 L2: Pass events from LO (Jet Patch * ETOT) Trigger. If 
reconstruct two localized clusters of transverse energy 
surpassing thresholds (ET1 ,ET2) with thrust axis separation 
lag1 z 1 radian keep the event. 

1 L2 treats BEMC+EEMC as uniform detector - in effect taking 
jets covering q = [-1,2] and 4 = [0,2n] 

= L2 algo biases towards jets with higher neutral energy. LO 
triggered sample biased towards lower than average neutral jet 
energy. We are equipped to estimate this trigger bias in simulation. 

I 

I 

L2 algo tested on 2b05 data - 
, shows excellent agreement with 

offline analysis. Thrkholds are 
variable but currently set at 

-e- .,I._ I' IWI ETl=ETP ==3 GeV. 
% of dijet events in sample increases *om 10-80% for Er2>5! 
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200312004 Inclusive Jet Analysis led to 
identification of background via enhanced neutral 
energy in jet spectrum. The background is 
asymmetric in phi -resulting in asymmetric trigger 
rates in the Endcap Calorimeter. 

"straight tracks" which do not 
originate from the collision 
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. 

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

2) Good agreement between data & 
PYTHIAGEANT simulations. We are 
capable of separating trigger and 
detector effects from physics effects 

*& , . . . . , . . :  .. 

I 

~ , s  s+&jet+ X a & k 2 0 0  GeV 0 2  c rp C 0.8 
9 -  

.. ... 
0 1: 

3) Spin Sorting mechanism 
tested and incorporated into jet 

0.W 

: analysis framework 
: 

: . 4) Necessary tools are ready for QDS 

6 6 (0 12 . 1d K . ,  ' relatively quick di-jet analysis . 
Pt P, l -w 
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Place a world class constraint on gluon 
polarization in the proton 

Delineate the roles of the parton orbital motion/transversity in creating the 
transverse single spin asymmetry (A-N) observed for inclusive forward pi0 
production 

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

~ 

~ . ... ._. . ~ .. . . . .. . .. . - 

. .  ,,:. .. ..' .. . 

18 cryogenic weeks 
13 weeks physiqs running . 1.5 wk calibratioriltrigger 

commissioning , 

1 1.5 wks running' = 4511 5 
pb-1 delivered/sampled 

5/10 pb-1 transversedong 

STAR Collaboration is invested in studying all aspects of spin puzzle. 

= Transverse running has high priority for STAR in 2006. 

Recent developments in hardware, shielding and triggering should 
enable us to produce first statistically significant measurement of dijet 61$ 
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 ALg from Sivers? 
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Can We Learn Quark Orbital Motion from SSAs? 

Feng Yuan’ 

RIKEN BNL Research Center, Building 51 OA, 

Bmokhaven 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. Fhrthermore, by an explicit calculation, 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 quantitative relation between the measured SSAs (or the extracted Sivers 

function) and the size of quark orbital angular momentum contribution 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 the pair’s transverse mo- 
mentum is large, QL >> A Q ~ D  , and time-reversd-odd and transverse-momentum-dependent 
parton distributions when QL is much less than the pair’s mass. Although 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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can 

Feng Yuan 
RlKENlBNL Research Center 

Brookhaven National Laboratory 

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

If the underlying scattering mechanism is 
hard, the nai've 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 mg 

- To generate a phase difference, one has to 
have pQCD loop diagrams, proportional to as 

Therefore a generic pQCD prediction goes like 
A, - as m,/Q 

we 

Why Does SSA Exist? 
Single Spin Asymmetry is proportional 
Im (MN * MF) 

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

- Final S€a& ~~~~~~~~~~~$ (E%!): 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 

Transverse Momentum Dependent Parton 
Distributions 
- Sivers function, Sivers 90 
- Collins function, Collins 93 
- Brodsky, Hwang, Schmidt 02 

Collins 02 
Belitsky, Ji, Yuan 02 

Twist-threeCorrelations 
- Efremov-Teryaev, 82,84 
- Qiu-Sterman, 91,98 

Feb. 24-26, moo6 Workshop on Parton Orbital 
Angular Momentum ' 
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Antiquark dlstributlon: 
\bar q(x') 

Feb. 2426,2006 
Qiu,Sterman, 91 

Workshop on Parfon Orbital 
Angular Momentum 

k .J". 

1/kL4 follows a power counting 
Plugging this into the factorization formula, 
we indeed reproduce the polarized cross 
section calculated from twist-3 correlation 

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

Soft rand Hard Poles 

Soft: XfO 
Hard: xk0 

Workshop on Parton Orbital 
Angular Momentum 

Feb. 2426,2006 

{ai 

.. ., . . ;. ., I .. , , . .,. , ., /. . .: 

$! 

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

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



-0 P, dependence 

:. . . . ~  ........-.....- " ......... " ........- \..." ........................ . . . . . . . . . . .  .......... 
1 i Sivers fuaction at low P, f biu-Sterrnan Twist-thred ................................................................................. i 

Which is valid for all P, range 

Feb. 2426,2006 Workshop on Parton Orbital 
Angular Momentum 

h 

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

*CLAs?#,> 1.1 

0 

Transition from Perturbative. region 
ta ~ ~ ~ p ~ ~ ~ ~ b ~ ~ ~ ~ ~  region? 

Compare different region of P, 
0.1 

0.075 
n 

8 0.09 
2 5 30.025 
4 

0 

Angular Momentum 

Vanishes if quarks orlly in s-stale! 
FfB ends: 
..,I Pauli Form Factor F2(t) 

Spin-dependent structure function g2(x) 
,.' Generalized Parton Distribution E(x, 5, t) 

Feb. 24-26.2006 Workshop on Parton Orbital 
Angular Momentum 
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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 d asymmetry was observed for inclusive 
production at mid rapidity, with no asymmetry for f [I]. 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 & =200 GeV and p-r(max)=lOO 
GeV, measured zero asymmetry for pion production to about 11% uncertainty in 
the few GeV PT 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 no 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 I 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 kT 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 kT asymmetry. This run (2006) should also 
greatly improve the pr range and statistics for the single pion asymmetry, due to 
RHlC running with much higher polarization (55% vs. 15% for the original 
measurement) and luminosity. 

A very large asymmetry was observed at RHIC, & =200 GeV, for very forward 
neutron production, p-T=l00-200 MeV/c, A-N=O.I [4]. This asymmetry is the 
basis of the local polarimetry that is used to set up and monitor the spin direction 
of the RHlC 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 will 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 
RHlC collisions, for forward production. The muon arms will be the focus for 
panty violating W boson production, in & =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. eRHlC [T] 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 hjeasurements 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 lOOkm north-east of Tokyo. The facility consists of a linac, a 3-GeV synchrotron, and a 50-GeV 
synchrotron. This is a 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 neutrino 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 underway. As one of the 
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 ALL (double-helicity 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 momentw measurement at  hadronic-reaction experiments, we have hints 
from previous hadron experiments. One hint was provided by the Fermilab E704 experiment which 
showed large S S A s  (singlespin asymmetries) of pion production a t  a large-zp 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 hal-stater effect, and it is sensitive to Sivers effect at 
a low qT region and the higher-twist effect at a high qT 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 a t  collider energies. Another SSA 
measurement under discussion is that of D-mesons. 

Physics and detector studies are ongoing. Collaboration with many groups in the world is very 
important 
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JIPA RC facility 

Joint Project between KEK and JAEA 

February 25,2006 Yuii Goto (RIKENIRBRC) 1 

Introduction 
Gluon contribution - PHENIX A, of 7~0 

pJ(IIO) 

GRSV-max: Ag = 1.84 

GRSV-std: Ag = 0.42 
at Q2=1 (GeV/c)* 
best fit to DIS data 

! 
01 

PT (-Vw 
- PHENIX official statement 

conclusively excludes GRSV maximal scenario 
consistent with GRSV standard and GRSV Ag=O input scenarios 

-1-sigma region: Ag 0.4 
orbital angular momentum measurements should be developed for 

- Personal statement 

the final solution 
February 25,2006 Yuii Goto (RIKENIRBRC) 2 
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STAR collaboration, heg  

92 (2004) 171801 
introduction ed0310058, Phys. Rev. Lett. 

Orbital angular momentum 
- hint in hadron reactions 
Fermilab E704: Elab = 200 GeV STAR at RHIC: 4s = 200 GeV 

0 0.2 0.4 0.6 0,s 
X. 

- asymmetries in angular distribution of semi-inclusi?e 
hadron production at polarized DIS exps 

Februarv25.2006 Yuli Goto (RIKEN/RBRC) 3 

Drell-Yan experiment 
Fermilab E866/NuSea and E906 at MI 
- closed geometry 

r- Ring-Imaging / Cherenkov Counter 
I 

Muon / Fermilab Elab = 800 GeV 
2 x 1 Oq2 Drotons / 20 sec 

i- Cryogenic Target 
1 

I 
i 

;--Station 1 

i I 

I 

atatinn 
i 
\ 
1 '! 

Detectors 

! -Hadronic ! / Calorimeter 
I."...,,. 3-1 

'\ SM12 Analyzing ' SM3 Analyzing Calorimeter 
Magnet .Magnet ', 

\. 
'-SMO 

Februarv 25,2006 Yuii Goto (RIKENIRBRC) 4 
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Experimental apparatus 
- two vertically bending magnets with pr kick of 2.47 GeV/c and 0.5 

- closed geometry 
- tracking is provided by three stations of MWPC and drift chambers 
- muon id and tracking are provided 
- 2x1 0l2 50 GeV p/spill 
- based on the Fermilab spectrometer for 800 GeV, the length can be 

GeVlc 

reduced but the aperture hasto. tie ,increased 
Schemahc view in honzantal plane 

tapered copper beam dump and 
CulC absorbers placed within the first magnet 

I 

Februaw 25,2006 Yuii Goto (RIKENIRBRC) 5 

SSA on Drell-Yan 
- no final-state effect 
- sensitive to Sivers effect at low g+ g, << Q 

DrelCYan A,, at JPAC Energy 
Sivers function from HERMES fit 

integrated over qT 
0.1 

4<M,,.,45GeV 
I # 3 o l a * m L  

0 0.2 0.4 0.6 0.1 

Sivers function fit from Vogelsang & Yuan: PRD 72,054028 (2005). 
(from Xiangdong Ji’s slide at J-PARC hadron 
structure workshop at KEY December, 2005) 

Februaw25.2006 Yuii Goto (RIKENIRBRC) 6 
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SSA on Drell-Yan 
- sensitive to higher-twist effect at high 9,: AQcD << g, 

- Twist-three Contribution -M,,.,,dGe\ 

- y@4Ge\ 

Februaw 25.2006 . Yuii Goto (RIKENIRBRC) I 

SSA measurement of pions 
Forward pions with a polarized target 
- backward AN (xF 0) 
- sensitive to the gluon Sivers effect at fixed-target exp. energies 
- not very sensitive at collider energies 

Elab = 200 GeV 4s = 19.4 GeV 
pp-n'X 

0.2 

0.15 

RHIC: 4s = 200 GeV 
STAR ~ Satraa(0d Sivm tutlctrons 

aluon ... . . ..... 
8 - 200' Ge$ 

-1 4.8 4.6 4 4  02 0 0.2 0.4' 0.6 0.8 I 
4 

0 
4 

M. Anselmino, U. D'Alesio, F. Murgia, 
Februaw 25,2006 Yuii Goto (RIKENRBRC) 

08 - 0.2 

0.7 . . .- , Si-aslgwnl 
h,.X CaiBns[@! 

-&IyE@' '7 

. --.--. h k X  W&wtcJwh! 

2 0.1 

- E7MW 
E&5DGRv pr-1.560Vk 

02 

0 
4 

4 
M. Anselmino, U. D'Alesio, F. Murgia, et al. 

Februaw 25,2006 Yuii Goto (RIKENRBRC) 8 
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SSA measurement of D-mesons 
- gluon fusion or quark-pair 

- no single-spin transfer to the 

- sensitive to initial state effect: 

to be measured at RHIC: 

annihilation 

final state 

Sivers effect 

PHENIX with silicon 
upgrade (2009) 0.3 

. -1 0.84.6-0.44.2 0 0.2 0.4 0.6 0.8 1 

- collider dominant energies: gluon-fusion RHIC: 4s = 0.25 g r-.-~ GeV 

sensitive to gluon Sivers .-J 0.15 
- effect 

- fixed-target energies: quark-pair 0.1 
annihilation dominant I I 

0.05 .̂.. 7.: I / sinsitive to quark Sivers *c ----/’ 
4.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 effect 

- complementary XF 

Februarv 25.2006 Yuii Goto (RIKENIRBRC) 9 
M. Anselmino, U. D’Alesio, F. Murgia, et al. 

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 
Dreli-Yan experiments are planned 
- SSA measurements of Drell-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 

Februaw 25,2006 Yuii Goto (RIKENIRBRC) 10 
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IC1 Dependence and “T-Odd” Effects in TSSAs & Azimuthal 

Asymmetries 

Leonard P. Camberg 

Diukion of Science, Penn State-Berks, Reading, PA 19610, USA * 

Abstract 
One of the persistent challenges confronting the QCD improved parton model is to x o i i n t  for the 

large azimuthal and single spin asymmetries that emerge in semi-inchisive electro-production, and 

di-lepton production in Drell Yan scattering. Going beyond the collinear approximation in PQCD 

recent progress has been achieved in characterixing these asymmetries in terms of initial and final 

state interactions. At  moderate fi  N A Q ~ D  these effects can be described by the so called naive 

time reversal odd or T-odd transverse momentum parton distribution and fragmentation fimc- 

tions. Thus a study of these asymmetries provide a window to explore novel qiiark distribution 

and fragmentation fiinctions which coastitiite essential information about the spin, transversity 

and generalized momentum striictilre of hadrons. Here we consider the leading twist T-odd con- 

tributions as the dominant source of the cos24 azimuthal asymmetry and sin(t$ f 4,s) SSAs in 

SIDIS and p p  + pp+ X di-lepton production in DreI1-Yan Scattering. These asymmetries contain 

information on the distribution of qiiark transverse spin in an impol&ixed proton, h&z, kl). In  a 

parton-spectator framework we estimate these asymmetries at HERMES kinematics and for Drell- 

Yan scattering at 50 GeV center of mass enerm. The latter azimuthal asymmetry is interesting in 

light of proposed experiments at GSI, where an anti-proton beam is ideal for sttidying the transver- 

sity properties of quarks due to the dominance of walence quark effects. With proposed liiminosity 

and detector upgrades at  PHENTX and STAR. (RHIC 11) it is of interest to consider sm qiinrk 

Boer-Midders and Sivers distribution fiinctions see to predict the cos 24 azimuthal asymmetries for 

di-lepton production in the Drell Yan pp + est- X reaction. 

1 
*Electronid address: 1pglOQpsu. edu 
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Provide source of T-Odd Contributions to TSSA and AA 

e Enter the leading twist distribution and fragmentation correlators "T- 
odd" Distribution Functions: Transversity Properties of quarks in Hadrons 
Boer, Murder: PRD 1998 

SID1S cross section 

Joint UNM/RBRC & Workshop on Parton Orbital Angular Momentum UNM 25th Feb 2006 17 

SI D IS-Transversity Properties at  Leading Twist 

Collins NPB:1993, Kotzinian NPB:1995, Mulders. Tangerman PLB:1995 

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

t .  t 

0 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 

OS4 

0.12 

0.1 

0.08 

Motivation:color gauge .inv frag. correlator 'bole contribution" 
leading twist T-odd pion fragmentation 

-, - 
- - - 
- - 

- - A I  - 
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Collins Asymmetry 

L.G., Goldstein, Oganessyan PRD 2003: updated For the HERMES kinematics 
1 GeV' 5 <i2 5 15 GeV2. 4.5 GeV 5 XI( 5 13.5 GeV. 0.2 5 x 5 0.41. 0.2 5 z 5 0. i .  U.2 <: 31 5 0.8. < plL i -20.25 CeV2 

Data from A. Airapetian et al. PRL94.2005 

X 
I I 
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Estimates for Sivers Asymmetry 

0.1 -- 

I 
f0.05-- 
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0 

- - T 
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- A i  
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Double T-odd COS 24 asymmetry 

Transversity of quarks inside an unpolarized hadron, and cos 24  asymmetries in unpolarized 
semi-inclusive DIS 
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Boer-Mulders Effect in Unpolarized DRELL VAN cos 24 

jj + p --+ p-p+ + x 
d N  . d a  - do I /  -- - (+ 1-= dR d - q  d4qdR k X + 3  2 

-- I (1 + A c o s ' ~  + ,u sin' 0 cos 4 + -sin' @cos 24 

. Angles refer to  the lepton pair orientation in their COM frame relative and the initial hadron's 
2 plane. Asymmetry parameters, A, p, n, depend on s: : E ,  m,,,;qT 

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

0 Leading twist cos 24 azimuthal asymmetry depends on IT-odd distribution h f .  

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

Higher twist comes in 

Weight 

89 

(5) 
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0.5 - 
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V 0.3- 

0 3  - 
0.1 - 

0 ' " I " ' ' . .  
0.6 0.8 0.2 . 0.4 0 .  

5 35 45 5 5.l 6 

PP 
m 

L.G., Goldstein hepph/0506127 R = 5 0 G e V 2 ,  I = j0.Z - 1.t]], and g = 13.0 - 6.01 Get.', QT =I 0 - 3.OGeV 
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SUMMARY 

0 Going beyond the collinear approximation in PQCD recent progress has been achieved 
characterizing transverse SSA and azimuthal asymmetries in terms of absorptive scattering. 

0 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. 

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

0 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. 

0 We should consider the angular correlations in SDIS a t  12 GeV for cos 2<5 .from the standpoint 
of "rescattering" mechanism which generate T-odd, intrinsic transverse momentum, k l ,  
dependent distribution and fragmentation functions a t  leading twist 

0 Addressing issues o f  Universality of Collins Function 

~r Azimuthal asymmetries in Drell Yan and SSA measured a t  HERMES and COMPASS, JLAB, 
Belle, GSI-PAX, JPARC may reveal the extent t o  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 5 q i 4.0),in p+p collisions at t’s 
= 200 GeV have been completed by the STAR collaboration [1,2] at the Relativistic Heavy Ion 
Collider (RHIC). The measured .no production cross sections are general$ in agreement with 
next-to-leading order perturbative QCD calculations 131 using the same distribution and 
fragmentation functions that describe midrapidity results [4]. This agreement is in contrast to 
what is found at lower t’s where measured cross sections far exceed NLO pQCD predictions [5].  
Transverse single-spin asymmetries (SSA) are found to be large at RHIC energies when the 
produced no carries a large fraction of the longitudinal momentum of the colliding transversely 
polarized proton (large Feynman n). 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 nalve applications of pQCD and require extensions to the theory 
involving spin- and transverse-momentum (k~) dependent distribution finctions (Sivers effect 
[6]) or a non-zero transversity distribution fbnction analyzed by spin- and transverse-momentum 
dependent fiagmentation functions (Collins/Heppelmann effect [7]). Higher twist effects 
involving quark and gluon correlations have also been suggested but can have significant overlap 
with krdependent approaches. Both Sivers and Collins contributions have been identified in 
semi-inclusive deep inelastic scattering fiom a transversely polarized hydrogen target by the 
HEMES 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) [SI. An engineering test of the STAR 
FMS has been assembled for RHIC run 6 that is underway as of the writing 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 no transverse SSA. An observed 
dependence of the transverse SSA on the azimuthal distribution of additional photons would 
signal non-zero contributions fiom the CollinskIeppelmann 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. 

11 J.Adams et al. (STAR collaboration), Phys. Rev. Lett. 92 (2004) 171801. 
21 J. Adams et al. (STAR collaboration), submitted to Phys. Rev. Lett. [nucl-ex/ 06 02 0111 . 
31 B. Jager, A. Schafer, M. Stratmann and W. Vogelsang, Phys. Rev. D 67 (2003) 054005. 
41 S.S. Adler et al. (PHENIX collaboration), Phys. Rev. Lett. 91 (2003) 241803. 
51 C. Bourrely and J. Soffer, Eur. Phys. J. C36 (2004) 371. 
61 D. Sivers, Phys. Rev. D 41 (1990) 83; 43 (1991) 261. 
71 J. Collins, Nucl. Phys. €3396 (1993) 161; J. Collins, S.F. Heppelmann, G.A. Ladinsky, Nucl. Phys. 
B420 (1994) 565. 
81 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 ds=200 GeV 
Towards understanding forward x0 cross sections 
Plans for the future 

L.C. Bland 
Brookhaven National Laboratory 
RBRC Worhhop on Parton 
Orbital Angular Momentum 
Albuquerque 25 February 2006 

*iR 
STAR detector 1 ayou t 

I 

TPC: -1.0 Cq C 1.0 

FTPC: 2.8 c 3.8 

BRC : 2.2 .: h l c  5.0 

EEMC: I < q < 2  

BEMC: -1 C q  I 

FP6: lql- 4.0 & -3.7 

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

2/25/2006 LC.Bland, RBRC Padon OAM 
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First A, Measurement at STAR 
prototype FPD results 

STAR collaboration 
Phys. Rev. Lett. 92 (2004) 171801 

Similar to result from E704 experiment 
(&=20 GeV, 0.5 p~ c 2.0 GeVIc) 

Can be described by several models 
available as predictions: 

5 a2 
D 
L 
T 

0.0 

+ Sivers: spin and kL correlation in 
parton distribution functions (initial 
state) 

+ Collins: spin and k,.correlation in 
fragmentation funchon (final state) 

4 Qiu and Sterman (initial state) I 
Koike [final stater: twist-3 pQCD 
calculations, multi-parton correlations 

.-. Slvaa -.- Innid .trto (wlst-3 
Rnd state tvrtrc3 

&)= 1.0 1.1 1.3 1.5 IS 2.1 2 4  C . V h  

ds=200 GeV, < r p  = 3.8 

2/25/2006 LC.Bland. RBRC Parton OAM 

Run 2 Published Result. 

Run 3 Preliminary Result. 
More Forward angles. 
-FPD Detectors. 

Run 3 Preliminary 
Backward Angle Data. 

Present Status 

-No significant Asyrnrne.. y <' . 
seen. 

A. Ogawa, for STAR: [hep-ex/O502040] '. ' 5 * I  
0 ~ __._ ..a..*.&a 

0 if 
$., y .:, ;;: ;: - :. : 2.2: 

< : c ~ : c J .  ,.- I :  - ^ S  

D 0.- D ; 2 5  

Run 3 + Run 5 Preliminary 
<q>=3.7,4.0 
0. Morozov, for STAR [hapex/WlZOlJj 

*? 0 .. . , 
' ..,fi,S ..p,r . c. - 

2/25/2006 LC.Bland, RBRC Parton OAM 
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AN(pT) from run3+run5 at &=ZOO GeV 

10 k@r;= 1.1 1.3 1s 1.7 is wvrC - v I midrapidity. 
:@$= 1s 1.7 1.9 2.1. 2 1  GeVIC - m : 
!:%~.z.E! ~ . ~ ~ . ~ ~ ~ ~ ~ . - ~ ~ - . . ~ ' ~ ' G a v l c . l r ~ ~ . , i  

ET (-VI 
25 30 35 40 45 50 55 30 65 

D. Morozov (IHEP), 
XXXXth Rencontres de  Moriond - QCD, 
March 12 - 19,2005 
2/25/2006 L.C.Bland, RBRC Parton OAM 

NLO paCD calculations by Vogelsang. et al. 

Online calibration of CNI polarimeter 
7 A, c.2 7----- A Run5 

o !  j 4 aun3 w'.~? 
Combined statistics from 
run3 and run5 allowed to 

effect in AN(pT) 

There is an evidence that G.S ' '.' i' .,' 

6: 
............ ... ..... .................. 

.-i .. 
fL 

%%. d distinguish nonzero f ...f...$. 4 ~ *:.. 
.. 

-G.I , 

&$ 
,-o.zL $ k..: --.-; 

2.5 3 3.5 

-'?: q.. G.2 ; 
i R ~ h j i R u r i 5  &-' analyzing power at <.; 

J i p!ip, *:: 

?---?-- -5----- 
x,>0.4 decreases with r- *:.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  increasing pT 

2/25/2006 LC.Bland. RBRC Parton OAM 

pp+noX cross sections at 200 GeV 
The error bars are point-to-point 
systematic and statistical errors added 
in quadrature 

The inclusive differential cross section 
for It0 production is consistent with NLO 
pQCD calculations at 3.3 c q < 4.0 
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FPD++ Physics for Run6, 
We intend to stage a large version of the FPD to prove our 

ability to detect jet-like events, direct photons, etc. 
i : t&S-bI l .Cd b , 3 ~ % ~ ~ 1 l I k h  -.-  148%3,&cmcsUu OXSS-cmulk 

q=3.0 

* 
gim I ElwL 
x :  
75: 

5 0 :  

25- 

0 : .  

-211 ; 

-En - 
-m 

-100 -3 -50 -2s 0 3 1p 7s :o = wn? . (n Run-5 FPD 
. The center annulus of the run-6 FPD++ is similar to arrays used to measure 

forward It0 SSA. The FPD++ annulus is surrounded by additional calorimetry 
to increase the acceptance for jet-like events and direct y events. 
2/25/2006 LC.Bland. RBRC Parton OAM 

-am L,, , , , , , , J 
-100 -75 -50 -m o m 50 75 yo .  

Jet spin asymmetry 

Is the single spin 
asymmetry observed for 
xo also present for the 
jet the IC* comes from? 
Answer discriminates 
between Sivers and 
Collins contributions 
Trig er on energy in 
srnai! cells, reconstruct 
zo and measure the 
energy in the entire 
FPD++ 
Average over the Collins 
an le and define a new 
xF B or the event, then 
measure analyzing 
power versus x, 

p+p 4 # + X, 4s = 200 GeV 

250 

m Simulation breakdown 
l-racdln(&&) 

0.16-jet cmtributim 
1% 0.75-f+Zy h det 

1W O.OP-no 2yFmmanyondindsl 

E4 

. o 0.- 0.1 ais oz a= w as ar DAS 0.5 

+ Run-3 e&-wuth dota 

1M) 

1w 

Expect that jet-like events are 
2/25/2006 LC.Bland, ' -1 5% of xo events 

95 



p+p + jet-like + X, \ls=200 GeV, PYTHlA 6.222 

Jet-Like Events 
L.C. Bland (hepex/0602012) 

t$>3 requirement should allow no-# analysi! 
(upper left) for each event, examine PMHlA 

record for final-state hard scattered partons 
event selection chooses jet-like events. 

(upper rigM) event-averaged correlation 
between photon energy and distance in q,+ 
space from thrust axis 
3 events are expected to exhibit similar jet 
characteristics as found at @ 

(middle) multighoton final states enable 
VWmm - VY- ::;I reconstruction of parent parton kinematics via 

<i)?'3.7 ,/g:z" momentum sum of observed photons. 

kimuthal symmetry of FPD++ around thrust axis, selected by Etflrr condition, enables 

0 (bottom) projected statistical accuracy for 
data sample having 5 pb-I and 50% beam 

0 20 40 M m E (&)-larization. 

integration over the Collins angle s isolating the Sivers effect, or 

dependence on the Collins angle isolating the CollinslHeppelmann effect 

Summary / Outlook 

Large transverse single spin asymmetries are observed for large rapidity no 
production for polarized pcp collisions at 4s = 200 GeV 

> A ,  grows with increasing xF for x,?0.35 

> A,, is zero for negative X, 

Large rapidity ~0 cross sections for p+p collisions at 4s = 00 GeV is in 
agreement with NLO pQCD, unlike at lower 4s. Particle co elations are 
consistent with expectations of LO pQCD (+ parton showers). 

Plan partial mapping of A ,  in xF-pT plane for no and measurement of A ,  for 
jet-like events in RHlC 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). 

2/25/2006 LC.Bland, RBRC Parton OAM 
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