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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 Kenkysho” 
(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 
REIIC physics through the nurturing of a new generation of young physicists. 

During the first year, the Center had only a Theory Group. In the second year, 
an Experimental Group was also established at the Center. At present, there are 
se!ven Fellows and nine post dots in these two ;groups. During the third year, we 
started a new Tenure Track Strong Interaction Theory RHIC Physics Fellow 
Program, with six positions in the academic year 1999-2000; this program will 
increase to include eleven theorists in the next academic year, and, in the year after, 
al.so be extended to experimental physics. In (addition, the Center has an active 
wlorkshop program on strong interaction physics, about ten workshops a year, with 
each workshop focussed 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. I 

The construction of a 0.6 teraflop parallel:processor, which was begun at the 
Center on February 19, 1998, was completed on August 28, 1998. 

i T. D. Lee 
September 29,200O 

*Work performed under the auspices of U.S.D.O.E. Contract No. DE-AC02-98CH10886. 
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Introducthn 

The RIKEN-BNL Research Center workshop on “Future Transversity 
Measurements” was held at BNL from September 18-20, 2000. The main 
goal of the workshop was to explore future measurements of transversity 
distributions. This issue is of importance to the RHIC experiments, which 
will study polarized proton-proton collisions with great precision. One of the 
workshop’s goals was to enhance interactions between the DIS community at 
HERA and the spin conununity at RHIC in this field. 

The workshop has been well received by ‘the participants; the number 
of 69 registered participants demonstrates broad interest in the workshop’s 
topics. The program contained 35 talks and there was ample time for lively 
discussions. The program covered all recent work in the field and in addition 
some very elucidating educational talks were given. 

At the workshop the present status of the~field was discussed and it has 
succeeded in stimulating new experimental and theoretical studies (e.g. model 
calculations for interference fragmentation functions (IFF), IFF analysis at 
DELPHI). It also functioned to focus attention on the open questions that 
need to be resolved for near future experiments. In general, the conclusions 
were optimistic, i.e. measuring the transversity functions seems to be possi- 
ble, although some new experimental hurdles will have to be taken. 

Both the RHIC and the DIS community have clearly recognized the need 
for further investigations and collaboration. In order to stimulate and mon- 
itor further progress two future meetings have been scheduled; the first in 
Zeuthen (Summer 2001) and the second in Frascati (Fall 2002). 

We are hopeful that such joint efforts eventually will result in mapping 
out the full spin structure of nucleons. We are optimistic that this RBRC 
workshop and its follow-up meetings will stimulate the necessary activities 
that will make transversity measurements a reality. 

Daniel Boer 

Matthias Grosse Perdekamp 
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WELCOME 

Nicholas P. Samios 

It is a pleasure to welcome you on behalf of RBRC Management to this workshop 
on Future Transversity Measurements. It is indeed an auspicious time. The 
Relativistic Heavy Ion Collider, RHIC, is in operation having provided Gold Gold 
interactions at two energies 65 Gev/nucleon cd 130 Gev/nucleon. Four 
experiments have taken data with accumulated luminosities of 3-6 inverse micro 
barns. This is equivalent to millions of triggers and thousands of events. 

Two results have already been submitted ‘to Physical Review Letters for 
publication. The first letter by Phobos measured the charge particle multiplicity 
per unit of pseudo regularly, indicating a substantial increase, over that observed 
at the SPS, and larger than that observed in: proton antiproton interactions at 
higher energies. The STAR collaboration publication involved measuring charge 
particle elliptic flow, yielding values again larger than that observed at the SPS 
and approaching the hydro limit. Both publications are indications of the richness 
and exciting physic possibilities that RHIC promises. Of particular interest to this 
group is the progress of the polarized proton spin program at RHIC. Polarized 
protons have been accumulated in the AGS complex and injected into RHIC. 
These polarized protons have been also moderately accelerated in RHIC and 
their polarization measured by newly constructed polarimeters. A Siberian snake 
has been inserted in the RHIC lattice and activated. Its performance has been 
measured with polarized protons and the response was as expected. Accolades 
to the accelerator physicists who made this possible. As you are aware, the spin 
program requires four snakes the status of the remaining three being one is 
completed and the other two almost done. All four snakes are expected to be in 
the machine for the next run which is expected to begin in March 2001. In the 
following year, the eight rotators, which are in the process of being built, will be 
inserted into RHIC for the 2002 run. 

It is indeed an exciting time. I am impressed with this large turnout for this 
workshop and I am looking forward to the ensuing interesting talks and 
discussions. 

I 
September 2000 
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The first RHIC machine run* 

T. Roser I 
Collider-Accelerator Department, Brookhaven National Laboratory 

Upton, N.Y. 11973, T$A 

The Brookhaven Relativistic Heavy Ion Collider (RHIC) is the first hadron 
accelerator and collider consisting of two independent rings. It is designed to 
operate over a wide range of beam energies and with particle species ranging 
from polarized protons to heavy ions. Construction of the Brookhaven Rela- 
tivistic Heavy Ion Collider (RHIC) was officially completed last year and and 
this year saw a highly successful commissioning and first operations period. 

An integrated luminosity of at least 3 inverse micro barns were delivered dur- 
ing this first run to each of the four RHIC experiments BRAHMS, PHENIX, 
PHOBOS, and STAR. The goal for next years run: is to achieve full design lu- 
minosity. Possible future upgrade options are also discussed that could increase 
RHIC Au-Au luminosity up to a factor of 40. ~ 

A limited commissioning effort with polarized :protons is also planned for 
this year. With a single Siberian snake and polarimeter installed in one of the 
two RHIC rings injection and acceleration of polarized beam will be tested. 
Collisions of polarized protons at a beam energy of 100 GeV are planned for 
next year. 

‘Work performed under the auspices of the U.S. Departrhent of Energy 
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The first RHIC machine run 

FY2JIOO RHIC heavy ion run 

RHIC polarized proton commissioning and plans 

RHIC luminosity upgrade plans 

Thomas Rosa 
Tratwersity Workshop 

September l&20,2000 

Parameters and goals for RHIC RUN2000 

a 60 bunches per ring J 
. 5x10* Aw’bunch J 
l Longitudinal emittance: 0.3 eVs/nucleonlbunch J 

l Transverse emittance at storage: 15 n IJ-~ (norm, 95%) J 
. Initial storage energy: y= 70 [66 GeV/nucl.] J (This energy is below 

the lowest quench of any DX magnet) 
. Lattice at injection and acceleration: p’= 3 m @ 2,4,8, and 12 o’clock 

p’= 8 m @ 6 and 10 o’clock 
l Lattice at storage and collision: p’= 3 m @ 2,4, 8, and 12 o’clock 

p’=2- 8 m @ 6 and 10 o’clock 
. Luminosity: 2x1O25 cm-2 s-l J 
l Integrated luminosity: a few (pb) -I J 

6 



RF bunch me@ng in AGS 

. 4 x 6 bunches injected from 
Booster 

. Debunch I rebunch into 4 bunches 
at AGS injection 

. Final longitudinal emittance: 
0.3 eVs/nuc.fbunch 

l Achieved 4~10~ Au ions in 4 
bunches at AGS extraction on 
8/4/00 

4 l 

AGS!circumference 

TO 2 

RHIC beam measurements 

Measured beam width (red circles) 
agrees well with prediction (line). 
Successfully used to diagnose power 
supply problem. 
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Transition energy crossing 

RHIC is first superconducting, slow ramping accelerator to cross 
transition energy: Slow and fast particles remain in step. 

Cross unstable transition 
energy with radial energy jump: 

Beam energy 
/ 

Ramp to first collision 

t 

FirstSTAR eventat~~:cm 

Blue Curmnt 3.PSX,08 ions 

YeUoWCunent3.07X10s ims 

/ I Tin?e:MondayJune122000 

Bringing beams into collision 

200 ns (60 m) 

Beams in collision at the / 
interaction regions 
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Beam in blue ring 

Beam in ycllw: z-i g 

4 t 

200 ns (60 m) 



Collision rate at detectors 

I 
.- .“.‘. 

O%fJl raya (u:44 CkQl oe?J 04:4Q mm mm 05:,0 m:w owe Ok40 mm or:20 07:40 08:m 

---c BRflHHMS - STfiR --+- PHENIX - PHOBOS 

j Specific luminosity 

Expected: 1.1 for PHEm and BRAHMS 
0.4 for STAR and PHOBOS 

-t- BRflHMS - STRR ' ---it- PHENIX --a-- PHOEOS 

Parameters and gogls for RHIC RUN2001 

l Transition energy jump quadrupole power supplies installed 

l 60 bunches per ring with 11~10~ Au/bunch 
l Storage energy: y= 107 [lo0 GeV/nucl.] 

l All bipolar power supplies installed: 
m Lattice at injection and acceleration: p*= 10 m at all IR’s 

= Lattice at storage and collision: p*= 2-10 m at all IR’s 

. Luminosity goal: 2 x 102: cm-2 s-l (design luminosity) 

l Availability: = 75 % 
l Machine efficiency: c- 50 % 
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AtE=lOOS3GeV:Gy=192=6x32 
+ all IP’s have same polarization 
For snake axis at -52’ + longitudinal polarization 

-52” 

For Ap/p = *O.OOlmax. deviation from 
long. polarization: 
32 x4p/p x360” il2” IO.981 (STAR) 
64 tip/p x360” ~24’ [0.91] (PHENIX) 

Polarized proton status and plans 

FY2000 run: 
. Single Siberian snake and pC polarimeter installed in blue ring 
. New polarized proton source: - 1 Or2 pal. protons/pulse 
. Goal: Accelerate polarized beam in blue ring ; 

FY200 1 run: 
. All four Snakes and pC polarimeters installed in blue and yellow ring 
. Goal: 100 GeVxlOO GeV collision with long. pol. at interaction regions 

Accelerate polarized beam to 250 GeV : 
FY2002 Nn: / 

. All eight spin rotators installed / 

. Goal: 250 GeVx250 GeV collision with long. pol. at STAR and PIlENIX 
FY2003 run: 

. Polarized hydrogen jet target for absolute polarimetry installed 

Pi-oton-Carbon CNI Polariyeter (AGS E950) 

ADC distribution 

. 2-S% energy independent analyzing 
power for small-angle elastic 
scattering in the Coulomb-Nuclear 
Interference (CNI) region 

. Slow recoil Carbon detected in 
between bunch crossings 

. Fiber target allows for polarization 
profile measurement 
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Beam Cooling at RJIIC Storage Energy 

. Electron beam cooling of RHIC beams: 
m Bunched electron beam requirements (prelim.): 

100 GeV gold beams: E= 54 MeV 17 3 A peak / 10 mA average 
250 GeV pol. protons: E=135 MeV I=25 A peak / 86 mA average 

m Requires high brightness, high power, energy recuperating 
superconducting linac, almost identical to Infra-Red Free Electron Laser at 
TJNAF 

m Collaboration with BINP, Novosibirsk, on the development of RHIC 
electron cooling 

n x 10 luminosity increase possible (prelim.) 
. Stochastic cooling of low intensity gold beams may also be possible. 
. However: hadron beam cooling at high energy has not been achieved 

anywhere! 

Summary 

. Highly successful fast RHIC heavy ion run completed 

. Commissioning of polarized proton acceleration in RI-EC ongoing 

. Full design Au luminosity and collisions of polarized protons are 
planned for FY 200 1 

. RHIC Au luminosity upgrade: : 

. with existing machine: X 4 

n with full energy electron cooler! x 10 possible 

13 i 
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RHIC Experimental Review 

W.A. Zajc ~ 
Columbia University 

Thanks to: 
M. Baker, W. Busza, J. Harris, M. Lisa, 

J. Nagle F.Videbaek, S. White 

W.A. Zaic 

Why is RHIC? 

D To understand fundamental aspects of the 
strong interaction: I 
a Where does the proton get its spin? A 

l!.c!???s?!!~r~ 

o How does nuclear matter “melt”? 

1 -5-20 

B We have a theory of the strong interaction: 
Dansty ~,l.mSj~ -10 

It works well except when the interaction is strong! 

W.A. Zaic 
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-i QCD is a fundamental theory valid in both the weak and the strong 
coupling limit 

l Both aspects are important at RHIC: 
I 3 Initial state in ion-ion collisions determined by low-x gluons I 

I q Thermalization determined by interplay between I 
+ (Relatively) few hard gluons carrying most of the energy 
+ “Bath” of numerous but very soft gluons 

(Baier, Mueller, Schiff and Son) 

I LI Final state multiplicities very sensitive to saturation in gluon 
distributions I 

I o Subtle connections between 
o Chiral symmetry of QCD I 

I q Effective field theories of pion-nucleon interaction I 
I o Spin structure of the nucleon I 

I ZI Chiral symmetry restoration in heavy ion collisions I 
+ “To know the inside of the proton, you must know the 

outside of the proton” (R. Mawhinney) 

I + “Deconfinement is chirality by other means” 
(with apologies to Clauswitz) 

16 

Making Something from Nothing 
h‘\llOX.\L L,\!3”RATOR 

l Explore non-perturbative “vacuum” 
by melfing if 
o Temperature scale T - fi /(l fm) - 200 MeV 
+ Particle production 
+ Our ‘perturbative’ region 

is filled with 
l gluons 

+ quark-antiquark pairs 

+ A Quark-Gluon Plasma (QGP) 

.- . . 
..,(@ . 0 ..,. 

__ - 

Perturbative Vacuum 

l Experimental method: 
Energetic collisions of heavy nuclei 

l Experimental measurements: 
Use probes that are 
o Auto-generated 
II Sensitive to all time/length scales - 

Color Screening - 
W.A. & 



Previous Attempts 

l First attempt at QGP formation 
was successful (-lOlo years ago)! 

l Since then: 
Much of physics has been devoted to 

exploration of 
;h - “Matter in unusual conditions” 

rr 1, 76. ..&,,.. o(#.ITi I , l...“.. s,...F,Yan ,. Il. Wiil a 

h? 
N’:IyU”‘r h” 

- 

_ . 

oooh&i.i - - W.A. Zaic 



What’s Different from “Ordinary” Colliders? 

l Obviously: 
o Multiplicities 
0 (Cross sections) 

l But also: 
o Hermetic@ requirements 
Q Rates 
o Low pT physics 
Q High pT physics 
0 Signals 

Hermeticity 

l A key factor in “most” collider detectors 
Q Goal of essentially complete event reconstruction 
o Discovery potential of missing momentum/energy now 

well established 

l In heavy ion physics 
o dN,,/dy - 1000 
+ exclusive event reconstruction “unfeasible” 
o But 

+ Seeking to characterize a state of matter 

+ Large numbers e statistical sampling of phase space a 
valid approach 



-1 Low pT matters 
9 

\* i EBOOKHPIVEl 
/ \.,1’10?1 ,I LABORAIO, 

\ V 
4’ 

l Search for a phase l Heavy ion physics takes 
transition in hadronic matter place ,in phase space 
o Characteristic scale 

AQCD - 200 MeV a Codrdinate space as important 
as momentum space 

D Measure via 

Low pT Particle 
Identification (PID) is 

crucial to QGP 
Physics 

3 8Seo-00 

(PID) Acceptances I 
BROOKHLWE 



PID Overlaps 11 

BROBKHkWER 

sketch of p/pbar acceptances (year 1) ‘w“-“ LA~“p~“ou 

4 -3 -2 -1 0 1 2 3 

rapidr 
- _ W.A. Zaic 

77 Lo)\ \ Other Differences 
\,JY 

B Event characterization 
CI Impact parameter b 

is well-defined in heavy ion collisions 
Q Event multiplicity predominantly 

determined by collision geometry 
CI Characterize this by global measures of 

multiplicity and/or transverse energy 

B Models 
D HEP has SM 

+ Reliable predictions of baseline 
phenomena 

a HI has only Sub-SM’s... 
+ Even the baseline physics at RHIC and 

beyond is intrinsically unknown 

W.A. Zaic 
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BRAHMS ’ 13 

BROOKH~UEII 
P.ATlO?r~L L,\*OR,\‘I’oI 

An experiment with an emphasis: 
D Quality PID spectra over a broad range 

of rapidity And pT 
a Special emphasis: 

Mid rapidity spectrometer + Where do the baryons go? 

+ How is directed energy transferred to 
the reaction products? 

R Two magnetic dipole spectrometers in 
“classic” fixed-target configuration 

I8-Sm-00 
Forward spectrometer W.A. Zaic 

Forward Spectrometer 

l Cerenkov Cointer: C 1 
-*RICH: 

[ WMwdh ] 

l TPC’si Tl and T2 
*DC’s: T3,T4,T5 (not connected) 
*Magnets: D 1 ,D2,D3,D4 
=ToF Hbdoscopes: Hl, H2 

21 



Year 1: Magnet. TPC, CTB. ZDC, RICH 

STAR Event 16 

KROOKHMIEN 



Elliptic Flow; 
17 

BROOKHAVEN 
?.ATIO!..\L L.AB,~RAIoIt 

l Spatial anisotropy in nonkentral collisions 6% response 
of the system to early pressure + emission anisotropy 

(N 
l Elliptic flow predictions kom hydra/transport models 

sensitive to underlying djnamics of initial system 

-A 

5 

+ (,rr$ 

15 

P.F. Kolb, et 

natural measurement for STAR 

al, (QM99) 

_ - W.A. Zaic 

‘pl; Centrality Dependence of Elliptic Flow’ ,OOKHAGN 
\J h.,T,,,Y \L l.\HOR*ToR 

Differential measure of response t,o initial geometry 

PRELIMTNARY 
N 0.08~~ 

,,cJ3,, (scaled) spatial 

-5 t !I/ 

asymmetry 

0.07 

0.06 

0.05 - 

0.04 

0.03 

:ll1 

: 

0.02 i 

! 
0.01 

1 + ii / ! 7 
: 

I 

. 
centrality i 

0 .,,‘z,i” ~‘,se”a,.‘~ 
0 0.2 0.4 0.0 0.8; 

23 



‘x&l 
1 An experiment / 

Global 
MVD/BB/ZDC 

I with something \ / / I 

I 
44 uon Arms 

Coverage (N&S) 
-1.24 IyI -a3 
-x <Q CA 

measure 
o Hadrons 

a Muons CSC 
Q Electrons 

I 

3 station 

! lllUlllUl ’ 5 layer iVulD 

CI Photons lnlnll!lnl p(p)z3GeV/c 

Executive 1 
~IUl~l~l summary: I 

n* 
South muon 

Arm Central Arms 
North muon 

resolution Coverage (E&W’) 
Arm 

om 
-0.3% y -= 0.35 

300 -qd, I< 1200 
granularity AM(J/yr )= 20MeV 

- - AW’) =16OiVeV W.A. Zaic 

Amroaches to QGP Detection 

I. Deconfinement 4. Strangeness and Charm Production 

R(Y) - 0.13 fm c R(JW) - 0.3 fm c R(Y ’ ) - 0.6 fm 

+ Electrons, Muons 

2. Chiral Symmetry Restoration 
Mass, width, branching ratio of 0 to 

e’e-, K+K- with SM C 5 Mev: 

Production of K’, W mesons: 

.: Hadrons 

Production of 0, JW, D mesons: 

0 Electrons, Muons 

9 Electrons, Muons, Charged Hadrons 5. Jet Quenching 
Baryon susceptibility, color fluctuations, anti- High pT jet via leading particle spectra: 

baryon production: 

+ Charged hadrons 
DCC’s, lsospin fluctuations: 

cf; Photons, Charged Hadrons 

=2 Hadrons, Photons 

6. Space-Time Evolution 

HBT Correlations of Z 2, K* K* : 

9 Hadrons 
3. Thermal Radiation of Hot Gas 

Prompt y, Prompt y * to e+e-, p*p - : 

+ Photons, Electrons, Muons Summary: Electrons, Muons, 
Photons, 
Chartted Hadrons 



L&-%3-00 

PHENIX Results 
\,i/ 

( A sampler ) 
CI Transverse energy spectrum 

3 Charged multiplicity distribution 3 Charged multiplicity distribution 

3 x0 peak 3 x0 peak 
(towards a pT spectrum) (towards a pT spectrum) 

\ 

25 



PHOBOS 23 1 

An experiment with a 
philosophy: 
o Global phenomena 

*large spatial sizes 

*small momenta 

a Minimize the number 
of technologies: 

+ All S-strip tracking 

* Si multiplicity 
detection 

+ PMT-based TOF 

o Unbiased global look 
at very large number of 
collisions (-log) 

18SeD-00 W.A. Zaic 

Tracks in SPEC 

, 

First results on dN,h/dq 
0 for central events 
o At EC, energies of 

+ 56 Gev 

l 130 GeV 

(per nucleon pair) 

To appear in PRL 

26 
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pj Implications of PHOBOS Results 
BROOKWAUEN 

..Jy 

h4T,OY.\L LABOR.\I’OH 

Au+Au Collisions 

l Constrains (determines!) 
maximum multiplicities 
at RHIC energies 

l Does not constrain 
centrality dependent 
of same 

l Does not (quite) 
distinguish between 
o “Saturation” models, 

HIST: HIIINC 

dominated by gg +g -L - saturation model 

o “Cascade” models, 
dominated by 

I 

99 --al,99 --clw 
N 

P=fl 

( X.N. Wang and M. Gyulassy, nucl-thKj008014 ) 

W.A. Zaic 

I 26 

‘((p 

2 
Determining NPnRT 

BROOKHJWEN 
*,,1’,oY IL LAHORATOR 

Best approach (for fixed fargef!): 
o Directly measure in a “zero degre- calorimeter” 

o Strongly (anti)-correlated 

T-- - ,- E,oc(GeV) 

27 



4-y 
( to, ; 

RHIC ZDC’s 
\ :) 

‘L-d l ZDC 0 Zero Degree Calorimeter 
l Goals: 

1 _-_ TT::; a u ‘f ni orm luminosity monitoring at all 4 intersections I 
Q Uniform event characterization by all 4 experiments 

_. . _ _. . _.. ,, ._ ., .- . . 

.._ ..- _. ._. I 2h rp.1s1u: 
0 Process: - 

a Correlated Forward-Backward Dissociation 

28 

Summary 
I 5 : 

\ li 

.- l The initial physics run of RHIC: 

28 

Q Validated the various approaches of each experiment 

o Has provided all four experiments with quality data sets 

o Has led to new physics results 

D Will lead to many more results 

+ DNP: October 4-7,200O 
l Quark Matter (January, 2001) 
* PRL 

I 0 Prospects for Year-2 promise even more: I 

I CI Increased luminosity 

D New detection channels 

l And beyond: 
o P-A 

Q Polarized p-A 

CI Tagged p-p, for example: pip + n + (7t++ p) 

I, D-Y + X 



TT! RIKEN/RHIC/BNL Physics 29 

‘; ,I BROOKHt%UEE 
P.AT,<IY.,L i.>,BORAIOI 

Weak 
matrix f 
elements 

,: DIS 
+ 1 

Spin j 
Dynamics : 

Lattice 
Studies 

j Heavy Ion +Astro- 
Collisions physic 

W.A. Zaic 

It’s high! 

It’s an equal opportunity par&g collider: 
Can accelerate essentially ,~. 
all species 

a Designed for p-p to Au-Au 

o Asymmetric collisions d*lmnolpp M~sec 
(esp. p-A) allowed 1cm- p --I- 

o Good news I bad news: jrn- 1 

+ Permits many handles IO- 

on systematics 

* Permits in situ ’ 
,- 

F< 

/ 
measurements of 

a,,, ,,, 
CdW F-C” 0cxw SbYYB~ wm ‘k&n> ww 

“background” p-p and p-A phy&& d + ~~~~~~~~D~~~:y~ucu(~~~~A*~cn’ 

*Detectors must handle unparqlleled 
dynamic range in rates and 
track densities 

W.A. Zaic 



Q Jet Physics at RHIC 31 

BROOKHNfEb 
.&i 

N\T,O>.,L LALtOR,\1OI 

b Tremendous interest in hard scattering 
(and subsequent energy loss in QGP) at RHIC 
D Predictions that dE/dx - (amount of matter to be traversed) 

o Due to non-Abelian nature of medium 
YtCms %.skm h R*.3J(ol*“+*” atlW*-Oc” 

D But: r.0E.m 

a “Traditional” jet methodology fails at RHIC ! - ::,“:I 

a Dominated by the soft background: z 
% ‘xac4 

+ For a typical jet cone R = 0.33 

(Rz = AZ + A$) 

have 
<nsod - 64 

<E? - 25 GeV 

e Fluctuations in this soft background 

swamp any jet signal for 

pT c - 40 GeV: 

b Solution: 

D Then use high pT leading particles 

: 

\ 

,c! Screening by the QGP -.,.,=z \ f \J h,,l‘lO\AL LAKORZTOR 
In pictures: 

W.A. Zaic 
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PHOBOS Det&ls 

Si tracking elements 

0 15 planes/arm 

o Front: “Pixels” 
(Imm x Imm) 

CI Rear: “Strips” 
(0.67mm x 19mm) 

CI 56K channels/arm 

Si multiplicity detector 
a 22K channels 

W.A. Zaic 

l PHOBOS 

31 
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= DISC, 

I J-> 

IT> 

ci (2, 



ACL A <Il...lL> - <-Tl...\T> 

+{(+\+<-I] . ..(I+>+\->] 
- 12&-l -<-I}..- {Ii->-I->] 

QLf <+I--I-> 3 <-I... I+> 
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The RHIC Spin Program 
Future Transversity Measurements 
septemiler 18-20,2000 

Naohito Saito : 
RIKEN and RIKEN BNL Reseakh Center ( 

Spin Physics at RHIC : 

e Utilize Sain Asymmetries to fliy down 
tt Spin Structure of the Nucleon I -:: j 

l Proton Suin Sum Rule ‘,T ? 
. Transversity Distributions : ~. J F- . ._. 

+ Spin Dependence of Fundamental Interactions 
l Parity l&elating Interaction 
l CP Yiolation in Quark Sector and H@gs Sector 

e Spin Dependence of Fragmentation 
l Interference Fragmentation Funct!on 

41 



Hadron-Hadron Collision 
dlniuersality 
+j$), (T, D(z) 
are 
Transferable 
from one 
measurement 
to another ! 

Example: Prompt Photon Production 
4) Gluon Compton Dominance 

+ No fragmentation function at LO . 

42 



Example-S: Parity Violation in Jet 
Q In the SM, “Weak” is the only spume of PU 

x 

Example-$:A, (A~.) for Drell-Yan 

+B One way to measure Transuer$ity Distribution 
~e?&&Wx,)+(l++ 2) 

4 6 S 101214161820 M l3eVl 



Spin Asymmetries 
o A,,: Double Longitudinal Spin Asymmetry 

8 cross section asymmetry 

d I 4+-t) - m-) 

4L:cross section A,:cross section AN:azimuS 
asymmetry asymmetry asymmel 

RHIC Spin Project : RlffEN UN1 Collaboration f 
Q Polarized Collider Facility 

t Siberian Snake &Spin Rotator for PNENIX & STAR 
e PHENfX Upgrade for Spin Physics: Muon, EMC, Triggel 

e RIKEN BNL Research Center t1997-3 

44 



WC Spin Phase-l 
9 Original Plan 

+ A,, at 200 6eU; 320 pb-l ; 2001-2002 : 
+ A, at 500 6eY; 800 pb-1; 2003- ; 
8 A,and more... . , 

4) Reuision Undergoing...possible option 
+ ~714~) in earlier stage for commissiojning PU 

l -5pb-’ uronosed by STAR 
40 Inclusion of short&-run at 200 GelPbefore 500 Gellrun 

l -30 pb-’ urowed by PHEHlH 1 

4) RSC Meeting in Kyoto [October 13-141 
9) Phase-II Discussion is also underg’oino... 

(D Energy & Luminosity upgrade 
:* 

Spin Strucke Studies at RHIG 

a Gluon POlariZatiOn ag : 
OL Prompt Photon/Jet/Pion/Charm/Bottom 

a Flavor-tagged Quark Polarization 
gr Drell-Yan 1 w7q* J / Pion I 

8 Transversity 
8 Drell-Yan [y*/.zl / Pion-pair/ Single Spin 

Asymmetries 

45 



1: Gluon Polarization a,o(q 
i 8) Poorly Determined 

* E704 ho / multi+ / gQCD analysis of POI-DIS data / HERMES 
unlike-sign TC pair 

8 Prompt Photon Production 

b 0.2 1 GRSV MAXg/.. 

“.“L “.I “.u\- 

10 20 30 40 50 20 M 40 SO 

pwGeW ~,,(GeVlc) 

Comparison with Other Exp. 

46 



e Pion Production a &arm/Bottom ’ 
Production 

I,Gluon Polarization and let Production ij 
I - e Very Sensitive and Powerful Measurement ! 

YYYYY &* fl 

47 
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Kinematical Coverage: (x, ~2) 
RHIC pp 250+250 Gev 

HER4 ep 37.5 + 920 GeV 

0.1: .._. L*..L.&...I.‘.~ . i..l.-...I.* Y...._.. I -..L . I . . . . Li. _,._1..,_ L. I I .:“:_l.~i. ,. I 
0.00001 0.0001 0.001 0.01 0.1 1.0 

x 

SB Kinematical 
Coverage will be 
greatly enlarged ! 

8 Advantageous 
for Global QCD 
Analysis. 

- I_._ 

What Do We Know Abou 
Polarization? 

l-P 

Q Additional Constraints 
+ Axial vector coupling 

of octet batyon = 
assuming flavor su(3 

a,=AU-AD 

a8 =AU+ALl-2AS 



Pin Down au, m, as I 
4~ Information independent, z 

from rlp and rl” will help 
* e.g. AU or ALI 

Flavor-Tagged Quark Pqlarization 
e Parity Wolation in W twoductio? 

------- GS95LO(A) ------- GS95LO(A) 
- BS(Ag=O) - BS(Ag=O) 

. ^ . ^ 

csEiren Unpolarized... 
0.5 t 

pp+WX, 4s = 500 GeV, 800 pb-’ 

-1 I-o.6 -0.2 0.2 0.6 



Searches for New Physics , 0.08 
Q Interference of New 

Physics and Weak will 
result in Anomalous PU o,04 
8 Compositeness 

l Run II limit 4.1 TeV flO0 A~ 
fb-11 

l RHlC 3.2 f b-l : 4.4 TeV 0 

9) Leptophobic Z 

New Physics Search in Di-leDton 

a Comaositeness 
8 Less Sensitivitv than 

jet production 
ct Luminosity & Energy 

upgrade will help! 
49 Common Issues 

8 Precision of Theory 
Predictions 

l II10 

l Polarized PDF 

50 



_ __ _ _ _ _ _ _ _ _ _ _ _ _ 

Forward Spectror 

Mid Rapidity Spectrometer 
50‘0<05 

Single Transverse Spin Asymmetry 
@ BRAHMS fits best! 

I 
:, 

a Several Models Li 

I 

Spin Dependence in Fragmentation 
a longitudinal Spin Transfer Measurement in 

lambda Production 1 

51 



Needs of Global Analysis 

Q We always measure 
convoluted Quantities 

G+ Inter-exp and exp- 
theory “spin network” 
is needed. 

Summary 

a BHIC Spin Program has just started with 
Successful Spin Commissioning at BHIC! 

Q Upcoming Physics Program includes: 
4) Spin Structure of the Nucleon 

l Helicity and Transversity Distributions 

Q New Physics Search 
6 Spin Dependence of Fragmentatiom G&fbJ@j 

Q Needs of “Spin Network” Addressed 
-Q?=i 
” ,‘\ - I Y@-F??i 

1 ! 
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AZIMUTHAL ASYMMETRIES IN HARD SCATTERING PROCESSES’ 

P.J. Mulders 
Department of Theoretical Physics, Faculty of Science,‘Vrije Universitcit 

De Boelelaan 1081, NG1081 HV Amsterdam, the,Netherlande 

In my contribution I start with the distribution functions measuied in deep inelastic scattering. 
At leading order in an expansion in powers of l/Q the quark structure of a proton is dcscribcd by 
a set of three functions, fig(z,ln$), g~(z,ln$) and hT(z,ln& (I, 2,3,4]. The functions depend 
on the lightcone momentum fraction z = pi/P’> where p is thd quark momentum and P the 

hadron momentum and have a logarithmic scale dependence described by the evolution equations; 
they exist for each flavor indicated by 4. 9 = u, d, s, . . 

The functions .f: and. 9: appear in the structure functions of deep inelastic scattering es a 
flavor sum weighted with quark charges squared. The functions !$ cannot be measured in inclusive 
Icptoproduction. Being chirally odd 141, it requires e.g. a l-particle inclusive measurement or Drell- 
Yan scattering. These processes have in common that two hadrons are involved and hence two soft 
parts enter in the description of the cross section. at least under suitable experimental conditions, 
most importantly the presence of a hard scale. 

The three functions f:, gl and ky are an independent set of iunctions describing the leading 
quark structure of hadrons. To ‘calculate’ them from QCD requires solving the bound state problem 
for the proton. To better understand their meaning, one can arryged them in a 4 x 4 matrix in 
quark-nucleon space. From such a representation one easily reads off the interpretation and one 
can obtain positivity conditions 15, 61. Gluon distribution functiob 17.. 71 can also be looked at as 
soft parts appearing in hard scattering processes, but they enter bnly at higher order, e.g. in the 
evolution of the distribution functions. 

In semi-inclusive deep inelastic scattering (and also in high-energy hadron-hadron scatteri& 
tranwerse momentum of partons provides new possibilities to probe hadron structure [S, 9). For 
instance for fragmentation into pione a transverse momentum dependent Emgmcntation function 
enters describing the decay of a transversely polarized quark into pions [lo]. The transverse 
directions reappear in the transverse momentum of the produced liadron. in particular its azimuthal 
dependence (II]. Using the beforementioned matrix representatidn one can arrange the tranwersc 
rnomcntum dependent functions in a matrix, being a 2 x 2 matrix (quark hclicitics) for spin 0 and a 
4 x 4 matrix for spin l/2 hadrons. Using the matrix representation one a& can derive bounds 161. 
In the cassc of spin 0 (or unpolarized) h&one the tmnsverse momentum dependent function is both 
chirally odd and T-odd. The latter implies that it is only no&o if time reversal cannot be used 
‘as n constraint. such as is the case for fragmentation functions [IZ, 13, 14. 15, 161. The analysis 
of transwse momentum of partons can be atended straigktfotiardly to spin 1 hadrons [Iii and 
,nhions [IS]. We discuss some e..amples 119. 20, 21, 22) 

References 

;‘I D.E. Sopcr. Pkys. Rev. D 15 (1977) 1141; Phys. Rev. Lctt., 43 (1979) lS47. 

[2] J.C. Collinh arId D.E. Sopcr, Nucl. Phys. B 194 (19S2) 41;; 

[3\ R.L. JRRr. ?\lrwl. Phys. B 229 (1983) 205. 

L-1; R.L. .Jntfe nnd S. Ji, Nucl. Phys. B 375 (1992) 527. 

[5] 3. Soffq Phys. Rev. L&t. 74 (1995) 1292. 

[6] A. Bacchetta, M. Boglione, A. Hcnneman and P.J. jhlulders, Phys. Rev. Ldt. 58 (2000) 712 

17) A.V. Manohar, Dhys. Rev. Lett. 65 (1990) 2511. 1 

I 

[8] J.P. Wlston and D.E. Soper, Nucl. Phys. B 152 (1879) 109. 

[9] R D. Tangerman and P.J. Mulders. Phys. Rev. D 51 (1995) 3357 

[IO] J. Collins, Nucl. Phys. B 396 (1993) 161. 

[ll] P.J. Molders and R.D. Tangerman, Nucl. Phys. B!461 (1996) 197; Nod. Phys. B 484 (1997) 
536 (E). 

[12] -4. DC R<jula, J.M. Kaplan and E. de Rafael, Nuci. Phys. B 35 (1971) 365. 

[13] K. Ha&ram, K. Hikasa and N. Kai, Phys. Rev. D’ 27 (1983) 84. 

[14{ R.L. Jaffe and X. Ji, Phys. Rev. Lett. 71 (1993) 2547. 

1151 Possible T-odd effect; could arise from soft initiJ state interactions es outlined in D. Sivers, 
Phys. Rev. D 41 (1990) 83 and Phys. Rev. D 43 (1991) 261 and M. Aneelmino. M. Boglione 
and F. Murgia, Phys. L&t. B 362 (1995) 164. Also gluonic poles might lead to presence of 
T-odd functions, see N. Hammon, 0. Teryaev and A. Sck?ifer, Pkys. Lett. B 390 (1997) 409 
and D. Boer, P.J. Mnlders and O.V. Teryaev, Phis. Rev. D 57 (1998) 3057. 

1161 D. Boer and P.J. Muldcrs, Phys. Rev. D 57 (199$) 5750. 

[17] A. Bacchetta and P.J. Mulders, hepph/0007120., 

(161 P.J. Molders and J. Rodriyes, hepph/0009343. 

[19] A.M. Kotaian, Nucl. Phys. B 441 (1995) 234; R.D: Tangerman and P.J. Molders, Phys. Lat. B 
352 (1995) 129. 

(201 A.M. Kotzinian and P.J. Muldcrs. Phys. Rev. ti 54 (1996) 1228; A.M. Kotzinian and P.J. 
Aluldcrs. Phvs. Lctt. B 406 (19971 373. P..T. hIdd;rs and M. Bodionr. Nncl. Phvs. A 6MXr667 
(2000) 257c: I 

(211 D. Boer. R. Jakob and P.J. Mulders, Eiucl. Phys: B 564 (2000) 471. 

122) M. Boglione and P.J. Mulders, Phys. Rev. D 60 (1999) 054007; M. Boglione and P.J. Molders, 
Phys. Lett. B 478 (2000) 114. 



BNL, 18.09.2000 

AZIMUTHAL ASYMMETRIES 
IN HARD SCATTERING PROCESSES 

P.J. Mulders 
NIKHEF and Free University, Amsterdam 

f!b@ Jw 
vrrJe Universiteit amsterdam 

l ‘Deep’ structure of hadrons 

o Semi-inclusive leptoproduction and intrinsic transverse mo- 
menta 

l Examples in leptoproduction 

o Gluon distribution and fragmentation functions 

l Examples in hadron-hadron scattering 

o Summary and conclusions 

$e , BNL - Transvcrsity - 2000 1 !if > BNL - Trnnsversity - 2000 2 
C.F”.,I#,I,II-,. .,A. .*,$i_r.,,“,*i-‘.*,,~ 

‘DEEP’ STRUCTURE OF HADRONS 



(LEADING) QUARK DISTRIBUTION FUNCTIONS 

Hadron structure enters hard processes via quark distribution func- 
tions corresponding to lightcone quark-quark correlators. 

Leading part can be considered as a quark production matrix 
For an unpolarizscJ/spin 0 hadron: 

SOFT PARTS IN WARD PROCESSES 

Large scale Q leads in a natural way to the use of lightlike vectors: 
n~=n2_=Oandn+.n-=l 

q2 zz -82 

p2=M2 

2P.q= g 

LC lvf2 
P=*n-+ 

4=+&p=++ 

_ .-. _~ -. 
l Examples of hard processes: DIS or DY 

l Yellow entries only relevant.at subleading (CX 1/Qtd2) order, 
leaving only two “good” fields with chiralities right and left 

Note; the lightlike vectors may be resealed into dimensionful vectors 
6 = (Q/z,fi)n+ and fi = (z,fi/Q)n- 

l The distribution function fl depends on the (lightcone) frac- 
tional momentum 2 = pie/P+ of a quark in a hadron 

l In DIS one can access distributions at CC, = Q2/2Pa q 
In DY one can access distributions at 2, = PA . q/PA . Pn 

BNL - Transversity - 2000 2 ff li BNL - Tmnsvarsity - 2000 3 
.*,Cnh.,,,*~II.,. .,,, - *L,mlv,~l*i-,~.,ii~ 



(LEADING) QUARK STRUCTURE IN A NUCLEON g1 AND hl UNDER ROTATIONS 

For a spin I.2 hadron (e.g. nucleon) the quark distributions func- 
tions enter again in a quark production matrix. Omitting the higher 
twist entries one obtains in quark@nucleon spin space 

Effects of changing basis: 

( fl +!I1 0 0 2111 ' 0 11 +c 

&f(I”“d) = 

0 
n/@=4 = 

f1-31 0 0 -0 R 

0 0 fl - 91 0 Gf- 

o The functions exist for every quark flavor: f:(z) = q(z), 
g:(x) = Aq(x), h(:(z) = &-&) 

l The three distribution functions are in principle independent! 

l Positivity gives f~ 2 0 and [.cJI(x)] 5 ,t;(z) but also the more 
stringent (soffer) bound 

lhb)l I f (1’1(2) + g&)) 

0 Sl - 81 0 0 

0 0 fl - 91 0 

2 121 0 0 fl fg1 

l The function hl is chirally odd and is not accessible in DIS 

.* *“~,i<l,,i~,l.,l.- 
BNL - Trnnsvcrsity - 2000 4 BNL - Transvcrsity - 2000 5 
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(LEADING) ‘GLUON DISTRIBUTION FUNCTIONS 

Leading gluon distribution functions correspond to lightcone corre- 
lators with transverse fields 

This can be considered as a gluon production matrix 
For an spin ID or unpolarized hadron: 

N A,,@od) - 
- [“b”’ G;x)]. g 

Y @@ 
Li ..lZSlll-== 

- For a-sp.in. ~~~..hadro?. (f-3. nucleon) in gluon@nucleon spin space 
_. 

G+AG 0 0 0 

0 G-AG 0 0 

0 0 C:-AG 0 

0 0 0 G+AG 

@) fi-- .,1.@,) @)r- . ..+o 

BNL - ‘kansvcrsity - 2000 G 
. . .Ll.r.im*l.-,.,*?i- 

SEMI-INCLUSIVE 
LEPTOPRODUCTION 

and 
INTRINSIC TRANSVERS-E M‘OMEN.TA-- -- 

J -(u> 

lf BNL - Transversity - 2000 7 
.1 
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SEMI-INCLUSIVE LEPTOPRODUCTION 

l Inclusive DIS t---f a(‘~:> = f:(x), G(z) via evolution 

l Polarization t--f Ad = g:(z) = QR(Z) - qL(z), AG(x) 

-r---i& 

\ 

(e.g. proton) 

distribution fwctions 

P- \ 
prOdWd fragmentation functions 

hndrons -> qunrlts 
particle 
(e.g. pion) 

qn”rk -> hadrons 

l SIDE +-+ tagging to get ff and g: for q = u, d, s, c 

0 Polarimetry f--3 measure &q(z) = h;7(~) = qT(x) - ql(z) 

l Azimuthal dependence +--+ study intrinsic quark k,. 

l Single spin asymmetries - T-odd fragmentation functions 

SOFT PARTS IN HARD PROCESSES 

Large scale Q leads in a natural way to the use of lightlike vectors: 
ng=n? =Oandn+.n- =I 

q2 = -Q2 
P2 = hJ2 
P,f = Mi 
2P.q=$ 

2Pl,. q = -.z,,Q2 

Ph = 9 n- + -=.n+ 

q=$l.--gn++q,. 

p=w” ~n--l--Q-n x,* -I- 

WI 
00 

-Q -Q 

N1/Q -Q 

4 Jdk+... 

-i s dp- . . . 

Three external momenta (P, PI,, q) + transverse direction relevant 

BNL - Transversity - 2000 7 
ff 
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SOFT PART IN SIDIS (LEADING) QUARK FRAGMENTATION FUNCTIONS 

Hard inclusive [polarized) deep inelastic leptoproduction involves the 
soft part 4, integrated over all momenta except p+ s zP+ 

% Hard semi-inclusive (polarizd] deep inelastic lepton-hadron scatter- 
ing involves soft part @ integratedi.over JI: -v&h 2’ s&P?and p, _ _~._. - -- 

Fragmentation into a hadron involves soft part integrated over Ic- 
leaving P); = AZ- and &‘,I1 = --zk, 

BNL - Tmwersity - 2000 

Quark fragmentation functions into unpolarized or spin 0 hadrons 
relevant in hard scattering processes are specific entries in the quark 
decay matrix in Dirac space 

l Examples of hard processes: e+e- annihilation and SIDIS 

l Yellow entries only relevant at subleading (cc l/Qtm2) order 

9 In quark decay_ time .reversal. invariance-cannot- -be used~ -+----- - -- 
T-odd fragmentation functions, in this case l!If 

l The functions L$ and $1: depend on the ratio of (lightcone) 
momenta z = P/;/k- and on the transverse momentum of 
the quark wrt hadron (A+) 

l In SIDIS one can access the fragmentation functions at tlL = 
P. P/,/P. q and P/,.1 = -.qa k, 

l The function 22: is chiral-odd! 

!ff 5 BNI, - Transversity - 2000 10 
.I r”.i.,wl*lr-,~‘.,i* 



FULL QUARK & HADRON SPIN STRUCTURE 

Quark distributions accessible including azimuthal asymmetries 

oc 
H -d L 

0 

/ 

l Transverse momentum dependence requires 2 hadrons: SIDIS/DY 

l Transverse momentum dependent functions relate to twist 
three, but appear at leading order in l/Q 

l T-odd functions appear as imaginary parts of off-diagonal en- 
tries for fragmentation functions: G’l~+i I&$ and H&+i. Nf 
New bounds (see BBHM, PRL 58 (2000) 712) 

l Straightforward extensions for gluons, spin 1 hadrons, . . . . 

BNL - Transversity - 2000 11 

RELATIONS IMPOSED BY LORENTZ INVARIANCE 

From the most general (covariant) form for (q(O) $J(<)): 

d (1) 
?T ; “1, = &+ 

92 



WHERE DO THE FUNCTIONS SHOW UP 

l twist t of correlation functions 
+ behavior (l/Q)“-” 

l &-dependent functions 
s azimuthal dependence (q$, &, tis) 

l cross sections are chirally even 
Examples: ~.fl@a 

@c 111 @ Hl 
cxe@Hf 
oc m fi 8 Hf 

l # of spin vectors IS even in case of a T-even combination 
Examples: m xc 7,. g1 El D1 

-oi x+jyg~;&yDl- -~ 
cc IS-, 1 JS,,.// 121 @HI 

l # of spin vectors is odd in case of a T-odd combination (single 

spin asymmetries) 
Exatilples: oc ‘\, eC3Hyl 

cx S’, ILL I@ Z-liL 
CC ,S! 12iL,, @ I-I 
cx /!.i: I hl &I 13: 
a j’(i, j ji”,. @ D1 



MEASURING It1 VIA A SINGLE SPIN ASYMMETRY 

J. Collins, NPB 396 (1993) 161 

I 
P, 

h:(x) 

> OTO 
= ?g IS.,.\ 2(1 - y) Ce2, ZB h;“(s,)li’:-(‘)“(zh) 

a,Li 

I 
.-N.sT, e> 

z How large can 1$(‘)(z) become? 

I 
jH;(‘)(z, -zk,r)I = I& H,I(x, -.A,.)( 5 2 ~1(~,-~~,) 

7T 

With assumption 

one finds 

- 

GLUON DISTRIBUTION AND 
FRAGMENTATION FUNCTIONS 

ff . . . . BNL - Transversity - 2000 15 ., IL? _,,,, ,,t<.,vi.. 



FULL GLUON & HADRON SPIN STRUCTURE 

Gluon distributions accessible including azimuthal asymmetries 

@* c> * 0. @ c 4 Go 

/ G+AGL IPTk&-‘+ && _ bTl 
2,-264 

2M2 HL 
0 

tPT&+i4 AGT G - AGL 0 _ tPTi 2e--2iQ HI 

2M2 

_ tPT 12e+2i4 fI’- 
2M2 

0 G - AGr, -!lZd$t A(&, 

\ 0 _ bTi 2,+2i+ Ijrl 
2M2 

-!I+? AC&, G+AGL 

l Transverse momentum dependence requires 2 hadrons: SIDIS/DY 

i Bounds from positivity, e.g. ..~ .-~ 

lHL(l)l 6 ,/(C -I-AGL)(G- AGL) 5 G 

IAG$?I 5 (p,J J(G+AG,)(G-AGE,) 5 MC: 
2A4 I 2M 

l Interpretation of H as helicity flip amplitudes or differences of 
linearly polarized gluon densities 

FULL GLUON & HADRON SPIN STRUCTURE 

Gluon FF accessible including azimuthal asymmetries 
for a spin 0 or unpolarized hadron 

e(%, -%kT) 2 -k-l e azi+ fiL 2M 

-kTt ‘2 2 y+ A’-* 
2M’ 

i& -xkT) 
1 

,1E, I 

for a spin l/2 hadron 

@I- 

T-odd functions (appearing as imaginary functions) are included 
except f& and Al?;, which appear as imaginary parts: 
Zm A&x = C?,* and Zm ifi, = Al?: 

!ff -i BNL - Transversity - 2000 15 
. I”w.nl/l~<c-l.“~.. BNL - Transversity - 2000 16 .I~L”I,,I,,,.-,:.lTi. 



SINGLE SPIN ASYMMETRY IN ppT --f nX 

Three ways to get a single spin asymmetry: 
Note: one of ;he soft parts must be asymptotic (M CI~/~~~[~) 

analogy of Collins asymmetry in f?l!I 

cx siri(& + 4~) (hy x HL) x (Hfa) 

other single-spin asymmetries 
(a la Sivers effect) 

cx siu(q& - y!~.y) (G’y, x jr) x (D;“) 

EXAMPLES IN 
HADRON-HADRON SCATTERING 

cx siu($, - cbs) (Gp x G) x (f3) 

BNL - ‘lhnsversity - 2000 17 
,. ,“.II,%“I~l .,.\1... ff ..“ I3NL - ‘Iixnsversity - 2000 17 ., I” .,,, *,,,ll.,.,.,l-l 



c SUMMARY AND CONCLUSIONS 

ff > BNL - Transversity - 2000 18 j.~I~~,I,“,.,:-,.,I;.., 

SUMMARY AND CONCLUSIONS 

Inclusive leptoproduction 

l Quark DF f:(x) and f:(x) for q = u, d, s, c 

l Chirality distributions g:(x) and g:(z) 

l Sum rules (-+ moments of DF) and evolution (coupling to 
gluons) 

l Gluon distributions, G(z) and AG(z) 

l Higher twist distributions (-+ quark-gluon correlations) 

Semi-inclusive leptoproduction 

1. Flavor sensitivity :-.-, .- ~- -- -- - -~ - - - 

2. Full forward spin structure . . . 

3, Full spin structure (with k,.) . . . 

Hadroproduction 

1. Full spin structure (with k,) accessible . . 

2. Need for specific situations . . . 

!iF -a BNL - Trnnsversity - 2000 18 
,,~,“.i.,l*,ni.,.~.,i- 



SUMMARY AND CONCLUSIONS 

Semi-inclusive leptoproduction 

1. Flavor sensitivity 

l Production via (favored) FF: U, --f 7r+, U t 7rr-, . . . 

C ei f:(z) 3 G ei TY4 G(x) 
4 9 

o Gluon DF via charm production 

2. Full forward spin structure 

l Access to chiral-odd DF 127 (need transverse pol.) 

l No mixing with gluons under evolution for chiral-odd DF 

3. Full spin structure 

l p,-dependent DF + QCD dynamics (cf. higher twist) 

l Obtained from azimuthal dependence, in most cases re- 
quiring also polarization 

l T-odd FF (for spin 0 and l/2 necessarily p,-dependent) 
appear in single-spin asymmetries 

l The FF IIf (chiral-odd and T-odd) can be used to ac- 
cess 11: via single-spin asymmetries 

BNL - Transversity - 2000 19 
,, ,,nl##l”#lI.~.~.,2- 

SUMMARY AND CONCLUSIONS 

Hadroproduction 

1. Full spin structure (with kT) 

o Access to chiral-odd DF 12: (need transverse pal.) 

. . . . and many more functions obtained by looking at 
azimuthal dependences, in most cases requiring also po- 
larization 

2. Need for specific situations 

l lepton pair production (Drell-Yan) 

l Single-spin asymmetries pointing to production via 
T-odd fragmentation functions 

- 

20 



Q2-Evolution of the Transversjty Distributions: 
Theory update 

Yuji ‘Koike ; 
Department of Physics, Niigata University, Ikarashi, Niigata 950-2181, Japan 

In this talk I will discuss the characteristic features of the Q”-evolution of the transver- 
sity distribution &J(z, Q”) . m comparison with that of the helicity distribution &((G, Q”). 
Owing to the chiral-odd nature of the transversity distribution, it does not mix with the 
gluon distributions. Accordingly, &(rc, Q”) always obebs nonsinglet-like evolution equation. 
The difference in the anomalous dimension (or equivalently the splitting function) between 
&.J(x, Q”) and &(x, Q2) leads to striking difference in the evolution in the small z-region. 
This feature is even more conspicuous in the NLO evolution than in the LO evolution. 
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Figure 1: Evolution of the bclicity and trsnsversity distrib&s for the u Rwor Thr 
dashed curve is the input h; z Au at Q; = 0.23 GeV: 
qnryn~trization. The solid (dotted) curve is hy (Au) at 
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-0.15 ’ I’ 

I’ ’ 
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I 
-0.20 I’ -..-. 6; 

u 

-0.25 ! I’ NLO evolution 

-0.30 ! ’ 

r.-.-.J 

Q’ d 20 GeV2 

I’ g2 = 0.34 G.eV” 
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x ' 
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Q2 evolution of transversity distributions: applications 

S. Kumand * 

Department of Physics 
Saga Univers$y 

Saga: 840-8502, Japan 

ABSTRACT 

We discuss Q2 evolution of various transversity distributions with emphasis on the numerical 
analysis part [I-]. The transversity evolution equation,is now available not only for the leading- 
order (LO) [2] but also for the next-to-leading order (NLO) [3]. 

First, numerical solution of the evolution equation is discussed for the transversity distribution 
l&q. Dividing the variables it: and Q” into small steps: we solve the integrodifferential equation 
by the Euler method in the variable Q’ and by the Simpson method in the variable z. We provide 
a FORTRAN program for the Q2 evolution and devolution of the transversity distribution [I]. 
Using the program! we show LO and NLO evolution, results of the valence-quark distribution 
nsTu, + &d, and the singlet distribution Ci(Arqi + n&i). Because the results are very different 
from longitudinally-polarized ones: the evolution difference could be another important test of 
perturbative QCD in spin physics. 

It is also interesting to find a finite flavor asymmetric distribution n,ii - &.d due to the 
NLO evolution effects [4, I]. H owever: the magnitude of the perturbative contribution is very 
small: so that the asymmetric distribution has to be investigated together with nonperturbative 
mechanisms in the similar way to the unpolarized case [5]. Although the longitudinal distribution 
A,G. - @.d will be investigated! for example, at RHIC :in W production processes, the transver- 
sity distribution &ii - a$ cannot be measured by, the W production due to the chiral-odd 
property. As an alternative way, the proton-deuteron Drell-Yan process is proposed [6]. WTe find 
theoretically that it is an appropriate way for finding FTC - n,d. 

I 
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Q2 evolution of transversity 
distributions: applications 

Shunzo Kumano 
Saga University 

kumanos@cc.saga-u.ac.jp 
http:Nwww-hs.phys.saga-u.ac.jp 

Talk at the workshop on 
Future Transversity Measurements 

Sept. 1 S-20,2000, BNL, USA 

Sept. 18, 2000 

Q2 evolution of transversity distributions 

l numerical analysis 
l flavor asymmetric distribution 
l Drell-Yan cross section 

related topic 
(pd Drell -Yan for finding A.$ - A.& 

References 
l M. Hirai, SK, M. Miyama, 

Comput. Phys. Commun. 108 (1998) 38; 
111 (1998) 150 

l SK, M. Miyama, Phys. Lett. B 497 (2000) 149 



Drell-Yan process 6 + 6 -+ CL+ ~1~ + X 

Spin asymmetry 

A 4SASd -dS*,- S”> 
SASR = c7(S,,S,) + o(S,,- S,) 

Longitudinal 

c %I? m> d(Y) 
A,,= a 

; ea2 f?(x) f-KY> 

Transverse 

A 
TT = 

sin20 cos(2cp) T ezZ h’;(x) h!(Y) 
1 + COS*Cl -- .C e: fgxj$yy) 

a 

0, cp: polar and azimuthal angles of the lepton 
momentum with respect to beam in the 
cm. frame of the lepton pair 

DGLAP evolution equation 
for transversity distributions 

“nonsinglet type” 

numerical solution 
. x -+ divided into 2Nx steps 
l t = In Q2 -+ divided into Nt steps 

& f (x, t) 3 
f (Xi, t djl) - f (xi3 t 1 

St 

see Comput. Phys. Commun. 111 (1998) 150 

Our evolution program could be 
obtained upon email request: 

see http://~~ww-hs.pl~ys.sagn-u.ac.jplprogra~n.l~t~nl. 
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Q2 evolution of polarized valence-quark 
distributions 

. . . .., : ., I initial distribution 

0.01 

X 

ii/d &symmetry 

l Gottfried sum (NMC S, = 0.235 If 0.026) 

dx [ii(x) -a(x)] 

l Drell-Yan p-n asymmetry (NAP 1, E&X) 

(Corn hep-ex/~803011) 

see SK, Phys. Rep. 303 (1998) 183 
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Nonperturbative mechanisms 
for the A,U / A,;i asymmetry 

l Virtual meson clouds 

l Pauli exclusion principle 

. . . . 

_’ 

Pauli exclusion principle (unpolarized) 

2 (spin) X 3 (color) 
= 6 states 

l 2 of 6 states are occupied for u-quark 
l 1 of6 for d-quark 

4y-quarks and 5 d-quarks -GJJ be amolqod@e& 

naive counting estima& U I ;i = 4 / 5 



Pauli exclusion principle (polarized) 

Bourrely, Buccela, Soffer 

in a naive quark model 

h+>=&[ I 2 ~~+~~,d_>-I~+~l~d+>-lu_u+d+> 1 
,*A 3 , u-=5, d+=f , de=+ 

ui-u; _ &-us 
suppose t c u,, - u, uv -4 

A,,,\i = ~1: - ui = _ ds - Us u, (UZ-ut)=-0.13 

‘in the same way 

A,,;d=d:-di=-$$(d’-d:.)=+0.05 
t , 

AU / Ad asymmetry effects on g 1 

l GRSV (AU = Ad ) at Q” = 0.34 GeV2 + Q” = 4 GeV2 
l Pauli ( Aii f Ad) at Q’= 0.34 GeV” -+ Q” = 4 GeV2 

01 
- GRSV (4 GcV**Z) 

- Padi (4 GeV’*2) 

008. A BMC 
T T 

b”n 

+t 
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Meson-cloud model 

unpolarized e.g. n+(d) 

4 

d excess 

p contribution to Aa - Ad 

FriesSchgfer (1998) 

:a- a<0 

A9kQ2) = F 
I 
y’ $ f;,,,(y) A%&dy,Q2> 

polarized : e.g. p+(d) 

\1 

Ad excess : Ati 

1 

- Ad<0 

Protondeuteron Drell-Yan 
for finding A.$ - A,d 

l neglect nuclear effects in the deuteron 
l assume isospin symmetry 

xF=x, -x2 

l xF -+ + 1 region 





c.m. energy dependence 

- AT = 50 GeV 

200 GeV 

500 GeV 

rT = 0.7 

Ml,,, = 5 GeV 

Summary 

l NLO analysis of ATq is now possible 

l Aq and Arq evolution results are very 

different 

+ Q’ evolution of transversity distributions is 
important for testing pQCD in spin physics. 

0, Q2 evolution produces A$ # A,d 

-+ need to investigte A,ii - A.,d with 
nonperturbative models 

+ pd Drell-Yan for A.+3 - A,d ? 



Drell-Yan Muon Pair Productidn @ RHICl 

Marco Stratmann 1 

.lnst. for Theor. Physics, Univ. of Regensburg, D-93&0 Regensburg, Germany 

The framework for analyzing the rapidity dependence of the transverse dou- 
ble spin asymmetry ATT for the Drell-Yan process in NLO of QCD is briefly 
presented. It is discussed how one can make use of NLO results available in 
the literature obtained within an ‘off-shell’ regularization method [W. Vo- 
gelsang and A. Weber, Phys. Rev. D48 (1993) 20731 by transforming them 
to the commonly used MS scheme in which also the NLO splitting functions 
have been calculated recently. Only by combining NLO parton densities 
and partonic cross sections in the same scheme ‘one obtains physical cross 
sections (and asymmetries) independent of details of the regularization pro- 
cedure used in the NLO calculation. 

FOI: our numerical estimates LO and NLO input transversity distributions 
are obtained by saturating Soffer’s inequality at a low bound-state like scale 
QO e 0.6 GeV using the unpolarized (helicity) densities by GRV (GRSV). 
The chosen input numerically preserves Soffer’s inequality under Q2 evolution 
in XL’0 in the MS scheme which, however, cannot be demonstrated in general 
as constraints on the parton level are obscured by their scheme dependence. 

Reisults are presented both for the rapidity dependent as well as integrated 
spin asymmetries ATT at fi = 200 and 500 GeV. Since it is essential that 
both muons are detected experimentally the influence of the limited muon 
acceptance of the PHENIX detector, 1.2 2 IzJ,+~ 5 2.4, on measurements of 
ATT, i.e., on the achievable statistical accuracy, is discussed in some detail. 
In particular, it turns out to be difficult, if not impossible, to measure the 
rapidity dependence of A TT which in principle I would be expected to be 
sensitive to the shape of iiq -6q. The prospects for the rapidity integrated 
ATT ase somewhat better for not too large values of the dimuon mass AJ. 

Finally, it should be kept in mind that our estimates represent some upper 
bound on ATT within our framework and that ~;TT would be reduced by a 
factor of four if Soffer’s inequality turns out to be saturated only by 50% 
rather than fully. On the other hand, it may turn out that saturation takes 
place at a somewhat higher scale than the one chosen for our analyses which 
can, e.g., for an input at &a = 1.0 GeV, lead to values of ATT twice as large 
as the ones presented here. Therefore ATT in Drell-Yan still seems to be a 
chann.el worthwhile to look at to pin down the transversity densities at RHIC. 

lworlr done in collaboration with 0. Martin, A. Schgfer, and W. Vogelsang 
references: Phys. Rev. D5’7 (1998) 3084; Phys. Rev. D60 (1999) !117502 
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1 Dt-ell-Va’h l’viuon Pair ‘PtWductio,n @ RH%Cl 1 Dt-ell-Va’h l’viuon Pair ‘PtWductio,n @ RH%Cl 

Marco Stratniann Marco Stratniann 

(Regensburg) (Regensburg) 

8 o Drell-Yan process up to NLO QCD 8 o Drell-Yan process up to NLO QCD 

a Numerical analysis: a Numerical analysis: 

- model for transversity densities 6~1 - model for transversity densities 6~1 

- detector angular acceptance (PHPNIX) - detector angular acceptance (PHPNIX) 

- transverse double-spin asymmetries - transverse double-spin asymmetries 

0 Conclusions 0 Conclusions 

together with 0. Martill, A. Sclr:<fer, W. Vogelsang 

[Phys. Rev. 057 (1998) 3084; D60 (1999) 1175021 

l Drell-Yan process up to NLO QCD 

general problem: $’ ‘transversity’ gluons 

%b all asymmetries ATT = d&~/da strongly diluted by 

gluon induced processes in CZU 

u need process w/o gluon contribution in LO 

best candidate: Drell-Yan process Ralston. Sopcr; Ji 

Cortcs, Pirc, Ralston: Artru, Mokhfi; Ji; Jaffe 

chirality flip J 

M: dimuon mass 

y: dimuon rapidity 

(#I: azimuth [41 = 0 ff 1’ spin dir.] ? /I- 

t 

cloctrowca k efTeCts 

e; + e,GF . . . + G; . . . 

T ?%[I y.i 

2 

defined as 
(&l _ &$)/2 

‘problem’: non-trivial d, dependence of d;65 

d&i EL cos(24) - Jb’” dc$ d65 = 0 



In LO: Technical complication: 

have to keep azimuthal angle 4 unintegrated 

[cumbersome when using ‘11 dimensional regularization] 

fit+ J;;e-” ti lSt calculation done with gluon mass as regulator 

where T G Ad2/S Vogclsa ng , WCbCl 

4~ best suited observable: A&M, y) 

T/ dependence of ATT 1-3 scan of Sq(~,)S~(n:2) 

H shape of 6q 

[!I integrated ,+,.(A4) ‘only’ probes very existence of &l] 

Why NLO? 

k D Drell-Yan known for sizable K-factor 

D reduced dependence on unphysical scales /Lo, 1~~. 

available NLO results: 

d&F 
dMdydb, 

II t 

pheno. less relevant 

LO qc + p,+fL-- does not 

contribute (~‘1’ = 0) 

but NLO splitting functions SF’,, are in MS 
- --.- -Voqc!lsang; Koikc!-ct ~11.; Kumano, Miyamr>-~ - - - 

-U scheme independence requires d&T in MS 
D non-vanishing p’~’ of muon pair 

Transformation off-shell -+ MS scheme: 
To do: 

fJ+ 

4 
real corrections: 

[unpol.: also (1:) --f q$ /J-J 

virtual corrections: 

everything can be deduced from 

bw(,q,~ - ~~~C~~,Off -ShCll 

i.e. ‘total DY’ d(b)iY/dMdqb for the unpolarized case 

[c,,F,K: Altarc:lli c!L al.; F~rrmanski et al.; 17,,~,of~..sl,cll: K!Il);jr c:t al.] 

“v) MS results for d&T J’ 

[2”d talc. of CL&? uses dimensional reduction Contpgouris ct al. 

results agree after transformation to MS I<anlal: Vogolsanq] 



0 Numerical analysis 

Modeling transversity densities Sq 

6q unmeasured ‘q have to rely on theoretical prejudices 

helpful constraint: Soffer inequa1it.y 

t t t 
unknown . known (more or less) 

‘\A upper bounds for 6q and spin asymmetries AySy8 

Softer’s inequality is more restrictive than 16~~1 < q: 

f 611(x) 

q(x) AqCd 

Q for our estimates of AT?- we saturate Sof’fcr’s iricq. 

at &O N 0.6 GeV using GRV (q) and GRSV (AJ) 

Is Soffer’s inequality <alid beyond the leading order? 

PDF’s are scheme-dependent (o unphysical) in NLO 

?rt constraints on parton level are not relevant anymore 
[similarly: ‘positivity’ at work for lAa/ 5 0 not lAS[ 5 J] 

However, in MS it usually works out 

1.0 

0.8 

% 0.6 
x” 
&I.4 

0.2 

I.0 

/-\ 0.8 
NY 
g 0.6 
T 
D 4 0.4 

e?; 
0.2 

lo-.’ 2 s lo-2 2 5 10-l 2 

X 

v frequently used models based on Sq = A4 at some 

initial scale p = QO Scopctta, Vonto; Miyama; . 

violate bound if Aq < - $ 

[remark: analytical proof of the inequality in NLO (MS) by 

Bourrely ~1: al. is flawed: IA+1 < f’<j not fulfilled in m for r! -+ g 

Q lAf[ g f under certain conditions ] 



Detector angular acceptance for PHENIX Some estimates for A?, 

Motivation: theoretical predictions can be misleading if (I) M integrated J’!dAl; differential in y 

detector effects are not included 

Example: Drell-Van muon pairs @ PHENIX 

have to detect both muons to get mass M 

but only endcaps detect muons: 1.2 < Iy,,~.l<: 2.4 

-2 try to include muon acceptance in AYYYa estimates: 

take fully differential cZ(S)a [only available in LO so far] 

and define acceptance as 

I 

w ‘distorted’ asymmetries: A&! > ATT for & > E 

and vice versa 

Estimates of statistical errors for ATT: 

stat. error N 
1 

I-‘,Pl3JG 
Y 

1.2 

1.0 

0.8 

s0.G 
?I 
4 0.4 

0.2 

0.0 

I -~ -2 ----3- '( 0 2- 3 
y 

2 
--- r.clldcqw + itnm 

. . . .._ 
. .._ 

~ R 

g '.., 

/I,, jl 
".., 

'I., 
. . . . 

-... 

? 
\ i \ 

0 
0 I 2 3 0 I 2 3 

Y Y 

extra ‘feature’: hypothetical muon arms IyI+j 5 0.35 

‘error bars’ for low 7) bin with arms only plus resealing by A~,T~/A&? 

use: 1’~ = PD = 0.7; Ip,,) > 2 GeV (get rid of background) ; 

.C = 320 (800) pb-l for &’ = 200 (500) GeV 
possible future fixed target exp. at HERA 

‘errors’ for C = 240 pb-l l<(jl’otk<)v, Now;> k 



(II) rapidity ~1 integrated; differential in dimuon mass M 
0 Conclusions 

4 h x IO 12 I4 Ih IX 20 x IO 12 I4 Ih IX 211 
M [GCV] M [GcV] 

D limited muon acceptance threatens to make a 

measurement of ATT elusive at PHENIX 

in particular for AT&~, M) 4.-k shape of bq 

D A’112’(M) still promising fs proves very existence of 6q 

4x1 BUT one should keep in mind that our estimates are 
- c, endc,,p.i mly 
-- *r, cndc:,pr ““ly 
---- I, cntt;lg + ilrlllil 

R;;C (P-P) IS 
S upper bounds for Arl-yn, i.e., most optimistic: 

” ” k. ealc.,ps + ii,,,,, = 500 GeV 3,,, 

. . . . 
D if Soffer’s inequality is only 50% saturated 

all AyvTt’s would be down by a factor of four 

M [GrV] M [GcV] On the other hand, if saturation takes place at a 

. . . and for a perfect 4r-detector: higher scale QO than assumed, all &Y~‘s would be up 

D for example Ay+y~(AK) with Qg = O-34,0.6,1 GeV*: 

4 s G 7 x 9 IO 4 6 x 10 12 I‘i IG IX 20 
hi IGeVJ hl [GcV] M IGcV] 



Jet Production with 

Transversely Polarized Proton Beams+ 

W. Vogelsang 
RIKEN-BNL Research Center, Brookhaven National Laboratory, Upton, NY 11973-5000 

The currently most promising methods of measuring transversity at RHIC suffer either from low 
event rates (Drell-Yan dimuon production; see talk by h?. Stratmann), or from the fact that they 
involve a presently nnknown fragmentation function sensitive to transverse polarization, such as 
the Collins or the interference fragmentation functions. In this talk, we therefore rcinvcstigatc 
the possibilities that arise in studies of jet (or, leading hadron) production with transverscl~ 
polar&d proton bcnms at RHIC. It should be mentioned right away that, also here, there is an 
immediate drawback: as is well-known, there is no transversity gluon distribution, so reactions 
like jet production, that proceed to a substantial part through participation of gluon partons 
in the unpolarized cast, arc bound to have small transverse double-spin asymmetries [I, 21. In 
addition, it turns out that the trausverscly polarized subproccss asymmetry for the qq --t qq 
reaction, relevant. for jet production, is color-suppressed as l/Arc [l, 21, whereas the channel 
q~ -+ (IQ involves antiquarks in the initial state, and is thus likely to give a smnll contribution 
for pp collisions. On the other baud, jets (or leading hadrons) arc produced very copiously at 

s 
RHIC, resulting in small cxprctr.d statistical errors on the spin asymmetries, and it is interesting 
to see whether the spin asymmetry might be large enough to be visible in espcrimcnt. 

In this talk we consider two ‘Qct” reactions as examples. The first one is the production of 
pion pairs. Here it is interesting to consider certnin combination of cross sections, in particu- 

-. lar f3]; - .- - ..- --. ~~~ . - ~. 

o?r+g+ 77+-i- -0 _ (p+ + $r-ii- , 

fdr lvhich at lowest order all reactions with gluons in the final state and, hence, for the unpo- 
larized case t.he reactions (19 --f (19 and $9 + 89, arc eliminated. In this way, one might hope 
to circumvent. the problem of suppression of the spin asymmetry due to gluonic contributions 
in its denominator. Indeed, the resulting ‘double’ asymmetry, 

tmns out to bc sizable, becoming as large as - 10% in certain regions of t.ransvcrsc momrnta 
of the pions. Howvcr, the analysis of the statistical error to bc cspcclcd for d,,. rwcals that 

il~ork done ill colkhxltion with D. (IP I’lo~inn and hf. Stmtmann. 

it will be impossible to use this qnantity for mcnsurcmcnt.s of tmnsvcrsity at RHIC. One finds 
that t.hc statistical error is not only, as usually the case, proportional to the inverse ol the 
square root of the counting rate, 

@,) cc (,,+,+ _ &T+iT- _ &z+ +o’-“-)-“2 , 

but rather to 

The additional factor is obviously very large and renders 6(,&r) much bigger than &-,, itself. 
Another channel wa consider is single-inclusive jet production. Here of course all subpro- 

cesscs with initial-state gluons contribute in the unpolarized cross section, so we expect small 
transverse-spin asymmetries. On the other hand, jets will he produced at RHIC at very large 
rates, and experience from the unpolarized case, where the compurison betmeen theory and 
data works extremely well, indicate that we have a very good understanding of jet physics. 
For our numerical cstimxtrs of t,hc transverse-spin asymmetry WC model the tmnswrsity drn- 
sities by following [4] to aswme saturation of Solfcr’s inequality [5] at the low input scale of 
the ‘radiative parton model’ [G, 71. We find that the asymmetry Am for single-inclusive jet 
product.ion at RHIC is indeed small, of the order 5 . IO-’ to 3 t 10-s. On the other hand, the 
cspcctcd statistical cwxs on A m arc considerably smaller and indicate that a mcasuremcnt of 
transwrsity ix this chamlel should bc.successM, provided thesystematic~uncertaintics can bc 
reduced to a level similar to the statistical ones. It turns out that, for our model transversit~ 
densities. the asymmetry is mainly driven by the qq awihilation reaction for pg < 40 Gel’, 
and by qq scattering for larger jet transverse momenta. Results for tl1.m in jrt production wrc 
also presented in (21. 
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Jet Production with 

Transversely Polarized 

Proton Beams 

Werner Vogelsang 

RIKEN-BNL Research Center 

BNL, 18 September 2000 

(with D. de Florian and M. Stratmann) 

:\/Soti-vation : 

0 most promising reactions sensitive to 
transversity involve unknown fragmentation 

. functions; measure products like 

” 6q @ b ” 
(and, even worse, combinations thereof) 

l trouble is that ‘standard pdf processes’ 
(say, in pp) all have problems : 

- Drell-Yan : low rates, Sq small ? 
- dir. photons, jets, inclusive hadrons,... : 

gluonic contrib. in unpol. case 
--+ ATT small 
(see : Artru & Mekhfi; Ji; Jaffe & Saito; 

earlier talks today) 

l On the other hand, some of these 
reactions have enormous rates at RHIC 

- makes measurement of even small ATT 
possible, as far as statistics is concerned 

- might allow to pick regions where (19 and 
9.(/ channels are less dominant 

0 consider here two channels: 
pairs of hiyh-PT pions single jets 



~Olki li&a : ~(Rmtannaz,Mantrach,Pire,Schiff) 

High-pT PiOW PP + ~PT)~PT’)X 

Lowest order : 

a 

problems : (Artru,Mekhfi; Ji; Jaffe,Saito) 

o only q& and interference of 99 graphs, 
contribute for transversity 

l for ~9, interference is suppressed by ~/NC 

l generally, transverse spin gives extra factor 
N sin’0 cos(2!cp) 

D”+ = Ds”- 

therefore, consider 
&r+n+ + ~7r-w- _ &r+n- _ a7r-n+ 

(with pions in opposite azimuthal hemispheres) 

is proportional to 

---+ eliminates qg and gg 4 gy (not gg -+ ~1) 

‘Double asymmetry’ 

ATT F 
ATar+“+ + AT&n- - nT*n-+n- - J+prf- 

,7f+7r+ + Cr7r-n- _ &r+n- 
t 

_ (yr-nf 
P 

indeed sizable. However, statistical error 
I 

G+TT) x 

1 
,7rfTf + &r-n- +(yr+Yr- +(yr-7r+ 

(y+n* 
( 

+ a?r-7r- _ O"+7r- _ a7r-7r+T 
> 



Jet Production 
(see also Jaffe & Saito) 

l expect small asymmetries 

l extremely good statistical accuracy 
at fi= 500 GeV (recall, ALL -3 & !) 

l have very good understanding of jet 
physics (cf. Tevatron jet data) -- 
(better than fragmentation fcts.) 

ATT in single-inclusive jet production : 

0.005 r I I I 1 1 1 1 1 ' 1 ' ' ' ' 1 ' ' ' 

ATT 7 ~-- -1<17<2 

0.004 - 

This study : 
0.003 - I 

s 
l 6q, SQ through saturation of Soffer’s 

inequality at PGRV M 0.6 GeV 0.002 - 
(cf. Stratmann’s talk) 

- admittedly, somewhat optimistic 
- could have saturation at higher scale ! 
- Jaffe 2%~ Saito use 64(x, Q2) = Aq(z, Q2) 

l unpolarized pdfs : GRV (94) 

0 lowest order only; fact./ren. scales p= pj,” 

e&i= 500 GeV, C = 800 pb-l 

0.000 ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' I I I I I I 
0 20 40 60 80 

PT cGeV) 

I ’ ‘- 
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Resu .lts on Azimuthal Asymmdries from DIS 
Experiments 

H.Avakian x 
INFN-LNF/YerPhI 

For HERMES Collaboration 

Abstract 

First measurements of single-spin asymmetries (SSA) in azimuthal distributions 
in t?p + ~‘sTS processes, with unpolarized leptons and polarized protons, were 
recently reported by HERMES [l] and by SMC [2], collaborations. 

Significant x and P 1 dependences of sin 6 moment in the cross section 
(A$:‘) are observed at HERMES for K+ and TO; production on a longitudi- 
nally polarized hydrogen target. 

Single-spin asymmetries in azimuthal distributions of hadrons in polarized 
deep inelastic scattering are also measured in the ivide range of y* momentum 
fraction carried by the final hadron. 

In the transition region from semi-inclusive to semi-exclusive processes these 
asymmetries are found to be significant and have different behavior for neutral 
and charged pions. 

Issues discussed in this contribution include: I 

l Estraction of sin (b moment of SIDIS cross section as a function of different 
kinematic variables 

l Detector related background (acceptance, efficiencies) 
1 

l Physics related background (semi-exclusive asymmetries and sin24 mo- 
ments). , 

/ 
0 Outlooli 
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Results on Azimuthal Asymmetries 
from DIS Experiments 

H.Avakian, INFN Frascati/YerPI* 
avakian@hermes.desy.de 

l Introduction 

z 0 Single-Spin Asymmetries 

D semi-incl 7r+ New polarised DF and FF 

D 7rO versus 7r* 

D exclusive limit 

0 Suillmary-outlooliltl~~l~ 

* Talk presented by W.-D. Nowak, DEW Zeuthen 

I 
..-__-_-- . .._ _ 

ingle Spin Asymmetries 

l Double Spin Asymmetries: 
Polarized Beam and Target. 

l Single Spin Asymmetry (SSA) 
Polarized Beam or Target. 

D transverse quark polarization densities 

D fragmentation of polarized quarks 

D illtrinSiC transverse momentum of quarks 

D GPDF (SPDF, OFPDF..). 

D higher Twists 

Accessible through measurements of 

l Azimuthal distributions of hadrons and photoas III 
semi-inclusive and semi-esclusive DIS. 



aeH+ehX = H+q 63 $eq-teq B p+h, 

4 

Chiral odd, T-even DF 

G 
ZChiral-odd T-odd FF 

& 
SSA 

5 Naive parton models, non interacting collinear parton 
~.Parity,.-Angular--momentum, Helicity- Cons.. 3 - SS21 = 0 

SSA originates from multi-parton correlation and 
1 intrinsic CpaTk transverse momentum 1;~ I 

I 

Azimuthally 
.I ___--._ 

weighted cross Sections c 

ci = 0-i u”+p+cT~u+,~T+... 

Unpolarized (U), longitudinally polarized (L) and 
transversely polarized (T) beam/target 

When the cross section is integrated over q5 of hadrons 
the single-spin asymmetries (UL,LU,UT . . . ) vanish in 
leading order. 

defines the sin 4 term in the cross section for 
‘unpolarized beam and longitudinally polarized target. 



The leading twist (subscript:l) description of the 
nucleon involves 3 types of Distribution Function (+ 
others at higher level) 

f,= 0 
0 

Unpolarized quark in unpolarized nucleon. 

Longitudinal quark in longitudinally and transverse 
quark in transversely polarised nucleon. 

g After introduction of transverse momentum of quarks 

bd: 

Transverse quark in longitudinal 
. 
+w polarised nucleon. 

hl is c$ir:l.l odd -+ can be observed only in combination 
with another chirtil odd structure + Collins FF. 

\ 

Contributions to sin q5 

ST ti Siti8, ki vd%,. 
hi: twist-3 DF 

In HERMES kinematics and with a longitudinally 
polarized target (above shown) contribution from the 

5’~ term is expected to dominate(m 75%). 



f 

The analyzing powers for beam (target) longitudinal 
polarization are evaluated as 

the T / 4 denotes positive/negative helicity of the lepton 
(target), L and Lp are luminosity and lumi weighted 
polarizations. 

W(q5) = siti 4, sin 24, sin 341, cos 4, cos 24. . . 

The HERMES Experiment at DESY 

l Beam: transversely self-polarized 27.6 GeV e*-beam 
of HERA, rotated to longitudinal spin orientation at 
the HERMES IP; Pbearn z 0.55 f 0.02 

l Target: .cr@d open-ended. .stosage. cell. insi.de..the 
beam pipe, longitudinally polarized pure (lH, D, 3He) 
gas atoms of (7 - 33) x 1013 nucleons/cm2; 
PH = 0.88 f 0.04. PD M PH, PHe = 0.46 f 0.02 

l ,Tracking forward dipole magnet spectwmeter with 
57 chamber planes (40mrad < 6 < 220 mrad}; 
resolution: de < 0.6 mrad. dp/p < 1.5% 

l Particle ID: threshold Cerenkov detector, ‘I’RD, 
prcshower, lead-glass calorimeter: e/h misidentificati- 
on ( 0.4% 

6 Fast ,Trigg~ ScintiIlatoC wd0scope.s HO I-11 H2; 
caio/~meker energy Chfeshold c3.5) cev 



Table 1: The HERMES experiment 

‘Yarget 
Polarization 

Acceptance In brZ 
Acceptance in 0, 

DIS cuts 

Cuts on 
I Iy < 0.85 

hadrons 
7rf 
7r” Ey 

u > 0.2 t 
4.9-q E, < 14GeV 

> l.OGeV, 0.1 < MT, < 0.17GeV 

Acceptance and efficiency: 

0 8, cut has major influence on the acceptance 

Acceptance generated sin q!~ terms: 

l Direct: generated sin4 term is negligible (MC) 

0 Indirect: generated sin q5 (through the cos q5 term in 
the acceptance and sin 24 single spin term in the 
cross section) is under control. 

---L ..- 
1 SSA.&L: PI dependence c 

HERMES PRELIMINARY 

t -.- ..___ --~-~~ -- --. 

I I I I I 

0 0.2 0.4 0.6 0.8 1 1.2 

in simple model: 

MC N lGeV, D1 is the unpolarized fragmentation 
function, Hf the polarized “Collins” fragmentation 
function. 

T* data published in R. AiPTCLpeticLn et al. @ZJ.T. /?eu- I 
lJt?tt. $4 (2000) 4047 



HERMESPRELlMINARY 

0'08 

0.06 

0 

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

-0.02 I I I I I 
0.05 0.1 0.15 0.2 0.25 

x 

o consistent, behaviour of n+ and TO. 

o behaviour consistent with increase suggests that the 
sea contribution does not dominate the effect. 

1 umlparison with theory for 7rf I n - ._. 

Curves (I<otzinian et al. NP A666,290 2000) correspond 
to -different-approxitiatibtis f6r hl- ( hi A 0.5(91+ fi)-f& 
upper and hl = 91) and Hk (MC = 0.3 for lower and 
A/r, = 0.7). 



, Comparison -with theory: sin2~ & singj . 

0.08 

0.06 

0.04 
9 

9 
4 0.02 

0 

-0.02 

-0.04 ^ 

Efremov et. al hep-ph/0001119: ( Hf- from DELPHI 

o only the favored fragmentation functions 0;'" and 
f$;+ 

l (Hf(z)/x) = (Hi)/ with (2) = 0.41 

l (PAL) M (pr) M 0.4 GeV 

l GRV parameterization for f;(z) 

l hl calculated in chiral soliton model 

Other Experiments 
\ 

SMC SSA on transversely polarized target 

Bravar, DIS99 

SMC Preliminary 

z;20L:: 
-100.0 0.0 100.0 200.0 

t 

Best fit value from SMC data: 

AN = 0.11 rt 0.06 

is consistent with HERMES measurements on 
longitudinally polarized target and also the estimate of 
the analyzing power given by DELPHI (Efremov et. al) 

I I $$ = (0.063 f 0.020) 
1 



i Large SSA in semi-exclusive and egclusive region fol 
7rr+ and r” 

8 
c -1 
z z) 
a 

Oki 5 e p + e’ n X 

0.4 y- t 

. Tc" 
0.3 r L n 

0.2 
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: •l 7c+ t 
: + ;I 

0 : ma 
LJ 

'L 
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-0.1 : 

-_ L -HERMES-PRELIMINARY -- . - --CL2 
- uncorrected for acceptance and smearing c 

-6.3 T1'111'111'111'111'III'IlI',II'III'Ill 
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

z 

Possible sources for sign flip in n+ SSA: 

D HT in SIDIS (Boglione & Mulders) 

D AFT4(n+~') = -0.3A$,'(n+n) (Frankfurt SC Co 

+ SIDIS + ” SEDIS” -+ GPT )F 

HERMES SSA for separate target spin states 

0.5 - ep-+e’nX 
H 0.25 .- 7c" 
," 
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0 c + 

8 y....-+--.-- 

,$I : 

- 
-“.25 
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2 0.2 - n- 
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=: 
I 8 0 .-f-, 
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- -0.2 - ' "'i-. 
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2 2 - 0.2 _ 7c+ i 

2 .z. -~- 0 . v v ._i:C~ -- .--.= -- 4 

u' 
.G -0.2 1 HERMES PRELIMINARY 

uncorrected for occepfance and smearing t 
1111,,111,11111,,,,,,,,,,,,,,,,1,~,,,,,1,1,,, 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.6 0.9 1 1.1 

z 

o significant contribution for nS and n-O from cryL. 



Different behavior of K* and YT* 

0 Worse resolution for missing mass for 5~’ (-+ fig.) 

l Suppression of exclusive T* production on proton 
with respect to X+ (as seen by HERMES) 

-4’;’ in-exclus& lim.it presumably dominated by pure 
SIDIS events. 

_____ -_- . .._ ~__... 
[ HERMES missing mass resolutions b 

0.5 

0.45 

0.4 
1 UC0 +I- 0 7c + 



Missing parts of mosaic 

o The role of higher twists (x > 0.7) and exclusive 
scattering (x M 1) in SIDIS 

=+ need theoretical coverage of full 2 range 

=+ need link between SIDIS HT and hard 
exclusive scattering 

a Find kinematic limits (z, Q2) where SIDIS is still 
dominating semi-exclusive production. 

l Interpretation of SSA differences for charged and 
neutral pions 

.iSummary)( 

l Significant x and P_L dependence of A”,:’ 

observed for n+ and 7r” SIDIS. 

l Different behavior for charged and neutral pions 
in exclusive limit (z+l). 

1 Improvements in HERMES Detector i 

(o RICH ti clean K and I\” samples 

a .4 wheel =+ improved exclusivity miteria 

o Transversely polarized target (2000-j-) 

D transversity, hl 

D Collins fragmentation function 

D 2-pion production [Jaffe] 

l Separation of contributions from different 
distribution functions through measurements of 
other moments (cos d?cos ,~GQ? sin SD,... j 
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Investigation of single spin asymmetries in semi-inclusive pion 
electroproduction I 
K.-4. Oganessyanab* , N. Bianchi”, E. De Sanctisa, W.-D! XowakC 

I 
“INFN-Laboratori Nazionali di Frascati, via Enrico Fermi 40, I-00044 Frascati, Italy 

bDESY, Notkestrasse 85, 22603 Hamburg, Germany / 

“DES\’ Zeuthen, Platanenallee 6, D-15738 Zeuthen, Germany 

T.he azimuthal single target-spin asymmetries for K+ production in semi-inclusive deep in- 
elastic scattering of leptons off longitudinally polarized protons are evaluated using two main 
approaches available in the literature (see, e.g. Ref. [l]). It is shown that the approximation 
where the twist-2 transverse quark spin distribution in the longitudinally polarized nucleon is 
small1 enough to be neglected leads to a consistent description of all existing asymmetries ob- 
served by the HERMES experiment. A possibility to access the transverse distribution function 
through the measurement of single spin azimuthal asymmetry in semi-inclusive single pion lep- 
toproduction on a transversely polarized target is also discussed. 

There are two main approaches in the literature which aim at explaining the experi- 
mental data: 

(i) The approximation where the twist-2 transverse quark spin distribution in the Zon- 
gitudinally polarized nucleon, h$‘)(s), is considered small enough to be ne,glected [2-51. 
This results in good agreement with the Bjorken-J; behavior of the sin4 and sin24 asym- 
metries observed at HERMES. Note, that this does not require the twist-3 interaction- 
dependent part of the fragmentation function, I?(z), to be zero. 

(ii) The approximation where the contribution of the interaction-dependent twist-3 
term, ?1L(z), in the distribution function AL is assumed to be negligible, but H(z) is 
not constrained [3]. 

^4nother approximation, where only the twist-2 distribution and fragmentation func- 
tions are used, i.e. the interaction-dependent twist-3 parts of distribution and fragmenta- 
tion functions are neglected, was proposed earlier [7:8]. ;For certain values of parameters 
this results in good agreement with the HERMES data: [9]. However, it leads to the in- 
consistency that all T-odd fragmentation functions would be required to vanish [lO,ll]. 
Thus, we do not consider it. 

The transversity distribution hi(s) measures the probability to find a transversely po- 
larized quark in a transversely polarized nucleon (see! e.g., Ref. [la] j. One of the pos- 
sibilities to access the transversity in one-hadron inclusive deep inelastic scattering off 

*e-mail: kogan@hermes.desy.de 
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Figure 1. The single target-spin asymmetry i1”;20 for x+ production as a function of 
Bjorken-z and z, evaluated using MC = 2m, and 7 = 0.8. The results obtained within 
approaches (i) and (ii) are denoted by pairs of full and dashed lines? respectively. For 
each approach two curves are presented corresponding to hl = g1 (lower curve) and 
hl = (f, t g1)/2 (upper curve). HERMES data are from Ref. 19,131. 

transversely polarized nucleons is to measure the azimuthal angular dependences in the 
production of spin-0 or (on’wcrage) unpolarized hadrons, which shows up as sin(& + 0s) 
dependence [14], where Qs ,is the azimuthal angle of the target spin vector. 

In Fig. 2 the curves have been calculated by integrating over the HERMES kinematic 
range. From Fig. 2 one can’sce that the single transverse-target-spin asymmetry expected 
to be quite large. .;\t HERhIES kinematics ((z) E= 0.1, (2) z 0.4) it amounts to (4 + 7)s. 
The HERMES experiment using a transvcrscly polarized proton target will be able to 
extract h,(z) in a simple way proposed in Ref. [15]. .4ctuall?; the combined results of 
HERMES (on transversel!: polarized target) and COMP=\SS should give quite precise 
information on transwrsc distribution functions soon. 
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l Single-spin asymmetries in’ SIDE 

0 Treatment of azimuthal asimmetries 1 
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1 tree-level up to order 1/Q 
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Subleading in l/Q 

Note: 
- color blue denotes twist-2; color green Twist-3 
- superscript (1) indicates weighted DF’s and FF’s: 

H:“)(=,,) = q2 d2k -,t J T (&) H:(z,,. z;k;). 
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Distribution Functions I 

Probability of finding hadron h in’n qua& 
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i Wandzura-Wiiczek in both DF’s and FFa -j ,.: :...,.-.... -.. ̂ ..‘~~T~~:?~~ --z : 

All Twist-3 = II ! 

Note: LL(z) = 0, B(Z) = 0 

x 

integrated over intrinsic transverse momenta. 
Then: KL(z) = hi(e), i.e. onlytwist- remains. 

H(B) = 0 
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Ill: AFL6 

Wandzura-Wilczek like Apprpach: neglect interaction- 
dependent twist-3 part: gL(z) = 0 (in parton model 

vanishes). Then /L$‘(cE) = -x2 J,’ dyy. 

Note: Ei(z) = &(=H:(z),) is the interaction dependent 
twist-3 part of H = -2~Hf(t) + $i. 

1 Single-Spin Asymmetries 1 
---L I- __________ .&. L. 2.. ~. T:~~~~-z~:.-.?.e~-y m-*lrFP. : JC .-. 
/ Longitudinally pcilarized Target i 

Subleading in l/Q I 

0.1 

I 

-0.05 

0 0:r 0:2 x 0:3 

The single target-spin asymmetry N$L” for X+ production as a function of 

Bjorken-2, evaluated using M C = 2~6, and q = 0.13. The results obtalned 

within approaches (I). (II). and (III) are d&noted by pairs o 

lines, respectively. For each approach t?o curves are presented corresponding 

to hl = 91 (lower curve) and h, = (II - 9,)/3 (upper curve). Data are from 

MERMES 
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Subleading in l/Q 

0.2 

I 0.1 

FO 
'6 $ 

a 

-0.1 

-0.2 

L 

The single target-spin asymmetry A:?;' for x+ production as a function of 2 

evaluated using the same parameters as in HERMES preliminary data (the error 

bars correspond to the statistical uncertainties only). 

Leahing in l/Q 

The single target-spin asymmetry ,4$is9 for pi+ production as a function of 

Bjorken T. evaluated using the same parameters as before. Note that the line 

at .4$sd = 0 corresponds to the result of approach (II), the curves of the 

approaches (I) and (III) coincide and are both denoted by dashed curves for the 

two cases consldered for 11,. Data are from HERMES. 
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1 Single-Spin Asyminetries 1 

j Longitudinally polari?ed Target i 

Pr.r dependence of the A”‘*‘@ uL asymmetry for ;r+ electroproduction off 

longitudinally polarized protons evaluated using MC = 27% and n = O.G. 

Full lines correspond lo results where the perturbative contribution is taken into 

account in the denominator, while dashed ones are without this contribution. For 

each case two curves are presented corresponding to hl = g1 (lower curve) and 

/I, = (It + Al)/? (upper curve). HERMES data are from HERMES. 

r-s- ---- 
Smgle-Spin Asymmetries 1 

^.- - ..r.-<.e-~l.-~y~.“l ____ .L::~~~~~~c.~~~~- __I,. _ ‘i’ _--.- -.- - .-- 
! Transversely Polarized Target i 

,., .,; ..*; Cn(Z~~~~li~S.~.~..~.:i~i..~:_~.:.h ., .:.~.I..:..l”:-,~:-~.~~.‘.~.’ 

Leading in l/Q 

$.I 
9 

7 
‘% 

0.05 
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-0.05 I 
0 0.1 0.2 x 0.3 
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1 Single-Spin Asymmetries 1 

; Transversely Polarized Target 1 

Leading in l/Q 

a) the tiansversity distribution 6u( 2). and b) the ratio of the fragmentation 

functions H,’ L’l’rr(~) and D;‘(Z) as it would be measured by HERMES with a 

proron target. The asterisk in a) shows the normalization point. 
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The role of hl in azimuthal and single spin asymmetries 

M. Boglione 

Division of Physics and Astronomy, Fat&y of Science, Free University 
De Boelelaan 1081, NL-1081 HV Amsterdam, the Netherlands 

Because of its chiral-odd nature, the “transversity” distribution function hl is particularly hard 
to measure. In fact, in cross-sections it can only appear in association with a second chiral odd 
distribution or fragmentation function: another hi (z) distribution function, as in Drell Yan scattering, 
or a chiral odd fragmentation function, like the Collins function usually indicated by AND(z) or by 

Hf@)(z). In my talk I present the results of some work done in the last few years in collaboration 
with M. Anselmino, E. Leader, P.J. Mulders and F. Ivfurgia, aimed at the study of these functions 
[l-6]. 

Single spin asymmetries are absolutely crucial tools since they are strictly related to two ‘Lhot” 
topics: 

1. The role of the intrinsic transverse momentum k+ (i.e. the momentum of the parton relative to 
that of the parent hadron) in both the dynamics and the kinematics of the process (single spin 
asymmetries are zero when kT effects are neglected) 

2. The existence of distribution and/or fragmentation functions which do not fulfill time reversal 
invariance (single spin asymmetries are zero unless at least one of the functions is T-odd). 

Experimental data on single spin asymmetries are only just starting to be available, but some im- 
portant work has already been done relaying on a very accurate measurement of the single spin 
asymmetry of pions, semi-inclusively produced in ptp scattering [7]. From a fit of these data we were 
able to determine, through an appropriate parameterisation which takes into account Soffer bounds 
and positivity constraints, the transversity functions hr and the Collins function AND, a chiral odd 
kT dependent fragmentation function which describes the fragmentation of a polarized quark into an 
unpolarized hadron (a pion in our case) [4]. 

Both functions play an important role in several DIS azimuthal spin asymmetries. The knowledge 
on hl and AND gained by performing such a fit allowsl us, for example, to give interesting predictions 
[5] of DIS single spin asymmetries which are presently being measured: HERMES and SMC have 
recently presented experimental data which are in very good agreement with our predictions [8]. 

An other interesting way of gathering information on the hl distribution function is by considering 
the semi-inclusive production of transversely polarized: A and & in deep inelastic scattering. I present 
the results of our calculations and our estimates, based on various sets of polarized fragmentation 
functions recently proposed [6]. 

[l] M. .4nselmino, M. Boglione, F. Murgia, Phys. Lett. B362, 164, (1995). 
[2] M. Anselmino, M. Boglione, F. Murgia, Phys. Rev. D60, 054027, (1999) L 
[3] M. Boglione and P.J. Mulders, P&s. Rev. D60, 054007 (1999). 
[4] M. Boglione and E. Leader, P&s. Rev. D61, 114001 (2000). 
[5] M. Boglione and P.J. Mulders, Phys. Lett. B478, 114, (2000). 
[6] M. .4nselmino, M. Boglione, F. Murgia, Phys. Lett. B362, 164, (1995). 
[7] D.L. Adams et al, Phys. Lett. B261, 201 (1991) and Ph2l.s. Lett. B264, 462 (1991). 
[S] HERMES Collaboration, A. Airapetian et al., hepes/9910062. 
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The role of 6; in 

azimut ha1 and single 

spin asymmetries 

hf. Boglione 

I \ 

* Determination of the transversity 121 and the Collins 

function AND from ptp + nX 

* The role of 1~1 and AND in DIS spin asymmetries 

, * A and ii polarization in polarized DIS 

Transversity Workshop - BNL, 18-20/9/2000 1 

S V p=xP 
P 

Intrinsic transverse momentum contribution 

2 



Correlation functions fulfill hermiticity, parity and 

charge conjugation symmetries. 

What about time-reversal symmetry ? 

DISTRIBUTION 

PROCESS mf> 

IP >in 

I,,,,,,,,,,,T 

I PROCESS vA”“\ -b,“Y 

5 IPh,X >out 

SINGLE SPIN 

ASYMMETRIES 

ARE NON-ZERO 

IP > out = IP >in 
single particle 

one moment only 

Iph,x >in = 

@jc IPh, x >out 

Distribution functions 
,,.,. .,. .,. ” . . ..- ..-...... ^ - . . ‘I 

YkC> = fq&) = fl(4 

Aq(:c) = y&t.> 

&-cl(~) = M.~) 

ANfq,p+(:c, ?crJ = 2 ‘kT!$14 j&(x, Ii,.) 

I . . . . . . ,.. . ..J 

where 4 is the azimuthal angle of the quark transverse 

momentum 

AD(Z) =-- G&z) 

I EITHER d OR A I 
only 

CONTAIN 
if 

T-ODD FUNCTIONS 

I I 

where 4 is the relative azimuthal angle of the outgo- 

ing hadron momentum. 
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Sivers mechanism: 

Scattering via an unpolarized quark 

Sivers and Collins mechanisms 

- Consider non collinear configurations 

distribution functions 

fragmentation functions 

-+ Sivers 

+ Collins 
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Collins mechanism: 

Scattering via a transversely polarized qnark 
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Use hl and Hb from spin asymmetry AN in ppt --+ TX 

and h-distributions in approximation fi.fL” = 0 

Calculate for &I+ + 7r+ X 

Measure the A polarization in &I -+ (A + A)X by looking 

at the angular distribution of the A + pn decay (in the 

A helicity rest frame) 
. 

p(%-sL) = pp+) = 
z 

where 

fi”(z,,) 

zh 

and 

Q = 4(u+i3)+(d+c9+(~+3) 

7 AQ E 4(Au + Au) + (Ad + AZ) + (As + AS) 

Q’ = [4(u+fi)+(d+d)]Nu+(s+s) 

AQ’ s [4(Au + Au) + (Ad + AJ)] iV, + (As + As) 

15 16 



A+j& Q'(x) ADA,&) 

Q(x) DA/,(z) ' 

j3z(SL”FsL) = pc+t*t) = 
z 

= Q'(x)~~LL(Y) f. AQ'(x) G; (2) 
Q(x) f AQ(x)ALL(~) m 

where 

. 

TRANSVERSE POLARIZATION 

-..- .- . -... .._ . .._... . . . . .._.....__..._..__ ._ _.__.____,.____,.” _____,___. 
pNwv) _ 

3 - q&m) = 2 

ci 

oc 
AT&‘(x) r-r:‘l’s(,) I 

Q(x) Dl(4 
i~.y:y(,fjj 

. ..---_-. _,_ ,. __... . _ _ . ._. . _ _ __ __ 
where 

I.. 

A,Q’ s [4(A TU -I- ATE) + (ATd + ATJ)] N,, + (ATS + AT.?) = 

= [l(h’; + h:) + (1~: + hf)] N,,. + (1~; + 1~:) 

and 

17 18 



1. N,,, = O! the whole A spin is carried by the s quark 

2.. N, = -0.2, as suggested by SU(3) flavour symmetry 

and .$ first moment experimental data 

3. N, = 1, all light quarks contribute equally to the A 

polarization 
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as a function of y/ at fixed z = 0.1 and z = 0.5; 

and z = 0.5 

2 at- fixed Q2-=ml.:7 (GeV/c)2 -- 

,PCoj+), PC+“), P(“‘) and PC+‘-) as a function of z at fixed 

vllues of b2 = 1.; (GeV/c)2 tnd z = 0.5, for three different 

scenarios. 
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Single spin asymmetries are an important tool to 

learn a bout distribution and fragmentation func- 

tions, and ultimately to study the spin content 

of nucleons. 

1 The study of the angular distribution of the 1 

A + pn decay allows a simple and direct mea- 

surement of the spin properties of the quark 

hadronization. 

I 
($+yp + (p+m) 

o+ n = &ATU + ATCI!)A~~~ Dt” I 

where 

ATq E &q-i- ATE G 11: -i- IIf 

E 
ATqv G ATq - ATC~ G hy - h(: 

and we have taken 

ATs=ATS=Q 

Spin-flavour decomposition of polarized SIDIS 

could allow a considerable step forward in the 

study of the soft distribution and fragmentation 

processes if cross sections rather than asymme- 

tries-were available.- -- -- - - -- 

Interplay between theoretical modeling and ex- 

perimental work is crucial. 
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Qco solution(s) to an ancient puzzle: large transver& spin asymmetries. 
--------------------------------------------------------~---------------- 

( in collaboration with M.Bogl.ione, Vrije Universiteit, Amsterdam I 

The very large asymmetries (up to X0-40% 1 under reversal of the direction 
of the transverse spin of the polarized proton in semi-inclusive reactions 
like pp-->N[ has long been a puzzle. since .in the standard approach the 
basic underlying PQCD parton-parton asymmetry vanishes in LO. and is 
negligibly sm2.l.l in higher order. 

three different SOFT mechanisms have been suggested as the origin of these 
ayrmetries. 

Consider a proton with momentum P and spin vector S. i 
- 

1) In the sivers mechanism the number density of quarksjof momentum 
XP + k-T depends upon S via a term S.(P * k-T 1. 

__ - - - 

However, such a term violates time-reversal invariance, and is not 
considered further. 

2) Surprisingly, rhe analogous effect (the Collins mechanism) in the 
fragmentation of a quark of ~r.cmentum p and spin vector s into a 

_ 

hadron c.f IllonlentLm zp + k-~ CAN depend upon s via s'.(p * ?-Tl 
_ _ _/ _ - 

without violating tine reversal invariance. 

3) The ~fremov-~eryaev and piu-Sterman mechanisms resuire the introduction 
of a higher twist correlated density giving the joint probability of 
finding a quark with momentum xp and a gluon with momentum YP in 

the proton. 

The achievenent of a non--zero aspwtry requires taking seriously the 
existence of a pole in the perturbarive quxrk or gluon propagator. Since 
confinement implies the absence of a pole in the complete propagatOrS. 
chi; may bc a contentious issue. 

--> 
we concen:rate on the Collins mechanism in p + p ---z pion + X. The 
asymmetry depends upon a convolution of the quark tra~sversc spin density 
[Delta-T c;] ix) and the Collins fragmentation function 
[oelta~~ Dqionlq] (z. k-W A vital role is played bjr the Soffer bound 

1 ~Delea~NDgicn/c,l 1 c ZD_pion:q , 

where the RHS is the unpolarxzed fragmentation function 

The main results are: 

1) if is impossible to fit the pi(-) data if a standard lnegacivel 
polarized DelCad(x) is used in the RHS of the Soffsr bound fOT 
[Delta"dl W. 

2) A fit is pasrible if Deltad(xI obeys the PQCD rule 'that 

Deltadlx) --> d(x) a.5 x--al. i.e. changes sign ar.d &comes positive 
as x--,1. 

3) This has dramatic consequences for the NEUTRON g-1(x, at large X. 

41 we obtain the first ever information on LDelta-Tul~x~ and 
Delta-Tdl(x) and on [Delta-NDgionlql Izl in a ccns'istenc 
theoretical t.reatment. 

51 The results are surprising. The magnitudes of .IDelta-Tu](x) and 
Delta-Tdlix) are much smaller than would be expected in a 
non-relativistic treatment. And the first moments a're much smaller 
than lattice or QCD sum rule estimates . 
On the ether hand, the magnitude of [Delta-NDqion/ql is large, 
almost saturating the positivity bound. 

6) In all the above mechanisms the intrinsic transversei momentum 
is essential and the asymmetry will vanish when , 

I PmYpion I >> 1 k-T I 

where k-T is the intrinsic transverse mamentlun of either the 
quark in the proton or of the pion in the fraomentino onark 

We arc at prexmt studying a more careful 
kinematics in the reaction. 

treatment of, the 
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FIG. 1. Single spin asymmetry for pion productionlin the process p’p --f TX as a function of s 
obtained by using the GS-GRV [13,14] sets of distribution functions. The solid line refers to;llf 
the dashed line to no and the dash-dotted line to x-. 
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Single Transverse Spin Asymmetries in Hntlronic Reactions 

In the last years our group’ has developed a pllcnomenologicnl approacll to the study 
of single transverse spin asymmetries for semi-inclusive particle productioe in I~ndronic 
collisions at I&&energies and moderately large 1~1’ [I]-[5]. 

This approach is basically an attempt to generalize tile usual pQCD formalism for the 
study of AB --f CS processes at high eesrgics and large pi, with the inclusion of spin and 
intrinsic transverse momentum effects in the partonic distribution and/or fragmentation 
Amctions. A new class of twist-2, nonpcrtsrbative, spin and k,. dependent distributions 
need to be introduced, whicll might be responsible for the sizeablc single spin asymmetries 
meastlrcd experimentally in the past years (mosblg at large, positive NJ,.). As it is well known, 
in fact, pQCD at leading twist and with collinear partonic configuration gives eegligible 
single spin asymmetries and is not able to explain these experimcntnl results. 

The mw, spin and kl dependent distributions originate from soft, non-perterbative dy- 
namics, which induces correlations between the intrinsic transverse momentum of, e.g., an 
ulxpolarized parton(hadron) inside(produced in the fragmentation of) a transversely polar- 
izcd Imdroa(parton); this in turn results in an aaim~~h~! nsy~tl~mcfry. fo.r tljc.kL depeadellce 
of tlCpnrton(lGtdron) probability distribution. 
polariaed particle is the final pnrton(badroa). 

Tire same is true wlwn the traosverscly 

Thcsc distributions are not cnlc~~lablc from first principles in pQC:D. Ilowever, a simple 
wrameterized form can be derived by performing a fitting procedure to tllc best available 
cxpcrimental data. r\fter that, if tlw general pQCD scheme is valid, factorizatioll and 
universality slloultl allow to use Li~csc paramctcrizations to give pdicliow for different 
proresses. This procedure is completely analogous to that followed for the tw~nl ~~npolari%~d, 
kl-integrated, parton Jistril~lltioll/fragmcntatiotl functions. 

It cau be SIIOWII that at Icading twist there ore four possible spin and kL dependent 
rontributions involving pnrtons/lmdrons with spin S = l/2: 

l ANfq,,+,h) = fplyt(~>k.tj - fp/& kl) = / 

A*‘h’/p~,P(.r, kl), in tllc distribution functions; 
p/pr(+> h.1 - fq/,,t(‘, -kLj, ud 

. AN I., ,,,qt(~, klj and J”D,,+,,(z, kl), ill the fragmentation process. 
Notice that all tlwsc functions are kl-odd: this means that w must keep trwc of 

the kl dq~endencc also ill the clcmcotary partonir cross sections, otherwise intcgratiol\ 
-,, ’ I he 
I)‘r\lesio. 

work wrscntcd he hr lrrcr~ douc ill collaboration wiLll hl. Anscln~ino. hl. Ho~liox,e, II. Barr. II. 

over intrinsic momentum always will Irad to vanishing results for convolution integrals. 
Purtl~ermore, all the Functions are T-odd, which requires initial(final) state intcrnctions. 
Ilowever, while final state interactions are clearly present ia the fragmentation process, 
initinl state interactions are more dificolt to nccomodate: they could spoil tlw factorization 
scheme and the wdversality of the corresponding distributions (ANfq,,r, ANfqt,,). Finally, 
the functions involving transversely polarized partons (A”‘/,+,,,, AND,,,+) arc cbiral-add, 
and always must appear coupled with some other chirnl-odd contribution; e.g. tlm process 
ptp --t RX coultl involve &q(x) 8 ANDhI,,,( 

Depending on the specific process considered, two or more of tlwsr functions can con- 
tribute simultaneously. Ilowcver, as a first step all pl~er~o~~~et~ological studies pcrformcd at 
present consider one of these contributions at a time. Of special interest are those processes 
where one of the contributions can bc rxpected to be dominant; in this case one can hope 
to get precise information on this contribution, to be used in the study of more complicate 
,X”C~SSt?S. 

For example, io the process ptp --t -y X only contributions from the partoaic distributions 
can obviously be present. Analogously, in semi-inclusive DE one can imqinc that t.be 
contributions in tlm fragmentation prowss are dominant. 

In any rase, it is clear that only an extensive rescarcl~ program which compares and 
analyzes simullaneoosly all the physical processes which are (or could be in the near future) 
cxperimcntnlly accessible may IzIp ns to really disentangle among the several competing 
rontribntions and the dilfcreut pruposad tllcoretical approaches. 

Based on these considerations, in the last years WC Irave studied several processes in- 
volving the so-called Sivers (A*‘h’f,,,,,r) [l, 21 and Collins (A“‘&,,+) (3, 41 funclions; more 
recently, we IIWC also considered processes wl~crc A’v’Vfqt,p and AND,,,,,, could be releva~~t 
[51. ~. - 

In this contribution -1 will present i~~tlctails tllc results of our research program for two 
interesting processes: ptll t ii S (Sivers efTrct only) and ~1, --t At X. 

1) ptp --f r x 
Starting from the gcncral formalism drsrribcd nbow, it is easy to show that in this case 

there are three possible twist-two functions contributing: @‘Jq,P,(.~, k,,), ANJq+,,,(x, kL), 
and AND,,,t(z,k~). Notice that sizcable single spin asymmetries have been measured ill 
the large. positive ZF rcgiou. From this point of \-iew, the cnnt rilmtion from A”’ fqflp(s, kL) 
somcho~v disentangles from tlw otbcr two. In fact. this clfcct comes from lllc unpolarized, 
larget hadron, and slxxdd give aoo-negligible contributions only ill the large, ncgntiw 3~ 
rcgioll. on the other Iland. JYv\‘/ q~p~(:r, 1~~) (the Sivrrs function) and Aa”Dzlpt(z, k,) (the 
CoIlills limction) could both be r&wet ill this kinematical regime. .-\s already mentioned, 
IIOW~CI. the lirst I)benol~rellolugicnI studies take illto account only one of these contrilwtions 
at a timp. llcrc we concent rate on tllr Siwrs effect. since Collins effect for this process will 
be discusrcd ill &-tails rlsc~l~crc it1 this worlisl~op (bee llw contribution by 13. Leadcrj. I:ol 
a dixusbiull of CoIlills ellccc in mxr approach see rcf.s [3, 4). 

\Ve Imw lirst pcrformrd a fit to the cspcrimental results from the IS704 Collaboration 
at I:crmilnb [ti]. ‘I’llc quality of tllc fit is good and the l)arailletcrizntiolls obtnincd for tlw 
Siwrs ~ullctiou (for u and rl quarks) arc quite rcasonal~l~. ‘I’lwe I’nraInctcrizntiolls 5110~ 
that in ordw to rqwodw~ t IIc cspwimcntal rcsulw tlw ratio a\‘/ qla~/J, must be positiw 



for u qnnrks and negative for d quarks; it must grow in size when the Imrton nlomcntum 
fraction 5 incrc~aSes, up to around 0.4-0.5 for lnrgc N VBIIICS. 

using thCsC paralnCt&.atiOns, 1°C call giVC r@SUltS fOr AN VS. z,?, at fixed 1’7 = 1.5 
GeV, for other interesting processes, in the Same kinemetical regime covcrcd by the 12704 
experiment. Examples we: $1) 3 ?r X, ptp --f 7 X, p+lj --t KS X, etc. 

We also discuss in Some details the IIT dependence of “nr results and give some prcdic- 
tiow for AN(p+jJ -i r,Y) in the kinemnticnl rcgimc of interest for RHIC experiments. 

It iS intoresting t0 notice that the pI’ bChaViOllr Of &! Seems t0 be CIUitC diIfeCCtlt in the 
kinematical regimes of FNAL-MO4 and RHIC experiments (4 N 20 GcV and fi N 200 
GeV, respectively). In the E704 ca.w, “nr predictions show a mild dependence on (a wall 
decrease with) pr in the range 1.5 < Ipp < 4.0 GcV. In tho cw.e of RHIC “1~ results show 
a stronger dependence on pr. 

2) pp+ lltx 
Hyperon polarization in nnpolnrized 1’ - p, 1’ - A collisions is a longstanding problem 

for particle physics and pQCD. The huge amount of cxpori~ncntal data collected for the A 
particle can bc surnmarizcd as follows [?I: the A polnrization is negative and can bc as large 
as 30% in size. As a function of pi, 1.4~1 starts from zero and grows ris 1)~ iwxeases, up to 
I’? - 1 GeV. For larger Iq, [AN( Sccn~ to show a “plateau bchwiour”, up to the highest 
reachable 11~ values. The value of l&l in the platenn region incrcras almost line& 
with TV. On the contrary, nN(iT) SwwS to be compatible with zero, at least in the range 
0 < “f 5 0.3. 

One point of interest in “UP thcoreticnl approach is that. we can find n cotnmon origin 
for single spin asymmetries in $1) --t TTX and 1’)~ t hf ,Y proccsses. In “UT scheme, in 
fact, we can get contributions to lransvcrse A polnrizntion, &J(I>~ --t Ass), from the 
following twist-two functions: ANfqr,,(z, kl) (from the initial w~polariacd protons), and 
ANNUn+,&z, kL) (which wc call “polarizing fmgnmntntion function”). 

However, Since thera is some esperimcntal evidence that the mechanisw rcspoasible 
for hyperon polarization should be in the fragnuxtation process, as a first step we have 
considered only the contribution from the function AN1j,,,r,p(z, kL). This assumption can 
be tested by looking at A polariantion in sewi-inclusive DIS [S]. 

We have performed a fit to the csperimental dnta available For A nnd 6 polnriaation 
(with Iq > 1 GeV and ,CF > 0), in order to derive a parameterizntion for &vDnrls(i), 
Results of our Iit and details of thr pamuwterizations arc shown. Oucc! u~ore, one seems 
to be able to rcproducc with good accuracy all the maill features of the cspcrinwntnl 
results with wry reasonable pnrnmctcriantions for the twist-two polarizing fragmentation 
fnnction, AA’DBrjq. III pnrticular, il results that ANU,,r,,r,d c: 0, &‘L).,\t,. > 0, and 
IANDA+,u,dl < &‘Dnr13. These conclusions are almost independent of the pnrticular Set of 
unpolarized A fragmentation functions rtdoptcd, which we also know with rclotivclg low 
ncc”racy. 

The results prescntcd hcrc arc very encouragi~~g: they show that in our approach it seenw 
possible to reproduce nlost of the avnilnblc cxpcrime!&d rcsnlts (with pi > 1 C&V and 
xz)* > 0) by nsiug quite rcnsonable I)arhtlleterizati”tIs for the new twist-two. I<,, dcpcwlcnt 
distributi”n/~r~~gll~cntotioa functiotls. We arc also able lo giw prctlictions [“or several other 
I~roccSScS which rollId bc investigntcd in running a~l/or IproIwscd cspcrimcntal set-ups 

(ILIIIC, Rampes, SMC, HERMES, IIERA-N, etc.). 
In psrticulw, RllIC erpcriments sho~~ltl allow R detailed invcstigntion of several of the 

procwcs conSidered, particularly in the almost unexplored high-energy, large 1)~ reginx, 
where our ~nodels are “spectcd to be more reliable S.II~ could be tested rnorc scvercly. 

At present we are Still at the begiwing of our full phenornenological program. Among 
other things, one needs to consider in a more refined way the kl kinanat.ics, which in the 
present analysis is trcntrd in a simplilicd way; “no should look to whnt hnppcns when two 
(or more) of these polarized, kl dcpcndcnt functions are at work sinndtaneously, which 
makes the analysis much more colnplicate. 

However, it Stems that in near future we will bc able to test in details our aIq~roach 
(ar~l similar a~d/or competing ones) and learn a lot about the mechanism(s) responsible for 
single spin asymmctrirs .zt moderately large PT. RHIC experiments will play a fuad;nneotal 
role on this respect, particularly in extending the IIT range available, a crucial point for 
testing pQCD-bawd approaches. 

[l] M. Anselmino, M. Boglione, P. Murgia, P/I~s. Lell. 0362 (1995) 164. 
[2] M. Ansclmino, F. Murgia, I’hp. Lell. B442 (1995) 470. 
[3] M. Ansehnin”, hf. Boglionc, F. Margin, Plrya. Ilev. DO0 (1999) 051027. 
(41 M. Atwlmino, F. Murgia, Pliys. Lcll. B483 (2000) 74. 
[5] bl. Ansclmino, D. Bow, LI. D’Alesio, 1,‘. Murgia, c-print Archive: hcp-ph/OOO818G. 
[G] See D.L. Adnw et nl. (E704 Collaboration), Phys. Letl. B264 (1991) 462; Plrys. Rev. 

I,ett. 77 (1999) 2G2G; Plrys. Reu. Lelt. 78 (1997) 4003, and referc~cs therein. 
17) For a. rcvicrv of data we, e.g., I<. Heller, ill Proceedings of Spin OG, C.W. de Jager, T.J. 

Ketel and P. Muldcrs, Edn., World Scientific (1997). 
[F] M. Anselmino, D. Boer, IJ. D’Alcsio, F. Murgia, work in progress. 
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MEASURING TRANSVERSITY WITH SPIN-ONE HADRONS 

To describe the production ofspin-one hadrons in DIS we need to introduce 
two soft correlation functions. describing the quark distribution in the spin-l/2 
target and the hadronization of s quark into the final stale spin-l hadron. In 
leading order in l/Q WC are concerned only with the quark-qhark correlation 
functions * and A. The correlation function 4~ has been already widely studied 
in the literature (see e.3. ‘). The function A is defined as (usi& Dirac indices 
cr and ,iJ) 

’ Ao~o[.,P,,,.%,Thj= /$e +‘“‘(olo~i~)ls,T~)(~‘.T,,lii~(o)lo). (1) 

Here, k is the momentum of the quark decaying into an outgoing hadron after 
being struck by a virtual photon. The vector Ph is tbc monwntum of the 
outgoing hadron, S,, is its spin rector and TI, is its spin tcnsor. needed to the 
full description spin-one polarizations. In the badronic ten&x we need the 
integrated correlation function 

vbicb can be dcwmposcd using 1S dillcreut fragmentation f&lions3. Five 
of them are chiral odd and as such they are possible candidat? to connect to 
the transvcrsity distribution function. 

The cross-section of semi-inclusive deep-inelastic scattering: is 

By substituting the full structure of @ and A into Eq. (4) and using the 
resulting hadronic tensor in Eq. (3). we can calculate the cross section for a 
transversely polarized target. 

From the experimental point of view, it is necessary to reconstruct the 
spin-one particle momentum and polarization by studying its decay products. 
For instance. one has to isolate pion couples coming from the decay of prima) 
p mesons. The polarization analyzing powers can then be expressed in terms 
of the azimr&J arid polar angles of one of the pions. Because of the parity- 
conserving character of lhe decay, only tensor polarization analyzing powers 
are diKerent from zero. 

TO single out the contributions containing the transversity distribution 
function a transversely polarized target is nceded. Then, azimutal asymmetries 
can be defined as 

dnt - do& 
0%~ (z.D.Y.~ = / dO: db’ d’J3.L w ( ddtdz,d:~ dyd..PhL) (5) 

where 4’ is the azimutal an& of the electron scattering pkx. d’,, pi and 4: 
are the szimutal angles with respect to the scattering plane of the outgoing p. 
of the transverse spin of the target and of one of the decay pions-, respectively. 

The following asymmctrics contaming the transversity distribution can 
then be &erred: 

(4) 

( 

QI 
w sin (4 + 34: - 20:) 

h > ,lT 

where 8, is the angle between the direction of the outgoing mesan and the 
direction of the decay pion as measured in the maon’s rest frame. 

1. See e.g. P.J. hlulders, R.D. Tangerman, Nucl. Pbys. B 461 (1996) 197. 
‘2. C. Bourrely, E. Leader, .I. Soffer, Phys. Rep. 69 (ISSO) 95. 
3. A. Bacchetta, P.3. Mulders, Phys. Rev. D 62. 114004. 
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/? J. Mulders 

vrije Universiteit amstevdam 

-6+ Spin one in correlation functions 

?% Vector meson decay 

I 

Y% Asymmetries and transversity 

Extent of ,this anaiysis 

l Leading order in l/Q 

l Tree level 

l Including intrinsic transverse momentum 

l Including (naive) time-reversal odd contributions 

1 l P. Hoodbhoy, R.L. Jaffe, A. Manohar, NPB 312 (1988) 571 
s 
i 1 l X. Ji, PRD 49 (1994) 114 
t 
1 l A. B., P.J.Mulders, hep-ph/0007120, PRD 

l P.J. Mulders, RD. Tangerman, NPB 461 (1996) 197 

l D. Boer, RJ. Mulders, PRD 57 (1998) 5780 

l A. B., M. Boglione, A. Henneman, P.J. Mulders, PRL 85 

(2000)712 



dcr(1 + H --+ 1’ + h + X) cc L/&,, Wp” 

Q2 2 Ph * Y 
2B = - 2P.q 

xh = 
Q2 

2Af!fW’l” cx 
.i 

d2p, d2kT b2(P, + qQ” - kT> X 

Tr [@(:I:,, , pT) yp A(,-,, W Y’] 

phi qT=-- 
xh 

-. 

The correlation function can be written as a function of the 

spin vector A$ and the spin tensor %’ of the hadron 

or as a matrix in the hadron’s helicity space 

where A and A’ are hadron’s helicities (1,0,-l) 

cl- -o- 

The connection between the two forms is done by means of 

the spin de~nsity matrix- --~- - --- -- ~- 



BROOKiiAtiEN 5 

p he,d = probability of finding a state with spin-component 

m aiong the direction specified by 0 and (D 

SLL = ;P (l(O,O,) + ;p (-l(o,o)) - p @,wd ’ 

sgf = p (%~>O)) - p (owi) ’ 

s&T = P (q-fr,f)) - p (O(&) > 

S XX 
TT = P (O&_;)) - P (O&j)) > 
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1 l 75, 75 Y-35, iapv’y5 P, P, S, T 

Wfd 

neral decomposition 

qx> = 

h(x) $+ + g1(+Y5 $+k + hl(4 $+YYY53!;' 

fflLL(X) $+ SLL + hLT(X) 7j+YvY5 EI;'ISLT/J 

Without transverse momentum =+ 5 FUNCTIONS. 

With transverse momentum =+ 18 FUNCTIONS 



When one measures a longitudinal spin asymmetry 
, 
I I 

then to extract .ql we need to know also 

da-+ ‘+ do+ - do0 KflLL 
da-) + da’ + da0 = - 3fl 

cf. Hoodboy, Jaffe, Manohar, Nut. Phys. B 312, 571 

2 
flLL = -3 bl 

Exactly the same happens with transversely polarized hadrons 

and transversity. 

The only spin-one hadronic target is the deuteron: in the 

hypothesis of independent scattering on the two nucleons, 

FILL is small, but how much 



We also need to replace 

since in a cross section we observe 

The analyzing powers depend on the details of the final-state 

hadron decay. 

Forp+n+n- 

direction of pion in p 

rest-frame 
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6 The variety of possibilities in this process in- 

cludes 5 observables at leading order In, $ to mea- 

sure the transversity distribution hi. 

6 This process allows the first chance. of ob- 

serving a time-reversal odd fragmentation function 

at first order in 6 and without Including intrinsic 

Are there reasons to believe that these T-odd 

functions are different from zero? Is it possible to 

What is the relation with the more general case 

of two-pion production? 
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Why Interference Fragmentation Functions ? 

Rainer Jakob : 
Fachbereich Physik, Universitlit Wupiertal, Germany 

In this talk the conceptual problems of building explicite models for one-hadron inclusive 
T-v-odd fragmentation functions (FFs) are discussed. vnderstanding the basic obstacles 
in mcorporating final state interactions (FSI), exemplified for the case of the spectat.or 
moldel. leads naturally to the consideration of tlvo-hadron interference FFs, for which FSI 
are much easier to model. 
Following the reasons for the failure of attempts to invent simple models for one-hadron 
TX-odd FFs is rather illustrative, and may explain why; there are only parameterizations, 
but no esplicite model calculations available: for instance, for the Collins function. 
The reasoning takes the following steps: 

l A classification scheme of t.ransverse momentum dependent FFs with regard to 
their partonic and hadronic spin/helicity information: their chiral symmetry proper- 
ties. and their behavior under so-called naive time-reversal (TN) is briefly discussed 
(cf. contribution by Piet Mulders and references therein). 

l The class of T-v-odd FF which can be non-vanishing only in the presence of FSI 
is of particular interest. -4 prominent function is the so-called “Collins function”: 
H:(z, kT), which is a potential chiral-odd partner in a measurement of the quark 
transversity function, hl, from azimuthal asymmetries in one-hadron inclusive hard 
scattering processes. 

a The modeling of one-hadron TN-odd FFs faces severe problems which are discussed. 
Different. cases are considered where the observed lhadron interacts with 

a. hadrons in the target remnant jet (factorization breaking) 
b. an effective external potential (generally breaks transl./rotational invariance) 
c. hadrons within the same jet (simple ansatze can be redefined into a vertex). 

For the latter class of FSI the technical problems are exemplified in a simple toy 
model using the general properties of the FFs and the general classification scheme. 
The example reveals that a phase difference betlveen different reaction channels is 
necessary. but not sufficient to produce TN-odd FP. 

-4 more detailed discussion can be found in [1,2]. A Calculation of T&-odd two-hadron 
interference FFs is presented in an accompanying talk by Marco Radici. 

Acknowledgment: This contribution is based on work done in collaboration with Andrea Bian- 
coni, Sigfrido Boffi: Marco Radici. I acknowledge discussions on the subject with Daniel Boer, 
Piel: Mulders and Joao Rodrigues. 

[l] A. Bianconi, S. Boffi7 R. Jakob and M. Radici, Phys. Rev. D62 (2000) 034008. 

[2] A. Bianconi, S. Boffi: R. Jakob and M. Radici, Phys. Rev. D62 (2000) 034009. 
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j <\ I) %j :.!,t, transverse momentum dependent FF4-‘h x 
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based on work with: 

Andrea Bianconi, Sigfrido Boffi, Marco Radici, 

Daniel Boer, Piet Mulders, Joao Rodrigues f 

lhgrncntation 

, 1 hadronic ME of bilocal quark operator Soper, Collins, Jaffe 

quark-quark correlation function (one hadron) 

a[“](,) = & 
J’ 

dk+ d2k, T!r(A I?) 
k-=l’,;/z 

Lwl(,) = II&) ~ 

I i I! 

I with XI, helicity, SI:y7, transv.comp. of spin vector I 
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1 ,i 1 FF(z) 1 dependent on momentum fraction x on!y / .I 

, 
.! quark 

* spin 
A[l’l ‘” 

L T 

j 

UL T 

- - - 

--- - 

5, I..,., “! .I._1 1;‘.1;‘(~ k-%) with transverse momentum dependence 

0 

quark 
spin 

u T” 

u L T 

Dl - - 

- GIL GIT 

Hi?, 
I Hly,H,, 

1 ‘I’,,!-odd / FSII 

U L T 

- - 
DllT 

Hf - - 

there are problems to model (interference) FF@“x 

“Thr-odd” used in the sense: 
II 

. * . would be forbidden by time reversal invariance 

if there were no FSI . . . ” I 

necessary condition for non-zero TN-odd FF: 

possible models 

I$# after hadronization 

I 
$:i ; 
‘pi I FSI between hadrons 

t. /_, / 
/, $ / before hadronization 
~ I:;..: ; 
! :,-I. ! parton’s ‘feel’ the presence of other partons ! i, : : ; ,. ! ., :’ :. ! ,,; + dressed quark propagator 
:;’ , 

possible ‘partner for transversity’ 

Rainer Jakob, 06/2000 -G- 



~ problems to model FSI leading to TN-odd FF 
I,<, 

possible residual interactions between hadrons in the 

final state 

P ---. J: 

i&Irk blob factorization breaking 
t ,,t ~-- 

f&i dash.ecl he averaged external potential 
‘1. .! i $dfi), ; 
,.,.i 1 ii’ + breaks rotational and translational invariance 

* 
/ IL, .i 
vi. 1 
I, /‘. 
$ :,>,.: 

unless simplified model (not ‘rich’ enough for TN-odd FF) 

L- ’ : ligld blob interaction with residual fragments in jet ;:i 
I’. : i + requires non-trivial microscopic modifications of 3 

., 
the hadron wave function 

otherwise, it can be reabsorbed in the vertex 

hermiticky: 

YO A+@; 8,) YO = A@; P/J 

parity invariance: 

YO A(& PI, pz> “/o = A@; PI, p2) 

time-reversal invariance:( if applicable) 

(y& A(& ijl, ,ijz) @TV) * = A@; PI, Pz) 

where i = (/GO, -i) and C = iy2 y”. 

most general ansatz (for Sl, = 0) 

R.aiIler .Jakob, O6/2000 -7- Rsinw .Jakob, OG/2000 -a- 



for instance ‘Collins function’ Hi- is TN-odd 

and would be forbidden by time-reversal invariance if 

there were no final state interactions 

for illlustration only: 

I 
simpie t0.y modei: 

1 

8 assume: A --s A + e’+A (uniform damping) 

=3 ii = 2( 1 + cos (!J) ATi =3 2.1 I] .“” II 
phase is necessary but not sufficient ! 

~fr assume: A -+ A + e”” $A 

=+- ii = (Al + B1 cos (/$W,i, + A2 j& 

+ (A3 + B3 cos c$) $ 

sufficient (but can be redefined into the vertex !) 

Rairler Jakob, 06/2000 -9- Rainer .Ja.kob, OG/ZOOO -lO- 



1 two hadron interference FF 1 

l two (!!) leading hadrons detected in the same jet 

l interference of two channels with different phases 

can produce TN-odd FF 

J.C. Collins and G.A. Ladinski, hep-ph/9411444 

two pions (chiral sigma model) 
l independent production 

l production via g-‘resonance’ . 

I:!;;,/ R.L. Jaffe, Xuemin Jin, Jian Tang, 
ji,r:’ i 
I. i f 

,$.y’l 4 ; P.R.L. 80 (98) 1166; P.R. lIEi’7 (98) 5920 

i’:‘c;! two pions (known phase shifts) 
W! -,;, : -- ! )k -0 -s-wave ‘resotjanc$ -(a)- -~ - -~ - 
:‘: :: : : ” ; ; ;;i’ ; 0 p-wave resonance (p) 
;., -I ” ? i, /j 
: :. A.Bianconi, S.Boffi, R.Jakob, M.Radici, j 

PRD 62 (2000) 034009 and 034008 

‘ pion & proton (spectator model) 

o indepedent production 

o production via p-resonance 
,.-_ ~I- ..,. “---__./ ._” -.*.- Il__r_ .._...” -.-.,. I-“.r- _.I...I..--c-.l~r*--,--.l--l__~- 

1 two-hadron FF 1 

definition of hadronic matrix element 

k 

t 
A (k;F: ,P, > 

t 
k 

much easier to model the FSI between the two hadrons 

(but not with the rest of the jet) I 

properties and more details -+ talk by Marco Radici 
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Calculation of T-odd fragmentation flunctions 
in semi-inclusive processes ’ 

M. Radici / 
I.Y.F.N. - Sezione di Pavia - Italy 

The study of the nonperturbative features of quark and gluon dynam- 
ics inside hadrons is based on information extracted from distribution and 
fragmentation functions. At leading order, the state of a quark with respect 
to a dominant longitudinal direction is parametrized by three functions: the 
momentumfr; the helicity g1 and the spin-transverse distributions hi (or 
transversity). The first two ones arc rather well known from experiments, 
while hi is chiral-odd and, therefore, unaccessible in inclusive processes. The 
possibility to detect more exclusive channels allows for a larger set of frag- 
mentation functions (FF) in the final state, among which there are possible 
chiral-odd partners that could allow extraction of the transversity. 

These classes of FF are also odd with respect to a special transformation, 
the naive time-reversal 111. In other words, they are forbidden in absence 
of final-state interactions (FSI) and are called “T-odd’:. Therefore, they are 
interesting objects by themselves because they repreient a tool to micro- 
scopically study the phenomena occurring in the final jet and leading to the 
detected particles. From this perspective, it is certaiuly not convenient to 
consider semi-inclusive processes where just one leading hadron is detected. 
because it requires the ability of describing the whole jet dynamics. It is 
easier to assume the jet as a spectator and consider two leading hadrons to 
be detected [2]. 

By generalizing the Collins-Sopcr light-cone formalism [3] for fragmenta- 
tion into multiple hadrons and in analo,T with semi-inclusive hard processes 
involving one detected hadron in the final state [4.]. thelcross section for two- 
hadron semi-inclusive emission is a linear combination of projections ~1~1 by 
specific Dirac structures I’. whcrc 9 is the quark-quark correlation function 
describing the decay of a quark with momentum k into two hadrons PI. P2. 

The projections involve integration over the (hard-scale suppressed) light- 
cone component k+ and, consequently, 5 is light-like [2]: The sum in Eq. (1) 
runs over all the possible intermediate states involving the two final hadrons 
Pi, P2. Since the three external momenta k,Pl,Pz cannot all be collinear 
at the same time, we: choose for convenience the frame, where the total pair 
momentum Ph = PI + P? has no transverse component. 

When r = -/-,~-ke, id-75, four different interference FF appear at lead- 
ing twist, D1, Gf, Hf, HP, that depend on how much of the fragmenting 
quark momentum k is carried by the hadron pair (z =!a1 + za), on the way 
this momentum is shared inside the pair (4 = zi/z and 1 -c = ~a/+), and on 
the “geometry” of the pair, namely on the transverse relative momentum of 
the two hadrons (I%$) and on the relative orientation between the pair plane 
and the quark jet axis, i.e. on the transverse momentum of the quark kr 
with respect to the P; direction and the scalar product kT . RT. 

The different Dirac structures l? are related to different spin states of the 
fragmenting quark and lead to the nice probabilistic interpretation at leading 
order [2]: D, is the probability for an unpolarized quark to produce a pair of 
unpolarized hadrons; G: is the difference of probabilities for a longitudinally 
polarized quark with opposite chiralities to produce a pair of unpolarized 
hadrons; H? and Hf both are differences of probabilities for a transversely 
polarized quark with opposite spins to produce a pair of unpolarized hadrons. 
G:, HP and Hf are (naive) “T-odd’; and do not vanish only if there are 
residual interactions in the final state. In this case, the constraints from 
time-reversal invariance cannot bc applied. Gf is chirhl even; HP and Hf 
are chiral odd and can, therefore, be identified as the chiral partners needed 
to access the transversity hi. Given their probabilistic, interpretation, they 
can be considered as a sort of “double” Collins effect [S]. 

In order to make quantitative predictions, we adopt the formalism of 
the spectator model, specializing it to the emission of,a hadron pair. The 
basic idea is to replace the sum over the complete set of intermediate states in 
Eq. (1) with an effective spectator state with a definite mass Jfo. momentum 

195, 



PD. Consequently, the corn&x simplifies to 

where the additional b function allows for a completely analytical calculation 
of the Dirac projections 4!rll For the hadron pair being a proton and a 
pion with invariant mass the mass of the Roper resonance, results have been 
published in Ref. [l]. In this case, the spectator state has the quantum 
numbers of a scalar or axial diquark. FSI arise from the interference between 
the direct production and the decay of the Roper resonance. For the hadron 
pair being two pions with invariant mass in the range [m,, - Pp, m, f F,] 
with mp = 768 MeV and lYp:- 250 Me\‘, the spectator state becomes an 
on-shell quark with mass m, = 340 MeV. Naive “T-odd” FF now arise from 
the interference between the direct production of the two s, which exchange 
a quark in t channel, and the decay of the p. We have explicitly checked that 
the former contribution reproduces the experimental transition probability 
for K - rr production in the relative S-channel, while the latter one is known 
to do the same job in the relative P-channel. Hence, WC believe this choice 
represents most of the x - ;i /strength for invariant mass in the considered 
interval. 

By defining specific Feynman rules for the PKK, 4~4 and qpq vertices, we 
perform actual calculations of the interference FF with microscopical ingre- 
dients. Cut-offs are introduced in the vertices to exclude large virtualities 
of the quark while keeping the asymptotic behaviour of FF at large z con- 
sistent with the quark counting rule. We infer the vertex form factors from 
previous works on the spectator model [6]. However, there numbers should 
be taken as indicative, since the ultimate goal is to verify that nonvanishing 
“T-odd” FF occur at leading twist, particularly when integrating on some of 
the kinematical variables and ,possibly washing all interference effects out. 

Results of analytical calculation of Eq.(2) show that Hf = 0 and HP = 
-Pm,G:/m,, where ms is the quark mass. After integrating over kr,R$ 
while keeping Rr in the horizontal plane of the lab (usually identified with 
the scattering plane). Y;e still get nonvanishing HP(z, A{,,) and Gf(s. -\I,,), 

The cross section for t.he deep-inelastic scattering of an unpolarized elec- 
tron on a polarized proton target where two pions are detected in the final 

state, contains, after integrating all the transverse dynamics (P,,T, kT, R$), 
an unpolarized contribution proportional to Di(z, A&) and a term propor- 
tional to Hp(z, A&) which depends on the transverse target polarization &-. 
Therefore, by flipping the polarization of the target, it is possible to build 
the following azimuthal asymmetry 

where %$&, @sT are the azimuthal angles of Rr, ST with respect to the scat- 
tering plane, respectively. The asymmetry shows indeed the familiar sinu- 
soidal azymuthal dependence. ~Noteworthy is the factorization of the chiral- 
odd, naive “T-odd” H: from the chiral-odd transversity ht. Therefore, such 
asymmetry measurement allows for the extraction of hi using a model input 
for the FF. 

References 

[l] Bianconi -4.. Boffi S., J&b R., and Radici M.. Phys. Reu. D 62, 034009 
(2000). 

[2] Bianconi I-\.: Boffi S., Jakob R., and Radici hl., Phys. Reu. D 62. 034005 
(2000). 

[3] Collins J.C.. and Soper D.E., Nucl. Phys. B 194, 445 (1952). 

(41 hlulders P.J., and Tangerman R.D., A&l. Phys. B 461, 197 (1996) 

[5] Collins J.C.. h’wl. Phys. ? 396, 161 (1993). 

[6] Jakob R.. Mulders P.J.. and Rodrigues J., ivzml. Phys. A 626. 937 
(1997). 

196 



Calculation of T-odd 

fragmentation functions 

in semi-incbsive processes 

Marco Radici 

I.N.F.N. - Pavia 

ZH -+ l’hlh*X at leading order , Sin = 0 

k 

t 
A WE: P, 1 

t 
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i based on work tiith 

‘A. Biailconi, S., Boffi, D. Boer, R. Jakob Hermiticity ===+ Ct = Ci ; i = 1 - 4,s 8 

Time-reversal inv. ==+ i=l-4 
i=5-8 

Transversity, BNL., 18-20 Sept. 2000 
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Summary 

da 

xdydq, d[ d24’r d2& 
= KL,, Wp” 

da 

E 

dxdydz,, dMl, 

Interest in interf. fragm. functions (intFF) for hadroniza- 
l tion in 2 hadrons at leading order 

[Phys. Rev. 062 (2000) 0340081 

Calculations of intFF, e.g. 
- 1H + VpnX [Phys. Rev. 062 (2000) 0340091 

l - 1H -+ l%r+n-X in progress 
- insight into hadronization. and FSI. through micro- 

scopical model 

. Disentangls transversity at leading order 
- e.g. 1H + l’ni-n-X 

Extend calculations to other processes, e.g. 

@ - e+e- + hlh2X 
- e+e- -+ hlh2hsh4X 
- pp + hlhaX 

Qz scale -+ evolution ? 

l 
- but diquark model is comparable with GRV param. 

or EMC data, when available 
[see Jakob et al., N.P. A626 (1997) 9371 



Soft pions in hard reactions 

M.V. Polyakov; 

Institut f%- Theoretische Physik II, Ruhr- Universit& Bochum, 
D-&780 Bochum, Gefmany 

There are several examples of hard reactions in &hich a pair of soft pions is produced. 
Elxamples are semi-inclusive reactions and hard exclusive reactions. In the case of hard semi- 
inclusive pion pair production the fragmentation function corresponding to the interference 
of C = + and C = - two pion states is accompanied.by the transversity distribution in the 
nucleon. This in principle allows to measure the transversity in such reactions [l]. To do this 
one needs an information about two pion fragmentation functions (2rFF). As the invariant 
mass of a pion pair is low one can apply the methods :of chiral perturbations theory in order 
to constrain 2rFF. 

In my talk I demonstrated how these methods work for the two-pion distribution ampli- 
tude (2rDA) [2]. This object appears in QCD description of hard exclusive reaction and it 
characterizes the transition of small transverse size quark-antiquark pair into a pair of soft 
pions. I showed that one can prove new soft pion theorems for 2rDA which relate this object 
to the DA of a single pion which is measured in other hard reactions [3]. Furthermore the 
dependence of the 2rDA on the invariant mass of the produced pions can be fixed in terms 
of known 7~ scattering phase shifts. Using these results one is able to constrain considerably 
27rDA what allows in turn to make predictions for hard exclusive reactions with productions 
of two pions [4]. Interesting interference phenomena in hard exclusive production of pion 
pairs were considered recently in ref. [5] 

Analogous methods can be also applied to the 27rFF in order to fix properties of this new 
object. This would help to extract the transversity distribution in the nucleon from data on 
hard semi-inclusive production of pion pairs. : 

[I:] R.L. Jaffe, X. 3 in, J. Tang, Phys. Rev. Lett. 80 (i998) 1166. 
[2] M. Diehl, T. Gousset, B. Pire, and 0. V. Teryaev; Phys. Rev. Lett. 81, (1998) 1782. 
[3] M. V. P o a ov, Nucl. Phys. B 555 (1999) 231. ly k ’ 
kc] B. Clerbaux, M. V. Polyakov, Nucl. Phys. A 679 (2000) 185. 
[:i] B. Lehmann-Dronke, A. Schaefer, M. V. Polyakov: and K. Goeke, ‘Angular distributions 
in hard exclusive production of pion pairs, ” hepph/0012108. 
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Status of Fragmentation Function Analysis at DELPHI 

Oliver Passon 
DELPHI Collaboration : 

BUGH-Wuppertal 
Oliver.Passon(i3CERN.CH 

In order to access the chiral odd transversity distribution an other 
chiral odd partner is needed to construct a even crdss section. Follow- 
ing the proposal by Jaffe [I] the two pion interference fragmentation 
function is a candidat for this. This presentation reports the status 
of the anaysis which tries to extract this fragmen\ation function out 
of DELPHI 2 data. 

In trying to extract the two-pion-interference-fragmentation-function (2sIFF) I 
proceeded in the following steps: 

1. select two jet events 
A cut Thrust>O.95 wa performed. 

Figure 1: Invariant mass spectrum of the selected pion pairs. Here a rather 
restrictive rp cut of O.-l was perfamed. Above the ba$ground (like-sign. nor- 
m&cd to iit the tail) the p resonance can be seen clearly. although its shape is 
distorted by I? and 2 reflections. 4t the time becing nd pion ID was performed. 

2. remove heavy quark events 
Standard strategies for removing b-quark events kxist. They exploit live 
time differences of the weakly decaying B-hadrons, which give raise to a 
secondary vertex. The performed cut into a suitable variable removes 80% 
of all b-quark events. 

3. select pion pairs in each jet 
The pion pairs where demanded to carry a substantial fraction of the beam 
momentum, zp. Different selections where tried ou! (between 20 and 40%). 
Additionally the helicity angle between the pion pairs was a selection cri- 
teria: -0.7 < cos6 < 0.7. This cut removes pidn pairs which share the 
momentum very unequally. You end up with the distribution for the in- 
variant mass of the pion pairs as shown in Fig. 1. As can be read of this 
plot the mass resolution of DELPHI is clearly better than 50 MeV (the bin- 
ning of this distribution). The actual value is known to lie between 30 and 
40 MeV (depending on the zp cut). Thus it is posgible to bin into different 
mass regions (below and above m,) as suggested by the authors of [I]. 

4. histogram the angle between the planes spanned by each pion 
pair 
Following a suggestion by Bob Jaffe I looked into the angle between the 
planes spanned by a pion pair in each jet. In the course of the workshop it 
became clear that this angle does not carry the information we are interested 
in. More promissing seem to be the approaches developed in [2] and [3]. 
The discussion and work continues. 

[l] R.L.Jaffe et al. Interference Fragmentation Fun$ons and the AWeon’s 
Transuersity hep-ph/9709322 
[2] X.Artru and J.Collins h~eaeasaring transverse spin correfations .&particle COT- 

relations in e+e- -+ ,R jets hep-ph/9504?20 
[3] D.Boer .ilzimvthal Asymmetries in Hard Scattering Proctsses PHD-Thesis VI: 
Amsterdam, 199s 
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Status of Fragmentation Function 
Analysis at DELPHI 

Oliver Pason 
wuppertal 

status of Fragmentation Function Andysis at DELPHI mw&m _.... --.- -- 

The Method: 

1. look for two-jet events 

2. remove heavy quark events 

3. pair x+x- pairs in each jet 

4. each n+~- pair defines a plane, look into 
the distribution of the angles between this 
planes 

5. bin masses below and above mp 
(==: 770 MeV) 
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Step 1: look for two-jet events 
/ 

k” t 
/ 

l data (uncorrected) 
- ML-, 
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Step 2: remove b-quark events 

l data (uncorrected) 
- MC,, (al1 flavours) 

data (uncorrected) 
MC,, (al1 flavours) 
b events 

c events 

0 0.1 0.2 0.3 0.4 0.5 0.‘ 0.7 0.6 0.9 
b tag probabilit; 

Step 3: pair TT+T- pairs in each jet 
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Step 4/5: distributidn of angle 
between the plmes 

x,=0.2 L=(280-77O)H~(770,-) 

~~~~~ ; 
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Step 4/5: distribution of angle 
between the planes 

xn=0.2L=(2SO-77O)H=(770,-) 
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Step 4/5: distribution of angle 
between the planes 

x,=O.ZL=(570,77O)H=(770-970) 



Step 4/5: distribution of angle 
between the planes 

xp=0.2L=(570,776)H=(770-970) 

HHIHL 

Step 4/5: distribution of angle 
between the planes 

x,=0.4 L=(2SO-770)H=(770,m) I 
^a cJn.c * :a, 0.4 
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{Step 4/5: distribution of angle 
between the planes : 

xp=0.4 L=(2SO-77O)H=(770,+ 

Step 4/5: distribution of angle 
between the planes 

xD=0.4L=(570,770)H=(770-970) 



Step 4/5: distribution of angle 
between the planes 

x_=0.4L=(570,77O)H=(770-970) 

’ 

Summary and ‘Outlook. 

l data of M 2 x lo6 hadronic Z de&s used 
to investigate IFF 

l no signal seen: the effect seems to be very 
1,., 

l possible improvements: 

- use information on particle ID in order 
to get rid of K* reflektions etc. 

-include 91-93 data / 
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co11 ins Fragmentation Function from LEP data? 

Daniel Boer 

RIKEN-BNL Research Center 
Brookhaven Kational :Laboratory 
Upton, New York 11973, U.S.A. 

I will discuss a Collins effect driven cos(24) asymmetry in electron-positron annihilation into two 
almost back-to-back pions [I]: which in principle can be determined from esisting LEP data. Such 
a determination of the Collins effect fragmentation function would be useful for the estraction of 
the transversity distribution function from other processes. 

I will demonstrate that transverse momentum dependent azimuthal spin asymmetries, like the 
above mentioned Collins effect asymmetry, generally suffer from suppression due to Sudakov factors. 
This means that tree level estimates of such asymmetries tend to overestimate the magnitude. 
Moreover, this Suda.kov suppression increases with energy. This was forseen by Collins [2] and a 
first quantitative example (a double transverse spin asymmetry in vector boson production) was 
given in Ref. [3]. I 

A brief review is given of a factorization theorem [4] for cross sections differential in a transverse 
momentum much smaller than the large scale(s) in the process. The distribution and fragmenta- 
tion functions occuring in such factorized cross section expressions are functions of the transverse 
momentum of the partons and therefore allow for effects that relate transverse spin and transverse 
momentum, such as the Collins effect. This effect can appear at leading twist, or more precisely, 
does not give rise to explicit suppression by inverse powers of a large energy scale (Q). Nevertheless, 
Sudakov factors arising from resummation of soft gluon radiation corrections, lead to a suppression 
that increases with energy (in the example of Ref. [3] #effectively as log2 Q or to slightly less good 
approsimation as a fractional power Q”.6 in the range between Q = 10 - 100 GeV). 

I will show explicitly that the inclusion of Sudakov factors in the cos(24) asymmetry at Q = A4.s 
canse a suppression by at least an order of magnitude compared to tree level. Therefore, this 
Sudakov suppression casts some doubt on the actual determination [5] of the Collins fragmentation 
function from LEP data. n’umerically it is found that the Collins function obtained by using a 
trlee level expression will approximately increase by a factor of 5 if Sudakov factors are taken into 
account and if the same analyzing power (a function of the Collins function squared) is t,o be 
obtained. The resulting (average) Collins function is likely to be too large to be compatible with 
the Collins fragmentation function obtained from asymmetries at lower energy, considering the fact 
that all the moments of chiral-odd functions are expected to decrease with energy (which is for 
instance the case for the transversity function hi). : 

In a similar determination of the interference fragmentation functions from LEP data (electron- 
positron annihilation into two back-to-back pion pairs) neither Sudakov nor power suppression 
occurs, which is therefore a more promising option. 

[lj D. Boer, R. Jakob, P.J. Mulders: Kucl. Phys. B 504 (9’7) 345; Phys. Lett. B 424 (98) 143. 
[2] J.C. Collins, Nucl. Phys. B 396 (93) 161. 1 

[3:] D. Boer: Phys. Rev. D 62 (00) 094029. 
[4:] J.C. Collins, D.E. Soper, Nucl. Phys. B 193 (81) 381; Acta Phys. Polon. B16 (55) 1047; 

J.C. Collins, D.E. Soper, G. Sterman: Nucl. Phys. B 250 (85) 199. 
[5:] -4.17. Efremov, O.G. Smirnova, L.G. Tkachev, Nucli Phys. B (Proc. Suppl.) 74 (99) 49. 
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Collins Fragmentation Function from 
LEP data? 

,Danid Boer 

RIKEN-BNL Research Center 

l Brief overview of factorization and transverse momentum 

l Collins effect in electron-positron annihilation 

l Effects of Sudakov factors 

l Implications and conclusions 

CJ L 1 



/ 
Factorization and transverse momentum 

I Leading twist (LT) factorization theorem: I 

For \qT1 z QT << Q (Collins, Soper & Sterman, NPB 250 (1985) 199) 
I 

Y(xl, 22, Q, QT) becomes important only when QT - Q 

d6 
J 

2b -tb.(pT+kT-qT) ,-s(b) 
dRdxdZd”q, = H(@.p,,knq,:Q) 62n)?e 

,-S(b) . IS a Sudakov form factor (exponentiation rather than can- 

cellation of soft gluon contributions) 

Factorization and transverse momentum 

acr 
dQdxdcFd”q, = Hh%p,, k,, qT; Q) 

I 
z ,-ib~(p,+h~-9,) e-S(b) (21r)2 

Transverse momentum dependence of the hard part will lead to l/Q 
suppression (in contrast to intrinsic transverse momentum) 
One can perform a collinear expansion of the hard part 

H(x, %pT, k,, qT; Q) = Hjx, 2; Q) 

At tree level: 

J d2b (3_“)2e -ib(p,+k,-q,) ,-s(b) m., ,j~(~, + k, - qT) 
Need to consider: transverse momentum dependent functions 
Ralston & Soper, NPB 152 (1979) 109 / 

@J(x) + @(X,Pr) ’ 
A(Z) + A(q kT) 

Leads to many azimuthal asymmetries, eve! unpolarized ones 

e’e-: D.B., Jakob & Mulders, NPB 504 (97)‘345: PLB 424 (98) 143 
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Fragmentation functions 

Collins & Soper, NPB 194 (1982) 445 

Adk) = F/& e ~“~=(o1~;1((2)~P,s;x)(P,s;x~~~(o)~o) 

The unpolarized fragmentation correlation function A(Z) is 
parameterized as 

-Y+ A(Z) = 01(z) - 
4 

and A(r,L+) as 

Apart from experimental indications that the Collins effect is nonzero 
at low energies (HERMES, SMC) and that it can account for the 
pp? + TX’ SSA [see other talks at this workshop], there is also 
LEP dais... 

Collins effect in e+ e- -+ 71-+ 7r- X 

e++e--+n++r+X 

D.B., Jakob & Mulders. NPB 504 (97) 345; PLB 424 (98) 143 

A confirmation of this asymmetry would confirm the Collins effect, 
without the need of polarization 

A first indication of a nonzero correlation comes from a preliminary 

analysis of the 91-95 LEPl data (DELPHI) by Efremov, Smirnova & 
Tkatchev, NPB (Proc. Suppl.) 79 (1999) 554 
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Collins effect in e+ 2 + 7r+ 7~~ X 

Problem is that the asymmetry expression used is the tree level result 

with (q$ E Q$ < Q*) 

d(y) = (&,+,*) ~~(l+coss02) 

1 ‘z B(y) = y (1 - y) ‘2 -sin 
4 

f32 

Beyond tree level 

At tree level the convolutions are defined as follows: 

Beyond tree level and hence, beyond the range of intrinsic transverse 
momentum one has to take into account the effect of resummed 
perturbative QCD corrections 

Resummation of soft gluons into Sudakov form factors results in a 
replacement (Collins, Soper & Sterman) 

J2h+b--- e) -+ 
s 

-ikP,+&--c&4 e-.%V2) 
! 



Beyond tree level 

Tree level: 

Inclusion of the Sudakov form factor leads to 

F[[DD] = ~~wdbb~l(bQT)e-s(b’D(Z1:b)~(z2,b) 

Collins (NPB 396 (1993) 161): “The eflect [of Sudal;ov form fac- 

tors] is to broaden the transverse momentum distribution as Q 
increases, but in a spin-independent zuay: the broadening is due 
to recoil against the transverse momentum of soft gluon emission. 
This will have the efSect of diluting the spin asymmetry [...I. 

Sudakov form factors in polarized scattering: Weber (NPB 382 (1992) 
63: NPB 403 (1993) 545) 

Estimating the asymmetry 

Assume Gaussian transverse momentum dependence: 

Dl(z,z2k$) =01(z) R2exp(-R2k$)/azy 
I 

we find 

A(qT) = 
WY) c, cz” Ijr,l=(zl) pyZ2) 

4M”R” A(y) C, ci” IIT R(z,) A(@-) 

where 

d(QT) ~ M? J” db b3 JdbQi-) exp (-S(b*) -SNp(b)) 

J,” db b Jo(b&T) exp (-S(L) -S,,(b)) 

Here we introduce the usual b regulator: b, = b/d- and 
the nonperturbative Sudakov factor of Ladinsky-Yuan (PRD 50 (94) 
R4239), which uses b,,, = 0.5 GeV-’ and leads to 

Shrp(b) = 2.05 b* at &=90GeV 

We restrict to SLL 
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Gaussian form of l?$(z, k,) 

One might be inclined to assume the maximally allowed function 
by saturating the bound satisfied by Hf 

producing a 1/Ik,I behavior of Hf(z,k,). However, this is not 
consistent with the fact that the Collins effect should vanish in the 
limit k, + 0. 

Often used is an Ansatz based on a simple model by Collins 

For the present purpose, the additional fall-off with l/kc on top of 
the Gaussian fall-off is not needed. . 

I 
We will restrict to a Gaussian fall-off and: assume the simple form 

Hf(z, kc) = C(Z) D, jz, kc) 

Implications 

A(@) 

Q”=M; 

Features: 

. Kinematic zero at QT = 0 as expected : 
l Maximum of 0.22 at QT = 4GeV 
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Comparison to tree level 

Efremov eta/. NPB (Proc. Suppl.) 74 (99)49; 79 (99) 554 

Note: numerator and denominator have separate C, 

Aefr = 6/ir R” = 13GeVW2 
A(O) = 1/(21~~R~) (P?) N (270 MeV)2 

ASud = 0.07 

If Aefr = 6/n yields IH:/DII = 6% i 2%. 

then ASud = 0.07 yields jHf/Dl( = 30% + 10% [too large?] 

Conclusions 

l Leading twist factorization at Q$ < Q2 requires distribution and 

fragmentation functions as a function of transverse momentum 

l Sudakov factors need to be included 

l In the Collins effect cos(24) asymmetry in et e- + 7rf ?r- X 

a strong suppression due to Sudakov factors was demonstrated. 

l This is relevant at Q - &I,z and casts some doubt on the 

actual determination of the Collins fragmentation function 

from LEP data 

l Tree level estimates tend to overestimate transverse momentum 

dependent azimuthal asymmetries 
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TRANSVERSITY MEASUREMENT WITH THE PHENIX 
DETECTOR AT RHIC 

1 l.ntroduction 

High energy, deeply inelastic lepton-nucleon and hadron-hadron scattering 
cross, sections can be described with the help of three independent m&on ho- 
licit) amplitudes. Measurements of the nucleon structure functions Ft!z,Q’) 
-the helicity average- and g,(z,Q2) -the h&city difference-. have erplorcd the 
helicity conserving part of the cross sections with great cspcrimcntal accu- 
racy. In contrast, no information is presently available on the hclicity Rip 
amp!.itude. The absence of experimental measurements is a consequence of the 
chiral-odd nature of the helicity Rip amplitude and the related “transvcrsity 
quark distributions”, 6q(z, QZ), which prevents the appcnrancc of helicity flip 
contributions at leading twist in inclusive DIS csperiments. Transvcrsity db- 
tribctions were first discussed bv Ralston and Soner ’ in Drcll-Yan scatterinrr 
of two transversely polarized hadrons. In Drell-Yan processes the transverse 
dout,le spin asynnnetry, ATT. is proportions1 to 6q6f with even chirality. 

Transverse single spin asymmetries Al (e.g. unpolarized lcptons on trans- 
verwly polarized nucleon targeL?) in semi-inclusive DIS and pp scattering may 
offerhn alternariw ww to observe helicitv Bin contributions at leadim? twist. 
This possibility relies on the proscncc of ;ua;k fragmentation functions, H,-, 
which are scusitiw to the qunrk polnrizntton m the final state and possess 
the necessary ncgativc chirality. The .uymmctries AL arc proportional to 
C,, dq x of x Hf. wl~ere a! are the trnnsversity dependent pnrtonic initinl- 
linnl.~slnio nsymmctrics which cnu he cnlculntcd from pQCD. 

a final state pi&. Collins further demonstrated that the symmetry properties 
of the process do not require the proposed fragmentation function Hf‘ to be 
identical to zero. The current interest in transversity distributions results from 
a recent HERMES result:, and a preliminary SMC result e, which suggest that 
Collins’s function Hf and the transversity distribution function 6q in fact are 
diffexent from 0. 

J’n the following we discuss a proposal by Collins, Heppehnann and Ladin- 
sky“ and more recently, Jalie, Jin and Tang’ to utilize two meson interference 
fragmentation in order to access the transversity distributions. 

2 %xnsversity at RHIC 

Origmally the transverse double spin asymmetry, Am, in the Drell-Yan pro- 

==, ATT y 6&i, was viewed as a good candidate for a measurement of the 
transversity distribution functions at RHIC. Unfortunately, a recent analysis 2 
estimates Am to about l- 2% with statistical errors comparable to the asym- 
metry itself for a projected measurement at P&K. At present the proposal of 
Collins &al. 4 and Jaffe et.al. ’ to utilize chiral odd two pion interference frag- 
ment,ation processes appears to be the most promising approach to rnea&e 
tranwersity at RHIC. In order to access the transversitv distribution functions 
through this channel. it will be necessary to know the associated fragmenta- 
tion functions. While currently unmeasured it should be possible in principle 
to extract thii functions from existing e+e- data at LEP. 

The relemnt process at RHIC is pion pair production in pp scattering 
with one proton transversely polarized. For example, in the pfu invariant 
masc. region intericrencc occurs between two pions in a superposition of s-xwe 
and ‘p-wave states. The spin analyzing power of this process is different from 
0 in interwls of only n few IOOMcV abovc and b&w the pmass and changes 
sian at the c-rnruss. Therefore. it wll bc imnortant that PHENIX DOSS~FSPS 
sufiic:ient invarinnt nlass resolution to observe the invariant mass depcndcnco 
of the analyzing power. The invariant ma resolution for pion pairs in the 
p-mass region is shown in Fig. (1) and the R&IS of the distribution is 12MeV. 
The excellent ~SSS resolution will make it possible to observe the expected 
sign change of the asymmetry providing R powerful tool to study acccptancc 
related systematic errors. 

The ~ne~~~ur~n~nt will use the PHEKIX central detector arms which COY=~ 
the pseudo rapidity interval 1~1 < 0.35. A combination of tracking chambers 
will give good nxxwutwn rtlsolntion: Ap/p z 2% at p = 10 GeV. TOF mea. 
suranonts. a Time Esoxnsiou Cbnmbcr in combination with tbc EMC and t.lv 
RICH will provide &~.ticlc ID over on- lnrge momentum range. In order to 

estimate espcrimcntal sensitivities a. first study was carried out at the event 
venerator level includine PHENIX detector accentaxes and a. oarnmctrizn- 
tions of the PHENIX central arm momentum resolution. The results using an 
integrated luminosity of 32pb-’ are compared to asymmetry projections from 
Tang8 in Fi g. (1). The error bars shown in the plot represent statistical error?; 
only. The nsymmerrics in Fig. (1) were obtained using upper bounds for the 
relevant distribution and fragmentation functions and represent an optimistic 
upper limits. Further studies, including full PHENIX detector simulations 
and using new model calculations of the analyzing power are underway. 
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Transversity Measurement with PHENIX 

. PHENIX 

0 Nucleon transversity through final state interaction in 

l Experimental issues 

Invariant Mass Resolution 

Rates 

3 ‘*x ’ Manhias Grosse Perdeknmp. RlKEN BNL Research Center. 
\ ../ 

Tnnsvcrsiiy Workshop at BhZ. September 19. X00 

RHIC as polarized Proton Collider 

RHIC accelerates 60 polarized 
proton bunches to 250 GeV. 
Collision are possible in different 
polarization states: 

BRAHMS. PHOBOS. (PPZPP) 

Single and double transverse 
spin asymmetries. 

PHENIX and STAR 

Single and double transverse 
and longitudinal spin asym- 
metries -> Competition be- 
tween longitudinal and trans- 
verse spin program. 

at JY = 200 GeV. 5 /,d, = 30 pb“ 
1 

Use 10% of iirsr year at full 

lyrrr luminosity for exploratory run 
at & = 500 GeV, 1 /,I// = 800 pb“ 

J 

with transverse polarization 

lyea. 
-> 2002.2003? 
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:,‘*),J Tmnrrcrrity Measurement with PHENIX 5 Tranrversity Workshop x B?iL. September 1% 2000 

Nucleon transversity through final state interaction at RHIC 

Proton structure 
Hard Scattering Process 

,._____.._____._,......................~............. I 

dK,du,dtd~dnl”dcos~lla, 

h” Tang. The!0 MIT. June IBW 

I(. ,~,k. X.h 1. Tang F?lyr. Rev. 057 (1999)5920 
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s-p wave interference fragmentation: 

Part& emits p/n followed by 
absdrption of alp a forming a parton 

.-.. 
.‘t. \ 

Transverse Single Spin Asymmetry 
Fang. Thesis. MIT) 

: Tranwerrity qugrk DFs 

: Pot. Fragmenration Func. / 

_. 
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Interference Fragmentation 

fj$$-K sins,eiJo(K.Cj,(Z)+R-~,(z))sin6,e-’”l +... 

/ 

Where: 
,.waw 

pwwe li=IE?$, I=iT+@ijm+uv@~+ 

Strong interaction X,;I phase shifts 3,(z)&,(;): spin average and dif _ 
ference fragmentation functions 

only in the p mass region! 

l Sufficient mass Resolution? 

PHENIX-Measurement Trigger: Tag n+.- in RICH and Jet Mul in EMCal 

Reconstruct invariant mass of pion pairs 

Form single spin asymmetry .4(-e = $$ 

. . . . . 

Muon Arms: 

, ,r* 7T- 

y, c. > 2 Gd.” 

IZ 

.., . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
----+. 

P plfp: 

‘7’ 

3 

EMCal. T,me Expanrmn Chamber< 

RICH. Pad Chamber% Drift Chamber. 
1 MuIt Vertex Dew& 

/ 
Muon Tracking + ID 
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Invariant .Mass Resolution 

(required for Phi...) 

invwht moDi !Ctvl 

I Transversity Measurement with PHENlX I I Tnnsvyiy Workshop at BhI. Seplcmber 19.2000 

Expected Rate * 

Example: , 

E+ > 4 GeV 

Jmb4CeV 

r 

5.2 Million events in 32 ph-’ 
15% with pair after cutz 

800 MeV -c nr -c 950 MeV 

p 0.07 
s 
E 0.06 

p 0.05 ..------.- + ..--. ++ ----- 

0.04 

023 

O.C? 

0.31 Uncertainty on Asymmetry vs p,‘“’ 
c ~.e’~**:,~,‘~~f’~ ‘3.1 1,s’ 11 2 4 u. 8 10 :z 14 16 13 

F,rhVl 

_ -. 
‘. ;’ Transverrq Slcasurcmcnt with PHEMS 12 Tmnsdrritv Workshop at BSL Scplcmbcr 19. 3000 
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Kinematics 

Cannot reconstruct 
Event Kinematics 

Projected Asymmetry (For 1 week of running) 

j Ldr = Xpb- 

E, ..+ > 4 GeV 

800 MeV < m < 950 MeV 

r Small aymmetry below 
5% but good rate! 
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Conclusions 

0 Transversity can be probed using Interference Fragmentation Functions 

l Momentum Resolution and Statistics are sufficient 

0 Good Control of Systematic Errors 

0 Fragmentation Functions are (currently) unknqwn 

. 
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Transversity at STAR 
OGAWA, Akio 

Pennsylvania State University /&rookhaven National Laboratory 
Upton: NY, 11?73-5000, U.S.A 

The question of how the spin degrees of freedom in the nucleon are organized has 
still not been fully answered even after recent polarized deep inelastic scattering 
experiments. I 

The transvesity is the last missing part among the 3 quark distributions at lead- 
ing twist. While helicity average and difference distributions were well measured 
by DIS, helicity flip distribution is harder to access, since it,% chiral odd and have 
to couple with other chiral odd fragmentation function to be measured. SMC and 
Hermes reported non-zero asymmetries: which suggest that transversity is not small. 
Transversity is also interesting, since absence of gluon transversity and one may ex- 
pect naive parton model works, which did’uot work for longitudinal case. 

Among a few proposed way to measure transversity, looking at 2 pions correlation 
at p, 0 mass region in a jet at pp collision with one proton polarized transvesely, which 
was proposed by Jaffe et al [I] seems to be, most promising. 

The Relativistic Heavy Ion Collider(RHIC) will accelerate polarized proton beams. 
The STAR detector, although originally designed for heavy ion physics, has excellent 
capability for spin physics as well. 

One of the biggest advantage of the STAR for this measurement is large acceptance 
which allow us to do jet measurement. The asymmetry is function of 5 kinematics 
valuables, det: qjetY z = EpaiT/Eiet, mpair and cos(#) where 4 is angle between proton 
polarization axis and of normal vector of 7r+7r- plane. Therefore it is very important 
to measure asymmetry as function of all these valuables, to check models on frag- 
mentation as well as to see xbi dependence6 of transversity. STAR detector has good 
enough mass resolution, also capable to measure jets. With integrated luminosity of 
32/pb at fi = 200GeV, which is 1 week of running at design luminosity, STAR may 
start measuring sizable asymmetry, although realistic sensitivity estimation has to 
wait LEP data analysis of fragmentation functions. 

[l] R.L.Jaffe et al., Phys. Rev. Let. 80, i166(1998); Phys. Rev. D57, 5920 (1998); 
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Transversity at STAR 

Akio Ogawa 
Penn State Univ 

2000 Sep 19 

RIKEN BNL Research Center Workshop 

Spin Physics at STAR 
Gluon Polarization: 

Direct Photon 
Direct Photon + jet 

qg + qy photon gluon compton scattering 

Jet 
Jet + Jet 

qg/gg/qq -3 Jet+Jet 

Quark / Anti-Quark Polarization : 
W production qij-+W*-+e* 

Transversity : 
c-. ,‘iZ-- pair correlation 
Dijet? 

Parity Violating Asymmetry: 
Search for New Physics 
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Nucleon’s Tratisversity 

Leading twist quark distribution : 

Longitudinal Spin Distribution p+ I$ : Aq = q+ -q* 

Transversity , p% : f!+q?-q’ 

No gluon contribution 
Helicity flip 
S offer Inequality 2164 ,s q + Aq 
Last missing piece at leading twist 

Beam Beam 

P P 

Need mass to have helicity flip 
Need chiral odd interaction to have Collins effect 

/ 
if+%- plane 
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Two meson production 
2 -+ +lL 

A= -CT = m QqQ6&rn 
d--l-CT c qQq@aQD 

I)hase Shift sin S, sin 2$ sin@ -S,) is known 

In .lian Tang paper, assume { 
Gi, (z> = $,, (z>G, (z> Schwartz Inequality Limit 

G,(z) = i, (z> 
No z dependence 

Asymmetries predicted by Jian Tang 
for pp at sqrt(s) 200/500 GeV 

i ian -....,....,....,....~~ 

TpQ.BE 

A-’ , c 

Q.8b 

0.06 

--l--l.‘-.,‘~..,...~I...: 

q-cm 

.-r 

.--- 
/ 

What is the 
prediction at 
7=1.0-l .3? 

This model is an optimistic estimation: 
saturate Soffer & Schwartz inequality, mass=02 (at max asymrne,try) 
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STAR detector 

A cent&l AuAu even at 130GeV 

STAR detector 

Cal 
. I I I! 

, 
Endcap 
Calorimeter - 

0 Iii 
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STAR detector for 
Transversity measurement 

Wide acceptance : 
Jet measurements -25-30% Et resolution 

check 2 dependence 
check Pt & Rapidity dependence 

Good invariant mass resolution: 2-5 % at 800MeV 

But slow: Need good triggers at high luminosity 
TPC has 40usec drift time : pile up events 
STAR-RCF bandwidth (20Mb/sec) : L3 data volume reduction 

No PID at high pt *N 10% Kaon/proton . 



I 2-Track Evts. Minv pions resolution I hminvpjres 

400 
Nent - 4378 

Mean - -0.002516 

A factor 

sin 6, sin 61 sin(8, -c-T,) 

from Phase Shifts 
as function of 
l.-..-..l-..z ~.~ mvananr mass 

50 

a.1 -0.08 -0.06 -0.04 +0.02 0 0.02 0.04 0.06 0.08 0.1 

I.01 

l- 
Z-J 

Invariant lmass resolution of STAR 
for Pt r 2-10 GeV pair around 

mass - 0.8 GeV 

Overlapped (pile up) AuAu high mulbpli@ty event on top of 
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highest luminosity 
‘ith pile up events 

-4000 tracks 

High pT tracks preserved 

All recanstructed 

After Pileup Filter 

Reconstructed pT (GeVk) 

Tested with p+p @200 GeV , ?$ E[l.O, 1.31 
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Test of Pileup Filter with full; background 

All reconstructed II Recons. and Pileua Filter 

80 

60 

40 

20 

0 
-0.2 -0.1 0 0.1 0. 

71 (PmIA} - s(Acc ret) 
80 

80 

60 60 

40 40 

20 20 

0 D 
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 

LipT/pT: (FGHIA - Act EC) 

TT v ertex Finder - Perfoimance 

Events “lost? 
due to the 

pileup filter 

-1% 

73% 

p+p @200~v,;pT > 10 c&v/c, q, E[l.O , 1.31 

- 
‘.. 

For 88% of events 1 AZ 14 cm 
(out of 400 cm TPC length) 

I 
J Tested with p-I-p @ZOO GeV , qq ~[1.0,1.3] 

i’ileup Filter accepts tracks: 
. ! Zi”“” - Z”I < ;lcJ I 

tracks 

zcks associated 

racks 13 * 6 / 43 f 12 
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STAR Trigger 

Level 0 Trigger EMC 1.0(q) x 0.80 trigger patch 
see only 113 of total energy at LO trigger 
bias towards EM rich events 

__+ Look at the o.ther side of triggered jet 

CTB/MWC multiplicity trigger 

Level 3 Trigger TPC tracking available 
DAQ to tape speed depends on data size 

Data size reduction at L3 . 
Possibly selecting invariant mass / z / cos$ 

Au+Au+Au+Au+p” 
event taken 2000 summer 

STAR trigger first year: 

LO trigger worked >5OHz 
To~x~logical I,0 trigger 
(C‘.I-B Worth South coincidence 
+ :riuItij)licit~~ cut) 

30 -3OHz 

Trigger -DAQ - RCF worked at 
- 3OHz 

L3 reconstructed tracks at 
-5OHz 

I 3 -~~duL.:ioti to 

- 3Hz 



LO Trigger 
Rate and efficiency 

at 200GeV 
&L=8 lo”3 l/cmA2/sec 

lo-’ 

lO”r. ,,,...,,....t....l.,..‘,,..J 
0 5 10 15 20 25 30 

Threshold on jet patch (GeV) 

HIJING+GSTAR, Trigger Efficiency 
pp, 200 GeV, Jets, 1,000 Events 

Threshold on High Towers (Aq,A$) = (1.0,l.O) 

105 
0 ,5 10 Thresliid (GeV!’ 25 30 35 

Signal Estimation 

Luminosity, triggering, polarization, length of data taking 

Cuts : Find jets (EM+charged hadyons) in -0.3 <q< 0.3 
Any 2 opposite charged pa&le pairs within a jet 

Pt > 0.3GeV 
-l<q<l : 
0.5 < mass < l.OGe’J 

Bins: cos 4, mass, z, Ptjet , q _jet 
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A scenario 
Year 2002 or 2003 
L = 8 1 Or\3 1 /cmA2/sec 
LO (EMC Jet) Trigger with threshold - 1OGeV 
Only using north/south (not top/bottom) 
with L3 data size reduction 

__+ -15Hz to tape 
1 week run, 50% machine time - 32/pb 

300K set 
Hz Total 

Jet Events 15 4.5M 
pt<lO -2M 

1 O<pt<20 -2M 
20<pt -0.4M 

Beam Polarization 0.7 
cos$ integral 0.5 

0.35 

82K events = 1% error on A 

Number of pairs / Event vs 2 
withr>ut P-r CUl 
with Fr cut 

In average 1.2 pairs 
within the mass range 

There are 2 jets events 

252 



Conclusion 
STAR can measure 2 pion asymmetry 

Can see dependence on mass , cos$, z, Ptjet ,.q jet 
Many handles to check models 

Is low x = high q = endcap EMC interesting for transversity? 

Fragmentation function is needed to extract transversity 

STAR Dekct6.r 

Tracking: 
- 0.5Tesla solenoid magnet 
- Time Projection Chamber 
- Silicon Vertex Detector 
- Forward TPC 

Calorimeter: 
- Electoromagnetic Calorimeter 
- Shower Max Detector 
- Pre Shower Detector 

Trigger: 
- Central Trigger Barrel 
- TPC endcap MWPC 
(- ‘Vertex Position Detector) 
- Zero Degree Calorimeter 

Particle ID 
- dE/dx at TPC/SVT 
(- ‘TOF) 
- RICH 
- EMC/SMD/PreShower 
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-z 0 ‘,* ? , t . . 
-0.2 

-0.4 

;‘I 
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: 0 0.2 0.4 0.6 0.6 I 
2 
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Jet Target a/z 2 o’ clock 

a) PPPPP design location at 2 h clock 
(implementation of high-p optics) 

b) Integration with BRAHMS I 

. BRAHMS - 2 spectrometers:/ 

a) Mid-Rapidity Spectrometer; (30010 2950) 
b) Forward Spectrometer (2.3o’<O 5300) 

l Jet target 5-6 m upstream 17: 

1 - Clearance of BRAHMS; MRS; 
2 - Acceptance to BRAHMF FS ? 

(Low beam momenta)’ 

l Charged particles’ inclusive production; 
l Large ‘I tl elastic scattering ? 
l Diffractive production . . . . I 
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Large acceptance setup 

Large Forward Angle Setup 
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Transverse Physics with PP2PP experiment at RHIC 

Wlodek Guryn 

ABSTRACT 

We shall describe the setup, performance and physics program of an experiment to measure elastic 
scattering of transversely polarized protons at the Relativistic Heavy Ion Collider, RHIC. By measuring 
transverse spin asymmetries like AN(t), A&t) at moderate values of four momentum transfer -t and of 

the difference in cross sections cs ( ‘? ?) - 13 ( ? 4 ) , we will be able to determine the helicity amplitudes 
& which describe elastic scattering. Those amplitudes are not well known nt this time. In particular the 

hadronic spin flip amplitude b5 is of interest and can be determined by measuring elastic scattering in the 
Coulomb Nuclear Interference (CNI) region. A systematic study of helicity amplitudes at RHIC will lead 
to understanding of spin structure of nucleon and of the exchanged mediator of the force, Pomeron and 
Odderon. There are many models, but the real theory is still missing. By measuring elastic scattering in 
the non-perturbative regime of QCD, experiment will address one of the main, unsolved problems in 
particle and nuclear physics: long range QCD and confinement. In small range of four-momentum 
transferred, CNI, 0.0004<-teO.12 (GeV/c)* one tests in a model independent way, general analytical 

- properties of scattering amplitudes: analyticity, unitarily a&crossing symmetry. In the diffractive region; -- - 
with four momenta transfer 0.006< -t cl.5 (GeV/c)‘, one studies dynamics of long range strong 
interactions. The polarization observablcs will give access to spin degrees of freedom, which help 
distinguish between different nucleon structure models, like quark diquark model of the proton and its 
appropriate wave function of the proton. Elastic scattering of pd, p’d, dd, p7He4 can be measured without 
changes to the setup. By appropriate design of the veto system and an additional trigger condition, the 
experiment will also measure single diffraction dissociation 

I 

Puture Transversity Measurements 
September 18 - 20,200O 

RBRC Workshop 

WOodek Guryn 
Brookhaven National Laboratory, Upton, NY 11973, USA 

Outline of the Talk 

1. PP2PP experiment withp and y’. -- - -. .- - 

2. Program with transversely polarized beams 

3. Summary 
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Elastic Scattering Cross Section 

I 1 I 

- 0.001 - 0.8 ItI (GeV/cj2 

1. Coulomb Region 2 - + -Normalization (~7) 

Small t 
2. Coulomb -Nuclear Interference - “p” Value 

3. Diffraction 1 Medium t 
4. Structure Region 

5. Large (t( q 5 GeV2 

- Peaks & 13llmps 
J 

- Pert. QCD Large t 
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PP2PP PHYSICS PROGRAM 

Studying total and elastic cross sections played a crucial role in 
particle and nuclear physics, in particularpp and pi experiments 
extend to the highest s. Elastic scattering has been measured at 
every accelerator, for every s energy available. 

The main goal of the experiment is to map in great detail the 
spin dependence of the proton-proton interaction over a wide 
range of s and ItI, 50&<500 GeV, 4xlO~k~t(~1.5 GeV2. In 
order to understand the features of the exchange mechanism 
(Pomeron), in terms of QCD concepts. 

g Polarization observables AN, ANN, (A& will give access to spin 
-I degrees of freedom, which distinguish between diffcrcnt nucleon 

- structure models; e.g. the three-quark~model of the proton-versus 
the quark-diquark model of the proton. 

By measuring spin asymmetries AN, ANN, ALL, we will be able to 
determine the helicity amplitudes (I,, which describe the dynamics 
of nucleon-nucleon elastic scattering, and which are poorly known 
at best: 

I)1 - < ++I A4 I++ > 42 - <--I M I++> $3 - <+--I M I+-> 

$4 - <$-I M I-f> $5 - <++I M I+-> 

Their measurcmcnt will shed light on the cschange mechanism 
(Pomeron) including its spin dependence. 
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1. Proton constituent quark structure through AN, being 
sensitive to hadronic spin flip in CNI region, is sensitive 
quark - diquark proton structure: 

. 0 . . 
2. The spin dependance of nucleon-nucleon interactions and 

determine features of the Pomeron in terms of QCD 
concepts and its spin dependence. 

.P.. :. ..p -.p~. 
I -P-- -~- -.-~ 

I 
P(C =+l) I Non-pert 

I I I 
O(C = -1) 

I 
QCD 

P 
I 

I’ I’ 
I 

I’ 

3. Large-JIJ region, for tests of pQCD: 
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Other topics done with the same experimental setup: Other topics done with the same experimental setup: 

l DiffractiveI~~~ scattering can be done, with four momenta 
transfer 144.5 GeV2, where one studies the dynamics of long- 
range strong interactions. 

l DiffractiveI~~~ scattering can be done, with four momenta 
transfer 144.5 GeV2, where one studies the dynamics of long- 
range strong interactions. 

l Elastic scattering ofpd, p’d, dd, pTJHe can be measured with 
the.same experimental setup. 

E Qe 

l Elastic scattering ofpd, p’d, dd, pTJHe can be measured with 
the.same experimental setup. 

E CQ 

These.measurenients challenge strong interaction theory, since they 
involve the application of QCD in a kinematical region where non- 
perturbative effects are important. 

These.measurenients challenge strong interaction theory, since they 
involve the application of QCD in a kinematical region where non- 
perturbative effects are important. 
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Polarized beams 
With transversely polarized protons and measuring’of Aqot, AN, 
ANN we will determine helicity amplitudes $i(s,t): 

41 - < f-t-1 M I++ > $2 - <--I M I++> & - <+-I M I+-> 

$4 - <+--I M I-+> 4s - <-t-t1 M I+->. 

1. THE ODDERON AND SPIN DEPENDENCE OF HIGH-ENERGY PROTON- 
PROTON SCATTERING. E. Lender, T.L. Truemnn. Phys.Rcv.DG1:077504,2OOO 

2. THE SPIN DEPENDENCE OF HIGH-ENERGY I’ROTON SCATTERING. 
N.H. Buttimore, B.Z. Kopeliovieh, E. Leader, J. Soffer, T.L. Trueman 
Pl~ys.Rev.D59:14010,1999 

. the difference of qot as fimction of pure initial transverse spin: 

l the analyzing power, AN: 

1 
A, =- hw%. 

Pcos$i iv, + NJ 

. and the double-spin correlation parameter, ANN: 

A = 
1 Nrr + N&J - NT, - N.4, 

NN 4 Pz cos2 4 Nrr i- N,, + NT& + N,, 

(Pi is beam polarization, I$ is scattering azimuth 
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PHYSICS PROGRAM 
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We shall study systematicallypp elastic scattering with polat+& 
and unpolarized beams plab < 250 GeV/c and in both colliding 
beam mode and fixed target mode, using a polarized gas jet target. 

1. ~~ measuring spin asymmetries AN, ANN, ALL, we will be able to 

determine the treticity amplitudes $r, which describe elastic scattering. 
They are not well known now. 

,$, - < ++I M I++ > $2 - +-I M I++> ij3 - <+-I M I+-> 

The four-momentum transferred -t is sub-divided in two kinematic 
ranges: 

1. Medium tregion, day one pp running, no special conditions 
required: 

44 -<+-I M I-+> & - e-+-l M I”. 

2. Polarization observableswillgive access tOspin degrees OffrdOn*, 

which distinguish between different nucleon structure models, like quark 
&quark model of the proton and its appropriate wave function of the 
proton. 

. evoIutiok of dip structure observed at the ISR in- - -- 
ib,I/d t; 

3. In the medium I region, with four momenta transfer lt(4.5GeV2, we 
will study the dynamics of long range strong interactions, the non- 
perturbative.regime of QGD. JIence, the experiment will address one of 
the main, unsolved problems in particle and nuclear physics: lotlg range 
QCD and confinement. 

l s and t dependence of the nuclear slope, b. 

2. Coulomb Nuclear Interference (’ CNI > region: 

4. By appropriate design ofthe veto system and an additional trigger 
condition, the experiment will also measure single diffraction 
dissociation. 

5. In the sn~all lnotnentunl transferred ItI region, one tests in a 
model independent way, general analytical properties of 

. s dependence of qot and do,jdt; scattering amplitudes: analyticity, unitarity crossing symmetry. 
. ratio of real to imaginary part of the forward scattering 

amplitude, p; 
6, Using the same detectors and an additional magnet in the IR for 

momentum reconstruction will allow measurement of elastic scattering in 
. nuclear slope parameter of the yy elastic sca~ering, large 1 region, hence tests of pQCD calculations. 
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For small scattering angles the protons follow the 
accelerator lattice, hence one can use the transport matrix to 
relate the position at the detection point to the scattering 
angle at the collision point: 

For small scattering angles the protons follow the 
accelerator lattice, hence one can use the transport matrix to 
relate the position at the detection point to the scattering 
angle at the collision point: 

ydet = dm(cos CD + a* sin @)yl + JjjZ(sin CD)(Bsc 

or: 

ydct= alI Y * + Leff Q3.c. 

The optimum condition, called parallel to point focusing, is 

2 
when a, ,= 0 and L,ff is large. So that for small Osc one gets 
large displacement at the detection point, with no 
sensitivity to y*. 

or: 

ydct= alI Y * + Leff Q3.0 

The optimum condition, called parallel to point focusing, is 

2 
when a, ,= 0 and L,ff is large. So that for small Osc one gets 
large displacement at the detection point, with no 
sensitivity to y*. 

The smallest t expressed in terms of beam parameters is: The smallest t expressed in terms of beam parameters is: 

tmin 0z tmin 0z 
i&p2 i&p2 

P* P* 

This implies the need for large p* and small E. This implies the need for large p* and small E. 

(In order to reach Coulomb region special tune, fi* = 195 m and (In order to reach Coulomb region special tune, fi* = 195 m and 
low emmitance E = 5x, are required.) low emmitance E = 5x, are required.) 

Roman pot location is determined by parallel to point focusing. 

On-board 
Electronics 

\ 

RHIC Intersection Region with PPZPP Basic CB Setup 

-100. I" 0. 100. m 
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I Day one PP2PP Setup I 

More than one pbeam at RHIC, 100 GeVlc and 250 GeV/c proton beams, 

will allow us to take data at two 4s points, 

At luminosity 4~10~’ cm-*see-‘, 200 hrs data on tape to acquire 1000 

evts/0.02 GeV*/c* bin will be needed. 

IlllgpI 
IIII , IIII 

Inelastic Detectors 

RPI RP2 

I \, I ,/ I 
M , 

5Om 0 50 m 
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Silicon strip detectors are our choice. They will provide: 

l uniformity of efficiency - 0.1% not to dominate errors 
on otot and p; 

. small dead area between the sensitive part of the detector 
and the beam 0.5mm 

l many detector layers with high efficiency; 

l small cell size to limit occupancy per readout channel; 

0 in the CNI- region good detector resolution-is needed: 

6t << 10-4GeV2(bins) z Sy = O.lmrn 

l in the dip region detector resolution set by momentum 
reconstruction @p/p - 1%) and vertex size (y* - Imm): 
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Status and Plans 

Our goal is to be ready for running in spring of 2001. 

1. Experiment has scientific approval and has received tinding for 
equipment. 

2. Since the approval time we have: 

l optimized the experiment, involving RHIC accelerator group 
JO find placement for detectors (parallel to point focusing;) 

l designed of parts that are critical: Roman pots, detectors; 

l designed the veto system; 

1. 2000 finish design and prototyping of the Roman pots, Si strip 
detectors and of the inelastic detector system. 

2. 200 1 construction and commissioning of detectors, Roman pots, 

Engiecwing tm in Spring of 2001 

3. 2002 physics run. 



Observations on Factorization 

George Stcrman 
I’hysics Department, BrookAovsn National LahoratoQi, 

Uptov, NY 11973, U.S.A. 

C.N. YanB Institute for T/reo,rticnl I’lq/sics, SUNY Stony Brook 
Stony Brook, NY 11794 - 3840, U.S.A. 

This talk began with a review of the formalism for collinear factorization, [l] which applies 
to inclusive hard scattering cross sections involving on0 or more hard scales. Such cross sections, 
including those for Drell-Yan, jet and heavy quark production, are convolutions in partonic lon- 
gitudinal momentum fractions, bctwccn 1,arton dist.ribution fwctions, $./A, and hard scatt.ering 
functions. For inclusive single-particle production at high transvcrsc momentum, fr3glnCllt3tioll 
functions are incluclcd. For the latter case, the cliffcrcntial cross section is tllUS 

doAfl-rC(p) 
= g 

dX Cfy dz &;/A(%, /fF) bjjlfJ(Yl !-‘P) 

XDC/&(& PF) dsijk (~?)AI YPf3~ PC/~> LIP, %(!-117)) 9 (1) 

where /lF is the factorization scale, aud where 6 is pcrturbativcly calculable. This formalism 
applies at I&ling power in the hard Scale, --for both polarized and unpolarieiecl cross sections: 

Corrections to the factorization formula itself arc supprcssccl by powers of the hard scale (1% 
etc.). 

Parton distributions awl fragmentation functions may be cxprcsscd as expectation valuCS Of 
nonlocal operators in hadronic states. [2] For cxuuple, for the fragrncntation fmictiou of a quark 
(referrecl to the plus clircction for convcuicncc) 

whcrc informatiou on polarization can bc iucorporatctl through the choice of the Dirnc matrix r. 
TheS3 cxpcctations rcquirr 3 rcnormal~/ation, corwsponcling to a masimum rdath tranSWrSC 
momaltum for the obscrwd hatlrou and parton, or cquivalcntly a cutoff on the transvrrsc distance 
to th ligM,-Conc. The freedom to Choose! this scale, which corrcspotds to the factorization Scale, 
leads directly to cnlculnbla evolution for thr parton clistributions. 

Factori;lation may lx uudcrstood heuristically in terms of the Lorcntz transformation propcr- 
ties of classical fi&ls, by an analysis familiar from clcctrodynnn~ics. [l] The physical clcctromag- 
nctic fteld strengths arc Lorcntz coulractcd cvcn mow strongly t.han a scalar field, suggsting that 
factorization holds cvcu to the first noulcatliug power. (3) In the cast of polarixrd cross scctiuns, 
however, some of this suppression may br lost, due I.0 thr mechanical origin of the orbital angular 
nlOmPlltlml. 

The most basic extension of collinear factorization is to include the transvcrsc momcntrnn 
degrees of freedom of the partons. [5, 41 .Thc corresponding expectation values are very closely 
related to the normal parton distributions, so that for quark q in polarized hadron A WC have 
the gcncral form [5] 

dY-d'Y.t pqlA(x> kL, S) = / (2?r)3 12 -irp+y-+ikL.yl A( 
( P~sM'J+>Y-,Y~ r~(OMh.4, (3) 

where again the choice of I? dctermincs the spin content of the distribution. In the case of parton 
distributions at measured !z~, a good deal is known about the summation of logarithms of the 
transverse momentum. 151 

Dcpendonce on the ‘transverse momentum of partons is powr suppressed in inclusive cross 
sections with only hard scales in the final state. When there is in addition a second scale, t,hc kT 
distribution of initial-state partons, or final-state hadrons in fragmentation, may become crucial. 
At the same time, if the cross section remains otherwise inclusive, factorization is not lost. The 
most familiar cxamplc is the Drell-Yan cross section at measured QT, but another example is 
found in the Collins effect, [G] whcrc the cxpcctation of the triple product (s ( pi x pn) acts as a 
small scale, with pi and p, a jet and pion momentum, rcapcctivcly. 

Finally, power suppressed eifccts may bc important, when leading power contributions arc 
small or absent altogether. Examples arc multiple scattering in nuclei and chiral-even singlc- 
spin asymmetries. (7) Such contributions arc, as indicated abovc, often amrnablc to collinear 
factorization. Parton kT-effects are likely to be important in these cases as well. 
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Structure hnctions and Chiral Odd Quark Distributions in the NJL Soliton Model of 
the Nucleon 

Lmnard Gnmlwrg 
Dcpwfrnet~t oJ Pltysics nnd Asl~ueomy, Uraioersily oJ Oklal,oe~o, N&nuw, OK 7Y019 USA 

Inclusive and scrni-inclusive proc~sscs onnlyzcd vin QCD fnctorization theorems imply that gcncric cross-section 
nod nucleon structure functions nrc convolutions of hnrd-pcrturbntivc and soft non-perturbntivc contributions. For 
oxomple, nt lending twist nnd low& order in n.(Q’), DIS structure functions arc given by 

The hord coclficic11t hnctiora, H,, (z, 5, n,(,r)), nre enlcolnblo in perturbntive qCD wlwcss tl1o soft qunrk distribu- 
tion hrmtions, f,,p (y,$) nrc dchcd relntivc to the SC&, /? wl1icl1 factors the l1ard nnd soft physics. Alternntivrly, 
in DIS, factorizntion of l1nrd nnd soft cnn bc cxprcsscd vin hfellin trnnsform where tl1e “rcmoindcr” is sn cxpnnsion 
in twist, T 

I’ dx 211-l 9 (y,Q”) = c c:,; (Q2/r?,n.(rZ)) o:,i(,L2)(&Ji -1. 
I 

The lognritlm~ic Q2 behvior of tl1c tnrgct indcpc11dcnt coeflicient Rmctions, C,:r(Q 2 /I ?,cx.(&) is dctcrmincd from 
tl1c renormalization grc~up equntions. The red11ml mntriw elements, 19:,~(p*), retlcct the nonperturbutivc propertics 
of the 11uclmn tnrgct. The QCD-pnrton ~nodcl in conjunction wit11 the fsctoriantion theorem ennlh one to cnlculatc 
nnd pmdict the Q2 depa1rlence of tllc hnrd contribution. On the other bond n nonpcrt11rhtive appmnch is wx&d, 
e.g. lnttice QCD, to predict tlw soft, nonparturb~~tivc picce wl1icl1 is mcssurcd i11 nsymmctrics. Yet, tl1e ditlicultly of 
colculnting bo11nd state wuve hnctions for tl1c nuclmn from first principles hs led rnwy to resort to quark model 

h, cnlculntions for I1ndmn strwturc fnnctiuw 131. hlore rrccntly laxcvcr, calculations hwc bcclo pcriorincd in the 
e context effective ticld thcorics of QCD. 

Ram 1110 pcrspcctiva thnt hdron structwc cnn Ix vicwcd ns Amctio11s of co11stitucnt qunrk distributions WC ndopt 
the Nnmb11-.Jonn-Lasiiiio chirol wlito11 OS R low energy effcctirc field theory for QCD to calculnte chirol even nnd odd 
quark distribution hwctions and their corresponding lwlroi~ structure hnctions [1,2]. In tl1is contmt the fnctorizntian 
pnrornetcr,/?, lhys ha role of tha intriosio ruodrl scnlc: At !b$ &e, @&! tv_o stwctom hnctions.don’t look.likc the 
dotn>incc f%~iriisl~l~~it II& coniiiblltirlrlSiro11i l1iglw twist. To go from tlw lwlro11ic scnlc to tl1c cxperinwntal scnlc 
wc first smn the nlomcilts without mdintiao corrections; nn11icly, cnlculntc tl1c strudturc functions in tl1e Bjorken limit. 
~ul~sx~wutly WC cvolvc rffwtiw qwrk distrihtions vi,1 DGLAP scl1c1oe and construct nucleon structure Rwtions 
ill terms of chrgc wi&d nvrrn~~~s of tlw cunstitucnt qunrk distrihtion fimctiws. 

The stnrtiog in this npprosrh I~~w~~v~r is wt the puton uwdrl motivntcd dchition of Imding twist qooik dis- 
tributh hnct.ion: f,,,p(z) = S !g@ (rs~~(o)r~“(hrl)lPS) (wbcre r = (n ^ , I,,, “/,,jn,u ,,,, )). Rntlw, \VP USC tllc 
optics1 tlnornn, W’“(q) = &> (T”“(g)), to colcuhtc! the nbsorpt.ive part of tlw forwnnl virlunl Compton nmplitndr, 
,jv(q) = j-d’( @I t (JJ, .$I (./“(c)J”(U)) Ip, 2). Hcrc the bilocul current correlation fwctkrn is mwnbiguoualy obtained 
from the rcg~~loriarcl’ N3L urthm 

Ai are the Pauli-Villors regulators and e, nrc single pnrticlc constituent quark energy levels in the soliton bnck- 
round. The rcwlting liodronic tensor obtained from Eq. (0.1) bnres sixne rescmblnncc to the pnrton model nnd quark 
model calculations howcvcr tl1cm is no clenr distinction between tl1c qunrk told witi-quark contributions due to the 
complicntcd pole structure that r&es from regulariaation. 

Given t.his prescription the re&uizntion fo11ction for the chirnl odd distribution functions is self consistrntly 
dctcrmincd by cnlculnting tl1c forward scattering mntrix element bctwwn trnnsvcrsnlly polorhed nucleons co11tnining 
B vector and pscod~scnlor current [4] 

T,, = f ~d”Teiqi(w% IT(j,,(z)jdO) + jd~)j,.(O))l P,~J.). (0.3) 

Now tl1o correletio11 functions is given by 

62 
*MSMO)) = 6u,,(s)6us~o~ - TlAlog (i? - (S + PEP) + Q# + &3%J I”‘, -o, (0.4) 

from which WC obtain re~olarizcd distributions. 
Kwing completed the colculotioo of the lcadirig twist chirnl cvcn/add structure Amctions [l] we find the So& 

incquolity is satisfied 

fx4 + 0x4 2 w;(+)i I (0.5) 

wbcre the rffcctiw qonrk Hwor distributions n~fp’(z;Q$); &‘(r,Qi) and /I$!)(%, Q6) 6nd -q = li,d d~imtr.Ftlw 
qnnrk flnvors nt the low-s& of the model Q2 e 0.4GcV’. In nddition, WC cnleulntc tl1c zcroth motncnt.s of the chirnl 
odd distribution hnctions which nre rcfcrrcd to us the isnsculur und imvcctor nuclmn tensor chorgcs, 

I$(Q2) = f 1’ dr p,;. (3,Q2) + /I?. (:c,Q”)] VW 

r::(Q’)=Gl rlz [h;(+,Q2) -/l;.(qQ’)] (0.7) 

nt both tlm low scslr, (2: = 0.4GcV” nnd u scule commcnsuxtc with rxpcrinwnt, Q* = 4GcV’. Tl1rsc results nw 
compared wit11 otl1cr n~odcl cnlcnli~tions iii nddifion to letticc results. 

I would liketo thank Daniel Boer and Matthias Grosse-Perdekamp for the opportunity to speak at the “Future Transversity 
Measurements” BNL Workshop. I also thank Ms. Tammy Heinz for her efforts in organizing this workshop. Finally I 
gratefully acknowledge my collaborators on this project, Hebert Weigel. Enrique Ruiz Arriola and Hugo Reinhardt. 
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Model Structure Functions- “Factorization and OPE 

l Inclusive and semi-inclusive processes understood and analyzed via 
“Structure Functions and 

Chiral Odd Quark Distributions in the 

NJL Soliton Model of the Nucleon” 

Leonard Garnberg 

University of Oklahoma and University of Pennsylvania 

l Generic cross-section or nucleon structure function written as 

convolution of hard-perturbative and soft non-perturbative 

l At leading twist and lowest order in a,(&)“) 

* DIS: I + 11 + b’ +X 

remainder 

* Drell Yan: p + p’ =+ I’ I- + X 

fremainder 



l In context of DIS: l Alternatively, in DIS factorization hard and soft express via 

h) Hard Part: H,, coefficient functions calculable 

in perturbative QCD. 

S) Soft Part: f,,,~ (y, $) quark distribution functions defined at 

l At leading twist basic objects of analysis, the forward quark-target 

scattering amplitude on the light cone (in light-cone gauge) 

Mellin transform “remainder” + expansion in twist 

a) Coefficients, CF,,(&“// I,‘, a,($)); g2 dependence from RGE. 

b) Matrix elements, 0l,;(/L”), reflect nonperturbative properties of 

nucleon. 

l Equivalently, factorization can be derived from 

“Optical Theorem” applied to DIS in conjunction with the OPE: 

a) Relates analytic properties of Compton amplitude T,,,,(Q) to 

hadromc tensor, UT,,, = 5 l 1111 T,,,,. 

b) Expresses product of currents via OPE; expansion on the light 

cone (t2 t 0) t Eq. (1) infinite set of moment sum rules. 

l In all pictures factorization scale ~~~ separates hard and soft physics. 



QCD-Parton Model vs. Low Energy Models 

l QCD-Parton Model in conjunction with the factorization theorem: 

*) Calculate and predict logarithmic &’ dependence of hard piece. 

l Low Energy Model: 

*) Lattice or model calculation to predict soft (measured) piece. 

1) DifFicult to obtain nucleon bound state from first principles 

in QCD and calculate nucleon structure functions. 

2) Led many to calculate model hadron structure functions and 

effective quark distributions. 

3) Since 1980 gone beyond N.R. quark models to effective low 

energy quantum field theories of QCD. 

STRATEGY 

l From perspective that hadron structure can be viewed as functions of 

constituent quark distributions we adopt Nambu-Jona-Lasinio chiral 

soliton to calculate chiral even and odd at the scale, I(?. 

l In this context the factorization parameter $ becomes the hadronic 

model parameter characterizing the intrinsic model scale. 

l At model scale twist two structure functions don’t look like the data 

since presumably it has contributions from higher twist. 

l In practical terms to go from the hadronic scale to the experimental 

scale we first 

1) Sum the moments without radiative corrections; namely, calcu- 

late the structure functions in the Bjorken limit. 

2) Evolve structure functions and effective quark distributions via 

DGLAP scheme. 



Introductiok-Chiral Odd Structure Functions: 

l Chiral odd spin-dependent structure functions /IT(Z) and ILL(X) sup- 

pressed in DIS scattering process 

CONSTITUENT QUARKS 

l Dealing with constituent quarks. Starting point cannot be the 

soft/hard factorization-parton model motivated definition of lead- 

ing twist quark distribution function: 

l Necessary to start from the absorptive part of the forward virtual 

Compton amplitude (n wu wn, Alrih PLD(!J5), \\‘vigd, Awith, Chndnq: NPR (US)) I.. 

T’“‘(q) = /cry C!‘V.E (11, SIT (J”(&7”(0)) Ip, s) 

6~Time-ordered product unambiguously-from regularized action -- 

T (J”(W”(O)) = (ST, to) Tralog [i+’ - (S + iy$) + Q $1 ],,,,=tl 

l Extract the leading twist pieces of the structure functions in the 

Bjorken limit: + q- -+ co Q+ + XI”‘. 

l Obtain self consistent definition of regularized quark-target ampli- 

tude or the leading twist constituent quark distribution functions. 



NJL CM-a! Quark-Sditm hhde!: 

l Constructed from NJL Chiral Quark Model of quark flavor dynamics. 

a) Model low energy (non-pert.) gluonic modes via one gluon ex- 

change w/O kinetic energy term. 3 “Fermi model of QCD”. 

b) Interaction is dimension six operator. Non-renom. theory. 

l -+ [G] - [A/r-‘]: Model supplemented with regularization A to cut 

off ultraviolet divergences. 

Rcguiarization 

l Define regularization at the level of the effective action. 

l Guarantees quantities are regularized “self-consistently”. 

l Employ Pauli-Villars regularization scheme. Two subtractions nec- 

essary to regularize the logarithmic and quadratic divergences. 

l Preserves anomaly structure of QCD in the effective theory. 

0 In context of Structure function calculations 

l Hubbard-Stratonivch transformation i.e. introduce (generic) auxil- 

lary meson field, ~1) -+ non-local mesonic action 

l 114 = S -t il’, composite scalar (S), pseudoscalar (P) meson. 

a) Preserve scaling in Bjorken limit (D;lvir~~lr~l. Rlliz-Alrih. PI.~~.JK(IUU:,)). 

b) Possible to formulate bosonized NJL model completely in 

Minkowski space + helpful in applying Cutkosky’s rules to ob- 

tain the hadronic tensor from the forward Compton amplitude. 



a) With the “PV” conditions: 

Details: Model Parameters in Pauli-Villars Regularization 

Scheme (Dynamical Chiral Symmetry Breaking) 

2 

C[J = 1 ) A() = 0, C Ci = 0, a11tl 
l Adjust the cut off A as value as well: to produce the physical meson 

i=ll 

5 Cihy = 0 (3) 
properties nt, = 135 MoV and fir = 93 McV and nag- = 494 h4cV 

i=o 

b) Take limit Ar --f As, leads to identity 
l This leaves one free parameter, the constituent quark mass, A/r,,,. 

i&xf (A:) = .f(()) - .f (A”) + @f’ (A”) 

l CutofF dependence in the SU(‘2) sector in isospin limit: 

(4) 

In1 &]~A ,Md+ ,\‘.IL ,m” [MeV] -(&/J)‘/” [MeV 

M l Couple “external” vector (axial) vector sources Fermion currents 
350 766 8.41 3.85 M 215 

iD5 = -iB - (S - 1:nF’) - ~4 + +yr, 450 728 9.01 1.02 M 209 

l Condit.ions 

l Separate functional trace into (un-)regularized ys-even (odd) 

‘li*log [?I$ - (S + iyr,P) + c&J] = 

3) Pion decay constant from PCAC, (~(p)~~,I(.~~)~O) = &p,.r,-‘I”‘. fT = 4X, M!/ii (,!,z) 



The NJL Model Chiral So!iton: The NJL Model Chiral So!iton: = Se!f Coi:sistent SoItitioil: (I!)(?*), is obtained by extremizing 

l Non-perturbative meson configuration of hedgehog type l Non-perturbative meson configuration of hedgehog type 

Mf1(z) = m cxp (2:~ . S$-)) , Mf1(z) = m cxp (2:~ . S$-)) , u,, = (+GT+-), u,, = (+GT+-), 

l Functional trace for static configuration l Functional trace for static configuration 

T = 0 while simultaneously determining {+,1(~), elc} with B.C. 

BC) r = 0, G(0) = --7r, r = 00, O(O) = 0. 

l The baryonic charge encoded in topological property of the soliton. 

A = Tr,, log(i~ - .!I,,) - -A- 
‘lGN.lL 

/ cl”:r t<r (u - d)+ (u - ml)) ) 

l Dirac operator in terms of Hamiltonian, h = Q * p + m/j UT” 

A = Tr,, log(i~ - .!I,,) - -A- 
‘lGN.lL 

/ cl":r t<r (u - d)+ (u - ml)) ) 

l Dirac operator in terms of Hamiltonian, h = Q * p + m/j UT” 

Distorted meson field and Dirac spectra. Bound quark states appear 

which carrying baryonic charge of soliton as nucleon (see Alkofer et 

al. PhysRep265(96) and Bochum Reviews). 

ii 

l Hedgehog ansatz for r@(r) implies that ----f grandspin 

G = t + j good quantum number: [II, G] = 0 
ii 

l Hedgehog ansatz for r@(r) implies that ----f grandspin 

G = t + j good quantum number: [II, G] = 0 Chiral angle 

l Eigenvalues and eigen-functions of /~.]$J,~) = c,~(JI,~) for profile Cl(r). l Eigenvalues and eigen-functions of /~.]$J,~) = c,~(JI,~) for profile Cl(r). 

l In Pauli Villars scheme, energy functional l In Pauli Villars scheme, energy functional 

&,t[O] = $ (I - sign(r,,,l)) c,,,,l - 9 g,q 7 (Jm - JFTTf+hf) 

S&f,2 S&f,2 / cI:‘?- (1 - cos(0)) . / cI:‘?- (1 - cos(0)) . 

“vnl” denotes valence quark level. Distinct level bound in soliton “vnl” denotes valence quark level. Distinct level bound in soliton 

background, ,i.e. --?n, < r,, < m. background, ,i.e. --?n, < r,, < m. 



Nucleon Fkorn Chiral Soliton: 

l Promote rotation zero modes to time dependent fluctuations about the hedge- 

hog field; -+ cranking technique in nuclear physics. 

M(e, f) = A(t)AlH(z)A+(t) , 

Collective coordinates A(t) E N(2). 

l Generates states of good spin and isospin. 

l Eigenfunctions of resulting Hamiltonian are Wigner D-functions 

I:$ and .I:$ projection isospin and spin quantum numbers of nucleon. 
~_.. -~. ..~.. .~ 

e Put cm& (5) into the action functional (??) expand in the angular velocities 

IlA+(t)ci(t) = iT. 5-l 

to quadratic order, -+ Lagrange function for the collective coordinates. 

l Canonical quantization: angular velocity 0 substituted by nucleon spin oper- 

ator J = &2, o2 moment of inertia. 

NJL Model Nucleon Structure Functions 

l Define the hadronic tensor for localized field configurations. De- 

mands the restoration of translational invariance. 

l Introduce collective coordinate, l?, position of soliton (nucleon) 

with its momentum, 17 being conjugate to collective coordinate, 2:. e. 

(l&7) = &zcxp (ii?. p). 

a E = ,/@s + n/f;, denotes the nucleon energy. 

l Compton amplitude obtained by averaging over the position of the 

soliton, - - -- --- -- 

l The spin-flavor matrix elements evaluated in space of collective co- 

ordinates ,4. 
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l Next step, hadronic tensor is contracted with appropriate projectors 

which in turn provides the structure functions. In the Bjorken limit 

these projectors become quite simple 

l Unpolarized structure function: In Bjorken limit the Callan-Gross 

relation, {J(X) = L?~fr((m), is automatically fulfilled. 

f-2 
l Using the relevant projection operator given in table I we find the 

vi 
“sea” contribution for the longitudinal polarized structure function 

I 

Valence Quark Approximation: 

l Expectation values of bilocal quark-bilinears appearing in the evalu- 

ation of nucleon structure functions expressed as (regularized) sums 

over bilocal and bilinear combinations of all eigenfunctions i[j,, in- 

cluding the Dirac sea states. 

l Dominant contributions (2 80%) to static nucleon properties ( mo- 

ments of structure functions) stems from the distinct valence level. 

l Approximate bilinears by their valence quark contribution. 

- l Wave-function-, induced by the-collective-rotation-A(t), ineluded- - - 

ZZ : 0 -“+~(t)7/~,,(z) 

l This replacement of bilocal and bilinear quark fields when computing 

nucleon structure functions defines valence approximation. 
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Vaience Contribution to Chiral Odd Structure Evolutibn and the Infinite Momentum Fi-ame (IMF): 

Functions: 
l Evolution: Model approximates QCD at a low scale Q%. Evolve 

l The nucleon rest-frame (RF) analysis given by Eq. (7) yeilds valence to a (larger) Q2 commensurate with experiment. 

contribution the chiral odds 
l Support: Proper support necessary to apply DGLAP evolution. 

1) In Soliton approach baryon states built from localized field con- 

figurations. States do not carry good four-momentum: -+ cal- 

culated structure functions do not vanish exactly for n: > 1 
l Introduce Fourier transforms quark wave functions 

g although contributions in n: > 1 very small. 

2) Boosting to the IMF, common problem of improper support i.e. 

l Forward/backward moving quark contributions tothe transverse and 

longitudinal chiral odd nucleon structure functions 

/$)(a) = &NC; i;,, pdp dff+sll?(;+(p,) 

x (1 T n:$r,.~5Q24(Pf)lSI ) I III,&y (W 

non-vanishing structure functions for :c > 1, is cured along lines 

suggested by Jaffe [Ann.Phys.132(81)] 

4) For the quark soliton model, transformation corresponds to 

boost in the space of the collective coordinate zr) 
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Results: Sum Rules l In connection with chiral-odd’s wecalculate the isoscalar and isovec- 

l In order to verify the sum rule for go the expression 

has to be compared with the integral .,;y cl;cgl(z). 

l We are able to demonstrate Bjorken sum rule 

after taking care of the isospin matrix elements of the nucleon. 

l Using rotational invariance in grand-spin space verifies the 

Burkhardt-Cottingham(70) sum rule I,? rI:c g.(z) = 0. 

l SLAC-E155x experiment (r. uclstlsll Itix?(l~~~~ r~~l~~,+l~s for EIGZ~ ) measuring 

the polarized spin structure function (~z(rn,Q~) has compared the 

data with our model sum rule, &(Q2) = 3 .r dzz2~~((:t’, Q”) 

tor nucleon tensor charges, at low scale, Qi = 0.4C(!V2 and scale 

commensurate with experiment, Q2 = 4C&tV2. 



0.150 

0.100 

ki 0.050 

Polarized Nucleon Structure Functions and El43 

Data 

I - LO, l~‘.S.II GeV 

0.075 I 

l Having completed the calculation of the leading twist chiral 

even/odd structure functions we test the Soffer inequality 

where the efFective quark flavor distributions are fl(“)(;c, Qi), 

g{“)(x, 0;) and I~$)(:c, 0;) and 4 = .[L, ~1 denotes the quark flavors. 

Find that it is satisfied at the low-scale of the model Q2 = OAGt~V”. 
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A unique feature of the transversity distributions viz. the tensor charges is the fact that 
these quantities are related to hadronic matrix elements of chirally odd operators in &CD. 
Since all known low-energy probes of hadrons such as electromagnetic or weak currents 
are chimlly even, low-energy experiments normally do not provide any information about 
chirally odd matrix elements. (An exception is the so-called sigma term, whose effect on 
hadrons is, however, proportional the small current quark masses.) On the other hand, 
since chiral symmetry is spontaneously broken in the QCD vacuum, hadrons are expected 
to react very differently to chirally odd probes es compared to chirally even ones. 

In order to obtain estimates of the transversity distributions and the tensor charges 
one may appeal to the large-IV, limit of &CD. In this limit the low-energy dynamics 
of QCD can appmximately be described by an effective model of massive “constitutent” 
quarks, interacting with pions in a chirally invariant way [I]. The chiral Lagrangian of 
the pion field is then obtained by “bosonization” (integration over the quark fields) and 
gradient expansion (expansion in derivatives of the pion field). This approach reproduces 
not only the various known chirally invariant structures, it also allows to predict their 
coefficients in terms of the two basic parameters of the model - the constituent quark 
mess, M, and the ultraviolet cutoff, A. In a similar way one can “bosonize” also QCD 
color-singlet composite operators, including the chirally odd ones defining the transversity 
distributions and the tensor charges. (The normalization point of the operators here is 
of the order of the ultraviolet cutoff, A - 600 MeV.) One finds that the isovector tensor 
operator in the chiral Lagrangian is represented by a pionic operator of the form 

&“TO$ -! FT E~bc~pvpoap7ibao5ic, ; (1) 

and thus of higher order in gradients of the pion field than the isovector axial charge 

dg-/g%l --f F,a,ir" ' (2) 

The constants Fr and F, are of different parametric order ; 

i.e., Fs contains a would-bc UV divergence while FT is finite. Thus, the coupling of the 
flavor non-singlet tensor charge to pions is completely different from that of the axial 
charge. 

The large-X, limit of QCD also gives rise to a description of the nucleon es a chits1 
soliton. The chiral quark-soliton model of Ref.:?]. in a sense, interpolates between the 
non-relativistic quark model and the Skyrmc model of the nucleon es a soliton of the pion 
field. This approach can be used to calculate the parton distributions in t.he nucleon [3]. 

In the case of the transversity distributions the isoveclor disdribution is leading in the 
l/iV,-expansion, while the isoscalar one is subleading [4,5]. It is particularly interesting 
to compare the transverse to the longitudinally polarized distributions. Numerical results 
show that the isovector transversity quark distribution, 6u(z) - 6d(z), has approximately 
the same magnitude and shape es the longitudiially polarized one, Au(z) -Ad(z), consis- 
tent with the expectations based on the non-relativistic quark model. The corresponding 
anliquarl; distributions, however, are very different: The transverse polarized one is much 
smaller than the longitudinally polarized one. This can easily be understood: The anti- 
quark distributions are well described by o sradient expansion, and Eqs.(l) and (2) show 

that the chirally odd operator is suppressed in gradients of the pion field relative to the 
chirally even one (the same applies for the corresponding operators of higher spin). Thus. 
we see that qualitative differences between the longitudinally and transverse polarized 
antiquark distributions can be traced back to the “chiral dynamics” of low-energy QCD. 

A discussion of the flavor-singlet longitudinally and transverse polarized distributions, 
as well as oredictions for observable such as spin asymmetries in transverse polarized 

[I] D. Diakonov and V. Petrol, Nucl. Phys. B 272 (1986) 457. 
[2] D. Diakonov, V. Petrov and P. Pobylitsa, Nucl. Phys. B 306 (19S8) S09. 
[3] D.I. Diakonov, V.Yu. Petrov, P.V. Pobylitsa, lv1.V. Polyakov and C. Weiss. Nucl. Phys. 
B 480 (1996) 341; Phys. Rev. D 56 (1997) 4069. 
[4] P.V. Pobylitsa and b1.V. Polyakov: Phys. Lett. B 389 (199(i) 350. 
[5] P. V. Pobylitsa, hl. V. Polyakov, K. Goeke, P. Schweitzer, D. Urbana, and C. Weiss, 

Bochum University preprint RUB-TPII-15/00 

I 

I 

Transversity distributions in the large-&c limit 
I 

C. Weiss 
Institb fib Theoretische Physik II, Ruhr-Universitiit Bochum, 

D-&780 Bochum, Germany : 

Drell-Yan pair production (Am) can be found in Ref.]51. ; 
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- Esf,W.fcs of WC//- YQk J,& qsymmefy ATT ("RhTc) 
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Figure 3: The tnxweme and longitudinally polwixd antiquark dirhibufrow, see Fig. 2. 
LeJl: Isovector distributions, s[61- h?)(z) and z[Aii - AZ](z). Right: Isoscn2or dtitribu- 
lions, z[& + 6&z) and z[AO + Ad(z). Solid Trmmmity anliqmrk dislribulions 
Rash& line.*: Iongiludinnlly pofaticd antiquark di.&bulions. 
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Figure 6: The lrnnsverse spin asymmetry, An. Eq. (5.1). in lmnsuer~e p&u&d proton- 
proton cdlisims, in Iwo di&rcnt Iinemalical regions; s = (40 GeV)2, hP = (5 GeV)’ 
(ieff), and s = (500GeV)Z,MZ = (25GeV)’ (right). Solid liner: Asymmetties calcu- 
fated udih fhc querk- and atiiquerk distributions computed in the chiral quark-s&on 
model, cJ. Fig.2 For the quark distn’butkxu we wed lhc calculated ratios of tmnwer~e 
lo longiludinally polarized distributions, Eqa(4.7) and (4.8), togelk wifh the GRSV95 
pummeltialions [3] for [AU - Aq(z) and [A u T Ad](z). Da&d liner: Asymmelries ob- 
loined assuming ffint 6q(z) 3 As(z) and 6@(z) e A@(z) (q = rr.d). wing ffie GRSMS 
pnmmelti~olions [3] Jar Aq(z) and A+). 
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ANN in elastic pp scattering 

Workshop on fiture ‘Zlansversity Mcasorements Sept. M-20, 2000 

Brookhaven Natiod Laboratory Upton, NY 11973, USA 

This topic is wry different from the others discussed at this workshop. The appropriate 
Innguage for addressing this “soft” physics is Regge theory which is highly developed and 
very successful in describing a large variety of proccsscs, but. there is not yet a quantitive 
relation between it and the underlying field theory, QCD. Most of the material here has 
been presented in published papers or at other conferences. See, in particular, Butthnore, 
Kopcliovich, Leader, Soffer and Truernon, Phys Rev D 59, 114010 (1999). That paper 

2 contains refercnccs to all the papers cited but not referenced here. 
VI Mow big do we expect AN and ANN to be? Extensive low energy data, mainly from 

Argonne, give asymmetries in t.he 5-10 % range. Rcggc lits to these (Bergcr ct al) are very 
sensitive to the normal Regge poles which fall away by the t.ime RHIC energies are renrhbdl 
The Pomeron (as a Reggc pole) is included in these fits but its spin dependent coupling arc 
not. well-determined. Taking them at face value yields wry small remaining asymmetries 
at RHIC. Later, higher energy data, up to AGS and CXRN PS energy show larger and 
rapidly varying asymmetries at higher values of 1. (First transparency) These arc not really 
understood mrd are not included in the fits of Bcrger at al. 

Only AN is measured over a wider energy range, up to 300 &V/c lab momcnt.um. A 
Reggc-inspired fit to the dais at t = -0.15 GeV/ ‘. c2 IS s IOWI in the second transparency. A I 
good fit with an asymptotic vslue of 2.3 f 1.2% is found. If them wcrc no hadronic helicilv- 
flip at all, only the known Coulomb spin flip, the value ~vould be l%, consistent with this 
voluc. It would est.rapolate to RHIC as l/utot. 

A fit to the E704 data in the CNI region is sl~own in n’nnspnrcncy 3. It, too, is consistent 
wth pure Coulomb hclicit.y-flip, but with significant error. The hndlonic amplutudc is takrn 
to have the form (p + io& esp U t/2, B N 12 Gel//c” and t.he Coulomb to be the simple 
louwt order pole; the fit in the region oft shown is very inacnsitivc to B. It shonld lx vdlirl 
up to a few tenths ol a GcV-squnrcd, but not beyond bccnuse both the s~mg shalw and 
the Coulomb (due to form fact.ors) change from the assumed form. Nevcrt~hcss, since this is 

a workshop I allowed myself to do the following, bogus plot. ( Transparency 4.) Ushig the 
same form way outside its range of validity, we find it predicts a large peak in A,, rather 
near to t-value where the peak is seen in Crabb et al, but even larger in magnitude. That 
might catch your attention momentarily until- you think about it. The lower part of the 
figure makes it clear what is going on: the extrnpolatcd forms of the strong and Coulon~b 
amplitudes intersect once more at that value of t (their first intersection is responsible for 
lhe famous CNI peak at t = -0.003 GeV2). Indeed, the differential cross section implictl 
by this combination of amplitudes is about 2 orders of magnitude below the data at this t 
-value.There are two points to make from this bogus result: (1) remarkable variations of tho 
spin asymmet,ries may take place although the underlying amplitudes are slowly varying, and 
(2) wvhcn applied to p-nucleus scattering where the Coulomb piece is enhanced by Z and the 
strong piece drops much mom sharply from diffraction by the larger nucleus, the int.ersection 
will tokc place at a much smaller value of t where the approximations are valid. This is the 
essence of the calculation of Kopeliovich (hep-ph/9801414) shown in nansparency 5. These 
show very large asymmetries at small values of t but above the usual CNI rango. 

The nest. four transparencies should speak for themselves. Since the “Pomeron” is such 
a complex object and since, over the RHIC energy range, it. may be impossible to scparatc 
small power or logarithmic bchaviours in the energy, I would like to consider it here as “what 
is left at high energy” including possible odderon or other yet. unheard of contributions. This 
presents to pp2pp the opportunity to elucidate its nature by studying t.he spin dcpendencc 
of its couplings. This also serves as an alternative lo the use of comparing reactions 1vit.h 
various projectiles, which was essential to Regge phenomenology al lower energy but is 
not possible at a collider. So factorization and quantum nnmber exchange can bc tcstctl 
provided the spin dependcncc is large enough to be measured. On can use the “unnatural 

-parit.y” asymmetries A,,,, and MASS to starch for Xle-j,r&$ce 6f R&e &lgularitics- &I 
J = 1 wibh quantum numbers P = C = -(-l)J and P = -C = -(- l)J, respcctivclg. By 
making phase sensitive measurcnwnts in A,,,,-,’ and AN (see Leader and ‘IYucman, Phys Rev 
D 61, 077504 (2000)) one can test for the presence of P = C = (-l)J = -1 trajectories, c.g. 
the “odtlcron”, in a rather sensitive way. Example of thcso are shown in Transparencies 10 
and 11. 

Finnlly WC note that use of the Coulomb Nuclear interfercncc and total cross sections 
for trnnsversc and longitudinally polarized protons enables one to separately get. at Lhc real 
and imaginary pa& of all the pp amplitudes near t = 0. An cxnmple of this is given in 
the linal transparency. There is enormous redundancy hcrc, so much so that in principle 
one ran measure everything without knowing the mognitudc of the polarization l’, only its 
dircct.ion. This same procotlurc works also for scattering of unlike particles, for asamplc 
p Ii?‘. (Buttimorc. Izndcr and Trueman, in prep.) 

1 2 
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Energy dependence of P 
at t = -0.15 GeV2 

50 100 150 200 250 300 

P L (GeVk) 

Best fit gives asymptotic value 2.3&l .2 

Pure CNI at 300 is 1.1 
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Cardan invariance of traosversity cross sect&s 

X. Art& I 

A fermion state of definite momentum and polarisation can’be written a Ip, &ST). 
where X and ST are the expectation values of the helicity and trafsversity vector, with 

p.w=O, AZ++.=1 (1) 

In the massive cassc (m # 0). ST is the transverse part of the &in 4-vector sp. In the 
massless cae, the longitudinal part of sp becomes infinite, but we can introduce the 
tmnsverszty &vector sg, defined up to a “gauge transformation” 

SF i s; i cmSta*t x P’L (2) 
E+(l) corresponds to the “gauge” so = 0 (t). When a formula for’s polarized cross section 
is given in a covariant way in terms of one or several s“, it is possible to make the following 
check : 1) t&c the limit of massless fermions and replace sp by sF 2) check that result is 
invariant under transformation (2). 

For masless fermions interacting with vector and/or axial coupling, the exact cower- 
vation of chirality lead to the invariance of the cross sections when all the tranwersity 
wctors are rotated by s common angle (counted positively according to the “corkscrew 
rule” about the tmomentum of each particle). We call thi”cordan invariance”, by analogy 
with a mechanical cordon, drawn at the bottom of trrmepxent Ho 1. Cardan invariance 
&a holds separately for a pair of fermians connected by one mternal fermion line in a 
Feynman diagrsm, e.g. (ji,j;) 01 (jz, ji) m transparent I. 

For the reaction e+ E- -? j j (f = e, p-. T-. or light quark), the cardan transfor- 
mation rotates the tranwersity of f and f in opposite way about the j - i asis in the 
center-of-mass frame. Therefore the tranwersity correlation is in cos.(s + 6’) when m and 
9’ ‘are counted positively about the home oriented axis (traospa~cnt Wo 2). 

The derivation in the example where j is ao incoming fcr&n and 7 an incoming 
mtifermions is outlined in transparent No 3. 

Chiral invoriancc lcads to the invorinnce of the matrix clement under 

If) -+ cMC7dlf). 
I 

(f I --f (II d-CyrJ 

‘Ii, + csP(-C%)lr). (iI + ti1 cw+J (3) 
for incoming fcrmions. outgoing formions, incoming antifcrmions nod oirlgooing .mtifermions 
mpectivcly. For pure imaginary C. we have the cardan rotation of rmglc -?Im(C). Taking 
C to be real. one find a new invariance described below. 

* lnstitut de Physique Ku&aim de Lyon, INBPB-CKRS et tinweersit6 Claude-Bernard 
- LWI 1. F-6DG22 Villcurbnnnc ccdex. France. E-mail: s.nrtnlg~ilinl.inlp3.fr 
(+) the “gauge” freedom can be understood from .# = & + (xjnl)(po!lpl)(p’/po, p) z 

a relic of an infinitesimal uncertainty on X in the limit m --t 0. 

For a state with nonzero transvenity, we can define the pxameter x by 

A=*ta”hx, ls~l= l/coshx (4) 

where the + sign is for a fermion, the - sign for an antifermiod (x is called the chimdity 
in troasparent 3 by analogy with mpfdity = tanhjvelocity]). The transform&m (3) with 
red c is equivalent to 

x+x+=, X’lk--IC, : (5) 

with the azimuthes of the transvenity vector (but not their no&) left unchanged. Here 
unprimed quantities refer to f = incoming fermion or outgoing btifermion, primed qua”- 
tit& to j’ = outgoing fermion or incoming antifennion. If f and f’ are connected by an 
internal quark line, the quantity 

Application. Consider the reaction e+ e- -+ f f The totally polarized cross section at 
the Zo peak is given by / 

and analogous notation for e- --f f, e+ i i, 

gh = 2 sinz&v = 0.46, 

Cardan and seesaw inw&nce of p can easily be verified fro; (5) and (10). 

The above formula are relatively simple and can be generaliz+ to the partially polar- 
ized case JS follows. Suppose that the spin State of an initial (resp. final) particle is only 
partially lixed (resp. andyzcd). The corresponding density mat&,can be written a~ 

9 IX,O>C x,+4 + 9 IX,6+n>< I,$++rl, (11) 

where x is the average helicity, 4 the azimuth of the average trvenity $ and 

[for a final particle. replace (1 + a)/2 by (1 zt a)]. One is led to following rcceipe : 
The partially polarized cross section is obtained from ihe totally pohrized me by multiplying 
rnrh term ofthe fomcosf.. .*,A +. .). h w me ermion no i is involved, by the corresponding f 
nzduction factor 0,. 21’1 

I am dcbtiul to Emmanuel Layer for discussions related to thii work. JLJ 

cross section 
BET 

ITI I4 
(6) 

is hnziant under the tray lsformation (S), which we call a “see-saw” trJnsiormation since 
it changes the expectatio n x&es of the chirality in opposite way for j and f'. The 
denominator in (6) compensates for the change ofthe norms oi,the state vectors in m.(3) 
with real C. 

with 



Tensor Charge and the Electric Dipole Moment 

X. Artru* 

In the naive nonrelativistic quark model, the quarks in the nucleons are in a S-wave and 
the magnetic (dipole) moment (MDM) of the nucleon is of the form MDM,- (Ze) (summed 
over the valence quarks), where MDM., and ((s,) are the magnetic moment and the expec- 
tation value of the Pauli matrix of the quark. The same should be true for electric dipole 
moments (EDM), if any. To take into account relativistic effects as well as see quarks, two 
generalizations of (Ze) can be considered : 

- the axial charge A4 [I], related by a sum rule to the quark helicity distribution, 
- the tensor charge 6q ]2,3], related to the quark transversity distribution. 

Arguments are given in favor of the latter [4] : 
l Both the tensor charge and the coupling to a MDM or a EDM involve the Dirac 

matrices opy 
l antiquark contribute with a negative sign to both tensor charge and the nucleon MDM 

or EDM 
l the tensor charge as well as MDM or EDM is a chiral-odd object. 
l the tensor charge and the EDM evolve in opposite way with the renormalisation scale 

[5,6] (the quark transversity is “diluted” at high Qs by gluon radiation. the quark EDM 
is “screened” at low Qs by dressing with gluons), so that their product is invariant. 
as it should be for a physical quantity. 

There are, however: “indirect” contributions to the nucleon EDM which are not of the form 
EDM, .6,, (see transparent No. 4): For instance, the interaction of a chrome-electric dipole 
moment (CED-M) of the quark with the internal chromoelectric field can produce a dipole 
asymmetry ce ($) of the charge density, in a direction parallel to the spin. Similar effects 
have been predicted to occur in atomic physics and can give a very big enhancement of 
the ratio (atomic EDhI) / (electron EDM) [7]. Also heavy quark loops connected via three 
gluons to the light quarks can contribute to the nucleon EDM l&G]. This contribution can 
not be proportional to c&r since the latter is not coupled to gluons [5]. 

In conclusion, the tensor charge is certainly involved in nucleon electric dipole moment 
(and magnetic moment [9]), but not in all the possible terms. 

References : 
[l] J. Ellis, R.A. Flares. Phys. L&t. B377 (1996) 83: G. Karl, Phys. Rev. D45 (1992) 247 
[‘2] X. Artru, Elfe Swwncr School on Confinemenl Physacs. CJuly 1995. Cambridge,, U.K. 
(Editions Front&es. 1996). p. 253. 
[3) T. Falk, K.A. Olive; AI. Pospelov. R. Roiban, Nucl. Phys. B560 (1999) 3 
[4] see also A. De Rtijula. CERKTh-5908/90 ; R. Nag, Prog. Theor. Phys. 91, Letters 
(1994j 409 
[S] Xi. Artru. Al. Mekhli. Zeit. fiir Phys. C48 (1990) 669 
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[6] see, for instance A. De Rujula, M.B. Gavela, 0. Pene, F.J. Vegas, Phys. Lett. B24S 
(1990) 640 
[7] B.P. Das, APCTP Bulletin, topics in physics, April 1999, p. 14 
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Extended Soffer inequality for kT - dependent transversity distribution. 
Application to single spin asymmmetry in ihclusive meson production 

X. Artru* , 

In deriving Soffer’s inequality [I] 

from positivity, it is assumed that the axis of transverse spin quantification is irrelevant. 
i.e. 

&q(s) = iijq(z) E CY,g, (2) 
where &q(s) is the distribution of quark polarized in the direction +-y minus the distribu- 
tion of quark polarized in the direction -y in a nucleon polarized in the direction +E. In 
the case of kT - dependent quark distribution, the direction of kT breaks the rotationnal 
symmetry about the 1 direction and the first equality in (2) is lost. The generalization of 
(1) is then [2] I 

j&q(z, kz-) + 6j&> kz-)I I %+(z, kT) (3) 

For instance, in the toy (quark + scalar-diquark) model of the nucleon (which saturates 
Soffer’s inequality), we have (see Eq. C.4 of Ref.[3]) : 

together with 

The distributions &q(z, kT) and &q(s, kT) for kT along 2 can be expressed in terms of 
the distributions hir(z. kT) and h&(z, kT) adopted in this workshop [4]. 

Single spin asymmetry in inclusive meson production has been explained 15-71 in terms 
of 6q(z) = 2hi(z) and the sheared (or “Collins”) jet eflcct. In Ref.[5] the explanation was 
unconfortablc for the following reasons : 

a) a large value of I~r(x) and a large sheared jet effect was necdcd, 
b) Soffcr’s inequality was just satisfied, using data on gr(z) available at that date (present 

data are still more constraining). This question is specially discussed in [T]. 
However, triggering a meson with a large pi induces a bias on the intrinsic kT of the 
initial active quark, which will be more likely in the direction of pi (see the picture at the 
bottom of the transparent). Thcrcforc a kT - depend& polar&cd transvcrsity distribution 

* Institut dc Physique Nucldairc dc Lyon, INZP3-CNPS et Universitc Claude-Bernard 
- Lyon I, F-69622 Villcurbannc ccdcx, France. c-mail: x.,artruBipnl.in2p3.fr 

should be used instead of the kT - integrated one Sq(z). Assuming that pi is in the f 
direction, and the nucleon polarized in the 9 direction, we have to replace 

which was effectively used in [5], by &.q(z,kT). 

As suggested by the quark + scalar-diquark model (Eqs.4-5), and considering the 
trigger bias which makes (kg) > (k;), m& or m$ one guess that the above difficulties a) 
and b) may be greatly diminished. A new simulation using the kT - dependent polarized 
distribution &q(z, kT) should be undertaken to confirm! it quantitatively. 
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[2] X. Artru, A. Bressan, lecture at Tmisidme cycle dk la physique en Sutise Romande, 
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[4] see for instance M. Boglione, P.J. Mulders, Phys. Rev. D60 (1999) 054007 and rcfs. 

therein 
[5] X. Artru, J. Csyiewski, H. Yabuki, 2. Phys. CT3 (i997) 527 
[6] M. Anselmino, M. Bogliorie, F. Murgia, Phys. Rev.: D60 (1999) 054027 
[7] M. Boglione and E. Leader, Phys. Rev. D61 (2000)’ 61. 
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Numerical calculations 

a FUKEN-BNGColumbia-KEK QCDSP, 

o 150-200 gauge configurations, using a heat-bath algorithm, 

o fl= 6.0, 163 x 32 x 16, MS = 1.8, 

o source at t = 5, sink at 21, current insertions in between. 

2, = l/GFti is well-behaved, 

mtquskfn¶s9 7imo Sk8 

o the value O-764(6) at mf = 0.02 agrees well with 2, = O-7555(3) corn 

- 6% “““d(t)@7sq(0)) = Z,(A~d(t)~7~q(0)) (FUXK heplat/OOO7033), 

o linear fit gives 2, = 0.760(7) at rnf = 0. 

G,,/G,: averaged in 10 5 t 5 16, 

m:quarkmass 

l linear extrapolation yields O-63(14) at rnf = 0. 
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l Au/G, = O-50(14) and Ad/G, = -0.15(7) by linear extrapolation to rnf = 0. 
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m:quartimass 

l liu/Gy = 0.40(12) and Sd/Gv = -0.08(5) by linear extrapolation to rnf = 0, 

0 a preliminary value for 2,/Z, is l-l(l) 5. 

sA forthcoming FLBCK paper. 335 



summary: 
l Relevant three-point functions are well behaved in DWF, 

l 2, = 2, is well satisfied, 0.760(7) and 0.7555(3), 

l linear extrapolation to mf = G gives 

- GA/G, = O-63(14), 

- Aq/GV = O-37(17), 

: (Sq/G,)Mh = 0.32(14), with a preliminary 2, N l-1(1)2,, in progress. 

l Further study required to check systematic errors arising from 

- fmite lattice volume, 

- excited states (small separation between t,,,, and &,k), 

- quench@ (zero modes, absent pion cloud, .-.), 

especially in the lighter quark mass region. 
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A.V. Belitsky 

The last few years have witncsscd au esscutial progress in the theory of skorc~ctl partuu dis- 

tributions (SI’Ds). The latter cuter as fuuclions describing soft scale physics in factorizable pro- 

cesses such as clceply virtual Compton scdhring eN + e’N’7, diffrnctive pduction of hntlrous 

eN --i e’N’H etc. An SPD is n kind of trinity object which uuifies the concept of parton tlcnsit.ies, 

distribution amplitudes ~iid form factors in One function. It possesses a rich structure nucl cnrries 

a wealth of infonnatiou ou Ii&on constiducnts. SPDs acquire the delinition in terms of 5 Fourier 

a transform of light-ray quark (glubn) operntors sandwichad between hadrouic stnfps with uucqual 

momeuta, e.g. 

(I;l~(-xn)7,~(Xn)lP,) = J_‘, dzc-‘i*(“+‘Q” 

x 
c 

H(N,~),~‘)O(P~)~~U(~) t E(N,~~,A~)~(P~)~U(P~)), (1) 

w whnre we have perforu~etl a tleconq~osition into iutlependcnt Dirac structures (for the proton) 

2 which cncodc the inforrunl.iou about the spiu cont,ent of the twget. As we note, contrary to the 

conventional pnrton distributions, SPDs tlepentl on top of l~~lron nxnnentuu~ hclion r also on 

A lot, of insights has l~ew gniucd ht.0 pcrt~urbative propertics of SPDs. The evolutions cqun- 

tions hva hen constructed d rcnormnlizatiou group kernels lxwc bccu cnlculatecl iu two-loop 

npprosin~nt,ion. The uumcriwl mngnilude of these effects is motlrratc. Ou the other hucl, radix- 

tivc ~orrcctions to DVCS ;uupliludo modify lending order predictions signilhutlp. 

:.. C..^b nn..*.,.“;*““+i,w 
*.z :: I...,” L ‘,,,,. “‘....... . ..I... 

T ,111 c 
. . . . . ..( thn ~l~rt~nr~~nrlllr:tio~~ cross s&ion will cleneucl iu gcncral on four . ..” _._. ~.. ..-. 

unknown SI’Ds II, E, 17 amI B. 

For eN -t e’N’7 the DVCS nnq~lituclc will iuterfcre with the Beth-Hcitlcr process. Thcroforc, 

apart from IDVCS(2 term we will Iuwe IBH(2 aud BH’ . DVCS + BI-1. WCS’. Provided BH would 

bu absent, it will be extremely tlillicult (or even uut possible) to extract any inform:~tion on SPDs 

she, first, the cross section woukl have depentlcncc: ou SPD’ awl, second, one cnuuot iuvcrt in 

practice the convolution of an SI’D with n. pcrturbntive coefficient function. The presence of BH 

provides a urtique opportunity to access SPDs directly. The (BHI 2 is not a prooblcm since it can 

be rcn~ovccl by forrniug appropriate asymmetries w.r.t. lcpton charge or/ad lepton and hadron 

polorizntions. The interference term is a linear funct,iou of SPDs rnultil~licd by (known) Dirac nncl 

Pauli form factors which gnramclrizc I311 nmplitude. Various spin wymmctries mensure imaginary 

part of DVCS amplitude awl thus, at lending order in QCD coupling constaut, SPDs directly for 

the kinematical situation when momenlum fraction eqzds skewcdncss H(T), 7). The londiug twist 

asymmetries arc dominated by co8 &/ siu (h nzinuithal angle depcnclcnce, see e.g. [l]. Once twist- 

the cffect.s are switched on, one gcuerates cos(Z$)/sin(Z$) structures [Z]. The gluon hclicity 

flip effects arc isolntcd lay genuine ~0434) and sin(3b) depcnclencc which arise for Ilou-polarized 

and Iongitutlinnlly polnrized proton settings, respectively 13). Numcricnl estimates of shglc spin 

asymmetries shv nu agreement with thr: recent results from HERbIES [A]. This is a first step of 

a long way one lens to go bcforc one cau get the cxperimcntnl constraints on the skcwcd parton 

distribution for different pnrton helicity componcuts. For this purpose, alI possible as~mmctrics 

he to be cmployctl as thy arc scusitivc to various comhinnt,ions of SPDs. WC expect more 

detailed informntion from the DVCS mecwuwuent at Jcffcrsou nrcclcrator facility soou 151. 
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. . 

Fiyre 2: Distribution from Fig. 1 evolved with LO formulae up to Q2 = 1OOGeV’. 
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Model for SPD 

For numerical estimate we choose an &ersimplified factorized form of 

distribution: 

Here 

0(X, E, A’, Ct.“) = F(&(X, E, ~2’“). 

l F(A2) is an elastic parton form f&tor 

l q(X, E, e2) is a non-fonvard function 

The non-forward function for QUARKS is modeled as follows 

with forward quark parton density q(d). 

Dipole-type elastic form factor is assumed in estimates 

The kinematics of the reaction 

in the laboratry frame, i.e. the rest frame of the target 

Azimuthal angle 
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Phase space 

dM = ,$$(l f +)+.dsdydlA21d& 

Off-forward functions 

O((, A2) = /‘-1 dX 1 _ .$ _ i. F (X + -Xl} Oi(X 5, A”), 

with 0; being a given quark (of charge Qi) skewed parton distribution 

, 
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A.& K&C, k&anx:er,%k~~ 

Asymmetries (for A&,/A2 << 1): 

1. Polarized lepton beam and unpolarizkd target: 

2. Unpolarized lepton beam and long&dinally polarized target: 

AS&CT s do+ - dq = 16(2 - 2~ + Y’)- sin(4 
GyzM r 

) 

&(FI+Fz)XI+FA+& 

3. Unpolarized lepton beam and transversally polarized target: (4, = 
(0, r)): 

16(2-Z.yty*) 

4. Charge asymmetry in unpolarized experiment: 

Charge, single (lepton) spin, single longitudinal 

and transverse proton spin asymmetries 

Azimuthal averagi;ng 
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HERMES kinematics: E = 27.5GeV. As a starting point we cho-ose 

Q2 = 6 GeV2 and the range of z = 0.1 - 0.4 and t-&&e1 momentum 

transfer -A2 = 0.1 - 0.5 GeV2. 

‘--::-.‘~~~i 

~~l~~i 

0.15 0.2 0.25 0.3 z z 

Figure 1: Perturhativc leading order results for tbc charge asymmetry for an unpolarized beam 

(a), single spin asymmetries for a polarized positron beam (b) and unpoltized t31g~t; ~Cll 

.S for an unpolarized lcpton beam and a longitudinally (c) (transversally (d)) polarized Proton 
target vcfsus z. for o_Z = 6 GeV’. The predictions for the model specified in the text are shown 

x=, solid (dotted) curves for A2 = -O.l(OS) GcV’, respectively. The same madcl howvcr \Ctll 

neglected spin-flip contributions arc presented as darhcd (dash-dotted) 

A=. 
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< lpB\ > < l&l > six d+ (da/@) 
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Probing odd chirality at RAMPEXl 

Yuri Arestov 

Institute for High Energy Physics 
142264 Pmkt0, MXC~SCOW Region, Russia 

RAMPEY is a one-spin experiment on polarized target at, the 71%GeV/c proton 
accelerator in Protvino. The detector was designed to have two arms. The first arm 
incorporates magnet, proportional chambers, two cerenkov counters, ECALI and 
HCAL. Now this arm is being tested at the accelerator runs twice a year. -4ndther 
arm was planned to be a fine-granulated ECALZ. It will be constructed later. 

So the existing detectors with the planned second ECAL allow to study one-spin 
asymmetry in the reaction 

p+py+7i*+7r”+x, : 
/ 

which is relevant to the twist-2 chiral-odd quark distribution function hi(z). Two 
detected pions are produced in the back-to-back CMS kinematics at large trans\rerse 
momenta. 

The simulation of the process was made with PYTHIA in lthe chosen kinematic 
region: 1.5 < WI, p~2 < 2.5 Gel//c under the selection rules that correspond to 
the RAhIPEX triggering, acceptance and detection efficiencv.s 

Fig. 1 shows the integiated Iiminosity / tdt = 10 event&b and the correspond- 
ing number of the filtered events (-2000). 

The pr properties of the filtered events are presented on Fig. 2(a,b,c). The 
errorbars of the asymmetry Ah) are plotted in Fig. 2d in red. green and blue for 
the assumed measured asymmetry values 0.05, 0.10 and 0.201 respectively. 

As is seen from Fig. 2d: the reasonable measurements of .-l(a) can be made 
during the 4-month beam exposition, only if the asymmetry value at pr = 1.5~2.5 
GeV/c is equal at least 20%. 

I) Talk given at the Workshop ‘Future Transversity Measurer&d’, BNL, Sept. I& 
20, 2000. 
‘1 look at http://rampes.ihep.su/ 
31 S. Akimenko et al. Proposnl of cspcrimcnt RAi\IPES, Preprint IHEP WjS, 1997 

Lymi 
L.=:,5*4*@3~ &p spill‘l.~:,” ;. 

spill = (9+1) s’ ,s ‘, ; 

Run time: 2 mo@hs : .. 
+ 2 months 

CT= 220 pb 

JLdt = 10 ev/pb 

Statistics 
N 

filtered = 2.2*103 events 

r 

Fig. 1. Luminosity md expected statistics 
a pr 1.5 -2.5 Gevjc. 

RAMPEX: T&ACC*EWi e+F?r - hlhz +x 

0 1 ” 3 + 0 1 2 3 + 

4, GeVlc p-p Gev.k 
FIR. 2. kinematics ‘and asynxnetry errorbars (see test). 
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4 Experimental setup 

Th fYn remion of the erperimentd setup includes tua - (fig. 7). One arm consist., of 
the magnet rpcctmmcter, two &mnkov coanta h. ti 6 identify charged pzxtidcs, III 
&ctromagnetic calorimeter EC1 and a hadron calorimeter HC. The magnet apcdrometcr 
c~ndsts of the magnet M and five proportiond cbambcrs PC&PCs. In fig. 7 tbis,am 

I - 

Pnc. 7: Lsyout of experimentd setup RAMPEX: PCl-PCS - blocks of proportionJl 
cbsmbcrs, M - mlysing magnet, Hl, H2 - trigger hddorcoper, tl, t2 - threshold 
&renkov countsn, ECI, EC2 - electromgnctic wlorimeters;HC - h&on calorimeter. 

maker an angle of 9” with the beam line corresponding to SO” in mr. This arm will bc 
ah rotated to i s~~rdlc~cr an& close to 0” to detect particlcr with large DF and to a 
larger a& to detect par&s with negative IF. Numerical estimations of acceptances 
and &ciences show that the angle values near 80 and 300 mrad arc optimal for these 
lUClS”~~lTl~LltS. 

The second arm of the setup consists onI; of the tkgmnulatcd electromagnetic 
calorimeter EC2 which ir placed symmetrically to the beam lint &d makes angle -9” 
or rmdcr. 

4.1 Beam. / 

Existing cqupmcnt OC the 14th channel allow use of a kGeV/c r- beam with the 1.8% 
K- and 0.3% f conrsr~inntion (BRU75j and the 70 GeV/c unpolarized proton bcsm 
extracted directly from the acccicrstor with a bent Si crystal [ASE93]. WC ~~sumc the 
pion/proton beam in:cnsity or 5.10’ in a l-second spill with n S-second intcrvaJ between 
spiiis. The size oi the pion beam is charactcriscd by the nlues A. = ig mm, A. = f6 mm 
with 5~2.5 mrad and =!.5 mrad angular diuergenccs, horizontal and vertical respectively. 
The momentum uncertainty of the pion beam is defined by 6p/p = 9.5% [BRU75]. 

The tra.nscerae .izc oI the proton beam is smnUei by, a factor 01 2, and the sngular 
divergence is smalkr than 50.3 mrad (ASE93!. : 

351 



and the~ststistical irs.cnuaciec of AN. 

Inclusive xD production. Neotrsl pions are detected with the clcctromagnetic 
c&b,,etefS EC1 and EC2. For angles b&men the beam line and main spectrometer 
arm of 
.a0 mrJd (position 1) and 157 mad (position Z), the r” d&dim cffidcnq rcrches 40% 

cr(o(lO?O)j = 0.5 mb c(A) = 3.2 mb. ,!.V~) = n ! .A 

352 



Pnc. 9: Calculated properties of the &rFnkov counters 

4.4 Charged particle identification. 

Particle types for in, X, p and F are determined with the help of two threshold multi- 
channel &renkov counters tl and t2 which arc plscc~ dawnstrcsm of the magnetic 
spectrometer. The counter cl has 8 chu~nels (4 x 2) and it is Sllcd with freon-12 at I 
ah. The 16.channel counter t2 (8 x 2) ir filled with the rdtrogcn also at 1 atm. Th< 
counters we dcsigncd to allow detection of multiple charged signals. Combinationa of two 
counters can identify rL with momenta 3.1 t 20 GeV/ci and K’ and p’ from IO to 20 
GcV/c. 

The aperture and the length of cl arc 1.2x 0.9 mz and I.5 m. The same characteristics 
for C2 arc I.5 x 0.68 n,’ and 3.0 m. 

The counter mirrors arc spherical, made of glass with 2 mm thick. The mirrors iz 
counters cl and c2 hzvve sizer 30x50 cm’ and 25x50 c,’ respectively. The mirrors are 
covered with n rcflccting layer to obtain mtimum light r&e&x. in the region of the 
P?.lT s.nsitivity. At the focus of each mirror a photo-muitipivcr tube PMT-174, 

Fig. 21. Differential distributions of the z+n’ pair production in the brick-to-back kinmstin. 

8. Status of equipment 

The experimental setup is being constructed BS B rather imiversal and flexible one for 
fixed-target experiments. It allows reosonablc detection of charged and neutral particles 
and. if necenary, strong change of kinematic region of measurements. Two a-ms provide 
various pcsibilitics to mcawre produced particles in the c&ite cn~ hemispheres. 

8.1. Acceptance 
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J 

Put. 4: Model predictions for onc.spin symmetry A,,: a- pr-depcndcncc of r*,x* 
a.vmmctries at 70 GcV/c in :he U-matrix model including the qgorbibi motion [TROSS]; 
b- zp-dcpcndcncc of the zt asymmetry at 200 GcV,lc in the fame model, diffcrcnt curves 
corrcrpand to different mode! psranctcrs; c- pion asymmctrics d 200 GeVfc in the Berlin 
model with orbiting valence quarks [BORSSI; d- asymmctrics of K’ and K+xson~ in 
tbc madcl with quark spin fip in colored ha&on rcmnsnt [ARE91]. 

One csn WE two leading particle. with momenta p, and p2 to dcfinc‘both the quark 
axis and the azimuthal ang!c. This leadr to the corrc!ations of type 

+* x P.) 
IpI*p11’ 
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RAMPEX: TRIG’ACC*EFFi 

o*7;~~ 

0.5 Ii 
spill = (9+1) s 

0.25 Run time: 2 months 
+ 2 months I 

-0.25 o= 220 pb 

-0.5 hdt = 50 ev/pb 

L 
-o’75F Statistics 

Nfilte ed = 1.1*104 ev 

0 
II I,,, ,,,,I, ,,,I 0,) ,],, 
0.5 1 1.5 "'2'2.5 

I 
3 3.5 4 

RAMPEX: TRIG*ACC*EFFl wpt+h,%+X 
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Future Transversity Measurements with HERMES 

V. A. KorotkovaIb, W.-D. Nowak” 

a DESY Zeuthen, D-15735 Zeuthen, Germany 
b IHEP, RU-142284 Protvino, Russia 

Physics prospects for the study of the quark transversity distributions &J(X) with HERMES 
using a transversely polarized proton/deuteron target ‘are presented. To evaluate the level of 
expected statistical accuracy statistics of 7.0 M reconstructed DIS events was assumed. This 
statistics can be accumulated by HERMES in two yearsof running starting 2001+. The electron 
bea,m and target polarizations were assumed to be PB k 50% and PT = 75%, respectively. 
Three methods to extract the 6q(z) distributions were’investigated under reasonable input as- 
sumptions on the transversity distributions and corresponding polarized fragmentation functions. 
Twist-3 pion production in SIDIS of longitudinally polarized leptons on transversely polarized 
protons shows a quite sizeable asymmetry sensitive to the transversity distribution. Two other 
methods rely on polarimetry for the scattered transversely polarized quark: i) observation of the 
Collins angle dependence in quark fragmentation and iii) observation of a correlation between 
the transverse spin of the target nucleon and the normal to the two-meson plane. The size 
of the asymmetry in the study of two-meson correlations depends on the unknown interference 
fragmentation function. Using the upper bound of this fragmentation function produces an asym- 
metry which can be measured at HERMES with sufficient statistical accuracy. The polarized 
fragmentation function responsible for the Collins effect, am”), was taken to be compatible 
with results of first measurements by HERMES and DELPHI which showed that it can be quite 
sizeable. A measurement of the Collins effect asymmetry as a function of two variables, 5 and 
z, allows under the assumption of u-quark dominance in the r+ production to reconstruct the 
shape for both unknown functions; 6u(z) and H:(l) (z),: while the relative normalization cannot 
be fixed without a further assumption. For non-relativistic quarks &J(X) = Aq(z). Therefore, 
an ,assumption that 6%(z) coincides with Au(x) at small values of Q2 was made. A study of the 
evolution of these two functions with Q2 in LO showed that differences between them are very 
small up to rather large values of Q2 in the region of intermediate and large values of 2. Hence 
the assumption bu(ze) = Ah at ~0 = 0.25 was made to resolve the normalization ambiguity. 
A study of the Collins effect asymmetry in this context allows to conclude that the HERMES 
experiment is capable to measure simultaneously and with good statistical precision the u-quark 
transversity distribution 6u(z) and of the polarized fragmentation function H:@)(z). 
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Future Transversity Measurements 

I 
I 
- 

Transversity Distribution 
with HERMES 

V. Korotkov, W.-D. Nowak 

Workshop “Future Transversity Measurements” 

BNL, September 20, 2000 

Three twist-2 quark distributions: 

- quark number density distribution q(m, Q*) 

- quark helicity distribution .&I(:I.:. (J/j 

- quark transversity distribution 6q(:c, Q2) 

l Transversity 

l Methods to measure 

l HERMES Experiment 

g a Twist-3 Pion Production 

l Two-Meson Correlations 

l Collins Effect 

- Normalization Ambiguity 

- Polarized fragmentation function 

- Single Target-Spin Asymmetry 

- Projections for Statistical Accuracy 

0 Summary 

For non-relativistic quarks: Sq(.z:) = Aq(:~:). 

No trnr r:;vczrsily rJi:~tril~utiot~ ior ~~luc~n:;. ==+ o‘q(:c, Q2) does not mix 

with gluons under QCD evolution. 

QCD-evolution of &[(a:: Q”) is well established theoretically. 

Example for LO evolution of proton structure functions 

gJ.(:c:> (,) ‘j :-: ;>,.:, (~~/‘I~/,(:~:. Q”j and /I,~(:c> Q2) = iY’[ c!F&qi(;c, Q2) 



I 

The &‘Q(J:, 8”) is a chiral-odd distribution and as such it decouples 
from all hard processes that involve only one quark distribution 
(or fragmentation) function. 

i) Twist-3 pion production in SIDIS (Jafle, Ji, 93) 

ii) Measurement of the transverse polarization of A’s in the current 
fragmentatiOtI region (Baldracchini,82 Jaffo,SG) 

K w iii) Observation of the Collins effect in quark fragmentation through 
the measurement of pion single target-spin asymmetries 
(Collins,93, Kotzinian, 95, Mulders et aL96). -_ _~ _ __ 

iv) Measurement of correlation between the transverse spin vector 
of the target nucleon and the normal to the two-meson plane 
(Jaffo et al.,97) 

v) Measurement of spin-l hadron production in SIDIS 
(Bacchetta, Mulders) 

Methods ii) - v) rely on POLARIMETRY of the scattered transversely 
polarized quark and require a transversely polarized target only. 

1 The HERMES Spectrometer 

l Polarized positrons of energy 27.5 GeV in the HERA storage ring, 
PD.= 0,55fO.O2 . _. .- -. .~ _. 

l Polarized internal hydrogen gas target, l+ = 0.86 f 0.04 

l Forward spectrometer, 0.04 < 8 co.22 rad. 

a Particle ID: RICH (Threshold cerenkov), TRD, Preshower, 
Lead Glass Calorimeter. 

a Track reconstruction: tip/P = 0.7 + 1.3%, 68 50.6 mrad. 



epl’(di’) -+ e’nX, E = 27.5 GeV, I+ = 0.75, pB = 0.5 

Zp”’ -+ e’nX (Jaffe, Ji 1993) 

Statistics expected for 2002+: 7 . lo6 reconstructed DlS events 

Q2 > 1 GeV2, W > 2 GeV, 0.02 < z < 0.7, y < 0.85. 

From I Il’Xfvii 1:; Filollic! (::~lir program: pion distributions, acceptance. 

Cuts for the kinematic variables of the pion: 

XF > o., z > 0.1, PjL~ > 0.05 GeV . 

To simulate AT, the approximation &l(n:)= Am was used 

(relatively low Q2-values at HERMES) 

Q2 = 2.5 GeV* (average value for the HERMES) 

GS LO parameterization for &T(X) 

GRV94LO parameterization for q(x) 

d4Acrh 

dxdydzdqi 
= & COS 4 w/F[G&(x, .z) - GF(x, .z)(l - ;)] 

&z) -the usual twist-2 FF 

i,$(: j - unknown chiral-odd twist-3 FF 

&q(z) -contribution of quark 4 into pi(x) = gl(x) + g*(x). 

A simple relation between i,( ;,I and C(Z) has been obtained 

in the chiral quark model (Ji, Zhu 1993) 

where m q M f1I4 is the constituent quark mass, 



We use the asymmetry Ah(x, y, z) = &A’L(z, y, z, 4). 

A particular simple case is for rr+ + X- asymmetry: 

p++7r- - _ gT(x) + ~/Ll(X)/$c-) - (1 - y/2)g1(2) 

Fl (x> 

where ;,(L> = $8 was taken to be l/3 ( Ji, Zhu 1993). 

tzO.06 a) X.( ‘X,,, 
0.05 

“..,, '.., '...., 
0.04 

"X.,, 
N,. 

X..,, 
0.03 "....,, Y..,, -...,,, 
0.02 --.....,, 

0.01 _ + . + ^ * + -.. * .I + -t. 
"'-h . . . . . t ,,,,,,, 

+ ,, ,-- "'....,,,,, 
0 . . . . . . . . ..,..,.... ..,........, ..i , .I.j~.......,.,......_...... I .:':" 2: 

-0.01 I 

10-l X 0.5 

0.08 
‘... _ 

7 ‘... - 
‘... - 

10-l X 0.5 

Dashed curves - &I(N) = 0, dotted curves -saturation of the Soffer’s inequality. 

-. . . _. . 
(Two-Meson 

. ., . .., 
Correlation with Transverse Spin’ 1 

The interference effect between the s- and p-waves of the two-meson 

system allows the quark’s polarization information to be carried through 

i+ x ic’- . 2~. (Jaffc et al., 1998) 

For eNi -+ e’n+n-X 

7.r dql - y> ..dlT = -- 
4 1+ Cl- YY 

cos 4 sin 60 sin 61 sin (SO - 61) 

C, e~Sq,J.( x) c$i(’ ( ., ,j 
n e,2qa(x) [sin* 6 + sin* &G+)] 

(!I/; ( :.) -.unknown~chiral-odd interference quark FF_ _... - 

6~1 = &,I (vL*) - strong interaction ~~ phase shifts 

COST = i+ x z- . s~/Iz+ x z.-ll,!?~j -analog of the 

Collins angle defined by the K+K- system 

40 and & - spin-average FF for the g and p resonances. 



The interference FF !‘I;!. has an upper bound . 

for each flavor. 

It could be measured in efe- --+ (n-!-n-X) (~-f-~-x) 

Nothing has been published yet. 

The final state phase generated by the s-p interference is crucial to 

the method. If the data are not kept differential in enough kinematic 

variables, the effect will almost certainly average to zero. 

5 In particular the two-meson in- z-o.4 

variant mass, nz, must be kept 
ko.3 
,go2 

differential. The interference go, 

averages to about zero when z o t 

integrating over the mass of the -0.1 

two-pion system due to a factor 
-0.2 

-0.3 

sin(S0 - 61). -0.4 

-0.5 

-OJ3 0.5 
L 

0.6 0.7 0.6 0.9 1 - 

For the proton target the asymmetry takes the form: 

dAIT = -E &(l - y) 
41+(1-Y)* 

cosfj sinSosin61sin(&-61) x 

(SUM! - gid,,(:c) ,i i/ ; (,; ) 
(U(X) + U(X)) + i(d(x) + J(X)) ’ sin2S&c(z) + sin2SlGl(z) ’ 

A maximally possible asymmetry with JI!,~ = 4GoG1/3. 

The maximal asymmetry does not depend on z 

?-r da.1 -y> AC.p-&+7-,-,~ = __ 
m.uz 

4 1+ (I- !/I2 
cosq5 -$ sin (SO - SI) 



r 

go.1 - 
2 _ 
E - 

Ia - 
O- 

-0.1 - 

9 . . . , . 
+ 

1 o M,,=0.78-0.97 GeV 

10 -’ X 1 

The projected accuracies are the best what could be measured 

at HERMES. A real level of the accuracy depends on the size 

of the interference FF &if: ( C) and of the two-pion FF’s Go,1 (2). 

1 Measurement of fid’d via the Collins effect h 

Weighted asymmetry [Mulders, Tangermann 96, Kotzinian, Mulders 971 

AT(‘Z: y 
%I ,z 

) ~ J W J ~*P,,.I !$ SW42 + 4;‘) @at - doL) 

j- dq!9 j- d*& (do? + daJ) 

D lLn = (1 - y)/( 1 - y + y*/2) - transverse spin transfer coefficient. 
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u-quark Dominance in TI- + Production I 

In a first analysis th- m G assumption of u-quark dominance in 
the 7r-r’ production is quite reasonable: 

70+90% of nt originate from the fragmentation of struck 
u-quark for a proton target (only slightly smaller for 
a deuteron target); 

Sum rule for T-odd 11 ;r!]rr\ontatiotr iutrciiorrs [SchGfer, Teryaev, 991 
-+ contributions from non-leading parton fragmention is expected 
to be severely suppressed: 

iii) 

2 

Assume 

Then 

where fD = 1 - $$.I& WD = 0.05 

The factorized form with respect to x and z allows the simultaneous 
reconstruction of the SHAPE for both SZL(~:) and /I: ” ‘(,: )i!i, (Y), 
while the relative normalization cannot be fixed without a further 
assumption. 

Use the expectation that tScl(~:) coincides with &(:c) at small Q* 

-0.3 I 

IO-* 
1 

10 -' 
X 

1 

The differences are expected to be smallest for intermediate and 
large CC. Hence the assumption 

at 20 = 0.25 was made to resolve the normalization ambiguity. 



Polarized Fragment. Function .H-f(l)‘l(~) 1 

Experimental indications that I I ji ( ’ “‘( .;) is I IOYI- XIX: 
i) azimuthal correlations between particles from opposite jets in 

2 decay at DELPHI [A.Efremov et al., 991 
ii) a single target-spin asymmetry measured at HERMES 

[PRL 84,4047 (ZOOO)] 

Analyzing power in transversely polarized quark fragmentation 
(Collins guess): 

IvIe N 0.3 f 1.0 GeV 

Gaussian parameterization for the quark transverse momentum 

2 dependence in the unpolarized fragmentation function 

R’ 
D;(z, z*k,2) = D;(z) - 

7rz* 
exp(-R*k$), 

leads to ’ 

R2 = 2*/b* 

To improve the separation of the struck quark fragm. region, 
an additional cut I/v* > 10 GeV* was introduced. 

The simulated data were divided into 5x5 bins in (x, z). 
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The experimental data consist of 25 measured values, 
as opposed to 9 unknown function values: 

4 values for S~r(n;~) [Gu(:c~) + &cl(~)] and 
5valuesfor I/“““(,.,;j/l,~i:,j 

In the following Mc = 0.7 GeV and b* = 0.25 GeV* 
Consistent with the HERMES and DELPHI measurements. 

The standard procedure of x2 minimization was applied 
to reconstruct the values for both &(:t:) [b’?.~(:(:~) + &i(:r,)J 
and ,, j’ : ’ !,; ( :. j/ Iji: (.: ) and to evaluate their projected statistical 
accuracies. 



(Projetions for Statistical Accu~b 

Projections for &IL(X) and II ai (” jti (;;)iOy(:) (PROTON target) 
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l There are many methods proposed to measure 

the transversity. All of them suffer from a necessity 

to reconstruct two unknown functions simultaneously. 

l I-IERMl~:-; can make a statistically rather precise iir:;t 

I’~~!~I~-:(~I’(-!~YIF:I II of Jr/,(x) and of the polarized fragmentation 

function lI ,’ c1 Ii! (x) with a transversely polarized proton 

target in 2002+ based on a study of the Collins effect 

e A study of the twist-3 pion production may offer another 

measurement of the /?,I (x) if the twist-3 fragmentation 

function I:(. > is quite sizeable 

o In addition the HERMES has a capability to access the 

transversity distribution via measurements of the two-meson 

correlations and transverse polarization of A’s 

0 we need IIc)W fli(Jfl ~iJlilii~lW;if.\~ f)cjf;Ili;.c?d 1 ‘< iqJt!lilfil’:1’1\:; 

to measure the transversity distributions with an accuracy 

comparable to what we have now for the helicity distributions. 
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Transversity with COMPASS at CERN 
/ 

Alffisadro B~zLv~, on b&If of the COMPASS Collaboration 

Institut fiir Kemphysik, Universit%t Mainz, D-55099 Mainz 

e-maii: a.bravjrQcern.ch 

While traowerse spin cRccts hove been studied in hodronic interactions since seversI decades 
(for a recent rcvicw see [I]), investigations with lcptonic probes hove stated very recently. 
The probability that a quark spin in a transversely pol,arized nucleon i- oriented parallel (or 
antiparallel) to the nucleon spin can, in pnncipie, be measured in DIS off a transversely polarized 
target. This twist-2 distribution function h,(z) is different from its longitudinal counterpart 
g,(z). among other thing because of the different role’of the polarized gluons which do not 
contribute to h,(z). 

However hi(z) cannot be mesued directly in inclusive DIS because of its odd chirolity 
nature. Alternatively, it can bc determined by analyzing the polarization of the struck; quark. 
since in the tragmentation process the leading h&on is expected to be polarized or to exhibit 
an azimuthal asymmetry related to the spin of the fragmentinK quark. One method to access 
hi(r) uses the (tritnsverse) spin dcpcndenf timuffiaf o.&melties of the leading hadrons around 
the virtual photon direction. The an&zinc oower of thii orocess is not vet known. hot it is 
probably la&c. 

-. 
/ 

A first proposal to study thcsc effects has been made by the HELP group at CERN [Z]. 
A broad apcrimeotal program to investigate trenwersd spin c&cts in DIS has been proposed 
recently by the COMPASS collaboration at CEPJI 131. COMPASS will complete the commis 
sioning of the apparatus next yew (2001). Data taking fill also start in year 2001. 

According to Collins 141. the fragmentation function for transversely poloriacd quarks @; is 
built up from two pieces. a spin-independent part D,“. ?nd a spin-depcndcnt part AD:: 

Di(z.$‘) = Di(z.p$ +AD~(z.$ .sin o, (1) 

Tbc angle 6,. known as ‘Colhm angle’, is the azimuthal angle bctwccn the outgoing badroo b,, 
nod thr final quark spin &r around the virtual photoa’momontmn. and at Icadiog trvb;t It 1s 
given by 

&=h -&=d,, i-ds-7; (2) 

rvbrrc clg is the initial quark spin <azimuthal angle. Note that mn $. is the spin component of 
the final qunrk normal to the production plane d&cd by thr virtual photon :nrl the out~omfi 
hxl~on. This is the only sin&-spin nsymmctry nllowcd by the .symm~tri~ consrrrrrl in st.mng 
intcrwtions. 

Tbr spin drpcndenrr ol the fragmentation function Icads ton spcc!fir aximnthnl dcpcndcnrc 
ior the outgoing leading hndron 

dn(c$<,) - const (1 i As Sl” 4,) d& 

The nnrplitudc A,y of tbr .v.imutbnl modulation 

As = H(z) Q(Z.pr) 

(31 

(4 I 

is proportional to hotb the transversity dbtribution. H(z) = 2t h!(z) / Fz(z). and tbc anol!l~ng 
power in the polarized quark fragmentation, ac, known aLo us quorl: polanmcler. At present, 
both quantities ore unknown, and expcriment$ly on: measurez their product A,+ Note that 
a. = u,(Q2.z,~.ctc.) dcpcnde strongly on the selcctcd hadron kinematics. oc is probd~ly 
large, in the order of 0.1 f 0.3 os suggEsted by the si.x of typical osymmetria in soft hadronic 
procascz and recent DIS m~as~rcmcnts (SMC, HERMES). In COMPASS dilferent methods 
will be tried to determine the quark polanmeler a,(z,pr). 

Experimentally, one accesses these clTects by selecting the leading (fastest) hadron produced 
in the event in DIS off a transversely polarized target, &d by studying its azimuthal dcpcndence 
with respect to the 4, angle. The tronsvcrse sin&&in asymmetry A,v is derived from the 
measured asymmetry in the yields of hadrons produced opposite in azimuth (en;): 

where PT and f arc the tarwt tmnswrse oolarization and dilution factor. respectively. DB.~ = _ 
2 (1 - y) / (1 + (1 - 1~)‘) Gthc transvere~ spin transfer coefficicot (or depolarization factor). 
In Y* + o t--t d Du* is lame at low v and decre&cs with increasing g. The low y rcglon . . 
corresponds nlso to the large G region. n:herhere quarh polarization is cxpccted to be higher. The 
largest effects appear for sin 9. = *r/2, therefore left-right asymmetry w.r.t. final quark spin. 

As illustrated in thz talk, the aymmetria which will be measured in COhlPASS are ex- 
pectcd to be many standard deviations from zero 131; even if the Callins an&zing powor should 
be much smoller than in the parametrization used. the measurement will still be significative. 
It will bring now insight into the nucleon spin structure. 

First results on the tr~~j~ersc spin depcndencc’ in semi-inclusive hadron production OR 
cransvcrsely polarized targets. pp f-’ u’ t r* + X, have been obtained hy the Spm Muon 
Callaborntion (61. SAlC finds AN = 0.11 rt 0.00 for li+‘q and AN = -0.02 + 0.06 for ?-‘S 
on the proton target at < I > - 0.0s and < Q? > - 5 GeV’. On deutsron, A,” is small for 
both I+‘S and %-‘s. The data indicate also that .4.v increases in magnitude with increxin: pr. 
Although the statistical prccisioo is limited. mainly ~rtlasc of thr large target dilution fxtor 
/, indicntions of tra.wvcrse spin cffccts arc obscrvcd in the data. with an almost 20 positive 
rlfcct Ior %‘2 pToduced on protoos. 
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Physiscs with Polarized 

l AGIG GLUON’POLARIZATION 
open charm (Do, D’+, . ..) 
hidden charm (J/Q, . ..) 
high pi h&one 

l Au”, Ad,, AQ, As FLAVOR bECOMPOSITION 91(z) 
semi - inclusive a*, K”, K* 

. AD;- POLARIZED FRAGMENTATION FUNCTIONS 
A, A polarization (Q > 0) 

l h&) TRANSVERSITY 
semi - inclusive R* with I pal. target (azimuthal dep.) 

l gl(x), g*(z) POLARIZED STRUCTURE FUNCTIONS 
inclusive (high statistics) 

. TARGET FRAGMENTATION REGION 
A polarization (3~ < 0) 

l EXCLUSIVE PROCESSES 
elastic vector mesons (pa, 4, J/Q) 
deep virtual compton scattering 

. *.. 

e z 

L 2 0.1 I> 0.3 
h h 
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Future Transversity Measurements with TESLA-N 

V. A. Korotkova~b, W.-D. ,Nowaka 

a DESY Zeuthen, D-15735 Zeuthen, Germany 
b IHEP, RU-142284 Protvino, Russia 

Physics prospects for the study of the quark transversity’ distributions @(XC) with TESLA-N us- 
ing a transversely polarized proton and deuteron targets are presented. The TESLA-N project 
exploits an idea to use one of planned e+e- collider TESLA arms to achieve collisions of lon- 
gitudinally polarized electrons with a solid state fixed target that may be either longitudinally 
or transversely polarized. Basic parameters of the TESLA-N project are electron beam energy 
250 GeV, integrated luminosity 100 fb-’ per year. As polarized targets NH3 (PT = 80%) and 
‘LiD (& = 30%) are considered. 
The measurement of the azimuthal asymmetries due to, the Collins effect in the production of 
positive and negative pions on proton and deuteron targets as a function of three variables 2, 

Q2> and z will allow the simultaneous reconstruction of the shapes of the unknown functions 
&(Ic., Q”) (u, d, ‘ZL, and 2) and H$l)(z)/D1(z) h w ere fl avour independence was assumed for the 
fraglmentation functions ratio. The relative normalization cannot be fixed without a further as- 
sumption. This ambiguity can be resolved by relating 64(z) to Am in the region of large values 
of 2 where the differences between two distributions are expected to be small. It is demonstrated 
that such approach allows to measure &J(x, Q2) at TESLA-N with statistical accuracies com- 
para,ble to existing measurements of the helicity distributions. The quark tensor charge can be 
measured with accuracies of about 0.01 for &(1GeV2) and 0.02 for bd(lGeV2). Simultaneously, 
it provides a good measurement of the polarized fragmentation function Hf”‘(z). 
In alddition, it is shown that TESLA-N has a good capability to access the transversity distribu- 
tion:; through a measurement of correlations between the transverse spin of the target nucleon 
and the normal to the two-meson plane. The projected statistical accuracy is quite encouraging 
if the interference fragmentation function is not too much suppressed w.r.t. its upper bound. 
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Future Transversity Measurements 
with TESLA-N 

V. Korotkov, W.-D. Nowak 

Workshop “Future Transversity Measurements” 

BNL, September 20,200O 

o TESLA-N ‘, 

o ~Q(R:, ct>*) Extraction via the Collins Effect 

% 
0 l Asymmetry in the Two-Pion Correlations 

0 Summary 

I TESLA-N I 

The TESLA-N idea: use one of the ?-c; collider TESLA arms 

to organize collisions of longitudinally polarized electrons with 

a solid state fixed target that may be either longitudinally or 

transversely polarized. 

Basic parameters: 

l Beam Energy 250 GeV 

l Luminosity 100 fb-l per year 

l Electron beam polarization 90% 

l Proton target: NH3, PT = 80%, f = 0.176 

l Deuteron target: ‘LiD, PT = 30%, f = 0.44 
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) Transversity analysis at TESLA-N 1 

- Collins Effect 

- Two-Pion Correlations 

To estimate the transversity distributions, the helicity distributions 

at low scale were taken as input (I-0 GRSV-00, ‘stand.‘) 

kl(x, 0.4&V*) = Aq(x, 0.4GeV2) 

Evoluted to higher Q* 

where 6g% = 5q IIZ 6?. In LO 

Hadron distributions: LEPTO + JETSET 

Event cuts: Q2 > lGeV*, W > 2GeV, 0.05 < y < 0.90 

Acceptance: 5 + 175 mrad 

Pion variables: XF > 0, z > 0.1, Pjll > 50MeV 



._-_..-.__ 
I-M ea! surement of &J(X) via the Collins effect 1 

Weighted Xynmetry [Mulders, Tangermann 96, Kotzinian, Mulders 971 

i - h plane 

Factorization w.r.t. 5 and Z: 

Dwn = (1 - y)/( 1 - y + y2/2) - transverse spin transfer coefficient. 

A~<x y, z) 
7 

c, e; Sq(:c) I/,’ (‘js yx) = 
c, e$ q(x) UT--‘“(z) - 

where 

PJyx,z) E 
e: q(x) D;I*“(z) 

6, ez q(x) @‘(z) 

Very simple factorized (in respect to x and Z) form for the AT. 

Sum rule for T-odd fragmentation functions (Schafer, Teryaev, 99) 

-+ contributions from non-leading parton fragmention 

is expected to be severely suppressed: 
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r TESLA-N L 

Measure the asymmetries at iV(z,&21 points in (z, Q2) and Measure the asymmetries at iV(z,&21 points in (z, Q2) and 
at IV, points in 2. at IV, points in 2. 

! (1) ! (1) 

A,“;‘“-(z, Q2, z) = .(;;(;c> Q2), “;;i A,“;‘“-(z, Q2, z) = .(;;(;c> Q2), “;;i (:), P;,;?r(z, Q2, z)) (:), P;,;?r(z, Q2, z)) 

Then we would have Then we would have 
4iV(z,Q2+Vz measurements, 4iV(z,Q2+Vz measurements, 
4N(,,Q2) unknown values of &(:I:, Q’) and 4N(,,Q2) unknown values of &(:I:, Q’) and 

.,: .,: 
IV, unknown values of ,,, IV, unknown values of ,,, l/i‘ (;) l/i‘ (;) 

3 3 
Two methods: Two methods: 

o overconstrained set of coupled equations which one may o overconstrained set of coupled equations which one may 
resolve with a minimization procedure. resolve with a minimization procedure. 

l define a parameter-dependent ansatz for every cSq(:r.:, Q$) l define a parameter-dependent ansatz for every cSq(:r.:, Q$) 
and use the LO evolution to fit the unknown parameters and and use the LO evolution to fit the unknown parameters and 
unknown values of unknown values of ‘:,,‘:‘j(,:) to measured asymmetries ‘:,,‘:‘j(,:) to measured asymmetries 
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r/ 1 0.873 0.010 
; -0.197 3.672 0.074 0.025 

Y 6.649 0.218 
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Y 0.0 
P 0.0 
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xZIDoF 1040/966 
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-0.316 0.024 
-0.581 0.264 
2.858 0.798 
-1.498 7.445 
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I-F \nmAlcw.mn f?nrmlatinn with Trancwarcca Snin , . II- . ..YVV.. WY. .V.\n..Y,. IV .I.. ..-..V.-.VV wp... , 

The interference effect between the s- and p-waves of the two-meson 

system allows the quarks polarization information to be carried through 

L+ x k . 31. (Jaffe et al., 1998) 

For eN.1 -+ e’n-+x-X 

-7i- dql -Y> .&T = -- 
4 1+ (1 - ?I>2 

cos 4 sin 60 sin 61 sin (60 - 61) 

(iii;’ ( ;,:) - unknown chiral-odd interference quark FF 
- ..- -. ~_.. -.~ ~.. - 

So,1 = So,l(m2) - strong interaction 7~ phase shifts 

cos+ = $+ x z- . ,!?J$+ x rc’-llgJ -analog of the 

Collins angle defined by the n+n- system 

Go and @I - spin-average FF for the 0 and p res0nance.s. 

The interference FF iiiji has an upper bound 

for each flavor. 

It could be measured in e+e- -+ (n-r-n-X) (n+n-X) 

Nothing has been published yet. 

The final state phase generated by the s-p interference is crucial to 

the method. If the data are not kept differential in enough kinematic 

variables, the effect will almost certainly average to zero. 

In particular the two-meson in- a”.4 

variant mass, m, must be kept $1 

differential. The- interference--- zo:, 

averages to about zero when z o 

integrating over the mass of the -0.1 

two-pion system due to a factor 
-0.2 

-0.3 

sin(& - 61). 
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Two-Pion Correlations at TESLA-N 

For a proton target: 

7r d(1 - y> 
v&T = -- 

4 1+ (I- y>2 
cos~$ sin60sinS1sin(S0-61) x 

A maximally possible asymmetry with &iii! = 46&l/3. 

The maximal asymmetry does not depend on z 

Ae))+dd%-,y 7r &(I -y> 
lnaz 

= -- 

41+ (1 -l/j2 
cos C#J -$ sin (do - &) 
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Two-Pion Correlations, NH3 Target. 
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l The TESLA-N project, due to its very high luminosity 
and large cm. energy, has a big potential to study the 

quark transversity distributions &;(:c, Q2). 

l Through the Collins effect in SIDIS 6q(a:, Q2) can be 

measured with statistical accuracies comparable to ex- 

isting measurements of the helicity distributions. The 

quark tensor charge can be measured with accuracies 

of about 0.01 for &( lGeV2) and 0.02 for Sd( lGcV2). 

Simultaneously, it may allow a good measurement of 

the polarized fragmentation function II,’ (“)‘!(J,). 

e In addition, the TESLA-N has a good capability to ac- 

cess the transversity distributions-through two-meson 

correlations. The projected statistical accuracy is quite 

encouraging if the interference fragmentation function 

is not too much suppressed w.r.t. its upper bound. 

o There are additional methods to study the transversity 

distributions which have not been investigated yet in 

framework of the TESLA-N project. 
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Do we understand the fragmentation process at HERMES ? 

A. Bruell, MIT, Cambridge, MA 02139, USA 

Semi-inclusive deep-inelastic scattering and the concept of flavour-tagging has become 
an important tool in the dotermination of diffcrcnt parton distributions. Howovor, to 
apply this technique, the fragmentation process has to be understood. Espcciaily at tho 
relatively low center-of-mass energy of the HERMES cxpcrimont (& N 7 GcV), two 
important questions have to bc addressed: 

. do the hard and thr soft processes factorisc ? 

l can one clearly separate the currant and the targot fragmentation region ? 

Two HERMES measurcmonts support the validity of the factorisation ansatz at HERMES: 

1. The measurement of the Ravour asymmetry in the light quark sea 
At HERMES the flavour asymmetry of the light quark sea has been detorminod 
from the ratio of the diffcrcncrs bctwecn charged pion yiolds for proton and neutron 
targets: 

r(z, z) = 
,t,,“- - j,W 

” 
N;+ - Q+ ’ 

where N = Q2/2Mv is the Bjorkon scaling variable and I = E”/v is the fraction 
of the virtual photon energy carried by the nion. Using the factorised ansatz for 
semi-inclusive deep-inelastic-scattering - 

one can derive tbc following expression: 

1 f 1.(N, 2) U(L) - d(x) + a(x) - ;i(:L.) 3 (1 -F DC-(*)/o:‘(z)) 
-= 
1 - r(zr, 2) (u(r) - ii(z)) (d(s) Z(z)) 5 (1 - LJ:- (z)/D:’ (z))? 

which factorisrs into two indepcndcnt functions of zr and z and tbus can bc mar- 
ranged to extract tbc ratio ($2:) -?i(.r))/(u(x) -d(x)). !?lot.ting the same quantity 
for fixed values of R’ as a function of 2 provitlcs a test of tho assumed form of 

factorisation. No z dcpcndonco is seen (xc Fig. l), strongly supporting the as- 
sumption of factorisation botwccn the hard scattering prows (dcpcnding 011 tllo 
parton distributions rli(x)) and the hntlronisation of the struck quarks (doscribcd by 
the fragmentation functions D;*(z)). It should bc notcd l~owcvcr that the statisti- 
cal precision of the data prcsontrd hcrc dots not. allow to CscludC a i: dCp~lltlCllCC 

of the order of lo-20%. 

Figure 1: 2 d~pmdrucr of (a(x) v(.c))/(u(:c) - d(:c)) as rllcastlrp(I I,Y HERMES 



2. Tbc moasurcmont of tbc pion multiplicity 
Tbo difforemial multipli&y, i.e. the number of pions produced in deep-inelastic 
scattering, normalisod to tbo total number of inclusive deep-inelastic wonts has boon 
dctcrmincd for both neutral and ckarged pions. As expected from isospin symmetry, 
the agroomcnt between neutral and charged pions is excellent, at least up z N 0.7 
wbero a possible contribution from exclusive channels might become important. In 
Fig. 2 the neutral pion multiplicity as measured at HERMES is compared to tbc 
previous EMC measurement as a function of t. As a significant Qo dcpendcnco of 

tbo fragmentation process is expected by perturbative QCD, the HERMES results 
have bocn cvolvod from the average measured Q2 of 2.5 GeVs to tbo average Q2 of 
tbc EMC experiment (Q* = 25 GoVs). The cxcollent agreement bctwecn tbo two 
experiments strongly supports tbc fact that the fragmentation process at HERMES 
is essentially the same as for tke EMC experiment at a much bigbor contcr-of-mass 

i l O . 
; 0 HERMES 

‘91 
t OEMC 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Z 

Figure 2: s dcl~~~l~~nc~ of neutral pion multiplicities moasucd by HERMES and EXIC 

Earlior oxporimcnts bavo roportod evidence for an additional .r or II’ drl~rndcnco of 
multiplicities nwasurotl in deep-inelastic scattering. Fig. 3 shows tbc cbnrgcd pion 
nndtiplicitios for HEKh~IES as a function of 5 for four diffcront bins in z togctbcr 
wit11 data on clmrgcd badron multil~licitios from EMC. All data Inwo been csolvrtl 
to (2” = 2.5 Go\“, tlw avorngo Q’ of tbc HERMES data. 

\ 

. 

T omo.25<z<o.31 
cm0.35<Z<0.4! 

AAO.45<z<O.6 

Figure 3: N dcpcndcnco of cbargotl pion (badron) multiplicities for fixed values of z 
as moasuod by HERMES (pions) and EMC (badrons) 

In this ligurc tbc following observations arc of intcrcst: 

l ’ The dill’erencc. in tbc absolute values of tbc multiplicities soon by HERMES 
and by EMC is rclntcd to tbo fact that tbo HERiLIES data are for pions wbilc 
tbo EMC data include all badcons. 

l Botli data sots sliow a significant :r dopcndcncc wbick gots stronger as z dc- 
crcascs. 

l Tbo slopes iu tbo data from botlr cxporimonts arc consistent oven tbougk tboy 
wore mcasurod at vary difforcnt kinematics. 

e As tbc moan Q’ prr bin for HERMES only varies bctwcon 2.1 and 2.13 GoVa, 
tbc obsorvcd :U dclnwtlcr~co is not gcncratrd by Q2 evolution. 

One possible cxplauation for tbc obsorvcd x drpcntlonccs might be NLO QCD corroc- 
tions to tbr simplr LO factorisation fnrm usctl in tkc analysis of both tlw HERh*IES 
and tbo EMC data. Anotlwr possibility is tbr difforcnco bctwccn nmltiplicitics and 
fragmentation functions: wbilc fragmentation functions are oxpectod to dcpentl on 
2 (and Q”) only, mult.iplicitirs might bccomc :G dcpcndont bccauso of tbc prcscncc 
of tbc strange sca quarks. 



The question if one cm clearly scpamtc the current and the target fragmcntatiou 
region is hcst dcmoustratcd by a plot of I’. Mulders (Pig. 4). 

KINEMATICS (W = 6 GeV) 

c”rrent:~~,,r=1*12+1~~(~) 
target:q,,,=-lllz+lll(~) 

W= 5GeV ’ 
- 0.001 

bi w 
I 1 I I 

-4 -2 %M 2 4 

Figure 4: Scparntion of current and target fragmentation 

The currrut ami tlm target fragmcntatiou rcgiou arc rcasounbly scparatctl if the 
rapidity dilfcrcuctl is larger than about. 4. l?obr pious iu the HERMES kincruntics 
this corrcspouds to the rcquircmcnt of a uhiruurn 8 value of about 0.2-0.3. As 
all HERXIES nualyscs of srmi-inclusiuc cvcnts used for the rxtractiou of parton 
distributions lmvr imposrd a miuimum z value of 0.2, coutrilmtiolis from the target 
fragmentation rrgiou arc cxpcctcd to lx wry small. 
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Some remarks about fragmentation functions at low Q2 

Marco Stratmann 
Inst. for Theor. Physics, Univ. of Regensburg, D-93040 Regensbefg, Germany 

A measurement of transversity densities in processes other than ‘Drell-Yan’ dr pp --f jets usually 
involves the knowledge of some set of (&r&odd) fragmentation functions which are unmeasured 
as well. Therefore a global QCD analysis of various processes measured at d,ifferent experiments 
and energies is mandatory to pin down transversity, including its flavor structure, in the future. 

To make such an analysis reliable and theoretically sound, one of the key issues which has to 
be addressed first is to check whether the QCD framework for fra,mentation functions can accom- 
modate available unpolarized data for single inclusive charged hadron (mainly pion) production 
at iixed target energies. This is important since a major part of upcoming;measurements with 
transversely polarized targets will be done at comparatively low fixed target energies (HERMES, 
COMPASS) where all sorts of problems like large NLO QCD corrections or l&ge higher twist ef- 
fects may occur. Unless such a relatively ‘simple’ process as semi-inclusive DIS can be described 
and theoretically understood within (perturbative) QCD, a reliable extraction of, e.g., chiral odd 
fragmentation funct.ions in the future from much more involved measurements/ seems to be elusive. 

As a benchmark one can take the available charged hadron (pion) data from EMC. (Q’) = 
25GeV’. and HERMES, (4’) = 2.5GeV’. It should be mentioned that both sets of available LO 
and NLO parametrizations of fragmentation functions, (1): S. Kretzer, Ph$s. Rev. D62 (2000) 
054001, (2): B. Kniehl et al.. Nucl. Phys. B582 (2000) 514, are obtained from hts to high precision 
e+c- data at the Z-pole from CERN LEP-I and SLAC SLD. These sets then successfully describe 
also eic- data from PEP, PETRI. and TRISTAN at. much lower energies. Howe&, available scarce 
low Q* SIDIS data were not considered so far because they are much less pre$se than e+e- data. 
It should be also recalled that in the usual QCD framework the scale dependence of fragmentation 
functions DH(z, Q’) is governed by evolution equations in a similar fashion as for parton densities 
and that the produced hadron H is treated as a massless particle in the sank way as target mass 
corrections are usually neglected in DIS. 

.I 
When applying the available sets of fragmentation functions in a calculatmn of SIDIS produc- 

tion of x I ?i+ fin- at (Q’) zz 2.5 GeV’ the following observations can be &de 

l NLO effects are sizable and. more importantly, manifest themselves in;a breaking of the so 
called ‘z - z‘ factorization. a feature which is also visible experimentally, e.g., in the HEWES 

1 dN”C:) data. In LO (and by assuming that 0,: = 0) one expects that the mdltiplicity Go 
is independent of z and can be directly related to 0; = 9. In l’iLc) this simple picture 
is messed up by 0(a,) coefiicient functions which are non-trivial functions of 2 and z and 
hence ‘relate’ parton dcnsitics f(z) and fragmentation functions D(z):. Unfortunately the 
agreement between NLO QCD and HERMES data is not too good since the observed ‘slopes’ 
w.r.t. 3: are much more pronounced than predicted by NLO &CD. However, one of the lessons 
to be learned from t.llir esrrrisc is that a LO analysis seems to be r&sufficient at low Q*, 
which. of course, considerably complicates the extraction of fra,;mentation functions from 
SIDIS datn. Similarly. polnrizrd fragmcntntion functions should bc better extracted in a full 
‘unfolding proccdurc’ using NLO cross sections rather than with the’help of an auxiliary 
‘purit.y‘ function based on .r - z factorization. i.e.. hf/f(z) x AD/D(:) x A?,/C-. 

l Both sets of fragrncnt,at.iou functions introduced above have the rather odd feature that they 
predict sizable kaon and proton fragmcnt.ation functions at (Q*) N 215 GeV?. presumably 

because mass effects are not taken into account. This casts scnne doubt dn the applicability 
of the concept of fragmentation functions at low Q2. On the other hand, Future SIDIS data, 
for instance from HERMES, may be useful in a more global analysis of fragmentation functions 
which not only considers e+e- data. In this context it should be noted that in SIDIS other 
flavor combinations of fragmentation functions are probed than in e+8- and hence such 
data contain new vital information which may help to come up with q better theoretical 
understanding of fragmentation processes. 

1 
. Effects of the non-vanishing mass of the produced hadron may play a,non-negligible role 

at small QZ or, more precisely, small Wz. For pions, however, even at (Q’) z 2.5GeV’ 
mass effects should be still small, which is certainly not true anymore for heavier hadrons. 
One prominent example where mass effects have to be taken into account to achieve a better 
agreement with data is A production in SIDIS. Finite mars effects can appmtimately be taken 

into account by introducing a function p = Jm which leads to a tescaling’ 
of z. 

In addition, low Q? SIDIS data may contain a considerable contribution frbm higher twists 1~ 
an example one should keep in mind that all current sets of parton distribution functions fai! to 
describe, e.g., the NMC Fz data below Q” values of about 2 - 4GeV*] which ;an help to explain 
the residual slope w.r.t. z in the data mentioned above. In any case much more work is needed to 
obtain a better theoretical understanding of the available data even in the unpolarized case. Also 
mass effects have to be considered in more detail and more systematically in the future. Upcoming, 
more precise SIDIS data, e.g., from HERMES, may help to shed some light on th? poorly understood 
fragmentation process. A global analysis of SIDIS and e + - e data is perhaps a good idea for the 

hture since SIDIS probes combinations of fragmentation functions which are not accessible in 
e+e- and, hopefully, this leads to a better description of experimental results even at low values of 
Q*. However it may turn out that the usual QCD framework for frapentation functions cannot 
be applied at all in the low Q2 region. 
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Comments on the Sivers vs Collins Mechanisms 

Elliot Leader 
Birckbeck College I 

In the Sivers mechanism[l] a transversely polarized nucleon (momentum P and conriant spin 
vector ST) produces a quark of momentum zP + kl and the numb& density of these quarks 
f($;z,IZl) is supposed to depend upon ST via a term like ST. (P x hl). 

The Collins me&anism[?] looks remarkably similar. A transversely polarized quark (momentum 
p and covariant spin vector ST) fragments into a hadron H with mbmentum zp + KL. The 
fragmentation function D(sT; z, BI is supposed to depend upon ST vi! a term like ST -(p x KI). 

Although, diagramatically, these prowesses look almost identical, the expressions for the number 
density and the fragmentation function are quite different in terms o’f matrix elements of field 
operators. Schematically: I 

but 

If Ip. ST > is a free nucleon entering the hard interaction then time-&versa1 invariance forbids 
any dependence of I upon the transverse 5’~. 

Time-reversal invariance does nol forbid D from rl~npnrlinrr nn Cm Tha Im., Ai.LTnrnnrn :c +I...+ I 

CiX><XJ=I 
alci 

commutes with the time reversal operator ? , but 

2 
H,X><H,X(iI 

/ 

for fixed kinematics of H. and does not commute with ? if there is an interaction between H 
and X. 

Thus the Sivers mechanism is really forbidden by time-reversal invariance, unless the incoming 
nucleon is not free. How could that be ? Well, in DIS with a proton, t .he proton and electron 
certainly interact electrically long before the hard scattering takes place. gut this is a negligible 
O(a,,) effect, so it is totally ignored. 

In Drell-Yan reactions there could be multi-gluon strong interactions bet&en the colliding nu- 
cleans before the hard scattering. But if this were an important effect’ it would i ,e hard to 

understand why factorization works. Thus we do not believe the Sivers mechanism is responsi- 
ble for single transverse spin asymmetries. 

That is the theoretical picture. But the question should be studied exp;erimentally! A series 
of tests for the various mechanisms is given in [3] and [4]. In particulx ., in fully inclusive DIS. 

with a transversely polarized target, there should not be any single spin asymmetry, aside from 
effects of order O(cr,,). 
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Towards a global transversity analysis 

FWEN-BNL Research Center 
Brookhaven National Laboratory 
Upton, New York 11973. U.S.A. 

In order to measure the transversity function 69(z) for both u and d quarks separately, one nmst 
overcome the problem that in experiments one dways accesxs a Iit& combination with coefli- 
cients that are also unknown. These coefficients are either dependent on antiquark transwrsity 
functions (expected to he small) or on certain types of fragmentation functions, which are still 
to he determined. The question I am going to address here is: +suming that one has three 
types of experiments, namely hadron-hadron collisions (e.g. RHIC), semi-inclusive DIS (e.g. 
HERMBS, COMPASS) and electron-positron annihilation (e.g. LEP), which obsenahles can 
actually be obtained in the near future such that the transversity functions can be disentnn- 
gled? For simplicity I sill neglect s quark contributions in nucleoris and pions, since sea quark 
transvenities are expected to he small. 

Interference fragmentation functions 

The first possibility is offered hy the so-called interference fragmentation functions &jr(;). These 
are expected to ho cxtmctnblc from the process e+ e- -i (x+x-) (z’n-) X, where the pion 
pairs are in opposite jets. 

In order to make use of the interference fragmentation functions. one has to make some 
assumptions on its flavor dependence. I will discuss two sccnario’s,and a third one will be easy 
to construct, but leads to similar results as the first scenario. The first scenario is that one 
assunws that the fragmentation of u + a+ K- X oqunls the probability of d + x+ ii- S, which 
is a reasonable assumption for the unpolarized fragmentation functious and may be espcctcd to 
hold also for the interfcrencc fragmentation functions. III this scellam one thus equates S@(z) 
and 6&z) and one can obtain the lincar combination: 

0, = a, 6$(z) &$(:‘), ! (1) 

which n~cans: one observable, two unknowns. I 
In the second sccnario WP make out mom assumption. Our first obscrws that charge 

ronjugation equates u --i i;+n-S with n i ii-r+ S. For tht; intrrfcrcneo frnSmcntation 
functions, the sign of the pion charges am irrclcvont, a long x pnc sign is fixed to define a 
prcfcrred direction (to dcfinc the sign of the cross-product obsrrrablc). Switching the H+ and 
z- position rere~~cs this direction. which results in a sign rhau”r in the obscrrxblc. Taking 
into account the switching of the position is possible. since one knows that whenewr them is 
a quark on one side. thcrc will bc au antiquark on the other side. This cffcctivcly leads to 
6$(z) = -&$(z) (a similar ml&ion dots not hold for thr unpolari%ed irngmentntion functions) 
and then one could obtain: 

0; = “; 6$‘(z) &$(,‘). : 12) 

with only one unknown function. Note that the prime is used to indicate a different scenario, 
not a diKerent experimental observable. Also, it should be &ted that it is assumed here 
that the unpolarized Z+Z- fragmentation functions are determined from for instance c+ e- + 
(r+r-) X, since these functions enter in the denominator of the’asymmetries. 

A third possibility is that one assumes only &j;(z) = -6#(z),,but not &j;(z) = S&z), then 
one can only obtain: 

0; = cz: 6$(z) 6$(i) + b;’ 6$‘(z) 6$‘(z’), (3) 

which again means: one observable, two unknown. This case AlI have similar conclusions as 
the first scenario, so we will not investigate this use explicitly. 

From the process pp7 --t (n‘ T-) X one obtains in the first s&nario 

02 cf (m h”(z) 6iw + b2 V(z) 6#(:)) , (4) 

which is convoluted with the unpolarized quark or gluon distribution functions, which arc 
known. Also, one knows that the partonic subprocess is purely hoverned by pQCD, such that 
CJ = I+ In the second scenario one obtains 

0; cc (m W(z) -a, 6s%l) 6$(z). (5) 

From the process epf + (1~+ n-1 X one obtains similar combinations of functions 

0~ 3: (ax 6q”(z) 6$(r) + b, 64%) 6&), (6) 
and 

0; c( (a, 6q”(z) -b, 6qd(z)) W(z), 

but since this is partly QED, WC know that oJ = 4b,. 

Ii) 

The three obscrvables 0,,0z,03 contain 4 unknowns (6q”(+Sqd(z),6rj;(z),6#(z)), thus 
ant needs some additional input which is not easy to obtain as will become clear later. But the 
three obscrv;lblcs O;.O;,O; contain exactly 3 unknowos (6q”(z).6qd(z).6$;(;)) and therefore‘ 
allow for the extraction of 6q”(z) and 64*(z) separately from e’ e- + (n+ z-) (vr+ x-) S. 
pp’ i (ii+ ii-) .Y and cp’ --t (ii+ x-)X. So if the interferenw fragmentation functions were 
obtained from existinz LEP data. then other rxocriments like RHIC. HERMES or CO1lPASS. 
would (apart from this one input) be able to e&act a partial+ linear combination of as”(z) 
nnd 6q”(z) (with known coefficients) from their data. 

So far I have discussed what arc the options in caze one dbcs not know anythmg about 
the functions as”(z) and 6qd(z) and just wants to extract them from experiment. In practice. 
one will assume a standard form for the dependence on the kinematic variables (the light cone 
mmmntmn fractions) .nld mnkc a fit to the data. In this c&e not the complete shape of 
the functions ncnls to bc obtained from experiment. but only a few parametes goveruing n 
plausible shape. So ic seems that by measuring difTcrcnt kincmaiical configurations oi the same 
ohservablc. one cau obtain the parameters for the shapes of the,uuknown functions. Howercr. 
in both pp. + (z+ r-) S and cp’ + (zr+ 7‘) X this again only works for a particular linear 
combination oTdq”(s) aud Sq”(z) ( assuming the interference fragmentation functions from LEP 
data arc know,). 
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That the LEP data and the future data from other experiments are obtained at different 
energies is not a problem. The encrw dependcncc of the functions does not form an obstacle, 
since the cvoluti& of the transve& and interference fragmentation functions arc all known. 
The latter is equal to that of the tansversity /mgmentalion function &j(z), which is clear from 
the identical operator structure of these two matrix elements. Moreover. nt least in LO pQCD 
the evolution of &j(z) can be eJsily related to the wolution of Sq(r) itself (Gribov-Lipatov 
reciprocity relation). 

On the other hand, unlike unpolarized and longitudinally polarized DIS, where the evolution 
of structure functions yields additional information, namely on the iunoolarized and polarized) 
gluon densitics, the k&m evolution of the tmnsversity anbinterf~rencdfr=~cntation functions 
oKcrs no such advantage. Since there is no mixing with a gluon density under evolution, the 
obeervables 0, evolve purely multiplicatively. But even in the case that there was an additive 
piece due to mixing with a gluon density, evolution would allow only to dilferentiate between 
such a gluon density and again a particular Iinear combination of the tmnsvcrsity functions. 

Hence, neither measuring diKerent kinematical configurations at fixed energy nor ve~$ng 
the energy scale itself, provide additional tools to disentiuglc the transvcrsity functions for the 11 
ond d quark separately. Combining results obtained by different experiments is thus a necessity. 

Collins effect frqmentation functions 

In analogy to the atraction of the transvenity functions by using the interference fragmen- 
tation functions. one might consider the use of the so-called Collins fracmcntation functions. 
The obsemzbles are vcv;imilar, namely e+ e- -t n+r;-X (where the pi& belong to opposite 
jets). pp: i T* ,I’ end ep: -a 6 S. This might look like a sampler option: one expects better 
statistics and also, x+ and rr- yield different information. However. the theoretical francwork 
is mwh less clcen. One needs to Start the analysis of the Collins aswunotries from a diKerent 
factorization theorem than for interference fr;tgmentation function asymmetries. In the former 
the description in terms of parton light cone momentum fractions is not sufficient (one is nor 
only dcnling with partons that arc collinear to the hadrons from which they cmege or to those 
which they gcncrnte in lhc fragmentation promu). The ingrcdicnts to cvolvo the obscrvablcs 
unvlring thr, Collins functions have not been inveetigatcd fully yet. Fur instancr, one hns to 
deal with iswcs like Sudakor supprcumn (see my contribution at this workshop). Thcsc issum 
need to be cluificd Iurthrr. bcforc rcliablc connections bctarcu dilicrcnt obscrvablrr caaair~ing 
the Collins functions can bc made. 

Other options 

O;,O;, 04, which requires LEP and CHIC data only. Rates will be high. but the magnitude of 
the aqrmnetry itself turns out to be very small (set Werner Vogelsang’s contribution at this 
workshop). 

Some other observables like transversely polarized A production in ppf --t A’X and e+ e- + 
A’Tit X. have the problem that they introduce yet other unknown functions (64.66) and s quark 
contributions can not he neglected. 

If one would use different target or final state hadmns, in order to obtain a flavor decompo- 
sition, one dso introduces new unknown functions, hut in some cases one could argue in f&or 
of an additional symmetry (isaspin invariance) to relate different hadrons. But often one would 
like to test such a syn&t& (e.g. in the casebf hyperons) rather than just impose it. 

Finally, a remark about an important property of c&al odd functions, like the transversity 
distribution and fragmentation functions, the Collins and the interference fragmentation func- 
tions. Chiral odd functions do not couple to charged currenb, hence neutrino processes can 
not be used to extract different flavor combinations. Thii is another limiting factor. 

Conclusion 

In conclusion. a flavor decomposition of transuersity functions will be difficult to measure, but 
not impossible. In my opinion, the most plausible scenario appears to be the f&Wing. Extrac- 
tion of the interference fragmentation functions from existing LEP data Using this input, other 
experiments can obtain linear combinations of 6q”(z) and 6$(z). These linear combinations 
can then be combined to extract the transversity functions for the u and d quark separately. 
Once the formalism concerning the Collins fragmentation functions has been established firmI? 
(beyond tree level, that is), then this certainly also offers useful altemativcs. All in all, by 
combining theoretical and experimental efforts to measure the transversity functions, one can 
be hopeful that in the not too distant future the complete spin state of the proton will finally 
be mapped out. 
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Technical Data Sheets 

for Related Experiments 

COMPASS BRAHMS, HERMES PHENIX, PHOBOS, 

RAMPEX, STAR, :TESLA-N 

Experiment 
Location 
Web Page 
Run Schedule 
Contact for Transversity 

Polarization States 
Beam Polarization 
Kinematics 
Expected Luminosity 

Acceptance: 
Central Arm 
Forward Arm 
Momentum Resolution: 
(forward arm only) 

(Central arm) 
Vertex Resolution 
Particle Identification 

BRAHMS? polarized pp 
RHIC - :2O’clock area, BNL 
http://www.rhic.bnl.gov/BRAHMS 
Transverse polarization in 2001/02 
Flemming Videbaek (videbaek@bnl.gov) 
Gerry Bunce ( bunce@bnl.gov) 
transverse polarization effects 
P beam =10.7 
50 GeV I< fi < 500 GeV 
J Ldt =1320 pb-l/year at fi = 200 GeV 
J Ldt = !800 pb-i/year at & = 500 GeV 

0 < q C11.5, A!2 = 5msr 
1.5 < 7 < 4.0, AR = 0.8msr 

Ap/p =!l% at 1 - -25 GeV, 
Ap/p =‘2% at 50GeV, 
Aplp =‘l% up to 4 GeV 
AZ z l.Ocm 
7r - K separation to z 18 GeV 
K - p separation to = 30 GeV 



Experiment 
Location 
Web Page 
Run Schedule 
Contact for Transversity 
Polarization States 

Kinematics 

Expected Luminosity 
Acceptance 

Particle Id 

Momentum Resolution 
Vertex Resolution 
Comments 

Experiment 
Location 
Web Page 
Run Schedule 
Contact for Transversity 
Polarization States 
Beam Polarization 
Target 
Kinematics 
Expected Luminosity 
Acceptance 

Particle Id 

Invariant Mass Res. 
Momentum Resolution 
Angular Resolution 
Vertex Resolution 

COMPASS (NA58) p o arized 1 mu - p deep inelastic scattering 
CERN, Geneva, CH 
http://wwwcompass.cern.ch 
First physics run with longitudinal polarization in 2001 
Anna Martin, anna.martin@cern.ch 
Longitudinal beam (mu) polarization 
Longitudinal and transverse target (p) polarization 
100 - 200 GeV beam 

XBj, Q2 similar to SMC 
J Ldt = 2 fb-i/year incl. efficiencies 
Full acceptance forward hemisphere (5~ > 0) 
charged particle reconstruction down to 1 GeV (and less) 
n/K separation from 3.5 GeV with RICH 
p identification (muon walls) 
Electron identification (electromagnetic ca1.s) 

Ax, fly < 1 mm, & = few mm 
About 20 % of time with transversely polarized target 
sharing with hadron beams 

HERMES, fixed-target polarized ep and ed; unpolarized eA 
Hamburg, DESY 
http://www-hermes.desy.de/ 
First Run with Transverse Polarization in 2001 
Wolf-Dieter.NowakZ&desy.de 
Single and double longitudinal and transverse asymmetries 
PB = 50 - 60% 
internal gas target, H, D, PT = 80% 
E, = 27.5 GeV 
J Ldi = 80pb-l/year 
IO,1 < 170 mrad horizontally (magnet bending plane) 
40 < (O,( < 140 mrad vertically 
e* (p > 1.5 GeV), n/ (E > 0.8 GeV) 
RICH: 5~ (0.5-16 GeV): K (2-16 GeV), p (2-20 GeV) 
TOF: r/K/p (p < 2 GeV) 
0 = 5.7 MeV for pion pairs in KS-mass region 
Ap/p = 0.7 + 1.3% 
,!M = 0.6 mrad 
At,,, = 1 mm, & = 1 cm 
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Experiment 
Location 
Web Page 
Run Schedule 

Contact for Transversity 
Polarization States 
PeiUll Polarization 
Kinematics 
Expected Luminosity 

Acceptance 

Particle Id 

Invariant. Mass Res. 
Momentum Resolution 
(central arm only) 

Vertex Resolution 
Comments 

Experiment 
Location 
Web Page 
Run Schedule 
Contact for Transversity 
Polarization States 
Beam Polarization 
Ki:nematics 
Expected Luminosity 

Acceptance 

Invariant Mass Res. 
Momentum Resolution 
(central arm only) 

Vertex Resolution 

?HENIX, polarized pp 
tHIC as polarized pp collider, BNL 
ittp://www.phenix.bnl.gov I 
?irst run with longitudinal polarization in 2001 
Exploratory run with transverse polarization in 2002(?) 
\iIatthias Grosse Perdekamp; matthias@bnl.gov 
jingle and double longitudinal and transverse asymmetries 
P beam = o-7 

jOGeV<&<500GeV I 
/ Ldt = 320 pb-l/year at & = 200 GeV 
J Ldt = 800 pb-‘/year at fi = 500 GeV 
Muon arms: 1.2 < 7 < 2.4, 6 < c$ < 360 
Central arms: -0.35 < 7 < 6.35, 33.75 < 141 < 123.75 
Muon arms: Muons with more than z 2.0 GeV 
Central arms: 
Electrons, photons (pi < 30/GeV), no (pT < 30 GeV) 
TT+‘-: (pT < 12 GeV) 1 
RMS=12 MeV for pairs in &mass region 
APT/P = 0.6% at 1 GeV, I 
APT/P = 1.8% at 10GeV ’ 
APT/P = 2.5% at 20GeV I 
Ax z Ay z 0.3 cm: AZ FZ 0.5 cm 
Muon arms are downstream of central magnet yoke, no 
useful acceptance for hadrons in the muon arms 

PHOBOS, polarized pp 
RHIC as polarized pp collider, BNL 
http://phobos-srv.chm.bnl.gov 
Transverse polarization in 2601 
Mark Baker (Mark.BakerQbnl.gov) 
transverse polarization effects 
P beam = 0-7 

50 GeV < ,/Z < 500 GeV 
/ Ldt = 320 pb-i/year at 4 = 200 GeV 
/ Ldt = 800pb-‘/year at fi = 500 GeV 
spectrometer: 0 < 7 < 1.5, 15 < 4 < 5 degrees 
znd -5 < ci, - r < 5 degrees! 
RMS=30MeV for pairs in @mass region 
ApIp = 1% at 1 GeV, 
!lp/p = 2.5% at 10 GeV 
!lp/p = 5% at 20 GeV 
!!,x=Ay= AZ z 0.05cm 
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Experiment 
Location 
Web Page 
Run Schedule 

Contact for Transversity 
Polarization States 
Kinematics 

Expected Luminosity 
Acceptance 
Particle Id 

Invariant Mass Res. 
Momentum Resolution 
Vertex Resolution 
Comments 

71: - corrected for the number of polarized protons in the target. 

Experiment 
Location 
Web Page 
Run Schedule 
Contact for Transversity 
Polarization States 
Energy & polarization 
Expected Luminosity 

Acceptance 

Particle Id 

Invariant. Mass Res. 
Momentum Resolution 

Vertex Resolution 

RAMPEX, pp~ at 70 GeV/c, polarized target 
IHEP: Protvino 
http://rampex.ihep.su/ 
First Run with +’ detection in March 2000; 
next run with 7r” - Fall 2000; first charge particle 
detection - March 2001. 
Yuri Arestov, arestov@rampex.ihep.su 
Single t.ransverse asymmetries 
1 < phi, pTz < 3.5 GeV/c in back-to-back 
kinematics 
S Cdt = 2500 nb-i/two months* 
Two arms corresponding to the production at 90’ in CMS 
Two Cerenkov counters; ECAL; HCAL (trigger) 
T* at p = 3 t 20 GeV/c; 
K’, pi at p=10+20GeV/c 
RMS=4.5 MeV for 4 meson 
Ap/p= 1.7. 10-3p + 2 . lO-3 
- 

currently the 2nd arm consists of ECAL only; 
1st arm is assembled of magnet spectrometer, 
five blocks of PC’, two G’s, ECAL and HCAL. 

STAR, polarized pp 
RHIC as polarized pp collider: BNL 
http://www.star.bnl.gov 
First run in 2001 
Akio Ogawa (akio@bnl.gov) 
Single and double longitudinal and transverse asymmetries 
50 < ,.h < 500 GeV: 70% 
J Ldt = 320 pb-i/year at ,/? = 200 GeV 
S Ldt = 800 pb-i/year at & = 500 GeV 
Charged particles -2.0 < 7 < 2.0, 0 < qi < 27r 
Electrons, photons -2.0 < 7 < 1.0, 0 < 4 < 27r 
Jets -1.3 < q < 0.3, 0 < &, < 27r 
EMC : electro/hadron, photon/r’ . 
dE/dx(TPC) r/K : p < 0.6, K/P : p < 1.2GeV 
dE/dx(TPC+SVT) T/K : p < 0.8, K/P : p < 1.5GeV 
TOF r/K : p < 1.3, K/P : p < 2.4GeV 
RICH n/K : p < 3: K/P : p < 5GeV 
RMS- 16 MeV at 2 < pt < 10 GeV and at loo mass 
Aprjp = 1.5% at 0.2 GeV 
APT/~ = 3.5% at 10 GeV 
Ax, y - lmm, AZ - km. 
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Experiment 
Location 
Web Page 
Run Schedule 
Contact for Transversity 
Polarization States 
Beam Polarization 
Target 

Kinematics 
Expected Luminosity 
Acceptance 
Particle Id 
Momentum Resolution 
Angular Resolution 

TESLA-N, fixed-target polarized ep and ed; unpolarized eA 
DESY: Hamburg j 
http://www.ifh.de/hermes/future/ 
First Run in 2010fl 
Wolf-Dieter.Nowak@desy.de 
Single and double longitudinal and transverse asymmetries 
PB = 90% : 
NHs, polarization & = 80%, dilution f = 0.176 
LiD, polarization & = 30%, dilution f = 0.44 
E, = 250 GeV, possibly also .30 . . .50 GeV 
J Ldt = 100 fb-i/year 
5 < 8 < 175 mrad : 
ECAL, TRD, RICB 
Aplp = 0.5% I 
M = 0.3 mrad ; 
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Some notation relevant to the workshop’s topics 

Classification of transverse momentum dependent quark distribution and frag- 
mentation functions for spin-0 and spin-l/2 hadrons by P.J. Mulders: 

DISTRIBUTIONS (T-even) 
chirality 

even odd 

twist 2 L 9lL hL 
T 9lT hl ‘;I:, 

twist 3 L I 
hL PI 

T !&” [$ !?+ hi- h+ 

DISTRIBUTIOKS (T-odd) 
chirality 

even odd 
U - h; 

twist 2 L - - 

Tfik - 

twist 3 “L - fi et 
T fT eT 

U: L, T denote the hadron polarization state 

-411 DFs depend on x and kT 
-411 FFs depend on z and k, 
Upon integration over k, only the functions 
in boldface remain, with a name change for: 

a(x) - -I- d2kT s&, k,) 

G(z) = Sd2k, GL(GT) 

Other commonly used notation (often with flavor and/or hadron labels) 

ATq(x) 

0," 

AD,“(z) 

[Sivers effect] 

[Collins effect] 
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Comments: we ignored twist 4 functions and gluon:DFs and FFs 
The above does not give the exact translation; there are often kinematic factors between 
two functions describing the same matrix elements 

The originally proposed names are often not commonly used. E.g. 
Ralston & Soper (NPB 15.2 (79) 109): hT for hl : 
13aldracchini et al. (Fortschritte der Physik 30 (81) 505): 6220 for hi 
Artru & Mekhfi (ZPC 45 (90) 669): Alq(z) for hl 

See also Bukhvostov et al.; Efremov & Teryaev for more notation 

Interference Fragmentation Functions:) 

A. Bianconi, S. Boffi, R. Jakob, &I. Radici, PRD 62 ($000) 034008: 

Interference Fragmentation Functions 
chirality U; L: T now denote the quark polarization state 

even odd All IFFs depend on ~1, ~2, k, and + 

U D1 
I - 

twist 2 L Gt 
Upon integration over k, Only the fUnCtiOnS 

- D\ and HP remain 
T - Hf HP 

Other commonly used notation 

!Spin-1 hadron DFs and FFs: 

See Bacchetta & Mulders, hep-ph/0007120; I 
For spin-l DFs: see also Hino gi Kumano: PRD 60 (99) 054018; 
I?or spin-l FFs, see also Ref. [2] 

IReferences / 

[l] R.L. Jaffe, X. Ji? PRL 71 (93) 2547 ’ 

[2] X. Ji,,PRD 49 (94) 114 

[3] See papers by -qnselmino, Boglione, Murgia et al. 

[4] J.C. Collins, NPB 396 (93) 161 

[5] R.L. Jaffe, X. J in: J. Tang, PRL 80 (98) 1166 
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Results on Azimuthal Asymmetries from DIS Experiments Wolf-Dieter Nowak 30min 

Investigation of Single Spin Asymmetries in SIDIS Karo Ogauessyan 30min 
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Future Transversity Measurements 

Tuesday September I9 

Morning Session (Room B, Berkner Hall) 

8:00-9:00 Breakfast (Room A, Berkner Hall) 

9:00-lo:45 Chair: Daniel Boer 

The role of h-1 in Azimuthal and Single Spin Asymmetry Elena Boglione 30min 

Elliot Leader 30min Transverse Single-Spin Asymmetries in Semi-Inclusive 
Hadron-Hadron Reactions 

Single Transverse Spin Asymmetries in Hadronic Reactions 
Francesco Murgia 30min 

11:15-12:45 Chair: Elliot Leader 

Transversity Measurements Using Spin One Hadrons 

Why Interference Fragmentation Functions? 

Calculation of T-odd Fragmentation Functions 
in Semi-Inclusive Processes 

Afternoon Session (Room B, Berkner Hall) 

14:15-16:OO Chair: Aram Kotzinian 

Production of Soft Pions in Hard Reactions 

Status of Fragmentation Function Analysis at DELPHI 

Collins Fragmentation Function from LEP Data? 

16:301-18:00 Chair: Wolf-Dieter Nowak 

Transversity at PHENIX 

Transversity at STAR 

Transverse Spin Program for PHOBOS and BRAHMS 

Transverse Spin at pp2pp 

19:30 Workshop Dinner at the Dockside in Port Jefferson 

Alessandro Bacchetta 20min 

Raiier Jakob 20min 

Marco Radici 20min 

Maxim Polyakov 

Oliver Passon 

Daniel Boer 

30min 

20min 

20min 

Matthias Grosse Perdekamp 2Omin 

Akio Ogawa 20min 

Saudro Bravar 20min 

Wlodek Guryn 20min 
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Future Transve:rsity Measurements 

I .-- .-.- _.. ---- .____.. _A. .-. . - . 

Wednesday September 20 
c _--_._ -._-.._--- 

Morning Session (Room B, Berkner Hall) 

__.__ -_ .-_-. 

__---.- 

13:00-9:00 Breakfast (Room A, Berkner Hall) 

!a:OO-lo:45 Chairz Larry Trueman 

Factorization in Hadron-Hadron Scattering 

Chiral Odd Quark Distributions and Structure Functions 
in the Chiral Soliton Model of the Nucleon 

Transversity Distributions in the Large-N-c limit 

George Sterman 

Leonard Gamberg 

Christian Weiss 

30min 

30min 

30min 

11:15 - 12:45 Chair: George Sterman 

A-NN in Elastic Proton Proton Scattering 

Tensor Charge and Electric Dipole Moment 

Tensor Charge from Lattice Calculations 

Transverse Spin Asymmetries in DVCS 

Larry Trueman 

Xavier Artru 

Tom Blum 

Andrei Belitsky 

20min 

20min 

20min 

20min 

Afternoon Session (Room B, Berkner Hall) 

l4:OO - 15:30 Chair: Yousef Makdisi 

RAMPED Probing Odd Chirality 

Future Transversity Measurements with HERMES 

Future Transversity Measurements at COMPASS 

Future Transversity Measurements with TESLA N 

;, 
Yuri Arestov 

Vladislav Korotkov 

Sandra Bravar 

Vladislav Korotkov 

16:OO - 17:00 Chair: Wolf-Dieter Nowak 

Discussion on Global Transversity Analysis 
(Daniel Boer, Abhay Deshpande, Matthias Grosse Eerdekamp, Werner Vogelsang) 

20min 

20min 

20min 

20min 

I ..----__ _.. .- --~--_ 
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For information please contact: For information please contact: 
/ / 

/ / 

Ms. Tammy Heinz Ms. Tammy Heinz or Ms. Pamela Esdosito or Ms. Pamela Esdosito 
RIKEN BNL Research Center RIKEN BNL Research Center 
Building 510A, Brookhaven National Laboratory Building 510A, Brookhaven National Laboratory 
Upton, NY 11973, USA Upton, NY 11973, USA 
Phone: (631)344-5864 Phone: (631)344-5864 (631) 344-3097 (631) 344-3097 
Fax: (631)344-2562 Fax: (631)344-2562 

i i 
(631) 344-4067 (631) 344-4067 

E-Mail: theinz@bnl.gov pesposit@bnl.goi;r . E-Mail: theinz@bnl.gov pesposit@bnl.goi;r . 
Homepage: http://quark.phy.bnl.gov/www/riken.html Homepage: http://quark.phy.bnl.gov/www/riken.html 

http://penguin.phy.bnl.gov/wqvw/riken.html http://penguin.phy.bnl.gov/wqvw/riken.html 
I I 



RKEN BME RESEARCH. CENTER 

ANSVERSIPY MEASURElblENT 
%EPTE~~BER I&20,2000 

Li Keran 

Speakers: 
Y Arestov 
T. Blum 
A. Bruell 
R.L. Jaffe 
S. Kumano 
W.-D. Nowak 
M.V. Polyakov 
N.R Samios 
W. Vogelsang 

Nuclei as heavy as bulls 
Through collision 

Generate new states of matter. 
T D. Lee 

X. Artru 
D. Boer 
.L. Gamberg 
R. Jakob 
E. Leader 
K. Oganessyan 
M. Radici 
G. Sterman 
C. Weiss 

A. Bacchetta 
M. Boglione 
M. Grosse Perdekamp 
Y. Koike 
PJ. Mulders 
A. Ogawa 
T. Roser 
M. Stratmann 
W.A. Zajc 

CopyrightQCCASTA 

A. Belitsky 
A. Bravar 
W. Guryn 
V. Korot kov 
F. Murgia 
0. Passon 
N. Saito 
T.L. Trueman 

Organizers: Daniel Boer & Matthias Grosse Perdekarnp 

Scientific Advisors: Robert 1. Gaffe, Piet Mulders, Wolf-Dieter Novak 


