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Preface to the Series

The RIKEN BNL Research Center (RBR:C) 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
RHIC 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
seven Fellows and nine post docs 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,
also be extended to experimental physics. In ‘addition, the Center has an active
workshop 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 proceedmgs which can therefore be
av aﬂable within a short time. ,

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.

' T.D. Lee
- September 29, 2000

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

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 community 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

Matthiafs Grosse Perdekamp






WELCOME
Nicholas P. Samios

I
P

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 lon 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. lts 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. | am impressed with this large turnout for this
workshop and | am looking forward to the ensuing interesting talks and
discussions.

September 2000






The first RHIC machine run*

T. Roser |
Collider-Accelerator Department, Brookhaven National Laboratory
Upton, N.Y. 11973, USA

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 Rels-
tivistic Heavy Jon Collider (RHIC)was officially c@mpleted 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 iprotons 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. Departrﬁent of Energy

f



The first RHIC machine run

FY2000 RHIC heavy ion run
RHIC polarized proton commissioning and plans

RHIC luminosity upgrade plans

pxﬁig"E“ Thomas Roser
uun'rﬁn 1 LABORATORY Transversity Workshop
- September 18-20, 2000

TR

Parameters and goals for RHIC RUN2000

o 60 bunches per ring v/

o 5x10% Awbunch v/

o Longijtudinal emittance: 0.3 eVs/nucleon/bunch v

o Transverse emittance at storage: 15 7t pm (norm, 95%) v/

o Initial storage energy: y= 70 [66 GeV/nucl.] v (This energy is below
the lowest quench of any DX magnet)

o Lattice at injection and acceleration: §*= 3 m @ 2, 4, 8, and 12 o’clock
B= 8 m @ 6 and 10 o’clock

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

e Luminosity: 2x10%° cm2 gt v

o Integrated luminosity: a few (ub)-1v

BWEH
NATIO L LABORATORY

TTR-2.



RF bunch merging in AGS

e 4 X 6 bunches injected from
Booster

e Debunch / rebunch into 4 bunches
at AGS injection

o Final longitudinal emittance:
0.3 eVs/nuc./bunch

o Achieved 4x10° Au ions in 4
bunches at AGS extraction on
8/4/00

BBWEN
NATIO L LABORATORY
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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.
= increased particle interaction (space charge)
= short, unstable bunches
000
Cross unstable transition o
energy with radial energy jump: =
PN H
‘ §™
g T
Transition energy AE=200 MeV % O ey
‘§ 125 . ,”(‘-u--—-a-.,.'\N
G 10m ‘: o .
Beam enM o ey
e
LY
0 L 250 500 7 1000 1250 1500

Tune 10 1amp (g)

NATIONAL LABORATORY

Ramp to first collision
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Collision rate [Hz]
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Parameters and goals for RHIC RUN2001

e Transition energy jump quadrupole power supplies installed
e 60 bunches per ring with 1x10° Auw/bunch
e Storage energy: Y= 107 [100 GeV/mucl.]
e All bipolar power suppliés installed:
» Lattice at injection and acceleration: $*= 10 m at all IR’s
« Lattice at storage and collision: ~ B'=2-10m atall IR’s
Luminosity goal: 2 x 10?6 cm? 57! (design luminosity)
o Availability: = 75 %
e Machine efficiency: = 50 %

9
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FY2000 commissioning plan

June-July 2000: (independent of RHIC operat
. ’:\ew pol. source (OPPIS) comymissionad and beam fransp. through linze:
$5% polarization measured ar 200 MeV polarimeter,
200 1A and 300 us beam puise (310" polarized protons )
August 2000: {during RHIC Au siores)
Acteierate singie bunch (10% pol. pr. / bunch) in Booster and AGS w©
G‘{ 46.3 {y=12554; v
« Commission coupled spin vesonance crossing using horizental rldipele.
September 2000: {dedicated RHIC operation}
» Inject 6 bunches {+ -+~ + —) intoc RHIC blue ring with snake off. v/
« Commission »C polarimeter and measure v e‘ncai polarizaton v
« Turn on snake and measure radial polarization v
« Accelerate and measure polarization
ERO

NAT :OML LABORATORY

First Siberian Snake in RHIC Tunnel

Siberian Sneke: 4 superconducting helical dipoles, 4Tesla,
2 m long with full 360° twist
= Acceleration of spin pcianzed protons beams in RHIC
= Beam studies in September 2000
' " Funded by RIKEN, Japan
4 ' Designed and construcied at B\L

4
H
H

EBRD

NATIONAL LABORATORY

Polarized proton collisions in RHIC

RMIC pC Polarimeters
/’\.& KN BRAFUS & POIPP I}
A,‘«--“""'"Wﬂm‘ww '~ s ; va Paiaripy
g B = 2X10% 5 e ™ :
0% Poledprion

s PHENTX 5 ‘\«J =50...500 Ge¥

Pastinl Siverizn Snake
LNAC BRRTTR
Pol. Protog Scugee
335 ;:A. 3G us

2040 MeV Polrimeier



Single Snake in RHIC (E < 100 GeV)

o \‘\ -40°

AtE=100.53 GeV: Gy=192=6x32
— all IP’s have same polarization
For snake axis at -52° — longitudinal polarization

/

-52° ~

For Ap/p = +0.001max. deviation from
long. polarization: \
32 xAp/p X360°=+12° [0.98] (STAR)

64 XAp/p x360°= £24° [0.91] (PHENIX)

Polarized proton status and plans

FY2000 run: :
o Single Siberian snake and pC polarimeter installed in blue ring
o New polarized proton source: ~ 10! pol. protons/pulse
e Goal: Accelerate polarized beam in blue ring-
FY2001 run: :
o All four Snakes and pC polarimeters installed in blue and yellow ring
o Goal: 100 GeVx100 GeV collision with Iong.i pol. at interaction regions
Accelerate polarized beam to 250 GeV |
FY2002 run: ‘
o All eight spin rotators installed
o Goal: 250 GeVx250 GeV collision with long.i pol. at STAR and PHENIX
¥Y2003 run: §
o Polarized hydrogen jet target for absolute polarimetry installed

——

I
t

Proton-Carbon CNI Polarimeter (AGS E950)

; NN Silicon detcctor

£9/05/03 1524
Recoil Carben, 100 ... 800 keV

T 5
Tm'get In . Polarized Proton Beam . —>
e § —_—
| y
Ultra-thin Casbon ribban Foruard proton

approx. 100 atemic layers thick

|
——

e 2-3% energy independent analyzing
power for small-angle elastic
scattering in the Coulomb-Nuclear

=3 0 7 e Interference (CNI) region
“TDC v ADC2, channal 4 N
DC distibuti e Slow recoil Carbon detected in
C distribution between bunch crossings

e Fiber target allows for polarization

ERO N profile measurement
NATIONAL LABORATORY
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Polarized Hydrogen Jet Target

« pC polarimater is used as fast relative polarization monitor
and was calibrated In AGS at 22 GeV o sbowt 135 %

« Poiarized hydrogen jet terget allows for absolute deam
polarization megsurament:

o Jorarget th&cmvss of 3x181 emx® aehicvable
{HERMES, PINTEX, NIKHEF)

« Jet polarization measurable to better than 3% using Stern-
Gerlach method

» Collaboration starred with Wisconsin, JUCF, and
Amsterdam

Bﬂﬁﬂiﬂﬁ;ﬂi Pol. H jet tzrget at Bates from NIKHEF

r:,\Tm,&.(:_ LAZORATORY

RHIC design luminosity

1 =¥ NN N
2 8,8
N, =60;N =1x10%;e=15.. .40z m; B = 2m
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Marbous taan slre. ¢, {ove!

fregatd bennas 4y ftom '}

{
23 ; — LA BRI £

e besernalid Sen

230 0 6} RS FRIRIAY

-
o S "33
w300 W S Fowrs!

ERO

NATIONAL LABORATORY

Luminosity upgrade possibilities

+ ‘Enhanced’ luminosity possible with existing machine:
= Increase number of bunches to ?20
= Decrease B from 2mto Im
o Further luminosity upgrades:
= Decrease B* further with modified oprics
= Increase bunch intensity
= Decrease beam emittance
« Last two (three) items are limited by intra-beam
scattering and require beam cooling a* full energy’
i2



Beam Cooling at RHIC Storage Energy

o Electron beam cooling of RHIC beams: -

» Bunched electron beam requirements (prelim.):
100 GeV gold beams: E= 54 MeV I= 3 A peak / 10 mA average
250 GeV pol. protons: E=135 MeV I=25 A peak / 86 mA average

» Requires high brightness, high power, energy recuperating
superconducting linac, almost identigal to Infra-Red Free Electron Laser at
TINAF ‘

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

» 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! ‘

BWN
NATIO L LABORATORY

| Summary

o Highly successful first RHIC heavy fion run completed
« Commissioning of polarized proton acceleration in RHIC ongoing

« Full design Au luminosity and collisions of polarized protons are
planned for FY 2001

 RHIC Au luminosity upgrade:
= with existing machine: x 4
= with full energy electron cooler: x 10 possible

t

BBMEN
NATIO 1. LABORATORY
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RHIC Experimental Review
i
W.A. Zajc |
Columbia University
Thanks to:
M. Baker, W. Busza, J. Harris, M. Lisa,
J. Nagle F.Videbaek, S. White
[18-Sep-00 _ W.A, Zajc |

N BROGKHEUEN
\ 14 NATIONAL LABORATOR
. J

PR Why is RHIC? 2

e To understand fundamental aspects of the

strong interaction: ; v
0 Where does the proton get its spin? / el

! eeatew
Logevemd 1Y

. -200 Mey 42,5

- Hadranic.

0 How does nuclear matter “melt”? (. far
i P e
" 3 5:52:')’!'/’,%
- 1 . Density ) -\(1.3'17.3;3 -10
e We have a theory of the strong interaction:
P 1 = 4V pa Y ‘
L=zy/D1//—ZFa” Fou—wMwy|
It works well except when the interaction is strong!
| 18-Sep-00 ' W.A. Zajc
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AN Connections |
e BROOKHEUVEN

NATIONAL LABURATORY

\,
~i’
e QCD is a fundamental theory valid in both the weak and the strong
coupling limit

o Both aspects are important at RHIC:

2 Initial state in ion-ion collisions determined by low-x gluons

0 Thermalization determined by interplay between

+ (Relatively) few hard gluons carrying most of the energy

+ “Bath” of numerous but very soft gluons
{Baier, Mueller, Schiff and Son)

a Final state multiplicities very sensitive to saturation in gluon
distributions .

e Subtle connections between
0 Chiral symmetry of QCD
0 Effective field theories of pion-nucleon interaction
a Spin structure of the nucleon
2 Chiral symmetry restoration in heavy ion collisions
» “To know the inside of the proton, you must know the
outside of the proton” (R. Mawhinney)

» “Deconfinement is chirality by other means”
{with apologies to Clauswitz)

L18-Sep-00 W.A. Zajc_|
7N, - - - 4
T Making Something from Nothing e —
e Explore non-perturbative “vacuum”
by melting it )
0 Temperature scale T ~ 7 /(1fm)~200MeV , e
» Particle production - G e e o
=» Our ‘perturbative’ region Lo
is filled with S
+ gluons Perturbative Vacuum
< quark-antiquark pairs T
» A Quark-Gluon Plasma (QGP) l L

o Experimental method:

Energetic collisions of heavy nuclei
e Experimental measurements: '
Use probes that are G . @

l

0 Auto-generated i
'. ' .
. ajc |

2 Sensitive to all time/length scales
ColorScreenmg .

118-Sep-00
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N Previous Attempts

; \
L) BROOKHEATEN
\\\_J:’/ ' RCAAED SR GECL ’F’ ~\':“!'
o First attempt at QGP formation ]
was successful (~101° years ago) :
! 4
e Since then: ‘ &
Much of physics has been devoted to | w[:
exploration of o -
_~ “Matter in unusual conditions” ‘ sl et ey The Early Universe,
\}é"\ , - Kolb and Turner
lo
I i) r
e e

«200 MeV "
Hadronle

¢ s
2 Matter
g
4 H
E Normal
= Nucleus
2

-5
¥
Denstty ~ (1808 .10

Ty A ; T 3%

3 R —— 5
e&re:z?nlﬁaazzézgsp:k’;/a/%
’ From Fermi notes on

Thermedynamics

| 18:Sep-00 Hoflfpn i toasnd ooty , W.A. Zajc
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(o) What’s Different from “Ordinary” Colliders?

ROGKHEUEN
Y4 NATIONAL LaBORATOR

e Obviously:

o Multiplicities

a (Cross sections)
e But also:

a Hermeticity requirements
0 Rates

a Low pT physics

a High pT physics

a Signals
[18-Sep-00 W.A. Zaic |
] - 8
D Hermeticity _
o EROOKHEVEN
\\J MATION AL LABORATOR

o A key factor in “most” collider detectors
2 Goal of essentially complete event reconstruction

a Discovery potential of missing momentum/energy now
well established

e In heavy ion physics
0 dN,/dy ~ 1000
= exclusive event reconstruction “unfeasible”
o But

+ Seeking to characterize a state of matter

« Large numbers #» statistical sampling of phase space a
valid approach

L18-Sep-00 W.A. Zaijc |
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BROOKHEAVEN

NATEONAL LABORATORY

\ j
\ \/

N

N Low p+ matters

e Secarch for a phase e Heavy ion physics takes
transition in hadronic matter place in phase space

o Characteristic scale :
Aqcp ~ 200 MeV a Coordinate space as important
as momentum space

a Flavor dynamics g Meésure via
rucial both to trapsition identi .
andtoi Oriatures

(aka HBT)

Astronemy: Difference in arval ime ———-

25
Low pT Particle 2 Ity osatianal
15

Identification (PID) is . _
crucial to QGP - -

1o sizo of colllslen

Physics A

0

1 8-360-00 Nuclear Physics: Ditterence in momemw Za"c

;
10
TN (PID) Acceptances
LA - BRODKHPAUEN
5 ) 7 AL S L ARNARATO]
~ FoBs| T
§ {angte) ) & (angle) B
180° T T T 7T 180° T T T T
web i | 12l s i~
60°F= - 60°[= —
ool - . ool e |
i 1 :
ol i oo} ]
120°}- - 120%}= =
. 1 ) | i (M N . S SO SR S SN NS N B
S B R~ Q) 1 2 3 - T R ) 1 N
Rapidity . Rapidity
Basil [ ==
¢ {angle) ~N biangte) { PHENIX Acceptance |
180° i
1 1 ] T 1 180° > T T T
120°= L = 12000+ e
] I, Muon g i
so°f- I = | eeelt ;
o~ — : Y Electron
. o +Photon
7
el n 0% 3
a20f ] azel ')',,w,‘
—y ] T . 177 Hadron R
2 e 1 2z 3 B e e !
18-Sep-00 Rapidity - Rapidity WA, %a|c |
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AN PID Overlaps

| BROOKHAVEN
N sketch of p/pbar acceptances (year 1)

ATIONAL LABORAIOR

5 Gc\";fc —
STARRICH |

1
i
-— 4 GeVic
pT : gg E 2}
{GeV/ie) : . )
! PHENIX
2.0

Not shpwn: "plus minus inus™ \ PHOBOS
1.5

10 /\/_\L BRAHMS

/ {(Jurdinosity Jumitec
STAR TPC dRi h{

e,

| 18-S¢p-00 rapldl . zajc |

12

TN Other Differences

BROGKHAUEN

NATIONAL LABORATOR

o Event characterization

Qa Impact parameter b
is well-defined in heavy ion collisions
o Event multiplicity predominantly
determined by collision geometry

o Characterize this by global measures of
multiplicity and/or transverse energy

o Models

a HEP has SM
= Reliable predictions of baseline
phenomena
2 HI has only Sub-SM’s...

+ Even the baseline physics at RHIC and
beyond is intrinsically unknown

18-Sep-00 W.A, Zajc
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N BRAHMS ;

~ BROOKHEUEN

NATIONAL LABOGRATORY

An experiment with an emphasis:
0 Quality PID:spectra over a broad range
of rapidity and py
Q Special emphasis:
Mid rapidity spectrometer + Where do the baryons go?

+ How is directed energy transferred to
the reaction products?

a Two magnétic dipole spectrometers in
“classic” fixed-target configuration

e

o

AY
Nt

100 cm

S |l H J
T D!
Hi D3 4 ; = ﬁiﬁ
D4

| 18-Sep-00 Forward spectrometer W.A. Zaic

'
'

— BRAHMS Details z

\ L ”
o ; BROOKHIEATEN
\ / s NATIONAL LABORATOR

Forward Spectrometer -
(rotates 2.5°-30°)

TEELLTTTT W ™ BT e S
— ) o e |

© 1e 70 38 4o SO %o Je se sa

*TPC’s; T1 and T2

*DC’s: T3,T4,T5 (not connected)
*Magnets: D1,D2,D3,D4

*ToF Hodoscopes: H1, H2
«Cerenkov Counter: Cl

*RICH:

s E{ﬁrﬁumbhs“: Atisast1 hit InTile
10 B

[ D SV

gy

ey Az,

3 : : i
1= : 5

3 | : Hﬂ

£ . nE

| 18-Sep-00 o e s S e Zaijc |

T T

6% Central
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AN STAR o

{ £y

ey, OO

\ H NATIONAL LABORA

\/ Siticon Vertex
Magnet y—lracker

E-A
7> Calorimetef

Time Peojrction
o Chamber

Time Q
Fiiy

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

ectronicy
atforms

s
Magnet :"irr:jeecﬁonl— Forward Time Projection Chamber
Coils Chamber
Silicon
Vertex
TPC Endcap
& MWPC ! Tracker
- \ Vertex
Endcap : Position
Calcrimeter 1 f Detectors
. = L o Central Trigger
Barrel EM Barrel or TOF
Calorimeter RICH
[18-Sep-00 W.A. Zajc

STAR Event *

BROODKHAEVEN

BWATIHONAL LABORATOR

Data Taken June 25, 2000.
Pictures from Level 3 online display.

22
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BROODKHEAVEN

N Elliptic Flow

l\ \, ; NATIONAL LABURATORY
S’ . . . P ..
+ Spatial anisotropy in non-central collisions & response
’ of the system to early pressure —> emission anisotropy
J; A o » Elliptic flow predictions from hydro/transport models
P = ' sensitive to underlying dynamics of initial system
02 -
b=81fm
0} o ot
wootr
€
e GO 1‘5

10
¢ {im/e) P.F. Kolb, et al, (QM99)
= A natural measurement for STAR

| 18-Sep-00 ’ W.A. Zajc_|
,7,_\ . 1- . 18
N Centrality Dependence of Elliptic Flow . - .

\\J NATIONAL LABORATOR

Differential measure of response to initial geometry

i Al (scaled) spatial asymmetry
o 098 T T T T T

v

T

>
007 ]
1 »
0.06 i [ !

0.05

0.04

0.03

0.02

centrality |
0.01 Y

ol bl |P$\l||x|

AR LA AR R RN RN AN AR RERRN EL]

[P BN SN I

0.2 0.4 06 0a!

QO
-

b/2R

118-Sep-00
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i e, ; P H E N Ix BROOKHEVEN
kN 3y Y RATIONAL LABORATORY
S Global
. MVD/BB/ZD
L An experiment c
with something
for everybody uon Arms
West Arm Coverage (N&S)
A complex i
; = -l2<y|<2.3
r apparatus to : < <m
measure AM(J/y )=105MeV
[m] Hadrons + M =180MeV
Q Muons 7 [ 3 station CSC
Q Electrons 5 layer MulD (10X,
Q Photons p(n)>3GeV/e
Executive
summary:
., South muon East Arm North muon
Q High Arm Central Arms Arm
resolution . Coverage (E&W)
. -0.35<y <035
a High 30° <|¢p < 120°
granularity AM{IAy )= 20MeV
18-Sep-00 AM(y) =160MeV W.A. Zajc

N

TN Approaches to QGP Detection

20

BROOKHEVEN

.

1. Deconfinement

= Electrons, Muons

2. Chiral Symmetry Restoration
Mass, width, branching ratio of ® to
e*e, K*K- with M < 5 Mev:
=< Electrons, Muons, Charged Hadrons

Baryon susceptibility, color fluctuations, anti-
baryon production:

= Charged hadrons

DCC's, Isospin fluctuations:

=+ Photons, Charged Hadrons
3. Thermal Radiation of Hot Gas

Prompty, Prompt y* to e*e, p*u-:

= Photons, Electrons, Muons

| 18-Sep-00

R(Y) ~ 0.13 fm < R(J/¥) ~ 0.3 fm <R(¥’ ) ~ 0.6 fm

NATIONAL LABORATOR

4. Strangeness and Charm Production
Production of K*, K- mesons:
Hadrons
Production of @, JM'¥Y, D mesons:
= Electrons, Muons

5. Jet Quenching
High pT jet via leading particle spectra:
=> Hadrons, Photons

6. Space-Time Evolution
HBT Correlations of z* n*, Kt K*:
= Hadrons

Summary: Electrons, Muons,
Photons,
i Charged Hadrons

W.A. Zajc |
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P

N PHENIX Results *

NS BRODKHEAMEN

7 ' NATIONAL LABORATOR]

rry (Ahsitrating oRiv)
 chesslficaison by BRC)

N
( A sampler)
0 Transverse energy spectrum

~
a2 Charged multiplicity distribution

a n0 peak
(towards a py spectrum)

pr>2.5GeV 30 40 50
Energy in EMCal (GeV)

Multipiicity distributfs

P B

g

3

8

8

O R N R

i

Acail

Uoven b snilonndia ——

0. 04 05 06 07 08 09 1 0 20 30 a0 50 2]
| 18-5¢p-10 » A




AN PHOBOS - ®

\

NI BROOKHEVEN
5 y NATIONAL LABORATORY
N

An experiment with a
philosophy:
a Global phenomena
vt ) |large spatial sizes
» small momenta
0 Minimize the number
of technologies:
+ All Si-strip tracking
+ Si multiplicity
detection
+ PMT-based TOF
a Unbiased global look
at very large number of
collisions (~109)

Ferpdiarm dnam Bl

Fazac Tuggee Squder:

L18-Sep-00 W.A. Zajc |

AN PHOBOS Results -

N BROOKHEAVEN

BATIONAL LABORATOR

First results on dN_,/dn
0 for central events
o At Egy energies of
+ 56 Gev
+ 130 GeV
{per nucleon pair)
To appear in PRL
(hep-ex/0007036)

HUING %130 GeVin ls-O -3 fm

130 AGeV

5 200

F , e00 & XNWang etal. :
« .F 2038 e - pan e 5 dndswoquench :
T ar / 700 B L, EKS thadewno quench

zn. E E _g' 500 o shadow no quench
v 3 e ~. = wbadowequench T
E . 5 z
2 " z, 00 thadow 10 queneh 1
T 2k s T 00} <
~ E ® PHODOS Auedu :
= - O HA49 PbePb data 300 F 2
3 b O uas pp tis0) 1 :
% » & CDF pp (NSD} 200 IL. <
= % HIJING model AusAu (=W Z
ok ! ) 100 F - 1
10’ 1z, o’ 0 2 : —
s " {(GeV) 0 ot : 6

{18-Sep-00 N W.A. Zajc |
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/T Implications of PHOBOS Results
L N - BROOKHEAE)
\\\,:’/ ' NATIONAL LABQOQRATORY
. Au+Au Collisions
e Constrains (determines!) 5 AR
maximum multiplicities 457
at RHIC energies . s
e Does not constrain Z§3-5 F
centrality dependence P 3
of same £25F
e Does not (quite) ST 2F 2 2e cew
distinguish between CUS s 1R
o “Saturation” models, 1 || HIST:HUING = vas T
dominated by gy —9g 0.5 :_ -+~ Saturation model ® PHOBOS i
o “Cascade” models, oblbi v W
dominated by 0 % 00 200 300 400
99 >gg, 99 >ggd | Npan
( X.N. Wang and M. Gyulassy, nucl-th10008014)
118-Sep-00 i W.A. Zajc_|
! 26
{/(’\. - : -
\\:\/ Determining Npapt (R
Best approach (for fixed target!):
o Directly measure in a “zero degree calorimeter”
EZDC ;
Nopggr #2%X| A———7— (for A+A collisions)
PerNucleon = a
Sl
Lﬂk .
o Strongly (anti)-correlated :
with produced wf
transverse energy: . “f
. LT Brpe(GeV)
18-Sep-00 - t W.A. Zajc
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o~ RHIC ZDC’s i

N 7 BROOKHEVEN

DATIONAL LABORATOR

e’ e ZDC & Zero Degree Calorimeter
e Goals:

@ Uniform luminosity monitoring at all 4 intersections
2 Uniform event characterization by all 4 experiments

[ —

SKmagazt

e Process:

0 Correlated Forward-Backward Dissociation

O G, = 11.0 Barns (+/- few %)

z . e Mg

208 Sem (uncorrectes)

1197

18_C ep_ob - T “.m' 2000 7500

" Summary .

L .
N BROOKHAVEN
. 7 NATIONAL LABORATOR
S

-

e The initial physics run of RHIC:
0 Validated the various approaches of each experiment
o Has provided all four experiments with quality data sets
Q Has led to new physics results
a Will lead to many more results
+ DNP: October 4-7, 2000
+ Quark Matter (January, 2001)
+ PRL
e Prospects for Year-2 promise even more:
O Increased luminosity
o New detection channels
e And beyond:
o P-A
o Polarized p-A
0 Tagged p-p, for example: p+p —n+ (1°+ p)

L» Dy +x

[18-Sep-00 W.A. Zajc_|
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™ RIKEN/RHIC/BNL Physics o
)/ ; BROGKHRVEN
- DIS

A :

Spin

Dynamics ;

Weak .
matrix(— Lattl_ce i Heayy. lon _>Al;;tr?_
elements Studies _ICollisions| "physics
| 18-Sep-00 : WA, Zaic_|

PR RHIC Luminosity .

A N7
J . NATIONAL LABORATOR

It’s high!
e It's an equal opportunity partgn collider:

' ——

e Can accelerate essentially | niRate (Hz
all species N | ' " | ractssn.
0 Designed for p-p to Au-Au Rates at RHIC RHIC L S
0 Asymmetric collisions “ Sigtom et | e
(esp. p-A) allowed o | W J
] S

0 Good news / bad news: R

+ Permits many handles LR : \\\—\
on systematics o ;

+ Permits in situ’ ;

measurements of o oBMB)  pCu o o-OXMB) :u-xéusc ("B' Hu?o;c )swsc(ﬁ-cu‘c N KA")‘«Q‘)
0 L~
“background” p-p and p-A physi€ses o S SuuE) Sena) ArAwhE]  pREn
: Nuclear System

®p Detectors must handle unparalleled
dynamic range in rates and
track densities

' |18-Sep-00 W.A. Zaic
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\___Jet Physics at RHIC )

BROOKHREUVEN

N 14 NATIONAL LABOQRATORY
S

e Tremendous interest in hard scattering
(and subsequent energy loss in QGP) at RHIC
0 Predictions that dE/dx ~ (amount of matter to be traversed)
o Due to non-Abelian nature of medium L escrssSectoninRIOIStrARA IR AGEY
s But: o
o “Traditional” jet methodology fails at RHIC e
o Dominated by the soft background:

SH particle Dackground
{assuming Poissan
Nuctuations)

10E+01

E 1.0E+400
+ For atypical jet cone R=0.33 : ‘é 10801
(R2= AD2 + An?) g‘ 10802
have 106203
<Nsorr> ~ 64 o
<E;>» ~ 25 GeV oS 20 10 P ) &
+ Fluctuations in this soft background il
swamp any jet signal for
pT <~ 40 GeV:

» Solution:
0 Let R #~0 (PHENIX An x Ad = 0.01 x 0.01)
o Then use high p; leading particles

118-Sep-00

__Screening by the QGP - ..
\\),: NATIONAL LABORATOR

In pictures:

> M. T

g T - 5: QCD potential at
QCD potential at L QcD p9tentna| at high T and
=0 [ high T i high density

Non-perturbative Vacuum e .‘ ‘ .

_, G :.jj‘"" m@ - G .' @!. ﬂ

Perturbative Vacuum . Color'Screening

[18-Sep-00 W.A. Zajc |

Perturbative Vacuum
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ge Sitracking elements

15 planes/arm

o Front: “Pixels”
(1fmm x 1mm)

O Rear: “Strips”
(0.67mm x 19mm)

0 56K channels/arm

e Si multiplicity detector

0 22K channels

dNen/dn / (0.5 % Now)

LR RN LSRN AR LN L)

URISACT ¥ IR SR

PRETN IV S SRS BT ST SN NS AT

M SRS RN ETETTES BURrErr R

a |nl<5.3
W.A. Zajc
HIJING
® PHOBOS

0 50 100 150 200 250 300 350 400
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The RHIC Spin Program

Future Transversity Measurements

Sentember 18-20, 2000
Naohito Saito ;
RIKEN and RIKEN BNL Research Center &«
: ﬁ\ -
- Spin Physics at RHIC

o Utilize Spin Asymmetries to pin down
« Spin Structure of the Nucleon - /=€ )=
- Proton Spin Sum Rule S
» Transversity Distributions T
» Spin Dependence of ﬂlllﬂﬂlllﬂlltill Interactions
- Parity Violating Interaction |
- CP Violation in Quark Sector and Higgs Sector
» Spin Dependence of Fragmentatinn
- Interierence Fragmentation Function
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Universality
>fx), 6, D(z)
are
Transferahle
fromone
measurement
to another!
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' o Gluon Compton Dominance Aq <
* = Nofragmentation function at L0 Ao % g
| Ze Agi(x)

Ag( 1)

= ®a;, (g9 —>q7)
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I

JL dr = 800 p!
Y AL (W)
r AL (W)

RHIC pp Vs =500GeV

....... GS95LO(A)
—— BS(Ag=0)

10° 10"

- Example-2: Parity Violation in Jet

o Inthe SM, “Weak” is the only source of PV

Example-3: 4, (4,,,) for Drell-Van

o One way to measure Transversity Distribution
> &7 39(x)87(x,) + (1 < 2)
= Q=
ﬁ 26iq(n)q () + (1> 2)

acadl
//\ |
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~ Spin Asymmetries

@ 4;,:Double Longitudinal Spin Asymmetry

# cross section asymmetry -1 e

_ O-(++) B G(—i—_) Versus

Co(to() i

A;:cross section A4,:cross section 4,:azimuthal

LL

asymmetry asymmetry asymmetry
i s

RHIC Spin Project : rixex sut conanoration t1995~1

@ Polarized Collider Facility

« Siberian Snake & Spin Rotator for PHENIX & STAR

« PHENIX Upgrade for Shin Physics: Muon, EMC, Trigger etc
= RIKEN BNL Research Genter (1997~)

) Polarimeter ¥

50 - 500 GeV
70% polarization




- RHIC Spin Phase-1

« Original Plan S
e 4,, at200 GeV; 320 pb-': 2001-2002 L
» 4, 21500 6ol 800 ;> ;2003- St
¢ 4,-and more.. |

» Revision Undergoing..possibie Illlllﬂll «‘

& A,(A ) in earlier stage for cnmmlssmmng lllll‘llll&
+ ~9pb! proposed by STAR

« Inclusion of short 4, run at 200 GeVhefore 500 GeV run
« ~30 pb-! proposed by PHENIX

« RSC Meeting in Kyoto (October 13-141 B~
= Phase-Hl Discussion is also undergoing.. DV
« Energy & Luminosity upgrade

 Spin Structure Studies at RHIC

= Gluon Polarization A

« Prompt Photen/let/Pion/ charml Bottom
« Flavor-tagged Quark Polarization

o Drell-Yan { 7/z/v* 1 / Pion
= Transversity

= Drell-Yan [y+/Z1 / Pion-pair/ slngle Spin
Asymmetries
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~ Gluon Polarization Ag(x)

o Poorly Determined

unlike-sign ~ pair
o l’l‘ﬂﬂllllll Photon Production

» E704 [=° / multi-y1 / pQCB analysis of pol-DIS data / HERMES

V5=200GeV 7] s =500GeV 08 =
=04 [, <035 Fom0 4, In,t <035 ‘:_ GS-A
rd b -
o 02LGRSV MAXg~ 1 1= | -
~ - 04 .. * MY 3
3 . kK
i GrRsvMaxg | Z R
g b o ORSVSTD 1 ,J 5 eims e
Ry ORSVSID 0 e-osizoug -
o = p=—262 =034
N S 0.0L oL
0.0 'i§* + F ; Lot & '+/¢ - {’” Reconstructed x
- gluon
L D . G8¢
10 20 30 40 50 20 30 40 50
Pp, (GeVic) Pp, (GeVic)

s
3

AGG

coea by Ly by e

o

15}

A S ST B

o
a

& TESLA highp - hacron paws 250 GeV 100
© RHIC 200 GeV 320 pb
O HERMES high p . hadron pairs untd 2005

A COMPASS highp - hadron pairz 4B

¢

& o b0 o wlo

—— GSA{LO)
~---- GSB {LO)

T GSC(LO)

Gomparison with Other Exp.

bt ot

-
o

-2
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 More Gluon Measurements -

« Pion Production o Charm/Bottom
Production

jO.GJT.lIIII]IIIAiiIlIIIIII_-
4 F = GSE‘E.\ILC-(A:%S:U} - ‘ - T
EE BENCEK-IE z 1] | ]
Fo— GOEMCL)E=1R - L ;
002 - 'E -0'05:' [ + ““““ 7 [ [,
[ K L . : s
0k Do f—se e
Uik ) l l : 3.1 — $20p8 /_7[7_—
0 c SR esc, 1
s : 3 i P
<001 F ¥ Stalises fr S0 4sectors l l B o *
_DO’Z:HI e byl |s'- L= i After MVD cut ]
: ’ D 2 L £ 8 ]r' [P PRI IR DU I BT | L iidaes
F; \o \’( ] Toowr B B eron Pt (éeV)

? sty el |

Gluon Polarization and Jet Production
- aVery Sensitive and Powerful Measurement !

@ 5

. - Y  AG AG

0081 5= 500 GeV P % T, € ——
[a] <10 <& % G G

a8 I ."-'?'-..‘.;.II'..-.'
GS-C ,
20 30 40 50 ¢ 499 —>49

Py (GeV/e) .

47



| Kinematical Coverage: (x, 0°)

LQQQQ = o e T .

< » Kinematical
€ Lo HERA ep27.5+920 Gev .
T eRHIC ep 1004250 eV Coverage will be
: greatly enlarged !
& Advantageous
for Glohal QCD
Analysis.
1=
0.‘; 1 I PSR | ! Lenbttoduantion,
0.00001 0.0001 0.001 0.01 0.1 1.0
X

- What Do We Know Ahout Quark
~ Polarization?

9 FIP and rln o 16
4 | 1

I/ =—AU+—AD+—AS
18 18 18

» Axial vector coupling <
ofoctetharyon= e
assuming flavor sU(3) =3

a; =AU -AD o
a, =AU +AD—2AS
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PinDown AU, AD, AS

« Information independent. - -
from7and T ~willhelp :i:
® 8. AU O AD '

- Havor-Tagged Quark Pnlarlzatmn
' Parity Violationin W nroductmn

1.0 J -
l;gj,ffg;;;bﬁoo o . oEvenUnpolarized..
= | . "
$AL (W) /,/{_ - o ppo WX, Vs = 500 GeV, 800 pb "
05f ¢ AL(W™) ey 1: P

4F  STARBamel STAR Er?dcap

somrrmee B
>

PHENIX Central ™
. E‘,‘ ! ™~ PHENTX Muon / o
./ MRS99 A
Q?= M \ Y 01E
N werbeeer: CTEQAM
-- GS95LO(A) \\ 3
——— BS(Ag=0) N (4} TR IS BPET RS P DU DOTY FUTE STES N
-1.0 . -1 0.6 0.2 0.2 0.6

10 ot x Yw
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- Searches for New Physics

; 0.08 v T
-~ «Interference of New et
Physics and Weak will B
resultin AnomalousP¥ | / Hoastin
« Compositeness o
figped st(S) / [ . xv/
- Run I Limit4.1TeV (100 *: NG
-1 . / _T __________ Mz 300GeV/e2
CRHIE32MB-1:44Tey  opisEEE
« Leptophobic 7 i A A N
A=2.0TeV/'
50 100 150
> S\
| New Physics Search in Di-lepton
'« Compositeness
o Less Sensitivity than
jet production
= Luminosity & Energy |
upgrade will help!
& Common Issues
o PrecisionofTheory ., ... % ...
Predictions 0 100 200 ¢
- NLO M lepton-pair(GEV/CZ)
. T o
Polarized PDF )]
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single Transverse Spin Asvmmetrv

« Several Models

L AR A I S A 02 S T
wEm T /| ] ) —
o/ l 3 ot "
02 i 3 \
00 -‘.A.g;;:-lipmoccv L ety
02 L ;
EENALEIE . b
L= 20GeV b 3 : Vs = 700 GeV
[ ‘] L= 80 MeY
M ox E =04
baabonl: I todunilie d P2l L
00 02 04 0f 08 10 T 4§
X pT(GeV/c)

» BRAHMS fits hest!

TS
Forward Spectrometer
23<2<30

TR “1Pct
Mid Rapidity Spectrometer
30<0<95

D1,02,03,04,05 : Apola mugoate
TITRT3, 74,75, TPCT TPC2: tracklng detectors )

Spin Dependence in Fraymentation

« Longitudinal Spin Transfer Measurement in
Lamhda Produ ‘

04 prprrre e
A | Vs=500 GeV b
AL ]
03 ?xT>0.05 3
oz | scen.3  —— -
o1 | R
F "scm.l ]
Ny
F scen. 2 -/_\*{
01 .
Y Y P IR

2 o n 2

ction

A
A% =A—f"®a2fL @ —(i=u,d,s,g..)
Theory
Our Measurements

'
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Needs of Global Analysis

o We always measure
* convoluted quantities

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

d’c
W AOVICY
)

s

f ) |

9 (2)dp
dt

Summary

& RHIC Spin Program has just started with
Successiul Spin cnmmissinning at RHIC!
< Upcoming Physics Program includes:

» Spin Structure of the Nucleon
- Helicity and Transversity Distributions
o New Physics Search

o Spin Dependence of Fragmentation
~ = Needs of “Spin Network” Addressed
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AZIMUTHAL ASYMMETRIES IN HARD SCATTERING PROCESSES!
t

P.J. Mulders
Department of Theoretical Physics, Faculty of Science,’ Vrue Universiteit
De Boelelaan 1081, NL-1081 HV Amsterdam, the Netherlands

In my contribution I start with the distribution functions measured in deep inelastic scattering.
At leading order in an expansion in powers of 1/Q the quark structure of a proton is deseribed by
a set of three functions, f7(z,Inu?), g3(z, lnp?) and h{(z,1n4?) (1,2, 3, 4). The functions depend
on the lightcone momentum fraction z = p+ [PT, where p is the quark momentum and P the
hadron momentumn and have a logarithmic scale dependence descnbed by the evolution equations;
they exist for each flavor indicated by g, ¢ =, d, 5, .- ..

The functions f§ and: ¢f appear in the structure functions of deep inelastic scattering as a
flavor sum weighted with quark charges squared. The functions ] cannot be measured in inclusive
leptoproduction. Being chirally odd [4], it requirese.g. 2 l-pa.rtlcle 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 f7, ¢ and k] are an independent set of functions 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 arranged them in a 4 X 4 matrix in
quark-nucleon space. From such 2 representation one easily reads off the interpretation and one
can obtain positivity conditions 3, 6). Gluon distribution functions [2, 7] can also be looked at as
soft parts appearing in hard scattering processes, but they enter only at higher order, c.g. in the
evolution of the distribution functions.

In semi-inclusive deep inelastic scattering (and also in high-energy hadron-hadron scattering)
transverse momentum of partons provides new possibilities to probe hadron structure [8, 9). For
instance for fragmentation into pions a transverse momentum dependent fragmentation function
enters describing the decay of a transversely polarized quark into pions [10]. The transverse
directions reappear in the transverse momentum of the produced hadron, in particular its azimuthal
dependence {11}. Using the beforementioned matrix representation one can arrange the transverse
momentum dependent functions in a matrix, being a 2 x 2 matrix (quark helicitics) for spin 0 and a
4 4 matrix for spin 1/2 hadrons. Using the matrix representation one again can derive bounds [6].
In the case of spin 0 (or unpolarized) hadrons the transverse momentum dependent function is both
chirally odd and T-odd. The latter implies that it is only nonzero if time reversal cannot be used
as a constraint. such as is the case for fragmentation functions (12, 13, 14, 15, 16]. The anaiyms
of transverse momentum of partons can be extended scra.lf'ht[orward)y to spin 1 hadrons [17] and
zluons (18]. We discuss some examples {19, 20, 21, 22]
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AZIMUTHAL ASYMMETRIES
IN HARD SCATTERING PROCESSES

, P.J. Mulders
NIKHEF and Free University, Amsterdam

NlnEF

o 'Deep’ structure of hadrons

erel{ﬁiteitamsrerdam ’DEEP’ STRUCTURE OF HADRONS

e Semi-inclusive leptoproduction and intrinsic transverse mo-
menta

e Examples in leptoproduction
e Gluon distribution and fragmentation functions
» Examples in hadron-hadron scattering

e Summary and conclusions
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(LEADING) QUARK DISTRIBUTION FUNCTIONS

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

d¢™ 4. —
2u) = [ L o p T 0hE1PS)
gt=¢p=0
Leading part can be considered as a quark production matrix
For an unpolarized/spim 0 hadron:

] a Jo
_

P

~ M(prod)

. >l-:;>'<amples of hard processes: DIS or DY
* Yellow entries only relevant.at subleading (o< 1/Qt~2) order,
leaving only two "good” fields with chiralities right and left

The distribution function f; depends on the (lightcone) frac-

gl H

tional momentum z = p*/P* of a quark in a hadron

In DIS one can access distributions at z,, = Q2/2P - ¢
In DY one can access distributions at 2, = Py - q/Ps - Pp

SOFT PARTS IN HARD PROCESSES

yt+ f1 0 @
" 0 RO

%‘ BNL - Transversity - 2000 2

o g Caveret oo tosam

Large scale ) leads in a natural way to the use of lightlike vectors:
n? =n> =0andng n_=1

2 _ zgM? _Q
1322:—1\222 ' P=gmn-Ta7mm
= —
g= _Q Q .

part ‘components’

Y _.,___j/\;\) ‘ B +
of _ o HARD ~@ ~Q

= H—q|~1/Q ~Q|=[dp”..

Note: the lightlike vectors may be rescaled into dimensionful vectors

p=(Q/z,v2)ny and i = (z,v2/Q)n—

. M7
FP=p+ .
2
L Q.
= —z + 7
a4 5PV o; 5
s BNL - Transversity - 2000

e WL ew ituzan
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(LEADING) QUARK STRUCTURE IN A NUCLEON

For a spin 1/2 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

Mg (prod)

( fi+g1
0

0

2}11

0

fi="q
0

0

0
0
fl—gl

0

21
0

0

fi+g1 )

stringent (Soffer) bound

@) < 5 (@) + 91(x)

o
~®
O
-

The functions exist for every quark flavor: fi(z) = g(z),
gi(z) = Aq(x), hi(z) = dq(x)

The three distribution functions are in principle independent!

Positivity gives f1 > 0 and |g;(z)| < f1 (z) but also the more

The function Ay is chirally odd and is not accessible in DIS

i efioatites et don

BNL - Transversity - 2000

g1 AND h; UNDER ROTATIONS

Effects of changing basis:
(( i+ o

M(prod)

Mg (prod)
0

g1+ 1y

=

0
fi—
g1 —h

0

?

0

(s

0

91—
fi—h.

0

A
®

fi+o )

(1)

©FoF

g1+ h é)
o |
Jit+hy ) Cp

®

®

BNL - Transversity - 2000
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(LEADING) 'GLUON DISTRIBUTION FUNCTIONS

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

[t () = / Lo ot (SIFTOF @I S)

gt=Ep=0
This can be considered as a gluon production matrix
For an spin O or unpolarized hadron:

Lk e (000

= p 0 G ) @
- LUSIVE
« © SEMI-INC
© : LEPTOPRODUCTION
- For a_spin 1/2 hadron (e.g. “nurc_lﬂeqrn)v_i‘p g!upq@ngclhe'o? “spiin space and
cerag o oo ) ©F INTRINSIC TRANSVERSE MOME
0 G-AG 0 0 =@
Ad—(prod) —
: 0 0 G-AG 0 O
0 0 0 G+AG ) =)

® ~® @ -0

NTA™ -

% BNL - ‘fransversity - 2000 6 % BNL - Transversily - 2000
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SEMI-INCLUSIVE LEPTOPRODUCTION

* Inclusive DIS «— ¢(z) = f{(z), G(z) via evolution

* Polarization «— Ag(z) = ¢}(z) = gr(z) — ¢1.(z), AG(z)

known from QED detectad

projectile
clectron

——
target

MF‘G \ (e.g. proton)
{and gluons)

Vs \ distribution functions
yd hadrons -> quarks

produced fragmentation functions

particle quark -> hadrons

(e.g. pion)

® SIDIS «— tagging to get f{ and g forg =u, d, s, ¢
o Polarimetry «— measure 6q(z) = hi(z) = (=) — q;(z)
* Azimuthal dependence «— study intrinsic quark k.

e Single spin asymmetries «— T-odd fragmentation functions

% BNL - Transversity - 2000 7

2 f Utharstnt sentens o

SOFT PARTS IN HARD PROCESSES

Large scale @ leads in a natural way to the use of lightlike vectors:
ni=n% =0andn, -n_=1

q__)h NQ NI/Q ——)fdk+...

HARD | ~Q - ~Q

Three external momenta (P, P, g) — transverse direction relevant

By, Py
=0+, P—— = —
& 7 s Zp Zh

%{ BNL - Transversity - 2000 8

H—ogl|~1/@ ~Q — fdp~...
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SOFT PART IN SIDIS

Hard inclusive (polarized ) deep inelastic leptoproduction involves the
soft part ® integrated over all momenta except p* = ¢ PT

Boe) = [ G RSO ENP,S)

gt=gqp=0

Hard semi-inclusive (polarized) deep inelastic lepton-hadron scatter-

ing involves soft part @ integrated over p~ with p* =z P*.and p, -

®;;(z,pr) = / %%fl e (P, S, (0)4: (€)|P, S)

£+ =0

Fragmentation into a hadron involves soft part integrated over k™
leaving P,” = zk™ and By = —zky

+ 2 . _
Bt = [ LB S (01 X)L XIT, OO

€= =0

% BNL - Transversity - 2000 9
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(LEADING) QUARK FRAGMENTATION FUNCTIONS

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

D, e gl Y @
A{(dec)
_if’v‘_T]fj}l_“f Hi- Dy ®

® O

o Examples of hard processes: ete™ annihilation and SIDIS

o Yellow entries only relevant at subleading (o< 1/Q%~2) order

. & In quark decay time _reversal invariance-cannot be used —-

T-odd fragmentation functions, in this case I—Ill

e The functions D; and Hi- depend on the ratio of (lightcone)
momenta z = P, /k™ and on the transverse momentum of
the quark wrt hadron (k)

e In SIDIS one can access the fragmentation functions at z;, =
P-Py/P-qgand Poy = ~znkr

e The function Hi is chiral-odd!

% BNL - ‘Transversity - 2000 10
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FULL QUARK & HADRON SPIN STRUCTURE

Quark distributions accessible including azimuthal asymmetries

O =~ O ~O

( fi+ o lerl gid g, lprl o=t p, 2Ny
l’%‘ e giy fi—giL "Ef e 2 nis, —'—”A—}' e " hiy,
Izl 16 gy, | [%}; e*® hiy fi—g11 ~ Lozl i g

L 2h ezl it pd, Bl o=id g ) Ni+gr )

e Transverse momentum dependence requires 2 hadrons: SIDIS/DY

e Transverse momentum dependent functions relate to twist
three, but appear at leading order in 1/Q

e T-odd functions appear as imaginary parts of off—dlagonal en-
tries for fragmentation functions: Gly+i Dy and H +i H
New bounds (see BBHM, PRL 58 (2000) 712)

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

s rsh teszam:

BNL - Transversity - 2000 11

RELATIONS IMPOSED BY LORENTZ INVARIANCE

D(z) = %{fl P + Ag1vs5 By + Ry L&_gzﬂ'ﬁ}

M Pty P

M "
2P‘* {jTeF SipYo —tNeL s+ h [72+27/i ]}

1 &3 ]‘ L ] @
77 280 = 5 {‘711 SHECY DY v e 1 ; bs
+ it e ,ﬁSTﬂ7/L++h1L(1)‘_*—Z[%+2’rY ]}

1
951) = 011)(1) = [d®p, 32175 air(z,pp)

From the most general (covariant) form for (3(0) 4(€)):

a
g2

m) d 1
. fT—— h= - b

% BNL - Transversity - 2000 12
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EXAMPLES IN

LEPTOPRODUCTION

BNL - Transversity - 2000

13

WHERE DO THE FUNCTIONS SHOW UP

e twist ¢ of correlation functions
= behavior (1/Q)t~2

kr-dependent functions
= azimuthal dependence (%2, D1, ds)

e cross sections are chirally even
Examples: o f; @ Dy
o« Ny @ Hy
xe® Hi-
xmfi® f‘[i"

e # of spin vectors is even in case of a T-even combination

Examples: o\, S, 91 ® D;
w8 e e Dy
o 1Sy S|y @ Hy

e # of spin vectors is odd in case of a T-odd combination
spin asymmetries)
Examples: o \, e ® H{-
xS hL® HiL
xS, hi, @ H
o 1Y, thy ® Hi
o 18, [ ® Dy

(single
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—L sin(¢, + m) = T80 201 - 4) Y el W () HE O (2)
oTO

MEASURING h; VIA A SINGLE SPIN ASYMMETRY

M

J. Collins, NPB 396 (1993) 161

Q/l

a,d

How large can H;"M(z) become?

ki
M2

B Dz —2ks)] = 5755 B (2, sz)lééﬁ}' D1(z, —zk=)

With assumption

Dy, —sks) = Dy(s) 2l ot
one finds
HO < —Y" b
N
(1)
g,? ' BNL - Transversity - 2000 14

GLUON DISTRIBUTION AND
FRAGMENTATION FUNCTIONS

%‘ BNL - Transversity - 2000



FULL GLUON & HADRON SPIN STRUCTURE

Gluon distributions accessible including azimuthal asymmetries

Ok ~® ®~ -®

G+ 4Gy lprle™® AGp  ~lpzle®? gl 0
Pl AGqp  G-AG 0 —lerle gt
Oy 0 G-naGq, -kl agy
§ 0 _lerPel® gl _lnle?™ A, G+ AG

N
e Transverse momentum dependence requires 2 hadrons: SIDIS/DY

"~ o Bounds from positivity, e.g.” 7 T T T

[HAD) < (G +AGL(G—AGL) <G

(1) ‘pTl ‘prr‘
a6 < P G ACG - 861 < oG

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

3 BNL - Transversity - 2000 15

» elnhenint cauzas

FULL GLUON & HADRON SPIN STRUCTURE

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

® ®

Clormsbr)  —lers?
M A4 Gz, —zkr)

for a spin 1/2 hadron

®~ ~®

2, A |kple—i® 2o |kp[2e—2i0 o llvrls —2i¢ o
G + AGL M AGT Ry v - H YR AHT
MAG’ o G ACy. g lkrleTI® A kp|Pe? i .
M r L M 1 2712
kg |2et2i® o) . Nhp|eti® ~ A A o |e— P N
- 1|2M‘? H™ 4 : T}w AHy G- AGy, _MT}\? AGr
Ile3 +2i¢ n lepi2et2i¢ o | L |1 i . ~ . A
YY) A[I’I' - M2 H _% AGT G -+ AG],

T-odd functions (appearmg as imaginary functions) are included
except C” and AH, , which appear as imaginary parts:
ImAGy =Gy and Im i, = AII,I

SR A RN

BNL - Transversity - 2000 16
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SINGLE SPIN ASYMMETRY IN pp! — X

Three ways to get a single spin asymmetry:
Note: one of the soft parts must be asymptotic (cc arg/|pr|?)

analogy of Collins asymmetry in 21

o< sin(gy + ¢g) (h§ x HL) x (H{%)

EXAMPLES IN other single-spin asymmetries
HADRON-HADRON SCATTERING (a la Sivers effect)

o sin(gr — ¢g) (G x f7) x (D$)

x sin(de — ¢g) (Gr x G) x (@)

% BNL - Transversity - 2000 17 BNL - Transversity - 2000 17
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SUMMARY AND CONCLUSIONS

SUMMARY AND CONCLUSIONS

- -1. Flavor sensitivity . -

BNL - Transversity - 2000
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Inclusive leptoproduction

e Quark DF fi(z) and fi(z) forg=u,d, s ¢
Chirality distributions g§(z) and gi(z)

Sum rules (— moments of DF) and evolution (coupling to
gluons)

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

Higher twist distributions (— quark-gluon correlations)

Semi-inclusive leptoproduction

2. Full forward spin structure ...

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

Hadroproduction

1. Full spin structure (with k1) accessible ...

2. Need for specific situations ...

BNL - Transversity - 2000 18
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SUMMARY AND CONCLUSIONS

Semi-inclusive leptoproduction

1. Flavor sensitivity

e Production via (favored) FF: u —» 7+, 4 — 77, ...
> el fi(z) = ez DI™M(z2) fi(z)
q q

e Gluon DF via charm production
2. Full forward spin structure

e Access to chiral-odd DF h{ (need transverse pol.)
o No mixing with gluons under evolution for chiral-odd DF

3. Full spin structure

e pr-dependent DF = QCD dynamics (cf. higher twist)

o Obtained from azimuthal dependence, in most cases re-

" quiring also polarization )

e T-odd FF (for spin 0 and 1/2 necessarily p,-dependent)
appear in single-spin asymmetries

e The FF II{ (chiral-odd and T-odd) can be used to ac-
cess hJ via single-spin asymmetries

% BNL - Transversity - 2000 19

SUMMARY AND CONCLUSIONS

Hadropraduction

- 1. Full spin structure (with k)

e Access to chiral-odd DF h{ (need transverse pol.)

e ... and many more functions obtained by looking at

azimuthal dependences, in most cases requiring also po-
larization

2. Need for specific situations

e lepton pair production (Drell-Yan)

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

BNL - Transversity - 2000 20



Q*-Evolution of the Transversity 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 dq(z, @?) in comparison with that of the helicity distribution Ag(z, Q).
Owing to the chiral-odd nature of the transversity distribution, it does not mix with the
gluon distributions. Accordingly, dg(z, Q%) always obeys nonsinglet-like evolution equation.
The difference in the anomalous dimension (or equivalently the splitting function) between
5q(z, Q%) and Ag(z, Q?) leads to striking difference in the evolution in the small z-region.
This feature is even more conspicuous in the NLO evc?lution than in the LO evolution.

|
t
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Tormalism of +he evolution
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Figure 1: Evolution of the helicity and transversity distributions for the u flavor. The
dashed curve is the input b} = Au at QF = 0.23 GeV? taken from the GRV 17}
parametrization. The solid (dotted) curve is A} (Au) at Q% = 25 GoV2. "The dot-
dashed curve is the result of the evolution of &Y at Q° =25 GeV? driven by P, i.c.
with the term 8P, turned off in P,. -
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Q? evolution of transversity distributions: applications

S. Kumano *

Department of Physics
Saga University
Saga, 840-8502, Japan

ABSTRACT

We discuss Q? evolution of various transversity distributions with emphasis on the numerical
analysis part [1]. 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
A,.q. Dividing the variables z and Q* into small steps, we solve the integrodifferential equation
by the Euler method in the variable Q2 and by the Simpson method in the variable z. We provide
a FORTRAN program for the Q? evolution and devolution of the transversity distribution [1].
Using the program, we show LO and NLO evolution results of the valence-quark distribution
A uy+ALd, and the singlet distribution Y, (A.q;+ A,3;). Because the results are very different
from longitudinally-polarized ones, the evolution dlfference could be another important test of

perturbative QCD in spin physics. :

It is also interesting to find a finite flavor asymmetric distribution A, % — A.d due to the
NLO evolution effects [4, 1]. However, the magnitude of the perturbatlve 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
A7 — Ad will be investigated, for example, at RHIC in W production processes, the transver-
sity distribution A, — ATJ 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]. We find
theoretically that it is an appropriate way for finding A 4 — A d.
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150. Our evolution program could be obtained upon ema,ll request. For details, see http://www-
hs.phys.saga-u.ac.jp/program.html. ‘
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Q? evolution of transversity
distributions: applications

Shunzo Kumano
Saga University

kumanos@cc.saga-u.ac.jp
http://www-hs.phys.saga-u.ac.jp
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Future Transversity Measurements
Sept. 18-20, 2000, BNL, USA

Sept. 18, 2000

- Contents -

Q? evolution of transversity distributions

* numerical analysis
+ flavor asymmetric distribution
* Drell-Yan cross section

related topic
(pd Drell — Yan for finding A0 — A,d)
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Drell-Yan process p+p—>p'p +X

Spin asymmetry

_ 6(8488) =0 Sp)

Asash = 5(S085) T O o Sp)

Longitudinal
_Zel gl gly)
2 e 110 )

LL

Transverse

_ sin®0 cos(2¢) ; e2 hi(x) hi(y)

TT

0, @: polar and azimuthal angles of the lepton
momentum with respect to beam in the
c.m. frame of the lepton pair

Areos®® Fe2fffiy)

DGLAP evolution equation
for transversity distributions

“nonsinglet type”

0 3, _ O 'dy o
ainQ) 4 Q) =5, / 3 AP (§) A .Q)

numerical solution
* X —> divided into 2Nx steps
* t=1n Q> —> divided into Nt steps

£ (x0 ta) - I{xit)
i

gtf(x,t) = 5

Z N
[at)) = 3 [t +arw)+ fen]
see Comput. Phys. Commun. 111 (1998) 150

Our evolution program could be
obtained upon email request:
see http://www-hs.phys.saga-u.ac.jp/program.html.
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Numerical accuracy
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Q? evolution of polarized valence-quark
distributions
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Perturbative QCD contribution

win =3 [ FPe(}) 0t 0

where q*

=q+q, Pu=P, 4P,

g

on the transversity, see Martin, Schifer, Stratmann,
and Vogelsang, Phys. Rev. D57 (1998) 3084.

P, =0 inLO //
#0 inNLO q —=—=Quuuf—=

(ﬁ“ a)pQCD=O lnLO
#0 in NLO

(u-d )pQCD <<(u-d )nonperlurbative

we expect { Al - A.d Joqep << (ALl - Ad Dnongert,

A, —A,d in perturbative QCD

assume Aqi—A.d=Al—-Ad at Q=4 GeV?

[HIE]73
=y Q%=200.0 Gev 2
q'- vents 4 X (AT - Aa) NLo X (A|[I - A|d) NGO
' Le T TN
& .
U
w
S nowos
<
1
2 u
< /V
o Q%=40Gev?
4 KIS T T T
001 e ool 0.1
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Nonperturbative mechanisms
for the Aii /A.d asymmetry

* Virtual meson clouds

* Pauli exclusion principle

Pauli exclusion principle (unpolarized)

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

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

4 u-quarks and 5 d-quarks can be accomodated.

'

naive counting estimate: i/d=4/5
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Pauli exclusion principle (polarized)

Bourrely, Buccela, Soffer

S P .1

n ivre riznels ses 141
1l a4 llaive udl Kk 1110UcCH

)

LT 1
Ip.>=-t| 2| u,d.>=|u,ud.>=ju_u,d,>
K[2tna |

suppose i :
T T
u,—u, u,—d,
d,~u P
A= ul—u§=—u5_d" (uf.—ui)z—u i3

in the same way

e GRSV (AG=Ad)atQ*=0.34 GeV? > QZ =4 GeV*
o Pauli(Au=Ad) atQ*>=0.34GeV? —» Q>=4 GeV?
01 -
= GRSV (4 GeV**2)
— Pauli (4 GeV**2)
008-] A EMC [
* SMC97 T I T}
|l
e T :
v ni4s
= | uwa LI
=1} 1
Lofs 1 1
4 I J
002 I /ﬁlﬂf I
gt g
0 — e I *I
-0.02 T T
0.001 0.01 ot
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Q? dependence of A-ii —A.d

initial (Aqii — Ard)grey =0 at Q2 =0.34 GeV?

U3

X (AD- Ad)

sk

aowt

(s

i

GRSV 0.3¢ GS:Vl

100 GeV?

n
0oy

L8

L

(X (]

X

initial (Aqll ~ Ard)ps # 0 at Q2 =0.34 GeV2

(013
&
N
<] 103
)
2
<t au
—
b
EU A
K
AN

Pauli 0.34 GeV?

e

W #1

!

Au/ Ard asymmetry effects

on Drell-Yan cross section

(PHGEV?)

™

da!

- e

o

dott

aM,

|

—e

A (%)

12
" V5 =200 GeV
[
06
. A/Arﬁ;ﬁAer
04
A U=Ad
02 - /.
[ T Y
10 1t LED
M, 2 (GeV?)
e e e
45 /ﬂ
4 A=A
L] Am=Ad
<2 -
2 /5 =200 GeV
E T T
10 [ L)

2
M s

(GeV?)

5t
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Meson-cloud model

WM B
f/ unpolarized : e.g. w*(ud)
A

dexcess: G- d<0

p contribution to Al — Ad
Fries—Schafer (1998)

810:Q) =3 [ F Buus) ATu/y.0")
polarized : e.g. p*(ud)

J
Ad excess : Aii — Ad <0

Proton-deuteron Drell-Yan
for finding Ali — Ad

Amo™
de = W Where A(T) = A or AT

Z el [A(T)q a(xl)A(T)qg(X2) + Amqﬂ(x I)A('l')q g(xz)}
2% el

» neglect nuclear effects in the deuteron
* assume isospin symmetry

Aq n(x I)A(T)qa(x z) +Aqf a(x I)A (T)qn(x z)}

® xp,—>+1 region

Z/ e; [A(‘l')qv,zl(x |)A(‘1)qg(xz)]
2 ZJ e’ [A(r)CIv,n(X I)A('l')EIn(X 2)]
[ - e ,)] [ - s

 BAm(X JAm(xs) + 280.0,(x A wd(x)

R (xp — 1) =
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supposc Amu‘(x - 1) » Agd, x - 1

Ali(xg) - Ama(“z)]

2A(,,u \z

| Sa il )’

A(, fi(xa) 30

Rpa(xe = 1)=1~

Aqii=Amd = Ry{x;—>1)=1

if Aqfi, And<0  JAwi|<|Aad]| = Rulxe—>1)>1
L Agit]>]agd] = Ru(xe—>1)<1

* x.— —1 region

|:4Amﬁ(x )+ A(x )} [A (%) + A(r,d\(xz)]

de(XF - ‘]) = SA(T)U( )Amu (Xz) + 2Amd( )A(;-)d\.(&)

T UUsuppose A;ﬁu\(x '—)“l') »- ‘A’md;(x = l')’

{] . Ama(x.)J

4 Agyi(x,) )
1

N [—

Rpuxe —~1) =

Aqi=And = Ryfxe—-1)=32=0.625

if A(T)U . A(T)d< 0 IA(r)Ui < ; A(r)a ; = de(XF—> —1} >0.625
[ Aai]>] Aqd] = Rpufxe— ~1) <0.625

Numerical analysis
I, = At =07,1.0,0r13 atQ*=1GeV?
Apyd
M,, =5 GeV, /5 =50 GeV
parton distributions: LSS-99 at Q*=1 GeV?
2 _ 2
Q*=1GeV’ evolution=> Q= I\/I“u
A(T)O'pd
= Ru=3 2 Agyo™

assume Aq(x) =Aq(x) atQ*=1GeV’

—— Longitudinal r7=0.7

7 | —— Transverse

2,
2
5.
/5 =50 GeV
M)I]|=SGCV
R O P P S A AL AR S
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de

c.m. energy dependence

0.5

— 45 = 50GeV
— 200 GeV
500 GeV

Mml =5GeV

T T —T T T
-t -8 A6 <04 -2 0 0.2 0.4 06 o

Summary

¢ NLO analysis of A.q is now possible

¢ Aq and Aq evolution results are very
different

— Q” evolution of transversity distributions is
important for testing pQCD in spin physics.

e Q° evolution produces A # Ad

—> need to investigte A.ii —A;d with
nonperturbative models

—> pd Drell-Yan for A —Agd 2




Drell-Yan Muon Pair Production @ RHIC!

Marco Stratmann |

Inst. for Theor. Physics, Univ. of Regensburg, D-93040 Regensburg, Germany

The framework for analyzing the rapidity dependence of the transverse dou-
ble spin asymmetry Aprr for the Drell-Yan process in NLO of QCD is briefly
presented. It is discussed how one can make use (E)f NLO results available in
the literature obtained within an ‘off-shell’ regularization method [W. Vo-
gelsang and A. Weber, Phys. Rev. D48 (1993) 2073] 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. :

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

Results are presented both for the rapidity dependent as well as integrated
spin asymmetries Arp at v/S = 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 < |y,=| < 2.4, on measurements of
Arr, 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 Arr which in principle would be expected to be
sensitive to the shape of dq - 5. The prospects for the rapidity integrated
Apr are somewhat better for not too large valuesf of the dimuon mass M.

Finally, it should be kept in mind that our estimates represent some upper
bound on Arr within our framework and that Arr 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 Qo = 1.0 GeV, lead to values of Arr twice as large
as the ones presented here. Therefore Arr in Drell-Yan still seems to be a
channel worthwhile to look at to pin down the transversity densities at RHIC.

lwork done in collaboration with O. Martin, A. Schifer, and W. Vogelsa,ng
references: Phys. Rev. D57 (1998) 3084; Phys. Rev. D60 (1999) 117502
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|Drell-Yan Muon Pair Production @ RHIC]

Marco Stratmann

(Regensburg)
XY . merall_WVan hencace t1m 4 KL O O
v - [ a1 ] | TqQil pPIULCoo up LW N\ WL/

o Numerical analysis:
— model for transversity densities d¢
— detector angular acceptance (PHENIX)

— transverse double-spin asymmetries

¢ Conclusions

together with . Martin, A, Schifer, W. Vogelsang

Tt Ty ns7 f100a) anaas Ny 1000\ 11
{riys. mev, 2/ \(1YD0) JUOSY4, L/UU \Looy) 1L

e Drell-Yan process up to NLO QCD

general problem: 7 'transversity’ gluons
~+ all asymmetries Apr = déo/do strongly diluted by

gluon induced processes in do

~+ need process w/

j 24 vy o Siuaiall Lalhilniolud

best candidate: Drell-Yan process Ralston, Soper; Ji -
Cortes, Pire, Ralston; Artru, Mekhfi; Ji; Jaffe
chirality flip v
ity fiip v AN P put
M: dimuon mass

y: dimuon rapidity )"%

¢: azimuth [¢ =0 « 1 spin dir.] - N p”
déo dda
= Z"' / drydeo [O(I(L NTHLITCINTAE N E )] M dydd
Rt ek of o ¥

q
t A
electroweak effects defined as
e2+eGp...+G%... (datt — datiy/2
y ,",ZU Z(.)

7y 3x/4 5n/4 In/4
~+ define (f / fﬂ-/q_/ f7r//4 err//4>

Cortes, Pire, Ralston
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In LO:

dss(®) 205(29.-: C'o o )5, rl:n'\ln\) 5( rin)
= Ty — T2 -
dMdgdg . 9on COlePIolEL T T
+ T
/ey JTeY
v R -

..... _c
[

N
3
3
T
1%
)
=
C

+ shape of §q

[y integrated Ap4(AL) ‘only’ probes very existence of §q]

why NLO7?
> Drell-Yan known for sizable K-factor

> reduced dependence on unphysical scales uy, fur

> non-vanishing pp of muon pair

To do:
/ ,u'*‘
fy*/ZO//
q —me—a AN NN .
real corrections: \ .
S H
funpol.: also gg — gut ]
(j e R 0 2 0 0 q
+

virtual corrections:

Technical complication:

have to keep azimuthal andle ¢ unintegrated

[cumbersome when using n dimensional regularization]

! to
Vogelsang, Weber

available NLO results:

déc déo déo
dMd¢ dMdyde dM dprdeo
. T

pheno. less relevant:
LO g7 — ptp~ does not

R SV LY
AP — V)

but NLO spllttlng functions §P,, are in MS

“~Vogelsang, Koike et al.; Kumano, Miyama - - -

~» scheme independence requires déc in MS

Transformation off-shell -+ MS scheme:

everything can be deduced from

Y 3L CN f o zA e 3t

i.e. ‘totai DY’ d(8)a/dMd¢ Tor the unpolarized case

c g Atarelli et al; Furmanski et al; Cugorr.siont K

~+ MS results for dé v

[24 calc. of dé& uses dimensional reduction Contogouwris et al.
results agree after transformation to MS Kamal; Vogelsang]
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¢ Numericai anaiysis

Modeling transversity densities dq

helpful constraint: Soffer inequality

1
16g(z, ?)| < E[Q(w,/t2)+Aq(w,.u2)]
T T T
unknown  known (more or less)

~ upper bounds for §g and spin asymmetries Aq

! i i H + 1 1€l
Seffer's inequality is more restrictive than |§¢] < ¢
Sy(x)
—-q(x) q(x)  Aq(x)

~+ frequently used models based on dg = Ag at some
initial scale 4 = Qo Scopetta, Vonto, Mivama; ...

violate bound if Ag < — %q

o)
[
£
(w]
R
o
o
)
<
c
@
>
Q
o
A
<
~
2
[«5)
3
Q
&
A
N
<
~
D
k)
s

Is Soffer's inequality valid beyond the leading order?

PDF's are scheme-dependent (« unphysical) in NLO
~+ constraints on parton level are not relevant anymore

[ T, N NS Y-S
i

[simitariy: ‘positivity’ at wor r j1Ac] < o not {Af] < f]

However, in MS it usually works out ...

1.0

0.8 /{,/
o~ z
™ ’d
3106 / 7
; / 4
\é 4
o 04 7 — 1l =034 GeV’

2
# — l: i} Y3
7 e
" =
02 %,,/’ —_— y,i: 10° Gev?
g ——ee = 10° GeV?
1.0
—~ 08
(]
3
% 0.6
St
g
w
504
o

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

Bourrely ot al. is flawed: |AP;| £ %5 not fuifiiied in MS for ¢ — g
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Detector angular acceptance for PHENIX Some estimates for Apr

Motivation: theoretical predictions can be misleading if (I) M integrated f](‘fl’ dM; differential in y
detector effects are not included
o HERA-N L2 !
Example: Drell-Yan muon pairs @ PHENIX 10" | Eg=820GeV 10 ‘5’
. = 08 oy
have to detect both muons to get mass M z L6 =4
5 g§- 3
but only endcaps detect muons: 1.2<|y,.|<2.4 E < 04 Ez
“"2 M=4-9GeV -+ LO 02 !
~» try to include muon acceptance in Apq estimates: ST 1 s 00 T T s
y y
take fully differential d(§)o [only available in LO so far]
. 10! 1.2 4
and define acceptance as PHENIX — ¢, endeaps only
_ 10° | S'“=200 GeV 1O | —- g cndcaps only
& 08
‘ 1,741 1741 S0 T = A
(6)E(M y) — -lthGCtOI’ PS dp’j'dd) d(5)a/deydp,1.d¢ % e unpolarizad §06 .// \\
’ - ' 1 1 N 1 1 [S) polarizal 2 0.
Jrun ps dppde* d(8)o /dM dydpide . 2 0 =04 \ J7a\
|| M=59Gev 02 \'\\\/\\_ \
. ] 0.0
- - important feature: de e v oo e s s e e e 0TS R y S
~+ ‘distorted’ asymmetries: AJY > Agp for §e > e o 12 )
: PHENIX ——= g entleaps anus
and vice versa 10 $"2-500 GeV 1oy... 5e,c|ml\:2ps++ arms
. L g 506 /\\ 2
Estimates of statistical errors for Agpp: a1 <04 // \ E
. - eam——— : \ <
( .\\ /
0" Mes.20 Gov 02 N, \
1 1! 00 XN 0
stat. error ~ 0 1 2 3 0 1 2 3 6 1 2 3

P,;Pm/ﬁfs do Y y y

extra ‘feature’. hypothetical muon arms |y,:| < 0.35

s . exp
plus rescaling by Ayy/Ary ‘error bars' for low y bin with arms only
use: Py = Pp = 0.7 |pu| > 2GeV (get rid of background) ; HERA-N: possible future fixed target exp. at HERA

£ = 320 (800) pb~? for /S = 200 (500) GeV ‘errors’ for £ = 240pb~?

Korotkov, Nowak
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(II) rapidity y integrated; differential in dimuon mass M

04 50
= ¢, coeleaps only 45
035 —— e, endeaps unly -
==-- ¢, cnduaps + arnis 40
[{X] © - 8, endeaps + arms 15
g wasy 30 5
B02) P §
3 e T Ty
goisp /S S — 2'”«1:
/ \\\ 5T
0l > o
RHIC (p-p) :
0.05 12 0.5
S =200 GeV 0
0.0 o
4 6 & 10 12 14 16 I8 20 6 & H 12 14 16 18 20
- - M([GeV] - M {GeV] - --
0.4 4.0
—— ¢, endeaps only "
0.35 —— 8¢, eadeaps only R:;lzlc (p p) A8
~=-= g, endeaps + arms S =500 GeV
03 + S, cendeaps + anms 30
g 025 158
8 02 S
g %
XY LS
1.0
008 05

00

040 60 KD 00 W4 6
M [GeV] M [GeV]

. and for a perfect 4n-detector:

&0

1wy

|dda/dMI {pb/GeV]

RHIC (p-p)
s' = 500 GeV

0040 G0 RO ) w040 W
M [GeV] M [GeV]

R

-3
1t:)

0.0

e Conclusions

> limited muon acceptance threatens to make a
measurement of Arr elusive at PHENIX

in particular for Arr(y, M) < shape of dq

> App(M) still promising « proves very existence of dg

BUT one should keep in mind that our estimates are

upper bounds for App, i.e., most optimistic:

> if Soffer's inequality is only 50% saturated

all Ap¢'s would be down by a factor of four

On the other hand, if saturation takes place at a

higher scale @g than assumed, all Ap4's would be up

t> for example Agp(M) with Q3 = 0.34,0.6,1 GeV?:

10 7 6
HERA-N G P#ZENIX 5 PﬂzENlX
_ 8} Eppp=820GeV _ | s"™=200Gev . _ 7| s"=500 Gev
ol S50 T =,
s O e - = AT
s ) Ez } //// 33 ,.""// \“'.
B4 T } L E, 7 A
< | — pe0MGey! %3 5 § 7 Ny
2 —- ‘L;_,,:(),ﬁGL‘VI 1 i
~~~~~ n h.:l.()GcVI
0 i 0
56 7 8 9 10 4 6 810121416 18 20 20 40 60 80 100
M |GeV} M {GeV| M [GeV)
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Jet Production with

Transversely Polarized Proton Beams!

W. Vogelsang
RIKEN-BNL Rescarch 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 M. Stratinann), or from the fact that they
involve a presently unknown fragmentation function sensitive to transverse polarization, such as
the Collins or the interference fragmentation functions. In this talk, we therefore reinvestigate
the possibilities that arise in studies of jet (or, leading hadron) production with transversely
polarized proton beams at RHIC. 1t 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 case, are bound to have small transverse double-spin asymmetries 1, 2}. In
addition, it turns out that the transversely polarized subprocess asymmetry for the qg — qq
reaction, relevant for jet production, is color-suppressed as 1/N; [1, 2], whereas the channel
g7 — ¢ involves antiquarks in the initial state, and is thus likely to give a small contribution
for pp collisions. On the other hand, jets (or leading hadrons) are produced very copiously at
RHIC, resulting in small expected statistical errors on the spin asymmetries, and it is interesting
to see whether the spin asymmetry might be large enough to be visible in experiment.

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

Uﬂ'+1l+ _ an*‘ﬁ" _ Uw":r* 4o ,
for which at lowest order all reactions with gluons in the final state and, hence, for the unpo-
larized case the reactions g9 — ¢g and gg — gg, ave climinated. 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,

s¥at 1= -t -5
i = Apo™ ™ — Apo™' T~ Apo™ T - Apo™TF
App =

grtet _grta- L gaTat ot !

turns out to be sizable, becoming as large as ~ 10% in certain regions of trangverse momenta
of the pions. However, the analysis of the statistical error to be expected for Aq4 reveals that

1Work done in collaboration with D. de Flovian and M. Stratmann.

it will be impossible to use this quantity for measurements of transversity at RHIC. One finds
that the statistical error is -not only, as usually the case, proportional to the inverse of the
square root of the counting rate,

- e - _o\-1/2
§(A7r) (a"+"+ — g™ g g ) ,

but rather to

- _ _ A\ ~1/2 aﬂ+ﬂ+ +U"+"_ +0.r‘7r+ +0—n‘"7r"
At + + -
J(ATT)D((CIW“ 0" g™ T 40" " ) \/

grtrt L gntns _ great gegETHT

The additional factor is obviously very large and renders §(444) much bigger than Ay itself.

Another channel we consider is single-inclusive jet production. Here of course all subpro-
cesses 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 comparison between theory and
data works extremely well, indicate that we have a very good understanding of jet physics.
For our numerical estimates of the transverse-spin asymmetry we model the transversity den-
sities by following (4] to assume saturation of Soffer’s inequality [5] at the low input scale of
the ‘radiative parton model’ [6, 7]. We find that the asymmetry App for single-inclusive jet
production at RHIC is indeed small, of the order 510~ to 3-10~%. On the other hand, the
expected statistical errors on App are considerably smaller and indicate that a measurement of

__ transversity in_this channel should be_successful, provided the systematic_uncertainties can be .. .

reduced to a level similar to the statistical ones. It turns out that, for our model transversity
densities. the asymmetry is mainly driven by the ¢4 annihilation reaction for piﬁ' < 40 GeV,
and by ¢g scattering for larger jet transverse momenta. Results for Apr in jet production were
also presented in [2].
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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)

Motivation :

most promising reactions sensitive to
transversity involve unknown fragmentation

.-functions; measure products like

1 6(] ® D y'r
(and, even worse, combinations fchereof)

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

— Drell-Yan : low rates, 6§ small ?

— dir. photons, jets, inclusive hadrons, ... :
gluonic contrib. in unpol. case
— App small

(see : Artru & Mekhfi; Ji; Jaffe & Saito;
earlier talks today)

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

— makes measurement of even small Aqp
possible, as far as statistics is concerned

— might allow to pick regions where qg and
g9 channels are less dominant

consider here two channels:
pairs of high-®_ pions single jels
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Qld idea : .(Il-':wo‘mtannaz,Mantrach,Pire,Schiff)

. + o
High-pr pions, pp — w(pp)7(pr") X | LT Dyt = D”
Lowest order :

* 99, 99. 99’ 21 therefore, consider

4 ot 4o gt mnt
(with pions in opposite azimuthal hemispheres)
Tr e
® yq )
d
= is proportional to
. 47 - ®(D§+ _ D7Cr“_>,®,<D§-E —’~"D§:)’ T

— eliminates qg and gg — gg (not gg — qq)

‘Double asymmetry’
problems : (Artru,Mekhfi; Ji; Jaffe,Saito)

AT0W+W+ + Ape™ T — AT0‘”+W~ ~— ATUW~W+
e only ¢g, and interference of gg graphs, Arr =

O-7T+7T+ + 0~7T—7l'_ . O_7r+71-“ _ O_ﬂ-—ﬂ--{-
contribute for transversity

; indeed sizable. However, statistical error
e for gg, interference is suppressed by 1/N¢: -

+ ot
mha
e generally, transverse spin gives extra factor

R +.— -+
o Fo" T 4o T 4T T

5 (A7) o T

~ Sin< @ cos(2¢p) ,

<o-7r+7r+ 4o  grta— U”—”+)2
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Jdet Production

AT A AYEYY |

(see also Jaffe & Saito)

e expect small asymmetries

e extremely good statistical accuracy
at /s =500 GeV (recall, 457 — Ag )

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

This study :

® 4q, dq through saturation of Soffer's

inequality at pugry ~ 0.6 GeV
(cf. Stratmann's talk)

— admittedly, somewhat optimistic
— could have saturation at higher scale !
— Jaffe & Saito use §q(z, Q) = Aq(z, Q?)

* unpolarized pdfs : GRV (94)

o lowest order only; fact./ren. scales o= pjft

e /5 =500 GeV, £ = 800 pb-l

Apr in single-inclusive jet production :
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unpolarized :
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elative importance of subprocesses vs. n:
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Conclusions
~0ONclusions

® not all is lost for me

asuring transversity
at RHIC through ‘st

andard processes’ |
® jets :

— small App

— high statistical power
— theory :

study scale depéndence,
Calculate NILO COrrections, .
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Results on Azimuthal Asymmetries from DIS
Experiments

H.Avakian * ‘
INFN-LNF/YerPhl -
For HERMES Collaboraf%ion

Abstract

First measurements of single-spin asymmetries (SSA) in azimuthal distributions
in ép — {'mX processes, with unpolarized leptons and polarized protons, were
recently reported by HERMES [1] and by SMC [2] collaborations.

Significant z and P, dependences of sin ¢ moment in the cross section
(A57%) are observed at HERMES for n* and x© product1on 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 w1de range of v* 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:

]

e Extraction of sin ¢ moment of SIDIS cross section as a function of different

kinematic variables !

e Detector related background (acceptance, efﬁciencies)
i

e Physics related background (semi-exclusive aS} mmetries and sin 2¢ mo-
ments). ;

e Outlook

References

[1] A. Airapetian et al., DESY-99-149, Oct. 1999, e-Print Archive: hep-
ex/9910062 |

[2] A. Bravar Nucl.Phys. B79 (Proc. Suppl.) (1999) 520

** Talk presented by W.-D. Nowak DESY, Zeuthen
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Results on Azimuthal Asymmetries \

from DIS Experiments

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

A —

e Introduction

S e Single-Spin Asymmetries

N

> semi-incl 7= New polarised DF and FF
> 70 versus n¥
> exclusive limit

o Summary-outlook

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

-

/

|Sing‘le Spin Asymmetries.

e Double Spin Asymmetries:

Polarized Beam and Target.

e Single Spin Asymmetry (SSA)

Polarized Beam or Target.
> transverse quark polarization densities
> fragménﬁatiéh of polé,fized quarks
> intrinsic transverse momentum of quarks
> GPDF (SPDF, OFPDF..).
> higher Twists

Accessible through measurements of

o Azimuthal distributions of hadrons and photons
semi-inclusive and semi-exclusive DIS.
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ISemi-Inclusive DIS I

A
O_eH—)th — ZfH—-)q ® oeareq ® Dq——)h’
q

Chiral odd, T-even DF

4
.Chiral-odd T-odd FF

4
SSA

Naive parton models, non interacting collinear parton

_Parity, Angular momentum, Helicity. Cons..=-SSA = & |

SSA originates from multi-parton correlation and
intrinsic quark transverse momentum k7.

[ 1 Azimuthally weighted cross Sections' N

o.eH—)th = 0Oy +0'181Il¢)+0'2(303¢+g38in2¢+"‘
o= oYY o+ ol T 4

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

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

ot =0Vl Joo = 2(sin By,
defines the sin ¢ term in the cross section for
-unpolarized beam and longitudinally polarized target.




(&

The leading twist (subscript:1) description of the
nucleon involves 3 types of Distribution Function (+
others at higher level)

- @

Unpolarized quark in unpolarized nucleon.

o)

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

Classification of Distribution Functions;

80t

After introduction of transverse momentum of quarks
(pL):

- (DD

Transverse quark in longitudinal a

in=teamswersaly polarised nucleon.

SR A

R i O
RENSSSISIIRIsaN

hi is chiral odd — can be observed only in combination
with another chiral odd structure — Collins FF.

N MO

l Contributions to sin ¢I

<sing >yrp « S Q ,____1_726 zhl (z)H{-%(2)
<sing >yr « ST(l—y)Zeah‘l‘(m)Hla(z)

ST & sin 0y ~ '——W‘g”é J1 __’"‘"’%'
hr: twist-3 DF

In HERMES kinematics and with a longitudinally
polarized target (above shown) contribution from the
Sp, term is expected to dominate(~ 75%).
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( | Azimuthally weighted Asymmetries I \‘,

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

LI — £ S W)
IVt + VY] - W

w _
Arywr) =

the 1/ | denotes positive/negative helicity of the lepton

(target), L and Lp are luminosity and lumi weighted
polarizations.

W (¢) = sin ¢, sin 2¢, sin 3¢, cos ¢, cos 2¢ . . .

The HERMES Experiment at DESY

f—‘ FIELD CHFS —\

DRIFT CHAMBERS

DRIFT
CHAMBERS
VERTEX

CHAMEERS\}\ /\

HODOSCOPE HO
STEEL PLATE CALONIMETER

GERENKOV

SIDE VIEW

T MAGNET

—

o b 2 3 1 5 8 7 5 m
o Beam: transversely self-polarized 27.6 GeV e®-beam

of HERA, rotated to longitudinal spin orientation at
the HERMES IP; Pyeam = 0.55 &+ 0.02

~ o Target: cooled open-ended storage cell inside the

beam pipe. longitudinally polarized pure (*H, D, *He)
gas atoms of (7 — 33) x 10*® nucleons/cm?;
Py =0.88 £ 0.04, Pp ~ Py, Py = 0.46 & 0.02

o Tracking forward dipole magnet spectrometer with
57 chamber planes (40 mrad < 6 < 220 mrad);
resolution: 660 < 0.6 mrad. ép/p < 1.5%

e Particle ID: threshold Cerenkov detector, TRD,
preshower, lead-glass calorimeter: e/h misidentificati-
on < 0.4%

¢« Fast ‘Tn'gger‘ scintillator nodgscopes HO H1 HZ;
calorimeter energy threshold  (3.5) GeV

~ Typeset by Foil TEX -/ U\)B{\] 7
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Data selection § c ‘SSA-AUL: P, dependencel )
Table 1: The HERMES experiment
HERMES PRELIMINARY
Target ‘hydrogen
Polarization 0.86 = 0.05 (longitudinal) + 2<0.7
Acceptance in 6, =0.17 < ¥, <0.17 4 7130
Acceptance in 0, 0.04 < |6,] < 0.14 o7 ‘
DIS cuts Q*>1 005 v 1w A
W2 > 4 \
y < 0.85
Cuts on hadrons | oo z2>02 R ll )\
S g 49 < E, < 14GeV ° §
7° | By >1.0GeV, 0.1< M,, < 0.17GeV aqb 4 l
T e T L.

Acceptance and efficiency:

o 0y cut has major influence on the acceptance

Acceptance generated sin ¢ terms:

cross section) is under control.

\_

* Direct: generated sin ¢ term is negligible (MC)

e Indirect: generated sin ¢ (through the cos ¢ term in
the acceptance and sin 2¢ single spin term in the

/

)
Y1) S ——————
H | |
0 0|.2 014 06 0.8 1 12
P, (GeV)
M.
in simple model: Hi" /Dy ox wreBLz,

M'ézzz-i—p':)‘L
M. ~ 1GeV, Dy is the unpolarized fragmentation

function, Hi- the polarized " Collins” fragmentation
function.

7% data published in A. Airapetian et al. Phys. Rew
w& 84 (2000) 4047
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/ P T P \ " / I : —
SSA Apyr: z dependence i Comparison with theory for Tt ]
 ————— | | ——— ] |

HERMES PRELIMINARY 0.1
0.08 o
£
" g 2<0.7 °p
006 - o x° 0.05 |-

I

0.04 -
HE | i
< | |
0.02 - l \ |
\ Y A S —
0 _“ ____________________________________________ 0 0.1 0.2 N 03
e = ||| Curves (Kotzinian et al. NP A666,290 2000) correspond
o0 : : . : i to-different approximations for hy ( hy = 0.5(g1 + f1) for
0.05 _0.1 0.15 02 025

. upper and hy = g;) and Hi- (M, = 0.3 for lower and
X M. =0.7).

o consistent behaviour of 7+ and #°.

+ stng 4 Luoat 1 +
\ . iy T A o< —hUrHIu—T Lpd ppld—w
o behaviour consistent with increase suggests that the vL 9 L™ + ghLH 1
sea contribution does not dominate the effect.

— sing
T Ay’

U u—rmr- 1 -
§hLHll*’ +§h%H_1Ld—>7r

\_ AN

/




(AN

| W=sing

008 | @Ws=sin20
0.06 |-
0.04 T/
o I E s
5 o]
< 002} 1/

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

e only the favored fragmentation functions Df/ " and

Hf_a/'/r

o (Hi*(2)/2) = (Hi (2))/(2) with (z) = 0.41
o (Pri) = (pr) =~ 0.4GeV

e GRV parameterization for f{(z)

\o h1 calculated in chiral soliton model

/ l Other Experiments I \\

SMC SSA on transversely polarized target
Bravar, DIS99

1.0 " u

08 I SMC Preliminary
0.6 |

- §;§: L .‘!"i’i\‘ﬂ +

ST T

-04 |
-0.6 |
-0.8 |
-1.0 — : :

22000 -100.0 0.0 100.0 200.0

| S NN N |

Best fit value from SMC data:
An =0.1140.06
is consistent with HERMES measurements on

longitudinally polarized target and also the estimate of
the analyzing power given by DELPHI (Efremov et. al)

lifif_)
(D1)

= (0.063 = 0.020)

\ /
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— Large SSA in semi-exclusive and egclusive region for
7t and 7°

0.5

F epoe' X
04
L
03 5oy
T +
o 02 B x +
£ - I |
=] - &
0 :-——D.‘ ;g C]L £ ;&
041 |
-~2p2 [--HERMES-PRELIMINARY- - -~~~ | |~ |
) : uncorrected for acceptance and smearing +
-0.3_l|'||IllI‘J||IlllIlll'lllllll[ill"ll
O._2 03 04 05 06 07 08 09 1 14
y 4

— SIDIS — ”SEDIS” — GPDF
Possible sources for sign flip in 7+ SSA:

> HT in SIDIS (Boglione & Mulders)

Q A’;}f} ¢(7rf A%) ~ —0.3 A?}l,}.(ﬁ(ﬂ-l_n) (Frankfurt & Co.y

1. O *_ a . . P -
1gie Spin Asymmetries ior pions

0.5
— ep-enX
& o[ g° ;
S~
p f
o~ 0 % % %
g 4
» -
:\I/ 0.25 ¥ +target state 4 l
05 _ 4 - target state |
-~ -
E 0.2 - 7T
2 !
-~
~ 0 v X A 4 I
2 L2
: |
~ 0.2 -
Ny |
~ . +
‘a_-: 0.2 r =
v
= 0 ¥ v y ? +
. - A - A - AT -
=
7] 5
. N ©2| HERMES PRELIMINARY ¥
"‘ uncorrected for acceptance and smearing I
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z

— UU UL L
o1 =071 oy +01U

o significant contribution for 7t and #° from o¥r,

\
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( lPions in exclusive limit' \

Different behavior of 7° and 7*
o Worse resolution for missing mass for #° (— fig.)

e Suppression of exclusive 7° production on proton
with respect to 7t (as seen by HERMES)

)l

SIDIS events.

-3 7% in exclusive limit presumrna"bly db'nliriﬁaéed“by pule I

MM resolution (GeV)

0.5

[HERMES missing mass

resolutionsi
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0:3
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0.05

QAL L
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Missing parts of mosaic:

e The role of higher twists (z > 0.7) and exclusive
scattering (z ~ 1) in SIDIS
= need theoretical coverage of full z range

= need link between SIDIS HT and hard
exclusive scattering

¢ Find kinematic limits (z, Q?) where SIDIS is still
dominating semi-exclusive production.

e Interpretation of SSA differences for charged and
neutral pions

SIl

/

-

e Significant z and P, dependence of A/ }?

l Summary I \

observed for 1 and #° SIDIS.

e Different behavior for charged and neutral pions
in exclusive limit (z2—1).

\Improvements in HERMES Detectorl

¢ RICH = clean 7 and A" samples

e A wheel = improved exclusivity criteria

e Transversely polarized target (2000-)
> transversity, h;
> Collins fragmentation function
> 2-pion production [J affe]
e Separation of contributions from different

distribution functions through measurements of
other moments (cos é,cos 30, sin 3o...)




116



E
Investigation of single spin asymmetries in semi-inclusive pion
electroproduction

i

K.A. Oganessyan®®*, N. Bianchi?, E. De Sanctis®, W.-D. Nowak®

2INT'N-Laboratori Nazionali di Frascati, via Enrico Fern?li 40, 1-00044 Frascati, Italy
PDESY, Notkestrasse 85, 22603 Hamburg, Germany

¢DESY Zeuthen, Platanenallee 6, D-15738 Zeuthen, Ger%many

The azimuthal single target-spin asymmetries for =+ pr(")duction 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. [1]). It is shown that the approximation
where the twist-2 transverse quark spin distribution in the'longitudinally polarized nucleon is
small 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 discu§sed.

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

(i) The approximation where the twist-2 transverse qﬁark spin distribution in the lon-
gitudinally polarized nucleon, hii"(z), is considered small enough to be neglected [2-5].
This results in good agreement with the Bjorken-z behayvior of the sing and sin2¢ asym-
metries observed at HERMES. Note, that this does not require the twist-3 interaction-
dependent part of the fragmentation function, H(z), to be zero.

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

Another 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 [10,11].
Thus, we do not consider it. ‘

The transversity distribution h;(z) measures the probability to find a transversely po-
larized quark in a transversely polarized nucleon (see, e.g., Ref. [12]). 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 .4?}'}“"’ for #* production as a function of
Bjorken-z and z, evaluated using Mg = 2m, and 7 = 0.8. The results obtained within
approaches (i) and (i) are denoted by pairs of full and dashed lines, respectively. For
each approach two curves are presented corresponding to Ay = g; (lower curve) and
hy = (fi + 91)/2 (upper curve). HERMES data are from Ref. [9,13].

transversely polarized nucleons is to measure the azimuthal angular dependences in the
production of spin-D or (on '‘average) unpolarized hadrons, which shows up as sin(@ -+ @)
dependence [14], where ¢; 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'see that the single transverse-target-spin asymmetry expected
to be quite large. At HERMES kinematics ({z) = 0.1, (z) = 0.4} it amounts to (4 + 7)%.
The HERMES experiment using a transversely polarized proton target will be able to
extract h;(z) in a simple way proposed in Ref. [15]. Actually, the combined results of
HERMES (on transversely polarized target) and COMPASS should give quite precise
information on transverse distribution functions soon.
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z Smgle-Spm Asymmetrles

T NS

I Longltudmally Polarlzed Target |

l!l"

Subleading in 1/Q

sin M
AUL¢h NasL hf_L(l) H—_L(l)

i —M—'S XA/.:)Z I"«’

R
M, .
+55e hi® HFW

M .L(l) H
——Sr, h ®-—~
Q
~M/Q !
+Sin97 Slab hl ®H1J-(1)
' N e’

ST: {
Note:

— color biue denotes twist-2; color greeri Twist-3
— superscript (1) indicates weighted DF's and FF's:

s [ k2 s
H;‘-(l)(~") = :l"/d“k‘T (2]\’1}3) Hl'L(z/,‘ =, ‘:r).
2
L 2 P%, L 2
by (=)= /d pT <)_,U,‘_7) hip(x.pr),

pr (k) is the mitial (final) partons intrinsic transverse momentum.
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L : stmbunon Functions [

g 1(x> Twist-2 h(x)

Approximations: *

: swe hy= (frg )2 8/

. hy =
= Twist-3 L i)
b g(l) hli_
+ T Twist-2 - “x—‘

X ~

o ist- . +h
+ g‘r ] Twist-3 (Int.dep.) _ L
g ' OPM hy =0

Approximations:  W-W
Ve \“ .
@ é e - m - T

=(g.- g ) Twist-3 hy= 2(h, - by)
= =2
T ‘,l
Derivation of
; d
=4 . Twist-2 = - oo B
dx 1T

Fragmentatlon Fumo

Dl = @ Probability of finding hadron h in'a quark
@ @ The different production probability of unpotarized hadron
from a transversely polanized quark

Chiral-odd, “Time-reversal-odd", Twist-2

I
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| Wandzura—WnIczek in DF’s only

....... s oy

Wandzura-Wilczek like Approach: neglect interaction-
dependent twist-3 part: hL(x) = 0 (in parion model
vanishes). Then hitY(z) = —z? f dyh‘(y)
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Smgle-Spin Asymmetnes !
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Subleading in 1/Q
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The single target-spin asymmetry A’z",‘zd’ for #+ production as a function of

Bjorken-z, evaluated using M = 2m, and n = 0.6. The results obtained
within approaches (1), (Il), and (lil) are denoted by pairs ofnd dotted
lines, respectively. For each approach two curves are presented corresponding
to hy = ¢ {lower curve)and h; = (fi - g1)/2 (upper curve). .Data are from
HERMES :
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Single-Spin Asymmetfies

rnem s

l ngitudinally polarized Target

Sublefading in1/Q

02

L 01F

The smgle target-spin asymmetry A“‘“ ? for =+ production as a function of =
evaluated ustng the same parameters as in HERMES preliminary data (the error
bars correspond to the statistical uncertainties only).

Single-Spin Asymmetnes
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Leading inl1/Q
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The smgle target-spin asymmetry A“L‘,'I:"’ for =% production as a function of
Bjorken x, evaluated using the same parameters as before. Note that the line
at A“Lf.’}‘z‘“# = 0 corresponds to the result of approach (11), the curves of the
approaches (1) and (Il) coincide and are both denoted by dashed curves for the
two cases considered for hy. Data are from HERMES.
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i Single—Spin Asymmetries
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longitudinally polarized protons evaluated usi;’:g Mo = 2mgy and 5 = 0.6.
Full lines correspond to results where the perfurbative contribution is taken into
account in the denominator, while dashed ones are without this contribution. For
each case two curves are presented corresponping to hy = g1 (lower curve) and

71 = {f1 + 91)/2 (upper curve). HERMES data are from HERMES.
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Smgle-Spm Asymmetries
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a) the transversity distribution Su(x), and b) the ratio of the fragmentation
functions H fl'm"‘(:) and D¥(z) as it would be measured by HERMES with a
proton target. The asterisk in a) shows the normalization point.
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The role of h; in azimuthal and single spin asymmetries

M. Boglione

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

Because of its chiral-odd nature, the “transversity” distribution function h; 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 h; (z) distribution function, as in Drell Yan scattering,
or a chiral odd fragmentation function, like the Collins function usually indicated by AY D(z) or by

Hl”L(l) (2). 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. Murgia, aimed at the study of these functions
[1-6]. l
Single spin asymmetries are absolutely crucial tools since they are strictly related to two “hot”
topics: 1

1. The role of the intrinsic transverse momentum lcT (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 kr 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 p'p 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 #; and the Collins function AY D, a chiral odd
kr 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 hy and AN D gained by performing such a fit allows 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 [§].

An other interesting way of gathering information on the h; distribution function is by considering
the semi-inclusive production of transversely polarized: A and A 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].

P
t

(1] M. Anselmino, M. Boglione, F. Murgia, Phys. Lett. B362, 164, (1995).

[2] M. Anselmino, M. Boglione, F. Murgia, Phys. Rev. D60, 054027, (1999)

[3] M. Boglione and P.J. Mulders, Phys. Rev. D60, 054007 (1999).

[4] M. Boglione and E. Leader, Phys. Rev. D61, 114001 (2000).

[5] M. Boglione and P.J. Mulders, Phys. Lett. B478, 114, (2000).

[6] M. Anselmino, M. Boglione, F. Murgia, Phys. Lett. B362, 164, (1995).

(7) D.L. Adams et al, Phys. Lett. B261, 201 (1991) and Phys. Leit. B264, 462 (1991).
(8] HERMES Collaboration, A. Airapetian et al., hep-ex/9910062.
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* Determination of the transversity h; and the Collins
function AN D from pTp —» X

* The role of h1 and AN D in DIS spin asymmetries

* A and A polarization in polarized DIS
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Correlation functions fulfill hermiticity, parity and

charge conjugation symmetries.

What about time-reversal symmetry ?

DISTRIBUTION
PROCESS

FRAGMENTATION
PROCESS
lPhnX >(5ut

SINGLE SPIN
ASYMMETRIES
ARE NON-ZERO

IP >out = 'P >in
single particle

one moment only

1Py X 4=
ei%x 'Pha X >out
phase shift”

only

EITHER ¢ OR A
CONTAIN
T-ODD FUNCTIONS
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Distribution functions

q(z) = fosp(@) = fi(2)
Ag(z) = gi(z)
Arq(z) = hi(2z)
AN f (@, k) = o Rzl sind fir(z, ky)
a/p M 17

where ¢ is the azimuthal angle of the quark transverse
momentum

Fragmentation functions

D(z) = Di(2)
AD(z) = Gi(2) i
N 2 |k, | sin ¢ L TN
AD(z, k) d°k, = —2————M—;—H1 (z, k) d“k.,

where ¢ is the relative azimuthal angle of the outgo-
ing hadron momentum.
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Single spin asymmetries are ~ 0 at partonic level in
COLLINEAR configuration.
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Possible explanations

Sivers mechanism:

Scattering via an unpolarized quark

Sivers and Collins mechanisms

. rL
o x f1® fip ®Dy
- Consider non collinear configurations

0.5 T T

( distribution functions — Sivers

(m'tlal State) M. Anselmino, M. Boglione,

n 0.1
- ey effects in ¢ o e 1% Mugia, Phys. Letl. D 362
S _ _ , o (1995) 164
fragmentation functions — Collins 0zp, .
03k 4
k (flnai state) . . T os o4 05 05
vee llnlve:lull amsteedsm 7 »

e Uavarsiten wesierdzm




o€l

Collins mechanism:

Scattering via a transversely polarized quark
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M. Boglione, E. Leader,
Phys. Rev D 61 (2000) 114001
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Transversely polarized target (leading order)

Use the functions fi-., h; and H{* determined by
fitting the single spin asymmetry Ay in pTp = 71X
to calculate the corresponding azimuthal single spin
asymmetry in fpt — 7t X

CJ ¢ 2
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M. Boglione, P.J. Mulders,
Phys. Rev. D 60 (1999) 054007
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Longitudinally polarized target
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H(z) d Hl(l)\ ! Use hi and Hi from spin asymmetry Ay in ppt — 7 X
z  dz \"71 ; and h-distributions in approximation iy = 0
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M. Boglione, P.J. Mulders,
Phys. Lett. B 478 (2000) 114
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Use hy and Hi- from spin asymmetry Ay in ppt - X
and h-distributions in approximation i1} = 0
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Calculate for fpt — ot X
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M. Anselmino, M. Boglione, I'. Murgia,
Phys. Lett. B 481 (2000) 253

Measure the A polarization in £p — (A + A)X by looking
at the angular distribution of the A — pr decay (in the
A helicity rest frame)

PZ(O)_SL) — P§01+) —

2, €aR(@)ADp/(2) 3, eq0i(2)G(2)

> eaa(z)Dpye(z) ) edfi(z)Di(z)
ah AQ(z) ADyys(2) _ AQ'(z) Gi(2)
Q(z)  Dasqe(2) Q(z) Di(z)

where
Dajw = Daja = Duass = Daja = Daja = Diass = Dayq

ADysu(2,Q0) = ADpsa(2, Q) = Ny ADp o (2,Q0)

“and ) - ' .
Q = 4u+a)+(d+d)+(s+3)
AQ = 4(Au+ Ar)+ (Ad+ Ad) + (As + As)

Q" = [Hu+a)+(d+d)] Nu+(s+5)

AQ' [4(Au + AT) + (Ad + Ad)] Ny + (As + A3)

Hl
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TRANSVERSE POLARIZATION
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1. Ny, = 0, the whole A spin is carried by the s quark
2.. Ny = —0.2, as suggested by SU(3) flavour symmetry 1 1
and g¥ first moment experimental data Au = 72‘('“‘ +Au),  Ard= 5((1 + Ad)

3. Ny, =1, all light quarks contribute equally to the A Agii = Ages = 0

84!

polarization
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Polarized lepton, unpolarized nucleon target

Unpolarized lepton, polarized nucleon target
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and we have taken

Aps=Api=0

M. Anselmino, M. Boglione,
U. D’Alesio, Iv. Leader, F. Murgic,
In preparation
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Single spin asymmetries are an important tool to
learn about distribution and fragmentation func-
tions, and ultimately to study the spin content

of nucleons.

The study of the angular distribution of the
A — pw decay allows a simple and direct mea-
surement of the spin properties of the quark
hadronization.

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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QCD solution(s) to an ancient puzzle: large transverse spin asymmetries.

Elliot Leader
Imperial College, London
( in collaboration with M.Boglione, Vrije Universiteit, Amsterdam )

The very large asymmetries (up to 30-40% ) undex reversal of the direction
of the transverse spin of the polarized proton in semi-inclusive reactions
like pp-->hX has long been a puzzle, since ,in the standard approach the
basic underlying PQCD parton-parton asymmetxy vanishes in LO, and is
negligibly small in higher oxder.

Three different SOFT mechanisms have been suggested as the origin of these
aymmetries. '
P
Consider a proton with momentum P and spin vector S. !
- - ,
1) In the Sivers mechanism the number density of quarksf of momentum
%P + k_T depends upon S via a term S.{P * k_T }.

- - - - - - i
However, such a term violates time-revexrsal invariance| and is not
considered furthex.
2) Surprisingly, the analogous effect (the Collins mechanism} in the

fragmentation of a quark of momentum p and spin vector s into a

i -
hadren of momentum zp + k_T CAN depend upon s via s.(p * kT
- - - 4 - -

without violating time reversal invariance.
3} The Efremov-Texyaev and Qiu-Sterman mechanisms require the introduction

of a higher twist correlated density giving the joint probability of

finding a2 quark with momentum xp and a gluon with momentum yp in

the proten.

i
The achievement of a nen-zero asymmetry requires taking seriously the
existence of a pole in the perturbative quark or gluon propagator. Since
confinement implies the absence of a pole in the complete propagators,
this may be a contentious issue. )

i
_— :
e concentrate on the Colling mechanism in p + p =-->:pion + X. The
asymmetry depends upon a convolution of the quark tranqverse spin density
{Delta_T gl {x) and the Collins fragmentation func.m']
[Delta_W D_pion/ql(z, k_T) . A vital role is played by the Soffer bound

| (pelta_Tgl(x) | < 1/2 { alx} + Del:aq‘(x) )
and the positivity bound
| {Delta_ND_pion/gl | < 2D_pien/q
where the RHS is the unpolarized fragmentation fun::ign.
The main results are:
1) it is impossible to fit the pi{-) data if a standard {negative)

polarized Deltad(x) is used in the RHS of the Soffer bound for
{Deita_2d] (x}.

'

2) a fit is possible if Deltad(x) obeys the PQCD rule 'that
¢
i
i

Deltad(x) --> d(x) as x-- 3 . ;
as x-->1. {x) as x-->1, i.e. changes sign and Becomes positive

) . !
3) This has dramatic consequences for the NEUTRON g_1 ('x) at large x
4) We obtain the first ever information on ([Delta _Tu] (x) and

[Delta_Td) (x) and on [Delta_ND.
T _pion/q](z} i T
theoretical treatment. B ) in @ consistent

5) The results are surprising. The magnitudes of {Delta_Tuj(x) and
[Delta_Td] (x) are much smaller than would be expected in a
non-relativistic treatment. And the fi

2 irst moments ar
than lattice oxr QCD sum rule estimates . a' s much smatler
On the other hand, the magnitude of [Delta, ND_pxon/q] is large
almost saturating the positivity bound. '

6) '

In all the above mechanisms the intrinsic transver.,e momentum

is essential and the asymmetry will vanish when |
I

| p_T pion | >> | e .

where k_T is the intrinsic transverse momentum of either the

quark in the proton or of the pion in the fragmenting quark.

We are at present studying a more careful treatment cf the
kinematics in the reaction.
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Single Transverse Spin Asymmetries in Hadronic Reactions

F. Murgia

Istituto Nazionale di Fisica Nucleare, Sezione di Cagliari and
Dipartimento di Fisica, Universita di Cagliari
C.P. n. 170, I-09042 Monserrato (CA), Italy
e-mail: francesco.murgia@ca.infn.it

In the last years our group! has developed a phenomenological approach to the study
of single transverse spin asymmetries for semi-inclusive particle production in hadronic
collisions at high-energies and moderately large pp {1]-[5).

This approach is basically an attempt to generalize the usual pQCD lormalism for the
study of AB — C'X processes at high energies and large pr, with the inclusion of spin and
intrinsic transverse momentum effects in the partonic distribution and/or fragmentation
functions. A new class of twist-2, nonperturbative, spin and ky dependent distributions
need to be introduced, which might be responsible for the sizeable single spin asymmetries
measured experimentally in the past years (mostly at large, positive zp). Asitis well known,
in fact, pQCD at leading twist and with collinear partonic configuration gives negligible
single spin asymmetries and is not able to explain these experimental results.

The new, spin and k; dependent distributions originate from soft, non-perturbative dy-
namics, which induces correlations between the intrinsic transverse momentum of, e.g., an
unpolarized parton(hadron) inside(produced in the fragmentation of) a transversely polar-

ized hadron(parton); this in turn results in an azimuthal asymmetry for the ky dependence.

‘of the parton(hadron) probability distribution. The same is true when the transversely

polarized particle is the final parton(hadron).

These distributions are not calculable from first principles in pQCD. However, a simple
parameterized form can be derived by performing a fitting procedure to the best available
experimental data. After that, if the general pQCD scheme is valid, factorization and
universality should allow to use these parameterizations to give predictions for different
processes. This procedure is completely analogous to that foliowed for the wsnal u npolarized,
k-integrated, parton distribution/fragmentation functions.

It can be shown that at leading twist there are four possible spin and k. dependent
contributions involving partons/hadrons with spin & =1/2:

. ANt @, k) = fypale, k) = Joppt(a. k) = foppr(e, k) = £ 0(e, —ky), and
AN Jarzple, k1), in the distribution functions;

) A‘\'l),,/,ﬁ(z,kl) and A""Dm/q(z,kl), in the fragmentation process.

Notice that all these functions are ky-odd: this means that we must keep trace of
the ki dependence also in the clementary partonic cross sections, otherwise integration

"The work presented here has been done in collaboration with M. Anselmino, M. Hoglione, ). Boer, U.
1’Alesio.

over intrinsic momentum always will lead to vanishing results for convolution integrals.
Furthermore, all the functions are T-odd, which requires initial(final) state interactions.
However, while final state interactions arc clearly present in the fragmentation process,
initial state interactions are more difficult to accomodate: they could spoil the factorization
scheme and the universality of Lhe corresponding distributions (Aquh,f, Aquf/p)- Finally,
the functions involving transversely polarized partons (Aqu(/,,, ANDh/qf) are chiral-odd,
and always must appear coupled with some other chiral-odd contribution; e.g. the process
pTp = 7 X could involve 8¢(x) @ AND,,/qf(z).

Depending on the specific process considered, two or more of these functions can con-
tribute simultancously. However, as a first step al! phenomenalogical studies performed at
present consider one of these contributions at a time. Of special interest are those processes
where one of the contributions can be expected 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
processes.

For example, in the process ptp — v X only contributions from the partonic distributions
can obviously be present. Analogously, in semi-inclusive DIS one can imagine that the
contributions in the fragmentation process are dominant.

In any case, it is clear that only an extensive research program which compares and
analyzes simultaneously all the physical processes which are {or could be in the near future)
experimentally accessible may help us to really disentangle among the several competing
contributions and the different proposed theoretical approaches.

Based on these considerations, in the last years we have studied several processes in-
volving the so-called Sivers (A"'fq/,,f) {1, 2] and Collins (AND,,/qT) {3, 4] functions; more
recently, we have also considered processes where L\quf/p and ANDM/‘7 could be relevant
B

In this contribution I will present in details the results of our research program for two
interesting processes: pTp — 7 X (Sivers effect only) and pp — AT X.

1} pfponX

Starting from the general formalism described above, it is casy to show that in this case
there are three possible twist-two functions contributing: A‘qu/PT (z, k), Aquf/p(fL‘, ki),
and AA,D,'-/qt(Z'k_L). Notice that sizeable single spin asymmetries have been measured in
the large. positive z region. From this point of view, the contribution from AquT/p(x, ki)
somehow disentangles from the other two. In fact. this eflect comes from the unpolarized,
target hadron, and should give non-negligible contributions only in the large, negative xp
region. On the other hand. AV, +(e,k1) (the Sivers function) and AVD, (2, ky) (the

ollins function) could both be relevant in this kinematical regime. As already mentioned,

however. the first phenomenological studies take into account only one of these contributions
at a time. Here we concentrate on the Sivers effect. since Collins effect for this process will
be discussed in details elsewhere in this workshop (see the contribution by I. Leader). For
a discussion of Collins effect in our approach see refs [3, 4).

We have first performed a fit to the experimental results from the E704 Collaboration
at Fermilab [6]. The quality of the fit is good and the parameterizations obtained for the
Sivers function (for u and d quarks) are quite reasonable. These parameterizations show
that in order to repraduce the experimental results. the ratio A'\'fq/‘,f/ﬁ, must be positive
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for u quarks and negative for d quarks; it must grow in size when the parton momentum
fraction z increases, up to around 0.4-0.5 for large @ values.

Using these parameterizations, we can give resulls for Ay vs. ap, at fixed pr = 1.5
GeV, for other interesting processes, in the same kinematical regime covered by the 1704
experiment. Examples are: 5Tp = # X, pTp = v X, plp = K5 X, ete.

We also discuss in some details the pr dependence of our results and give some predic-
tions for An(p¥p = 7 X) in the kinematical regime of interest for RHIC experiments,

It is interesting to notice that the py behaviour of Ay seems to be quite different in the
kinematical regimes of FNAL-E704 and RHIC experiments (/5 ~ 20 GeV and /5 ~ 200
GeV, respectively). In the E704 case, our predictions show a mild dependence on (a small
decrease with) py in the range 1.5 < pp < 4.0 GeV. In the case of RHIC our results show
a stronger dependence on pr.

2) pp ATX

Hyperon polarization in unpolarized p — p, p — A collisions is a longstanding problem
for particle physics and pQCD. The huge amount of experimental data collected for the A
particle can be summarized as follows [7]: the A polarization is negative and can be as large
as 30% in size. As a function of pr, |An| starts from zero and grows as py increases, up to
pr ~ 1 GeV. For larger py, |An| seems to show a “plateau behaviour”, up to the highest
reachable pr values. The value of {Ay| in the plateau region increases almost linearly
with 25, On the contrary, Ax(A) seems to be compatible with zero, at least in the range
0<Lzp L03. ’

One point of interest in our theoretical approach is that we can find a common origin
for single spin asymmetries in pTp — # X and pp — AT X processes. In our scheme, in
fact, we can get contributions to transverse A polarization, Ay(pp — ATX), from the
following twist-two functions: AquT/},(a:,kl) (from the initial*unpolarized protons), and
ANDAf/q(Z, k) (which we call “polarizing fragmentation function”).

However, since there is some experimental evidence that the mechanisim responsible
for hyperon polarization should be in the fragmentalion process, as a first step we have
considered only the contribution from the function ANI)AT/,,(::, k). This assumption can
be tested by looking at A polarization in semi-inclusive DIS [8].

We have performed a fit to the experimental data available for A and A polarization
(with pr > 1 GeV and xF > 0), in order to derive a parameterization for A“"DM/,,(z).
Results of our fit and details of the parameterizations are shown. Once more, one seems
to be able to reproduce with good accuracy all the main features of the experimental
results with very reasonable parameterizations for the twist-two polarizing fragmentation
function, L\"'Dm/q. In particular, it results that ANDM/,,‘,, < 0, AND,\T/S > 0, and
IANDAt/“,d[ < ANDM/,. These conclusions are alimost independent of the particular set of
unpolarized A fragmentation functions adopted, which are also known with relatively low
accuracy.

The results presented here are very encouraging: they show that in our approach it seems
possible to reproduce most of the available experimental results (with pp > 1 GeV and
2z > 0} by using quite reasonable parameterizations for the new twist-two, k. dependent
distribution/fragmentation functions. We ace also able to give predictions for several other
processes which could be investigated in running and/or propused experimental set-ups

(RHIC, Rampex, SMC, HERMES, HERA-N, etc.).

In particular, RIIC experiments should allow a detailed investigation of several of the
processes considered, particularly in the almost unexplored ligh-energy, large pr regime,
where our models are expected to be more reliable and could be tested more severely.

At present we are still at the beginning of our full phenomenological program. Among
other things, one needs to consider in a more refined way the k) kinenatics, which in the
present analysis is treated in a simplified way; one should look to what happens when two
(or more) of these polarized, ky dependent functions are at work simultaneously, which
makes the analysis much more complicate.

However, it seems that in near future we will be able to test in details our approach
(and similar and/or competing ones) and learn a lot about the mechanism (s) responsible for
single spin asymmetries at moderately large pp. RHIC experiments will play a fundamental

role on this respect, particularly in extending the py range available, a crucial point for
testing pQCD-based approaches.
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MEASURING TRANSVERSITY WITH SPIN-ONE HADRONS
I

A. Bacchetta, P.J. Mulders '
Deportment of Theoretical Physics, Faculty of Science, Free University
De Boelelagn 1081, NL-1081 HV Amsterdam, the Netherlands

We analyze one-particle inclusive DIS in the case when a spin-1 hadron (such
as a vector meson) is observed in the final state. We consider only leading order
contributions in 1/Q, but we include transverse momentum of partons. We identify

five ics where the distribution &y {zp) appears multiplied by
new fi ion i ions or of them. !

!

To describe the production of spin-one hadrons in DIS we need to introduce
two soft correlation functions, describing the quark distribution in the spin-1/2
target and the hadronization of a quark into the final state spin-1 hadron. In
leading order in 1/Q we are concerned only with the quark-quark correlation
functions ¢ and A. The correlation function @ has been already widely studied
in the literature (see e.g. !). The function A js defined as (using Dirac indices
a and §)

t

et (0]ea (€)1 Pr, Ta ) Pr. Tl €3(0)[0). (1)

o [.d%

Bcplt, PuSu T = [ 5

Here, K is the momentum of the quark decaying into an outgoing hadron after

being struck by a virtual photon. The vector Py is the momentum of the

outgoing hadron, S, is its spin vector and Ty is its spin tensor, needed to the

full description spin-one polarization®. In the hadronic Len;or we need the
integrated correlation function

. 1 - 5
Alshr) = = / AK* Ak PrSaTh)| e o
4z k= b ks fas
which can be decomposed using 18 different. {ragmentation functions ?. Five
of them are chiral odd and as such they are possible c’mdxdatea to connect to
the transversity distribution function.
The cross-section of semi-inclusive deep-inelastic bcattermg is
!
.
o+ B2l ht X) 7ot ¥ ;o o)
dzd=dy Q4 2=
where z, = and y are the usual scaling variables and Lo i3 thc lepton {cnsor,
The hadronic tensor 11°# can be written as

ANWH = 22 Tr R0(x) 47 2A(z) 4] (4)

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 1solate pion couples coming from the decay of primary
p mesons. The polarization analyzing powers can then be expressed in terms
of the azimutal and polar angles of one of the pions. Because of the parity-
conserving character of the decay, only tensor polarization analyzing powers
are different {rom zero.

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

. — dot
Whyr (20,9, 8} =/d0€ d¢t Py, W (———— ) 5
i detdz,dz, dyd*Pay ®
where ¢¢ is the azimuytal angle of the electron scattering plane, &4 o1 ‘Ps and ¢t
are the azimutal angles \nLh respect to the scattering plane of the outgoing p.
of the transverse spin of the target and of one of the decav pions, respectively.

The following asymmetrics containing the transversity distribution can
then be observed:

{sin (6% + 65N}

= 47’Q&_ zg 1St (1 — ) [sin20-| Zc h§(zg) Hiyp(zp) (6)
Qr .

<m" 1 (208 + 65 — of.)>UT

= S:Qq; zn Srl{l~y) sin® 6, Ze h$ (z,) HIE (2} )
Qr

<M,. sin(95 1 )> or

87%a’s

=g Brit-n 3 Lo220%) g o) S ) (8

T2 by 1S (1= 9) [sin20] ST 62 b (oa) HIEE (20 )
a

175

Qr .. ¢ ¢
a7 sin{d% + 3¢, — 2¢%)
<4MZM,‘ s . or

3» 8rlals K
o= o z5 |Sr| (1~ y) sin?8,

'

2 /1
x D€ [h‘{ (o) By (z) +4 ( M") 102 (2,) HED® (2,)
:

M,
! +10 ( ") R (2g) HESS (:,)}. (10)

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

1. Sec e.g. P.J. Mulders, R.D. Tangerman, Nucl. Phys. B 461 (1996) 197.
2. C. Bourrely, E. Leader, J. Soffer, Phys. Rep. 59 (1980) 95.
3. A. Bacchetta, P.J. Mulders, Phys. Rev. D 62, 114004.
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©- Spin one in correlation functions
©- Vector meson decay

©- Asymmetries and transversity

7.}

| Extent of this analysis
e Leading orderin 1/Q
® Tree level

e Including intrinsic transverse momentum

{ e Including (naive) time-reversal odd contributions
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do(l+H =1 +h+ X) L WH The correlation function can be written as a function of the

spin vector & and the spin tensor 7’ of the hadron

(I)'i.j (p) Pa ’Sa ’]) =

d¢ o
f (2—7}—)%@”"5(13, 5T

or as a matrix in the hadron’s helicity space

@Zj(o)":bz’ (f)IP, “:;7 T)

die . _ ,
B () = /ﬁ (P, Al (0):(€)| P, A)
v B vy v
2MWH o Te[®(2,,) v* Alzn) 7] where A and A’ are hadron's helicities (1,0,-1)
4

oy e G S e B

2P .q “h Q?

The connection between the two forms is done by means of

T 7 the spin de’n'sity matrix T T e

IMWH / d*pp d®kr 6% (pr + qp — k1) X
Tr [q)(ﬂ:}} 7pT) A]’“ A(Zh) k‘/'f') ’7”] (I)(p) P) ‘(-:;7 7’) - p('g7 ’/’) ATA (I)'i'j;!\ A (p’ P)
= Tr[p(5, 1) ®(p, P)]

4 = Pry
p=——
Zh
< <
Alessandro Bacchetta o Zi @éf Alessandro Baccheita i
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P (m(e’({,)) = probability of finding a state with spin-component
[ m along the direction specified by 6 and ¢
& & 3 —
NN 2 1 1
<loa. [P — _ — — — v
L Sir = 5P (o) + 5P (~1on) = P 0oo)
5/)& [‘_""; v|
) —
e 1 g = Str = P (0(—%,0)) - P (0(%,0)),
8k = + &~ :
- o e |5 Str = P (0(—-:%,%)) - P (0(%;;;-)) -
o o + ;
» + e Srr = P(0z,-3))—P (O(%,%)’
: = |2
+oob = oo - vy , o S
SRR s = v | S = P(O(-g,-g) *P((’(g,m)
it BRIV
| N o 4 4
l ) é (,; E P trgrvere phane
& E % 1
= O -
2 8 OO
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T e S q - N
Q N Str="0 - O Slp= O -0
- = o
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Without transverse momentum = 5 FUNCTIO'NS

e Q44) (O @

With transverse momentum => - 18 FUNCTIONS

X-odd X-0dd
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$ When one measures a longitudinal spin asymmetry
g +?~ ; = do™ — do* g1
= T NG — : = :
s & = Lo e s 50 do™ + do=  fi+3finz
£ é/ + ' 2
é 2 7 then to extract g; we need to know aiso

A , .
S © = & o do™ + do* — de® 2.firr
@ £ Fooe o o ¢ oW - =
'_z_:ﬂ =2 £ o do= + do* + do?® 3f
S 5 <
s £
C © o
silet
o=
=S ] =] o - o o

8 % N ® v cf. Hoodboy, Jaffe, Manohar, Nuc. Phys. B 312, 571
S £ <
5 c 2 4
R A =—-b
28 ER firr 30
£ o s o tie o o
o = | Y Exactly the same happens with transversely polarized hadrons
2 8 o2 . .
o ® and transversity.
£ o T
= w -3
A ~3 —_
e = P =
% -Q Law] g.‘\‘ = < o + A,
2 2 w3 £ @
éa (o} > The only spin-one hadronic target is the deuteron: in the
% g £ 5 hypothesis of independent scattering on the two nucleons,
s ®© < &
c < -4 o . o
> O o o o o [ ° ' is small, but how much
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smce ina CI‘OSS sectlon we observe \\

direction of pion in p

rest-frame

deca
Ak, P A,,, ) — [R( V’(A,,, A7) Ak, Py)| |
The analyzing powers depend on the details of the final-state
hadron decay.

-« 2 <

Alessandro Bacchelta v zi % Alegsandro Bacchelta e
BROOKHEAUEN

g BROOKHAUEN 14 3 ;
veize Universheit amstardom ‘n.ansvorsl'ty W“Lh Sp/‘n ()/7@ NATIONAL LARORATORY a4 Universiteit asrrerdan: TI’H/’SV(}IS”}/ L‘V”h S[)/fl 017@ NATIONAT LABORATORY

12




281

target rest-frame ' i "_%, " {' "

9 A - A
: 2 s — S i gl 18|8 s
M~ B o
p ol 2 =S = |
5 1
[{e} - o o L o
. n—- o ™ - o ™ = o o - )
< o (wd)p/op (2/1)
m o - — - —
decay plane i e ‘ [
@ i L ~ ]L o Y
- g 1§ ° 4o |§ 13 8 g
' ; £ 1) 4 2 % 8 ©
i : 0 “a ik k-4 2]
clectron scattering plane production plane 3 % T T 8
o 1o - 1 o o=
- I e - e L - Coo . - olc Tl el el - ©
S “@s09p/0p (0/1) Ee)
p direction in the v G L
target o @
rest frame < g
o 4 Y ) .}
8 ‘ o
e rromrescere e e p rest frame = g 2|3 2| a .S
a v v g LK =
- _1 2 ) o H 1-13 ¥ AL - 2
Arr, = —3(cos?0+ cos20 8 A A e =
BTSN e M ﬁ'l‘iq 2 2
T _4in20 cos 2 NS Wsls NBls S\ ihem S
Ly = TSN cosy z prpeied] b o b el 8
o s5ad s 38 & ] 3 3e8
Y o . - - T; 8
A7 = —sin26 sing 2le Male o ) PRSI
2 v v B g = s
T = —sin“f cos2p [N IRE -|¥ ¥ ] =
AT ASNES AT A c
< g.:,: <, b4 &g MY [}
A%, = —sin?0 sin2p FUnLIENaL N 1N
TT * - lul lél‘ ‘0' 1 " 'ul L 'uv‘ l"il e
B 3238° ¥858° 923 s258° 3
1-(:2/A29) Wp/op (*o/1) 8
=
< 2 <
Alassandro Bacchetta 2, &g‘ Alessandro Bacchetta L zi
X - it e BROOKHAUEN 13 B3 o BROOKHEAEN 14
B e Transversity with spin one NATONAL LARORATORY g o Transversity with spin one FATIORAL LAvaRATORY



£81

"3
wrne Univecsielt amsterdam

Hermes collaboration hep~ex/0002016
{Zeus collaboration Eur. Phys. J. C 12, 393)

1000 T T

T T
800 | 4
Y eo00 )
[
5
g 400 E
200 +
0 . .
-5 0 10 16 20

5
AE (GeV)

<Q®>=1.13 | [<Q*>=1.80 | [<Q®>=R.75

4
0.0_‘ -60 6 1-1-50 5 1-1-50 5 1-1-50 5 1
CcOoSs
03 T T T
- 1<Q%>=0:80( |<Q@%>=1.13] - 1<@®>=2.75| -
£ { ]
w—7 6 ki
Measurement of decay distribution seems to be feasable
Alessandro Bacchelta Y
BROOKABUEN 15

Transversity with spin one NATIONAL LARORATORY

seizaUnbversiteit emseerdan

<"‘Y'IY>UT (my Y ZP) =

dot — dot )

d¢t 2P, W (
/ » P d¢t dz, dz, dy &P,y

; 137 P it nl 0
| & (I_L S ({);,, (;',)i’_‘.‘ (‘_;')i )

Badtn progtuctien plane

- // 4
A7
Tab Illll’l‘v/ﬂlll.ll plane
suullering plane
hadron decay plane
seattecing plae
<
Alessandro Bacchetia z

. i
BROOKHEUEN {5
NATIONAL LABQORATORY

Transversity with spin one



4

(9z) Il (9z) Iy cwmewuk us % £ (%6g — Sé — “7) ms o g7 ¥
n(g)TH ot 22 N0z 2 JPET S0 PR T

1

181%ﬁ

5
RTEN
NATIONAL LABORATORY

BROOKH

d ITT g\ Ty P - r £ Yo7 . Sip — & wﬁw (S g

(%) oy ("m) 3y 22~ | *ogms| » (e =50 = Soyms Smpr g s
- N L/ , W zg g I

(°2) o H (2) Sy 32~ (*gsoog —1) T ° AQQJF 59) ws _4|$M_..v ! S E
< E

» In Y a

4 5 . _ W2z
(%2) wm%wm« (%z) Ly meu g us A@@ — 56 + ¢7) ws ﬂ.v

| S

— ”

; < 771,7

; 33

| E

Iy = 271f7 &2

vLL ‘67 @ ned sAud ‘ip X 1o mW
| o

.H\:HIH | ﬁ.ﬂ M‘W .m
\\ / // ) \sj/ / w Wm Wv
/ / - ./ Q ¥
L Q=) (Te)x[(e=O)-(e=0)
/ - \ - \ LA i \ / T E
\ VAR g
3 &z

< g

=

@anﬁm ("z)5y 72~ |*pe| s o F((Sp + %¢) uis)

i
i
i
‘

A4

184

%‘J
vrine Universiten vmteetim



391

‘® The variety of possibilities in this process in- |
cludes 5 observables at leading order in —(;12— to mea- |
sure the transversity distribution h;. ’

®- This process allows the first chance' of ob- |

serving a time-reversal odd fragmentation function
at first order in 21'2' and without including intrinsic

transverse momentum effects. .

ey

? Are there reasons to believe that these T-odd

functions are different from zero? Is it possible to

rovide simple models of them?

? What is the relation with the more general case

el Transversity with spin oneg

of two-pion production?

<
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Why Interference Fragmentation Functions ?

Rainer Jakob
Fachbereich Physik, Universitat Wuppertal, Germany

In this talk the conceptual problems of building explicite models for one-hadron inclusive
Tn-o0dd fragmentation functions (FFs) are discussed. Understanding the basic obstacles
in incorporating final state interactions (FSI), exemplified for the case of the spectator
model, leads naturally to the consideration of two- 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
Tn-odd FFs is rather illustrative, and may explain why there are only parameterizations,
but no explicite model calculations available, for instance, for the Collins function.

The reasoning takes the following steps:

e A classification scheme of transverse 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 (T ) is briefly discussed
(cf. contribution by Piet Mulders and references therein).

e The class of Tv-odd FF which can be non-vanishing only in the presence of FSI
is of particular interest. A prominent function is the so-called “Collins function”,
Hi(z,kt), which is a potential chiral-odd partnér in a measurement of the quark
transversity function, h;, from azimuthal asymmetries in one-hadron inclusive hard
scattering processes.

e The modeling of one-hadron Ty-odd FFs faces se\%ere problems which are discussed.
- Different cases are considered where the observed }[hadron interacts with

a. hadrons in the target remnant jet (factorization breaking)

b. an effective external potential (generally breéks transl. /rotational invariance)
c. hadrons within the same jet (simple ansitze 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 between different reaction channels is
necessary, but not sufficient to produce Ty-odd FF.

A more detailed discussion can be found in [1,2]. A calculation of Ty-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 dlscussmns on the subject with Daniél Boer,
Piei, Mulders and Joao Rodrigues.

[1] A. Bianconi, S. Boffi, 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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Functions ?

Why Interference Fragmentation

Rainer Jakob
Fachbereich Physik, Universitit Wuppertal

¢Y transverse momentum dependent FFI—*h X

Fragmentation
Functious
describe ¢ — h-- X

hadronic ME of bilocal quark operator Soper, Collins, Jaffe

quark-quark correlation function (one hadron)

d4$ ikx
Ak, Pr, Sn) =) @)t
X

X (O ()| Pa, Sn; X){Pr, Sn; X[10;(0)]0)

& problems to model (interference) FFI—*1 X

A7) = 4_1z / dk+ d?ky Tr(A T)

k==P; /=2

L S

& two hadron interference FF7—h1ha X

based on work with:

Andrea Bianconi, Sigfrido Boffi, Marco Radici,
Daniel Boer, Piet Mulders, Joao Rodrigues

AV N(z) = Dy(2) ‘D'z — QO }

_ = lom el xj- Il_...... ."\ﬂ,"\
ATl () = A, Ga(z) R A A ) i

e e /‘ -;\ {-’-. f\‘ 2
A[LO‘ "/‘)](z) — SI(LXT H1(Z) ' ( }') - ‘

with Ay helicity, S}, transv.comp. of spin vector

Rainer Jakob, 06/2000

Bainer Jalkols, 062000 -2~
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dependent on momentum fraction z only
1 Tn-even | Tn-odd / FSI
e LT JjuoL T
’ u ,) Dl(Z) — —_— — — —
: £ Y75 - G1(z) - - - —
ke 47'(,#-:-,,75.,_ P ey 141 ) o | EEEEE .
B FF(z, k) | with transverse momentum dependence
Tn-even | T'w-odd / FSI
quark | Al T oL T
spin
u ¥ D1 - - - - Dfp
£ Y s - GiuL Gir - - -
t io'~ys || =  Hiy  HipHf || HE - -

blue FF = chiral odd

| possible ‘partner for transversity’

there are problems to model (interference) FFa=7 X

“T'n-odd” used in the sense:

“...would be forbidden by time reversal invariance
if there were no FSI ..."

necessary condition for non-zero T-odd FF:

interference of two channels with different phase

possible models

i after hadronization

FSI between hadrons

! before hadronization

parton's ‘feel’ the presence of other partons
— dressed quark propagator

Rainer Jdokoh,

06/ 2000

—5—

Rainer Jakob, 06/2000



problems to model FSI leading to Tv-odd FF

possible residual interactions between hadrons in the

final state

dark blob factorization breaking

dashed line averaged external potential
— breaks rotational and translational invariance

unless simplified model (not 'rich’ enough for Ty -odd FF)

- light blob interaction with residual fragments in jet

— requires non-trivial microscopic modifications of
the hadron wave function

otherwise, it can be reabsorbed in the vertex

Rainer Jakob, 06/2000

propertics of correlation funciion

Ph/’,“ TN
» i Y
a? ! N,

AGP, S

[ ewnsy ]
k[+ | J(lk

hermiticity:
Y0 AT (k; Py)vo = A(k; Py)
parity invariance:
Yo A(k; Py, Py) o = A(k; Pr, Py)

time-reversal invariance:(if applica ble)

(%€ Alk; Pr, Ba) Clys ) = Al P, o)

where k = (k°, —k) and C = 1420,

most general ansatz (for Sj, = 0)

3.
A =BiMy+ By P, + B3 If + M"@,,P,i‘k”
h

Rainer Jakob, 06/2000



for instance 'Collins function’ Hf- is T'-odd

w4 —O)-1—0O

B,
A =BiMy, + By By + B3 i + Miaﬂypg‘kv
h
o Yk
Alie™s] = 4 2T
+ M,
I
. P- P~
(2, 712) = 20 / dit / ) (k‘ _ L ) [~ 134]
Zh Zh

and would be forbidden by time-reversal invariance if
there were no final state interactions

Rainer Jakol, 06/2000 -9-

mber 2000

s i 13 8in ('1)
L +

for illlustration only:

P P — -~
AT L simpie toy model:
[; ) > '] scalar spectator
1 2wt stk — meree—
H{ oSOl A=A ((Py—k)® - M)
44. /1

>
l

:?_* a(Py) W(Py)
B-m It m

' Ay 0
= AiMy+ Ay P+ Azl + E—JM}I—)GWP,ﬁk”

o assume: A — A+ e?A (uniform damping)
= A=21+cos¢) AL = Ay~ 1)
phase is necessary but not sufficient !
o assume: A — A+e?}A
= A = (A1 + Bicosd)My, + Ay Py,
+ (Az + Bz cos &) K

—]-WTUMVP/;]{;V

sufficient (but can be redefined into the vertex !)

Rainer Jakob, 06/2000 ~10~
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two hadron interference FF

{two—hadron FFI

definition of hadronic matrix element

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

e interference of two channels with different phases

can produce Ty-odd FF PP PP
J.C. Collins and G.A. Ladinski, hep~ph/9411444 / ,'/ W

two pions (chiral sigma model)
e independent production

e production via o-'resonance’ "

R.L. Jaffe, Xuemin Jin, Jian Tang,
P.R.L. 80 (98) 1166; P.R. D57 (98) 5920

two pions (known phase shifts)
e s-wave 'resonance’ (¢)

al4 d4P ;

x<0|¢i(§ Ihl,th)(X, hl,hzl'—@j(O)IO)

e p-wave resonance (p)

A.Bianconi, S.Boffi, R.Jakob, M.Radici, | b much easier to model the FSI between the two hadrons |
PRD 62 (2000) 034009 and 034008 L (but not with the rest of the jet)
pion & proton (spectator model) o S o .

indeped i . : ‘ . .
e indepedent production properties and more details — talk by Marco Radici

e production via p-resonance

Rainer Jakob, 06/2000 -11- Rainer Jakoh, 06/2000 -12~
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Calculation of T-odd fragmentation functions
in semi-inclusive processes !
!
M. Radici i
IN.F.N. - Sezione di Pavia - Italy
b

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
momentum fy, the helicity g; and the spin-transvers§ distributions hy (or
transversity). The first two ones are rather well known from experiments,
while &, 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 f:ransversity.

These classes of FF are also odd with respect to a special transformation,
the naive time-reversal {1]. 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 represent a tool to micro-
scopically study the phenomena occurring in the final jet and leading to the
detected particles. From this perspective, it is certainly 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-Soper light-cone formalism [3] for fragmenta-
tion into multiple hadrons and in analogy with semi-inclusive hard processes
involving one detected hadron in the final state [4]. thejcross section for two-
hadron semi-inclusive emission is a linear combination of projections Al by
specific Dirac structures I', where A is the quark-quark correlation function
describing the decay of a quark with momentum k& into two hadrons Py. Ps,

namely

4 .
Bylki PP = T [ (o5 4010 ey oh ) (Xlor, 0 T, 00

, (1)
The projections involve integration over the (hard-scale suppressed) light-
cone component k¥ and, consequently, ¢ is light-like [2): The sum in Eq. (1)
runs over all the possible intermediate states involving the two final hadrons
Dy, P. Since the three external momenta k, Py, Py ca@not all be. collinear
at the same time, we: choose for convenience the frame where the total pair
momentum P, = P; + P> has no transverse component; )

When T = 7=, v 4s, 16"~ s, four different interference FF appear at lead-
ing twist, D1, Gi, Hi, HY, that depend on how much of the fragmenting
quark momentum k is carried by the hadron pair (z =2, + 2,), on the way
this momentum is shared inside the pair (£ = z1/z and 1 —£ = z,/z), and on
the “geometry” of the pair, namely on the transverse relative momentum of
the two hadrons (RZ) and on the relative orientation bétween 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 kr - Ry.

The different Dirac structures " 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; Gy- is the difference of probabilities for a longitudinally
polarized quark with opposite chiralities to produce a pair of unpolarized
hadrons; Hy and H{* both are differences of probabilities for a transversely
polarized quark with opposite spins to produce a pair of unpolarized hadrons.
Gi, H{ and Hi 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 be applied. Gy is chiral even; Ay and Hi
are chiral odd and can, therefore, be identified as the chiral partners needed
to access the transversity h;. Given their probabilistic interpretation, they
can be considered as a sort of “double” Collins effect {5].

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 Mp. momentum

'
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Pp. Consequently, the correlator simplifies to
BF3) 5 (s py2 12
T 5 ((k— B)? - M3)

" {0)%:(0)) Py, Po. DY(D, P, PiJ3;(0)10) ,  (2)

Ak Py, P)

where the additional § function allows for a completely analytical calculation
of the Dirac projections AT, 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. [1]. 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, — T,,m, +T')]
with m, = 768 MeV and I';:~ 250 MeV, 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 @, which exchange
a quark in ¢ channel, and the decay of the p. We have explicitly checked that
the former contribution reproduces the experimental transition probability
for 7 — 7 production in the relative S-channel, while the latter onc is known
to do the same job in the relative P-channel. Hence, we believe this choice
represents most of the = — wistrength for invariant mass in the considered
interval.

By defining specific Feynman rules for the pnw, gng and gpg 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 = 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 Hi = 0 and A =
—2m,Gi-/m., where mg is the quark mass. After integrating over ke, R%
while keeping Ry in the horizontal plane of the lab {usually identified with
the scattering plane). we still et nonvanishing H(z, My) and Gi(z. My).

The cross scction for the 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 (Ppr, kr, RZ),
an unpolarized contribution proportional to D\(z, M) and a term propor-
tional to Hy (z, M) which depends on the transverse target polarization Sr.
Therefore, by flipping the polarization of the target, it is possible to build
the following azimuthal a.svmmetry

hy(z) Hi(z M)

St
Ao ﬁ sm(d)g,. + dsp) 7 7@ W 3)

where ¢g,, ds, are the azimuthal angles of Ry, Sz 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” Hy from the chiral-odd transversity h,. Therefore, such
asymmetry measurement allows for the extraction of k; using a2 model input
for the FF. :
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Calculation of T-odd

fragmentation functions
in semi-inclusive processes

Marco Radici
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‘based on work with o . '
“A. Bianconi, S. Boffi, D. Boer, R. Jakob -

Transversity, BNL., 18-20 Sept. 2000
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Fragmentation Functions at leading order
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at leading order
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at leading order
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do - R
w(pr, kr) DF(z, pr)
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Summary

Interest in interf. fragm. functions (intFF) for hadroniza-
tion in 2 hadrons at leading order
[Phys. Rev. D62 (2000) 034008}

Calculations of intFF, e.g.

- 1H = U'prX [Phys. Rev. D62 (2000) 034009]
- IH = Uste—X in progress

- insight into hadronization and FSI through micro-

scopical modei

Disentanglg transversity at leading order
-eg. lH—o st X

Extend calculations to other processes, e.q.
- ete” — hiho X
- ete™ =3 hihohsha X
- pp = hihoX

Q2 scale — evolution 7
- but diguark model is comparable with GRV param.
or EMC data, when available
[see Jakab et al., N.P. A626 (1997) 937]
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Soft pions in hard reactions

M.V. Polyakov

Institut fiir Theoretische Physik II, Ruhr-Universitit Bochum,
D-44780 Bochum, Germany

There are several examples of hard reactions in which a pair of soft pions is produced.
Examples 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 [1]. To do this
one needs an information about two pion fragmentation functions (27FF). As the invariant
mass of a pion pair is low one can apply the methods of chiral perturbations theory in order
to constrain 27FF.

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 77 scattering phase shifts. Using these results one is able to constrain considerably
27DA 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] i

 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 dlstrlbutlon in the nucleon from data on
hard semi-inclusive production of pion pairs.

[1] R.L. Jaffe, X. Jin, J. Tang, Phys. Rev. Lett. 80 (1998) 1166.

[2] M. Diehl, T. Gousset, B. Pire, and O. V. Teryaev, Phys. Rev. Lett. 81, (1998) 1782.

[3] M. V. Polyakov, Nucl. Phys. B 555 (1999) 231. !

[4] B. Clerbaux, M. V. Polyakov, Nucl. Phys. A 679 (2000) 185.

[5] B. Lehmann-Dronke, A. Schaefer, M. V. Polyakov and K. Goeke, “Angular distributions
in hard exclusive production of pion pairs,” hep-ph/0012108.
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Status of Fragmentation Function Analysjs at DELPHI

Oliver Passon
DELPHI Collaboration
BUGH-Wuppertal
Oliver.Passon@CERN.CH

In order to access the chiral odd transversity distribution an other
chiral odd partner is needed to construct a even créss section. Follow-
ing the proposal by Jaffe [1] the two pion interference fragmentation
function is a candidat for this. This presentation reports the status
of the anaysis which tries to extract this fragmentatlon function out
of DELPHI Z data.

In trying to extract the two—pxon-1nterference—fragmentatxon-functxon (27IFF) 1
proceeded in the following steps:

1. select two jet events
A cut Thrust>0.95 was performed.

R x,=04
Eol v i
z P fo F
2.t
£ - * dats (uncorrected)
s - MC,,
I combinatorical background
Wb T . iTeeveas I

¥ -~ £ bevents

(N GVl

Figure 1: Invariant mass spectrum of the selected pion pairs. Here a rather

restrictive x, cut of 0.4 was performed. Above the background (like-sign. nor-

malized to fit the tail) the p resonance can be seen clearly. although its shape is

distorted by A™ and = reflections. Al the time beeing no pion ID was performed.
]

2. remove heavy quark events
Standard strategies for removing b-quark events exist. They exploit live
time differences of the weakly decaying B-hadrons, which give raise to a
secondary vertex. The performed cut into a suxtable 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, z,. Different selections where tried ou} (between 20 and 40%)

Additionally the helicity angle between the pion pairs was a selection cri-
teria: —0.7 < cosd < 0.7. This cut removes pion 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-
ping of this distribution). The actual value is known to lie between 30 and
40 MeV (depending on the z, cut). Thus it is possible to bin into different
mass regions {below and above m,) as suggested by the authors of [1].

4. histogram the angle between the planes spanned by each pion
pair ‘
Tollowing a suggestion by Bob Jaffe I looked into the angle between the
planes spanned by 2 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. :

[1] R.LJaffe et al. Interference Fragmentation Funcitions and the Nucleon’s
Transversity hep-ph/9709322

[2) X.Artru and J.Collins Measuring transverse spin correlations {-particle cor-
relations in ete” — 2 jets hep-ph /9504220 '

{3] D.Boer Azimuthal Asymmetries in Hard Scattermg Processes PHD-Thesis VU
Amsterdam, 1998
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Status of Fragmentation Function
Analysis at DELPHI

Oliver Passon
Wuppertal

Status of Fragmentation Function Analysis at DELPHI @y@%@ﬂ

The Method:
1. look for two-jet events
2. remove heavy quark events
3. pair 7t~ pairs in each jet

4. each 77w~ pair defines a plane, look into
the distribution of the angles between this
planes :

5. bin masses below and above m,

(= 770 MeV)
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FIG. 1. Hard scattering diagram for wtx~ (KK) production in the current
region of electron scattering from a target nucleon. In perturbative QCD the diagram (from
bottom to top) factors into the praducts of distribution function, hard scattering, fragmentation
function, and final state interaction. Helicity density matrix labels are shown explicitly,

n,.JMM*‘

\ ;

s
- ‘h“/

%% ec o7

T
‘m{Gev)

FIG. 2. The factor, sindpsind:sin{dy — §). 25 3 function of the invariant mass m of
two-pion system The data on == phase shifts ae taken from Ref, {15]

Step 1: look for two-jet events
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Step 2: remove B-quark events

-
=]

(=M o
§ 8  data (uncorrected)
Z - — MC,_, (all flavours)
— b events
% c events
1
19
Step 3: pair 717~ pairs in each jet
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Step 4/5: distribution of angle
between the planes

x,=0.2 L=(280-770) H=(770,)
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Step 4/5: distribution of angle
between the planes

=0.2 L=(280-770) H=(770,°=)

.
D035 |

03
S 025 |

)
)

&

1N dN/d(®
e &
I :
N/d

02 é 0z |
015 :_ . g:tg (uncerrected) o1s E
o B . ace 01 B
005 | 0.05 ;— HH
o Ex 1 \ | o B 1 A !
[) 1 2 e3 o 1 2 63
P P
-~ F |~~~ E
I E = E
D035 o 12035 o
E’ £ ar® ‘.5 E"‘WO‘M»O‘W
= 03 | ~ 03 [
Z 5 JZ Al ol
T 025 b 025 |
Z oz | < 0z E
i E -t

015 F 01s E
01 0 |
oos £ HL 0.05 LL
o s ] 1 I 0 3 1
) 1 2 3 o 1 2 3
Gp Gp

Step 4/5: distribution of angle
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| Step 4/5: distribution of angle
between the planes

x,=0.2 L=(570,770) H=(770-970)
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Step 4/5: distribution of angle
between the planes
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Step 4/5: distribution of angle
between the planes

x,=0.4 L=(280-770) H=(770,c)
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1/N dN/d(ep)-ratio

1/N dN/d(Gp)-ratiO

Step 4/5: distribution of angle
between the planes
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Summary and 'Outlook .

e data of & 2 x 10° hadfonic Z decéys used
to investigate IFF

® no signal seen: the effect seems to be very

oy

e possible improvements: '

—use information on particlé ID in order
to get rid of K™ reflections etc.

—include 91-93 data .
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Collins Fragmentation Function from LEP data?

Daniel Boer

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

I will discuss a Collins effect driven cos(2¢) asymmetry in electron-positron annihilation into two
almost back-to-back pions [1], which in principle can b;e determined from existing LEP data. Such
a determination of the Collins effect fragmentation function would be useful for the extraction 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 Sudakov 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].

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 log® Q or to slightly less good
approximation as a fractional power Q%% in the range between Q = 10 — 100 GeV).

I will show explicitly that the inclusion of Sudakov factors in the cos(2¢) asymmetry at Q = My
cause 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. Numerically it is found that the Collins function obtained by using a
tree 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 to 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 hq). |

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

[1] D. Boer, R. Jakob, P.J. Mulders, Nucl. Phys. B 504 (97) 345; Phys. Lett. B 424 (98) 143.

[2] J.C. Collins, Nucl. Phys. B 396 (93) 161. ;

[3] D. Boer, Phys. Rev. D 62 (00) 094029. ’

[4] J.C. Collins, D.E. Soper, Nucl. Phys. B 193 (81) 3817 Acta Phys. Polon. B16 (85) 1047;
J.C. Collins, D.E. Soper, G. Sterman, Nucl. Phys. B 250 (85) 199.

[5] A.V. Efremov, O.G. Smirnova, L.G. Tkachev, Nucl: Phys. B (Proc. Suppl.) 74 (99) 49.
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Future Transversity Measurements, September 19, 2000

Collins Fragmentation Function from
LEP data?

‘Daniél Boer
RIKEN-BNL Research Center

e Brief overview of factorization and transverse momentum
¢ Collins effect in electron-positron annihilation
e Effects of Sudakov factors

¢ Implications and conclusions

@
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i
Factorization and transverse momentum

Leading twist (LT) factorization theorem!?

do 2 /1 i dBay =
_ d d & — T
&dz1dzs ;L e ”fl»‘("’) ddzdz f 1(2)

'

For |gp] = Q7 < Q (Coliins, Soper & Stetrman, NPB 250 (1985) 199)

do

e = Y (71, 52, : ) -+
dQdzidzed?qr (1,2 C[? Qr)

1 i } dbap by n
= 2 2 a e b
Zb 3 dz /Indx/d kr &*pr f{(@ k1) go s e fi(@.pr)
a, 2 0

Y (z1, T2, @, @) becomes important only when Qr ~ Q

s i} &b _ibpyrkr-ap) —SO)
e = NI Y I, N = e TTYTTHET ¢
dzdidiay H(z.Z,Pr k7471 Q) / (‘»27r)~

=50 is 2 Sudakov form factor (exponentiation rather than can-
cellation of soft gluon contributions)

'
t

Factorization and transverse momentum

'

d& &b _ib.(p k- _s(b
— = 7 . . i0-(Pr+Rr—gr) ,~S(0)
dQdzdzd3qr H(z,%,pr, kr,4r; Q) / )2 e e

Transverse momentum dependence of the hard part will lead to 1/Q
suppression (in contrast to intrinsic transverse momentum)
One can perform a collinear expansion of the hard part

H(z,Z,pr. kr, 97 Q) = H(z,Z; Q)

At tree level:
da*b
@n)?

e—ib.(pT+kT—qT) €_S(b) - \62(pT +kp— qT)

Need to consider: transverse momentum dependent functions
Ralston & Soper, NPB 152 (1979) 109 !

3(z) = ®(z, pp) [
A(z) = Az, ky)

Leads to many azimuthal asymmetries, ever? 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

8) = X [ B O a)1P. X)B S X,
R

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

¥+
A(Z) = Dl(z) z—
and A(z, k) as

+ Kt
Az, k) = Da(z kr) T + M (2, kp) 2L

T - kT s 75/’/ k‘.
- T I
Hf: -

Apart from experimental indications that the Collins effect is nonzero
at low energies (HERMES, SMC) and that it can account for the
ppt = mX SSA [see other talks at this workshop], there is also
LEP data...

Collins effect in ete™ - 7t 71— X

et te" wat4r 4+ X

{cos(2¢1)) o (Hi)?

P, \ 5
1

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 LEP1 data (DELPH!) by Efremov, Smirnova &
Tkatchev, NPB (Proc. Suppl.) 79 (1999) 554
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Collins effect in et e~ — 7t 7~ X

t

1

Problem is that the asymmetry expression used is the tree level result

dolete™ — nFa—X)

1+ cos(261) Ay
dQdz1dzd?qr o { '?'COS( 1) A(g7)}

v

with (¢% = QF < @%)

B(y) X, & F [(29r-pr ap-ky — ghpp-ky ) HEHE]

A(QT) = %—-Mlﬂfz A(y) Za Ci" F [Dl_.ﬁl]
A = (1-y+y2) @%(Hm )
B(y) = y(l—y) —sm 9

It

(9%° + ¢5°)
(9%* - 92%)

L

i

1
a
C2

Beyond tree level

!
i

At tree level the convolutions are defined és follows:

F[DD] /d kg d*pr 8 (pp + kg — QT)D“(Zl,k VD" (22, p%)

'

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 :

l
Resummation of soft gluons into Sudakov form factors results in a
replacement (Collins, Soper & Sterman)

Pb bk gy
*(pr + by ~ g7) —~ / ke ib (PT+kT 97) o—S5(,Q)

Q@ ‘
s6.9= [, % [ w i s + 5o
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Beyond tree level

Tree level:

F[DD] = / Pl dpp 2(pp + by — a7) D% (21, KoY D” (22, %)

Inclusion of the Sudakov form factor leads to

F[DD] = -21—7( /O - dbbJo(bQT) & S® D (2, b) D(22,b)

Collins (NPB 396 (1993) 161): “The effect [of Sudakov form fac-
tors] is to broaden the transverse momentum distribution os Q
increases, but in a spin-independent way: the broadening is due
to recoil against the transverse momentum of soft gluon emission.
This will have the effect of diluting the spin asymmetry [-]-

Sudakov form factors in polarized scattering: Weber (NPB 382 (1992)
63; NPB 403 (1993) 545)

Estimating the asymmetry

Assume Gaussian transverse momentum dependence:

Di(z, 22k%) = Dy(2) R? exp(—R2EL) [

we find

__BE) T, ¢ Hi(z) Fi(a)
A = 2
(ar) 4M4R* A(y) Zalc‘f D‘ll(zll) E;(zz) AQT)

where

A(Qr) = M? f0°:°dbb3 Jo(bQr) exp (—S(b.) —Snp(b))
fo dbb Jo(bQT) exp (—S(b*) —SNP(b))

Here we introduce the usual b regulator: b, = b//1 + b2/b2__ and
the nonpert.urbative Sudakov factor of Ladinsky-Yuan (PRD_msaf)Jc (94)
R4239), which uses bmpay = 0.5 GeV ™! and leads to

Snp(b) =2.0562  at Q =90GeV

We restrict to Sy,
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'

Gaussian form of Hi'-(z, kr)

One might be inclined to assume the maximally allowed function
by saturating the bound satisfied by Hi- |

kg Hi (2, [kr|) < z My Di(z,lkg])

producing a 1/|ky| behavior of Hi(z, k). However, this is not
consistent with the fact that the Collins effect should vanish in the
limit &g — 0. :

Often used is an Ansatz based on a simpie model by Collins

Hi(zk3) _  MoM,
Di(z k) KR+ ME

For the present purpose, the additional fall-off with 1/k§- on top of
the Gaussian fall-off is not needed. °

|
We will restrict to a Gaussian fall-off and: assume the simple form

Hi(z,k3) = c(2) Dy (2, k%)

'

|

Implicationé

!

2 J° dbb® T (bQr) exf) (—~S(b.) —Snp(b))

AQr)=M fo°° dbb Jo(bQr) exp!(—S(b.) —Snp (b))

03
0.25f
0.2

015
0

A(Qr) 0.5)
Q% =M} °

-0.05}

0.1}
015} ;

02 T 5%
Qy [GeV]
Features:

* Kinematic zero at Qp = 0 as expected
® Maximum of 0.22 at Q. = 4 GeV

229!



Comparison to tree level

Efremov et al. NPB (Proc. Suppl.) 74 (99) 49; 79 (99) 554

2
do 6 |HF | vi-a? sin®6
—_— 14— 1 q q 2
dcosbadéy e [ D } 2 + a2 1+ cos? 0, cos(261)

do Hi(21)]” 982 - 52 sin?f
——x [1+ 4 |2 ] v A 2
dcos Ozdéy ( [ Df(z) 932 +g%% 1+cos2d, cos(2¢1)
Note: numerator and denominator have separate >
4 = ofx . [ B ~ 13Gev?
A9 = 1/(2M2R?) (P2} ~ (270MeV)?
A4 = og7

tf AT = 6/ yields [HL/D;| = 6% + 2%,
then ASUd = 0,07 yields |Hi-/D1| = 30% £ 10% [too large?]

Conclusions

o Leading twist factorization at Q% < Q? requires distribution and
fragmentation functions as a function of transverse momentum

o Sudakov factors need to be included

o In the Collins effect cos(2¢) asymmetry in et e™ = at 7~ X
a strong suppression due to Sudakov factors was demonstrated.

e This is relevant at ) ~ Mz and casts some doubt on the
actual determination of the Collins fragmentation function
from LEP data

o Tree level estimates tend to overestimate transverse momentum

depéndent azimuthal asymmetries
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TRANSVERSITY MEASUB.EMENT WITH THE PHENIX
DETECTOR. AT RHIC

M. GROSSE PERDEKAMP, FOR THE PHENIX COLLABORATION
RIKEN BNL Research Center,
Upton, NY 11973, USA
E-mail: matthias@bnl.gov

‘The PHENIX \ ion at Brooki National Laboratory will probe the
spin structure of the praton in polarized prot ist ot the Relativi
tic Heavy fon Collider. Initial data ta.kmg is pl:mncd for 2001 with longitudinally
polarized proton beams at +/5 = 200 GeV. Measurements of tmn_.vcrsc spm asym-
metries will provide 2ccess to the currently unk éq.
We discuss a proposal by Jaffe, 3 and Tang to access transversity distributions
at RHIC through two meson interference fragmentation in the p/e invariant mass
region.

1 Introduction

High energy, deeply inelastic lepton-nucleon and hadron-hadron scattering
cross: sections can be described with the help of three independent nucleon he-
licity amplitudes. Measurements of the nucleon structure functions Fi{z, Q%)
-the helicity average- and g;(x, @?) -the helicity difference-, have explored the
helicity conserving part of the cross sections with great experimental accu-
racy. In contrast, no information is presently available on the helicity flip
amplitude. The absence of experimental measurements is a consequence of the
chiral-odd nature of the helicity flip amplitude and the related "transversity
quark distributions®, 5q(z, Q2), which prevents the appcarance of helicity flip
contributions at leading twist in inclusive DIS experiments. Transversity dis-
tributions were first discussed by Ralston and Soper ! in Drell-Yan scattering
of two transverscly polarized hadrons. In Drell-Yan processes the transverse
doul:le spin asymmetry, Arr, is proportional to dgéF with even chirality.

‘Transverse single spin asymmetries AL (e.g. unpolarized leptons on trans-
verscly polarized nucleon targets) in semi-inclusive DIS and pp scattering may
offer ‘an alternative way to observe helicity flip contributions at leading twist.
This possibility relies on the presence of quark fragmentation functions, Hy-,
which are sensitive to the quark polarization in the final state and possess
the necessary negative chirality. The asymmetries AL are proportional to
Zq 8g x a{ x Hi. where a{ are the transversity dependent partonic initial-
final-state asymmetries which can be calculated from pQCD.

For example. Collins suggested that in semi-inclusive single pion produc-
tion the quark spin direction might be reflected in the azimuthal distribution of

a final state pion3. Collins further demonstrated that the symmetry properties
of the process do not require the proposed fragmentation function Hi to be
identical to zero. The current interest in transversity distributions results from
a recent HERMES result® and a preliminary SMC result®, which suggest that
Collins’s function Hi and the transversity distribution function dq in fact are
different from 0.

In the following we discuss a proposal by Collins, Heppelmann and Ladin-
sky* and more recently, Jaffe, Jin and Tang” to utilize two meson interference
fragrentation in order to access the transversity distributions.

2 ‘Transversity at RHIC

Originally the transverse double spin asymmetry, Apr, in the Drell-Yan pro-
cess, Az ~ 8987, was viewed as a2 good candidate for 2 measurement of the
trangversity distribution functions at RHIC, Unfortunately, a recent analysis 2
estimates Arr to about 1 — 2% with statistical errors comparable to the asym-
metry itself for a projected measurement at RHIC. At present the proposal of
Collins et.zl. # and Jaffe et.al. 7 to utilize chiral odd two pion interference frag-
mentation processes appears to be the most promising approach to measure
transversity at RHIC. In order to access the transversity distribution functions
throngh this channel. it will be nccessary to know the associated fragmenta-
tion functions. While currently unmeasured it should be possible in principle
to extract this functions from existing ete~ data at LEP.

The relevant process at RHIC is pion pair production in pp scattering
with one proton transversely polarized. For example, in the p/o invariant
mass region interference occurs between two pions in a superposition of s-wave
and p-wave states. The spin analyzing power of this process is different from
0 in intervals of only a few 100MeV above and below the p-mass and changes
sign at the p-massS. Therefore, it will be important that PHENIX possesses
sufficient invariant mass resolution to observe the invariant mass dependence
of the analyzing power. The invariant mass resolution for pion pairs in the
p-mass region is shown in Fig, (1) and the RMS of the distribution is 12MeV.
The excellent mass resolution will make it possible to observe the expected
sign change of the asymmetry providing a powerful tool to study acceptance
related systematic crvors,

“Che measurement will use the PHENIX central detector arms which cover
the pscudo rapidity interval |} < 0.35. A combination of tracking chambers
will give good momentum resolution: Apfp = 2% at p = 10GeV. TOF mea-
surements. a Time Expansion Chamber in combination with the EMC and the
RICH will provide particle ID over are large momentum range. In order to
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Invariant Mass Resolution Asymmetry vs Stat. Errors
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Figure 1t Left plot: The invariant mass resolutian for plon pairs m the p-mass region.
Right plot: Maxi single spin ies d to statistical ccrors,
JLde=32pb"%

estimate experimental sensitivities o first study was carried out at the event
generator level including PHENIX detector acceptances and a parametriza-
tions of the PHENIX central arm momentum resolution. The results using an
integrated luminosity of 32 pb™* are compared to asymmetry projections from
Tang® in Fig. (1). The error bars shown in the plot represent statistical errors
only. The asymmetrics in Fig. (1) werc obtained using upper bounds for the
relevant. distribution and fragmentation functions and represent an optimistic
upper limit 8. 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
® Nucleon transversity through final state interaction in
pPporr+X

® Experimental issues

Invariant Mass Resolution

Rates
A —=
=\ haY /' Matthias Grosse Perdekamp, RIKEN BNL Research Center. Transversity Workshop at BNL, September 19, 2000

RHIC as polarized Proton Collider

RHIC accelerates 60 polarized
proton bunches to 250 GeV.
Collision are possible in different
polarization states:

BRAHMS, PHOBOS, (PP2PP)

Single and double transverse
spin asymmetries.

PHENIX and STAR

Single and double transverse
=t N 3 < and longitudinal spin asym-
e kS .. * metries -> Competition be-

pefenp 1k 1 A o tween longitudinal and trans-
e i ] WSS, it S verse spin program.

at v =200 GeV, j Let =320 pb* Use 10% of first year at full
tycar luminosity for exploratory run
" . _ 4 with transverse polarization
atJr=500GeV, [Ldr=800pb 003, 90033

1year
P

“® ' Transversity Measurement with PHENIX 2
. v

Transversity Workshop at BNL. September 19 2000
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The PHENIX Detector

!

Beam-Beam
Counter Muon Tracking Acceptance  : 30<[g[<120,[7]< 035

Chambers
Central
Arms ‘
\ MY

EM Calorimeter

= no jet reconstruction

Time Expansion
Chamber

Muon 1D | pate Capability : Raw Rate <12 MHz
’ Accepted Rate =12kHz

North Muon
Arm

|| RICH Thresholds for different Species
Time of Flight k p‘lD 4 [GEV]
Panels i e 0.013
i y \ Ring Imaging ; T 35
i h% Cerenkov \ K 12.3
h ¥ I —— : ’
p 235
N 5
3_~ \°\ _} Transversity Measurement with PHENIX- 3 Transversity Workshop at BNL, September 19, 2000

Momentum Resolution C

£ < Pren Event display ADCO Tanage & kst of sus/sicmsilizn
Fie Lit View Dyvan
OenaDvpiey { Pag.Dpizy
—=—

Tec-Duepisy

N /., Au+Au event in Drift Chamber

'
%
ba=ss
R
% e
1)

\~:\\;‘{{: Rt tion i
\N ) 3% Momentum Resolution in the Central Arm
& s i
Sy RS
SR P [CeV] b el
N x 29 1
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. 5 90
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’ . ¢ Transversity Measurement with PHENIN 4 Transversity Workshop at BNL., September 19, 2604
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Nucleon transversity through final

d’o, (ppT - n’;r'X)
dx,dx,dtdzdm’d cos Odp

Jian Tang . Theas MIT. June 1999

R, Jaffe, X.hn, ), Tang Phys. Rev. D57 (1999)5920

X K, Phiys. Rev. D49 (19943113

1. Collins. §. Heppelmann, . Ladinsky, Nuzl Phys, B420 (1994)565

XL

state interaction at RHIC

Jet

Hard Scattering Process

d’o(9,9, = 4:9:)
dx,dx,dt

5q(x|)'51(x2)'

ion
{1 cos gd(p Fragmentation
“Inzerference
Fragmentation

“® .+ Transversity Measurement with PHENIN 6

Transversity Workshop at BNL, September 19. 2000
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a‘*m

Interference fragmentation |4
dzdm®

TN

s-p wave interference fragmentation:

Parrcim emits p/ o followed by
absorption of o/ p a forming a parton

\,

’ K'\} Transversity Measurement with PHENIX 7

Tr:xtnsvcrsity Workshop at BNL, September 19, 2000

Transverse Single Spin Asymmetry
(Tang, Thesis, MIT)

Beam

A Pion Pair Yield,
sing,  :Two Pion Phase Shifts
&y(x) :Transversity quark DFs

&(z) :Pol.Fragmentation Func.

Maximum Asymmetry
7=0,m,, =0.83CeV,cos¢=1
&} =4G,4,13. A%< g+ag

/6. -
L(:f‘sinzx,sin 8, sinld, -o‘,)~'cos(¢)-]

[0)- G- 8, ()l +.
lty -Gl . sin® S, +sin” 8,6, ()]

X 0.00 | il 1 1 I}
0 20 40 80 80 100120

piIGel]

®. Transversity Measurement with PHENIX &

Transversity Workshop at BNL, September 19, 2000
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Interference Fragmentation

2

M e L
o o sin 8, (xc- G, (2) + 1 - &, (z))sin 8,7 +...

Where:
vwave bwave k=187, A=c,®F.+0.97,

Strong interaction 77,77 phase shifts §,(=),83,(=): spin average and dif -

- ference fragmentation functions

-]
<08 -
£ % Bin+
0
w0 - . . @ -
£ Non-vanishing “support

i, R -
T% 0z I onlyinthe p mass region!

S i
] ¢ Sufficient mass Resolution?
| .
02 \ H ® Great for systematics!
a4 Bin- <¢— \' /
AN
1] I 1 1 i i)
oo a6 a7 ag a8 1
m(GeV)
P. Estabrocks and A.D. Martin, Nuel. Phys. 879 (1974)30t
AN
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PHENIX-Measurement Trigger: Tag z*~ in RICH and Jet Mul in EMCal

Reconstruct invariant mass of pion pairs

Form single spi " A
orm single spin asymr‘ne ta's A"F ——
N'+N

Central Arms:

Muon Arms:

Muon Tracking + ID

1.2slpl<24.all

RS

EMCZal. Time Expansion Chambers
RICH, Pad Chambers, Drift Chamber.
Multi Vertex Detector

3

. - Transversity Measurement with PHENIN 10 Transversity Workshop at BNL, September 19, 2600
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Invariant Mass Resolution

Z1200F E;>7GeV,nto accep. | B 7600
K] o ahio 3 Entsies 4006 .
Froo 7 0.5 o eS| RMS=12 MeV
800 & PP, >1CeV, into accep. '
500 E z>05
£ 01<m<20GeV .
400 F Pr>4GeV ‘
200 ; .
ok 4 : T 1
-86.15 -0.1 -0.05 0 ©.05 0.1 0.15 '
. P, (GeV]
Z0.14F . c ol . R
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002F sttt (
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{\ ')/l Transversity Measurement with PHENIX 11 Transversity Workshop at BNL, September 19, 2000
Expected Rate .
Example: B
E. . >4GeV :
I 5.2 Million events in 32 pb™
Py + Py >4 GeV §> . ) i
. 15% with pair after cuts
800 MeV < m <950 MeV
e
~ 007 ¢
3 E ;
£ QO6 !
£ ok vl i
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0.04F l .
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Kinematics
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Conclusions

® Transversity can be probed

® Momentum Resolution and Statistics are sufficient

® Good Control of Systematic Errors

'

® Fragmentation Functions are (currently) unkndwn

TN
/

'\"'\‘/;' Transversity Measurement with PHENIX 15

Transversity Workshop at BNL, September 19, 2000
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Transversity at STAR

OGAWA, Akio
Pennsylvanta State University /\Brookhaven National Laboratory
Upton, NY, 11273—5000, US.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 melastlc scattering
experiments.

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’s 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’not work for longitudinal case.

Among a few proposed way to measure transversity, looking at 2 pions correlation
at p, o mass region in a jet at pp collision with one proton polarized transvesely, which
was proposed by Jaffe et al [1] seems to be most promising.

The Relativistic Heavy Ion Collider(RHIC) will accelerate polarized proton beams.
The STAR detector, although originally de51gned 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, pl%, 77¢, z = EPY" /E7¢ m, . and cos(¢) where ¢ is angle between proton
polarization axis and of normal vector of 777w~ 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 z; dependences; of transversity. STAR detector has good
enough mass resolution, also capable to measure jets. With integrated luminosity of
32/pb at /5 = 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.

[1] 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:

D!reCt Photon i gg — qy photon gluon compton scattering

Direct Photon + jet

Jet

[ oo/ gg — Jet + Jet

Jet + Jet 6785199
Quark / Anti-Quark Polarigation :

W production gqg—=>W* et
Transversity :

%ie+ pair correlation

Dijet?

Parity Violating Asymmetry:
Search for New Physics
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Nucleon’s Transversity
Leading twist quark distribution -

F=%]><]+—L—\2—q—0'3><0'3 +£;21(0+x0_ +o_x0,)

Longitudinal Spin Distribution ~ p~ :> : Ag=q~ —q°
: ‘ r_
Transversity P’ = =9 —q
No gluon contribution
Helicity flip

Soffer Inequality 2l5q| < q+Ag
Last missing piece at leading twist

Pl sPor +71 +X
L’I@'XZ l

Need mass to have helicity flip
Need chiral odd interaction to have Collins effect
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Two meson production

e oo D §R®q®o®D

o+o Zq@q@a@D

Phase Shift sin & sin &, sin(d, —6,) is known
P, 0 40(2),4,(2)
6q,(z)

3. n . ..
. 83,(2)==§,(2)4,(z) Schwartz Inequality Limit
In Jian Tang paper, assume { fl '
9o (Z) =4 (Z )

junknown

No z dependence

Asymmetries predicted by Jian Tang
for pp at sqri(s) 200/500 GeV

D.ﬂﬂ 1 L) 1] 14 1 naan L] L) 1 i 1

B g 4 tpss |

E n=0.25 12 qeD8

18} (34
020 aeq F . .

E g What is the
pag a.15 | : :

= 2 prediction at
pao | 0.1% n:l 0~1.32
0.06 0.05
pog L—————— g0

o 20 4G 8D 80 100 120 o Z¢ 40 B0 BO 100 120

pAHGeV) Py GeY)

" FK.4. The Hingle epin armmetry aa funchim af p? fer fera-pian praduction in gp edllidiom 2
/7 =500 Ce¥{adlid) and /7 =200 CeV{dashes] (pamda-repidity =0.0 and =045 3

This model is an optimistic estimation: |
saturate Soffer & Schwartz inequality, mass=0.8 (at max asymmetry)
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Veto
Cal

STAR detector

A centrél AuAu even at 130GeV

on- 4
STAR detector
Magnet Time
Projection
Coils Chamber
Bilicon
Yertex
TRC Tracker
Endeap & A
MWPC T T FTPCs
.]‘ TT ........ . = ,‘ T Ve . Velo
. | T 0 L R
Endcap i L Vertex
Calorimeter ' S Position
Detectors
Barrel EM Central |
Calorimeter Trigger
Barrel or

TOF




Expeatiment |

Location
Wab Pags
Ruh Schedula

Contact for Transvemity

Polatization States
Energy & polatization
Bxpectad Lnmincaity

Acceptahoa

Particla Id

Invariant hlass Res.
Mlomentum Rescluticn

Verbax Resclution

ST4R, polatized pp

RHIC s polatized pp collidar, BNL

http: }fwrerar star. bnlgor

Fitst rut in 2001

&kio Ogawa {alac@bnl.gov)

Singla and donble longittding and trahsverss asvmmetries
50« ‘5« 500 GaV, 0%

JLét =320pb—fyaar at 5= 200GeV

[Ldt =800pb~! fyear at ‘5= 500GeV

Charged patticles —2.0 «1g < 2.0, 0« < 2w
Electrons, photons —20 < g« 10, 0«<é <« 2
Jatg ~1.3< 503, 0« <2r

ERIC : alectrofhadron, photon/x®

dE/ax{TPCY s /K : p= 08, KJP: p< 12GeV
dE/dx(TPCHSVT ) m/K : p <08, £/P: p<« 15GeV
TOF nfl : pe 1.8, KjP: pe 2.4GaV

RICH w/{K : p« 3, KfFP: p«5GaV¥

REIS~ 16 RlaV at 2 <2, < 10 GeV and at p° mass
fprfp=15% at 0.2 GaV

fprfp = 3.5% at 10 GaV

b,y mo Immm, 882 00 Iom

STAR detector for
Transversity measurement

Wide acceptance :
Jet measurements ~25-30% Et resolution

check Z dependence
check Pt & Rapidity dependence

Good invariant mass resolution: 2-5 % at 800MeV

STAR 15 aworking detector!
Butslow: 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 :~10% Kaon/proton
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[ 2-Track Evts. Minv pions resolution _ hminvpl e
Nent = 4378
4005 Mean - -0.002516
350— AMS = 0.0161
s00F-
250?—
2002—
A factor 1500~
sin &, sin 6; sin(8, —&;) 1001
from Phase Shifts 50—
_asfqnctlon of Gi o T
Invariant mass -0.1 -0.08 -0.06 -0.04 ~0.02 0 002 004 006 008 0.1
e Invariant mass resolution of STAR
2. for Pt = 2-10 GeV pair around
mass ~ 0.8 GeV
o3 os s s uml&;[J '

Overlapped (pile up) AuAu high multiplicity event on top of
triggered low multiplicity event from summer 2000 run
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P+P

at highest lum

ty

inosi

with pile up events

~4000 tracks

Reconstructed

TPC tracks

.REIC spin wordshop

Jan Balewski, TUCF
BHL, Ocisber 58, 1999

High p; tracks preserved

All recanstructed
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Reconstructed pp (GeV/c)

Tested with p+p @200 GeV , 1, €[1.0, 1.3]
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Jan Balewski, [UCT

Test of Pileup Filter with fullébackground SR

All reconstructed Recons. and_Bileup Filter | | Events “lost”
- T T 80 5 v due to the
80 P o Brttes X
o [frac=0.836 -l | pileup filter
o
20 20 ~ 1%
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ApT/pT (PYTHIA — All rec) LpT/pTi {(PYTHIA — ket ree)

ptp @ 200 GeV , pp> 10 GeVie, 1y €[1.0, 1.3]

Vertex Finder - Performance R e
[g 70
For 88% of events |AZ [<1 em ¥ >

(out of 400 cm TPC length) |_—_:_->5°

i - Va0
- Tested with pt+p @200 GeV , 0, €[1.0, 1.3] "
‘ 20

10

Illl||llllllllllllIllllllllllll

1 ileup Filter accepts tracks:
.| ZiE'CA —Z* <40,

or

e matched to the EMC towers

Trigger Wlth

event |hitsts .
Allreconstructed 27 + 13%) 1 2,070'+170;
tracks 2 =

Do the tracks associated
with this-vertex
include the physics ?

Tagged tracks 13+6 43+ 12
*) +RMS
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STAR Trigger

Level 0 Trigger =~ EMC 1.0(n) x 0.8(¢) trigger patch
see only 1/3 of total energy at LO trigger
bias towards EM rich events
> Look at the other side of triggered jet

CTB/MWC multiplicity trigger

: xrailalldas
er TPC tracking available

DAAQ to tape speed depends on data size
Data size reduction at L3 .

Possibly selecting invariant mass / z / cosd

Au+ Au — Au+ Au+ p°
event taken 2000 summer

STAR trigger first year: N
| AN P—25McV
LO trigger worked  >50Hz NG m=716MeV
Topological 1.0 trigger
{C"ITB North South coincidence
<+ -raltinlicity cut)
20 -30Hz

Trigger -DAQ - RCF worked at
~30Hz

L3 reconstructed tracks at
~50Hz

[ 3 =educiion to b EET
~ 2Hz
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Count Rate (Hz)

HIJING+GSTAR, Trigger Efficiency
PP, 200 GeV, Jets, 1,000 Events

Threshold on High Towers (A1,A¢) = (1.0,1.0)

10° o R e SR
L0 Trigger RRIRLE Jerp, (GeVe) |
Rate and efficiency =i
at 200GeV oo
—t—17.5
&L =8 10"31/cm”2/sec ::%2
——30
107 | 1
. ]
10 T . — s §>~ ]
10° § \ —E—Jets 1 g
[‘;\J ~—E— Direct Photons i &
167
10! 102 | 1
100 L ]
10
107
Il
107 : 107 it \ AR L \ -
0 5 w0 15 20 25 30 0 5 10 15 20 30 35
: Threshold (GeV)

Threshold on jet patch (GeV)

i

Signal Estimation

Luminosity, triggering, polarizatiofl, length of data taking

Cuts : Find jets (EM+charged hadrons) in -0.3 <n<0.3
Any 2 opposite charged particle pairs within a jet
Pt >0.3GeV |
-1<n<l ,
0.5 < mass < 1.0GeV

Bins : cos ¢, mass, z, Pt_jet, n Ljet

|
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5000

1000

A scenario

Year 2002 or 2003

L =810"31/cm”"2/sec

L0 (EMC Jet) Trigger with threshold ~ 10GeV
Only using north/south (not top/bottom)

with L3 data size reduction :
—— ~15Hz to tape
1 week run, 50% machine time ~ 32/pb

300K sec
Hz Total
Jet Events 15 4.5M
pt<10 ~2M
10<pt<20 ~2M
20<pt ~0.4M
Beam Polarization 0.7
cos¢ integral 0.5
0.35

82K events = 1% erroron A

Number of pairs / Event vs Z

- e
; - In average 1.2 pairs

} I——> 20% within the mass range

i: There are 2 jets events

i I—» 1%

o: oz e o5 1 12
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Conclusion
STAR can measure 2 pion asymme’éry

Can see dependence on mass, cosdﬂ, z, Pt jet,n jet
Many handles to check models

Is low x = high n= endcap EMC interesting for transversity?

Fragmentation function is needed to extract transversity

STAR Detector

Tracking: Trigger:

- 0.5Tesla solenoid magnet - Central Trigger Barrel

- Time Projection Chamber - TPC endcap MWPC

- Silicon Vertex Detector (- Vertex Position Detector)

- Forward TPC - Zero Degree Calorimeter
Calorimeter: Particle ID

- Electoromagnetic Calorimeter - dE/dx at TPC/SVT

- Shower Max Detector (- TOF)

- Pre Shower Detector -RICH

- EMC/SMD/PreShower
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TO |
RH T <
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i
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UNLL AT
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| -

ELASTIC SCHTTERING AM Am/ e

> oM %om
TOTAL Xx-S€eTiob AQGy = G (11)- ¢ (1)

i
INCLUSIVE PROCESSES @ LARGE X,
2 PO (nEson) AtYnME Trieg Av” T/
\ o
Hypceoms A, (B) /
SPIN TRANSFER b,

#/NCLUSIVE PROCESSES CENTRAL REGMON

i

DiEFRACTIVE PROCESSES (e pp—~Akp)

HEAVY FLAVORS ¢ cHARM)

t
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0z | Emw g
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-02 — ]
Vs = 20 GeV, pp
b1 = 1.5 QeV ! ]
| A =70 MeV | ]
Y N IR I I B
0 02 04 08 08
Xp
o, _ il
H2,T5

" Forward Spectrometer
23<0<30 (250 mrad)

- x. pos ]

f

oM

FTEN

Mid Rapidity Spectrometer
0<e<L9s :
LENTRAL REGiON
Xp =@
D1,02,D3,D4,D5 : dipole magnets
T1,T2,T3,T4,T5, TPC1 TPC2: tracking detectors

H1,H2,TOFW : Time-of-flight detectors
RICH, GASC : Cherenkov detectors

Dx
1-:3gnets
\@
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Mid rapidity spectrometer

100 ¢m

H2

T5 RICH Tg
D4

Forward spectrometer

Acceptance of BRAHMS
& Geometrical Acceptance + PID
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HEASULES AT FixED Amc}Le“ v

'Er - PL.'U '\
Xe ~ % /Py Vs
U Fixed
' XF
Xe 0.8 2 U >S0 mued (BRAHNS)
E P? 1 ?TM
so+50)| 100 > 25 1. 25
(00 +100| 200 > 50 2.50
150+1250] s00 Y5 6.2¢
FIXED | 230 |Xpub [Fror®

TAR GET 0x-08 {15~20
¥ X-SECTION DROPS FERY QU\CKL\I’ wiTH P’l"

¥ vO (LITTLE) oueRLAP WITH F.T. dATA

i

|
. Jet Target at 2 o' clock:

a) PP2PP design location at 2 o' clock
(implementation of high-B optics)

b) Integration with BRAHMS,

]
DX gﬁg

=
B s p— | 7 o
[ RSO m— | e ]

@M Xe

O wasen Lo & iel BT

* BRAHMS - 2 spectrometers:

a) Mid-Rapidity Spectrometeri(SOOSG <950)
b) Forward Spectrometer (2.30<© <300)

* Jet target 5-6 m upstream II:’:

1 - Clearance of BRAHMS MRS;
2 - Acceptance to BRAHMS FS ?
(Low beam momenta)

« Charged particles' inclusive production;
< Large 1t! elastic scattering ?
* Diffractive production ...:

t
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Large acceptance setup

AilliagSiaingn | arge Forward Angle Setup

Jet Target+
recoll detectors

N

- ef(}«'ug PPQ

Large Forward
Angle Setup

WW%Q w%w
@Mm.-g;twg

OUT LOO K

» Mesob AsymMeTRiES (A,) CAN RE

STUDIEDN WITH EXETING RHT C eX%FPT.

y LARGE Ke= P COUE RAGE  ToRrR ’PT)Z.S‘

(@ O MO (LITTE ) oUERLAFP wiTH F. T

» MODEST UPGRAMES:

- ExTeVd PI.D,
- TRUGGER SYSTEM
- ECALS FORR TW° 7

» DETAIL STUAY OF RATES (Y(E LBS)
NEE DED REFORE ALSE SS/NG EE ASABILITY.

¢ SYSTEMAT(C EFFECTY  ( adte Avu)
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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), Ayy(t) at moderate values of four momentum transfer -t and of

the difference in cross sections 6 (T T) — o (14 ), we will be able to determine the helicity amplitudes
¢, which describe elastic scattering. Those amplitudes are not well known at 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<-t<0,12 (GeV/c)? one tests in a model independent way, general analytical

- -properties of scattering amplitudes: analyticity, unitarity-and-crossing symmetry: In the diffractive region; -~

with four momenta transfer 0.006< -t <1.5 (GeV/c)z, one studies dynamics of long range strong
interactions. The polarization observables 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, p?He4 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

Future Transversity Measurements
September 18 - 20, 2000
RBRC Workshop

W0Oodek Guryn
Brookhaven National Laboratory, Upton, NY 11973, USA

Outline of the Talk

L. PP2PP experiment withp and p’.
2. Program with transversely polarized beams

3. Summary
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Future Transversity Measurements
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Total and Differential Cross Sections, and Polarization

.

Effects in pp Elastic Scattering at RHIC

B. Chricn, R. Gill, W. Guryn*, D. Lynn, A. Rusek, M. Sakitt, S, Tepikian
Brookhaven National Laboratory, USA

J. Bourotte, M. Hagucnauer
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5. Large || O 5 GeV?

* Spokesperson

1. Coulomb Region

2. Coulomb — Nuclear Interference

Diffraction

4. Structure Region

Future Transversity Measurements
September 18 - 20, 2000
RBRC Workshop

Elastic Scattering Cross Section

o Coulomb

— Interference
Structure

Pert. QCD

~0.8

1
~0.001 1t (GeV/c)

1

—_——

2 — Normalization ()

Small ¢
~“p” Value

do Bt

—_~e

dt

~ Otot
Medium ¢
- Peaks & Bumps

—Pert. QCD Large ¢
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Future Transversity Measurements
September 18 - 20, 2000
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PP2PP PHYSICS PROGRAM

Studying total and elastic cross sections played a crucial role in
particle and nuclear physics, in particular pp and p p experiments
extend to the highest 5. 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 |f], 50<Vs<500 GeV, 4x107'<|f<1.5 GeV”. In
order to understand the features of the exchange mechanism
(Pomeron), in terms of QCD concepts.

Polarization observables Ay, Axn, (ALy,) Will give access to spin
degrees of freedom, which distinguish between ditferent nucleon

—structure models; e.g. the three-quark-model of the proton versus - -

the quark-diquark model of the proton.

By measuring spin asymmetries Ay, Ann, Avr, We will be able to
determine the helicity amplitudes ¢;, which describe the dynamics
of nucleon-nucleon elastic scattering, and which are poorly known
at best:

1~ <++H MH+>

§y ~ <—| M [++> o3 ~ <+—| M |+—>

g~ <t~ M |—+> ds ~ <tH M [+—

Their measurement will shed light on the exchange mechanism
(Pomeron) including its spin dependence.

Future Transversity Measurements
September 18 - 20, 2000
RBRC Workshop

1. Prot.oft constituent quark structure through Ay, being
sensitive tp hadronic spin flip in CNI region, is sensitive
quark — diquark proton structure:

9

2. The spi.n dependance of nucleon-nucleon interactions and
determine features of the Pomeron in terms of QCDh
concepts and jts spin dependence.

P —————p P ore——p - _

Non-pert

B(C=+1) QCh

2
O
]
1

=

p——_—p p [

3. Large-|d region, for tests of pQCD:

P P p :{ P
g g g g Pert. QCD
P P P p

P(C=+1) O(C=-1)
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Other topics done with the same experimental setup:

o Diffractive pp scattering can be done, with four momer}ta
transfer |f<1.5 GeV?, where one studies the dynamics of long-
range sirong interactions. '

o Elastic scattering of pd, pT(I, dd, p"*He can be measured with
the same experimental setup.

These measurements challenge strong interaction theory, since they
involve the application of QCD in a kinematical region where non-

perturbative effects are important.

Future Transversity Measurements
September 18 - 20, 2000

RBRC Workshop
Polarized beams

With transversely polarized protons and measuring'of ACio0 A,
Ann we will determine helicity amplitudes ¢i(s,¢):

di~<+HM[H+> dr~<—| M+ Py~ <+—|M [+—>

dg ~ <+~ M |-+> B5 ~ <++H M |[+—>.

1. THE ODDERON AND SPIN DEPENDENCE OF HIGH-ENERGY PROTON-
PROTON SCATTERING. E. Leader, T.L. Trueman. Phys.Rev.D61:077504,2000

2. THE SPIN DEPENDENCE OF HIGH-ENERGY PROTON SCATTERING.
N.H. Buttimore, B.Z. Kopeliovich, E. Leader, J. Soffer, T.L. Trueman
Phys.Rev.D59:14010,1999

- the difference of oy, as function of pure initial transverse spin:

AC, =0, (T‘L)— O tor (TT)

» the analyzing power, AN:
dy=————T1——+
Pcosg Ny + N,

- and the double-spin correlation parameter, Any:

I Ny+Ny-Ny-Ny
BB cos’ ¢ Ny + Ny + Ny, + N,

Ay =

(Pi is beam polarization, ¢ is scattering azimuth
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September 18 - 20, 2000 Scptember 18 - 20, 2000
RBRC Workshop RBRC Workshop
PHYSICS PROGRAM
i. By measuring spin asymmietr ies Ap, A Aii, we will be ab le to
Wa ahall o s srrabminn bl an .
W :1 shall study systematically pp elastic scattering with poiarized %ﬁ:ﬂiﬁiﬁﬂ:‘lﬁz;ﬁ‘ﬁyd°S o which describe elastio scaltering,
g‘; unpogarlze(cil ?eam Piab < 250 GeV/c and in both colliding
am moae and 1 . R, \ ot
xed target mode, using a polarized gas jet target. br~<HHM P> fp~<| M> Gy~ < M

The four-momentum transferred - is sub-divided in two kinematic o~ < M |=> s ~ <+ M H—=>.

pangags
ranges.

d

Polarization observables will give access to spin degrees of freedom,
1. Medium ¢ region, d . which distinenish between different nucleon structure models, like quark
’ , day oine running, n i ied which GIStnghisi He q
required: PP g no special conditions diquark model of the proton and its appropriate wave function of the

2
. In the medium f region, with four momenta transier 1t1<1.5GeV", we

e w1llstudythedynamlcs of long range strong interactions, the non-
AL OYTY TTa

. .evolution of dip structufe observé d étﬁ the I‘SR“in— oo © = - - perturbative regime of QCD. Hencc, the sxperiment will address one of
doer/dt;

0w

QCD and confinement.

. sand ¢ dene_n_denge of the nuclear elnpp h
ar slope, b.
4, By appropriate design of the veto system and an additional trlggcr
2. Coul b Nuel condition, the experitment will also measure single diffraction
omb Nuclear Interference ( CNI ) region: dissoctation.

5. In the small momentum transferred |t| region, one tests ina
model independent way, general analytical properties of

- & dependence of oty and d :
c
. ratio of real to i tot o/ dt’ scattering amplitudes: analytlclty, unitarity crossing symmetry.
al to imaginary part of the forward scattering
amnhtude 0; 6. Using the same detectors and an additional magnet in the IR for
momentum reconstruction will allow measurement of elastic scattering in

. nuclear slo : .
pe parameter of the pp elastic scattering, large ¢ region, hence tests of pQCD calculations.

the main, unsolved problems in ‘particle and nuclear physics: long range - -~
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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:

Vi = \/ﬂ/’ﬂ* (cos(D +o sin CD)f + \/I[j’/j’* (sin cI))@SC
or:

Yaa=a,, Y* + Leff Osc.

The optimum condition, called parallel to point focusing, is
whena, =0 and Leg is lar ge bo that tor small @g¢ one gets

| P
iarge displacement at the de

pia
sensitivity to y*.

[a e

e smallest t expresse dint i
The smallest t expressed in terms of beam parameters is
k2gp2
tmin € 5.
L *®

This implies the need for large f* and small €.

(In order to reach Coulomb region special tune, $* = 195 m and
low emmitance € = 5=, are required.)

Future Transversity Measurements
September 18 - 20, 2000

RBRC Workshop
Roman pot location is determined by parallel to point focusing.
—HH—
t i 1
A e
f - A On-board
l\ Electronics \
/L-_m_.]x/ Roman Pot Detectors
$ RN (qlhggn\ ~ :
) I
S~ Ny — =
— el N =i

RHIC Intersection Region with PP2PP Basic CB Setup

g 2 % i
N .
.f\F e~ t=0 -P l l
RP3 RP2 RPP i RP]
|
- Sl

=100, m G.
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Day one PP2PP Setup

More than one ppeqm at RHIC, 100 GeV/c and 250 GeV/c proton beams,
will allow us to take data at two Vs points,

At luminosity 4x1()30 cm‘zsec'l, 200 hrs data on tape to acquire 1000
evts/0.02 GeV/c’ bin will be needed.

Future Transversity Measurements
September 18 - 20, 2000
RBRC Workshop

Silicon strip detectors are our choice. They will provide:

¢ 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

» many detector layers with high efficiency;
* small cell size to limit occupancy per readout channel;

e in the CNLregion good detector resolution is needed: -

&t << 107 GeV?(bins) = & ~ 0.1mm

* in the dip region detector resolution set by momentum
reconstruction (Sp/p ~ 1%) and vertex size (y* ~ Imm):

oy ~0.2mm
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RBRC Workshop

Status and Plans
Our goal is to be ready for running in spring of 2001.

1. Experiment has scientific approval and has received funding for
equipment,

2. Since the approval time we have:

. optimized the experiment, involving RHIC accelerator group
to find placement for detectors (parallel to point focusing;)

» designed of parts that are critical: Roman pots, detectors;
¢ 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,
Engineering run in Spring of 2001

3. 2002 physics run.
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Observations on Factorization

George Sterman
Physics Department, Brookhaven National Leboratory,
Upton, NY 11978, U.S.A.

C.N. Yang Institute for Theoretical Physics, SUNY Stony Brook
Stony Brook, NY 11794 - 3840, U.S.A.

This talk began with a review of the formalism for collinear factorization, [1} which applies
to inclusive hard scattering cross sections involving one 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, Detween parton distribution functions, $afa, and hard scattering
functions. For inclusive single-particle production at high transverse momentum, {fragmentation
functions are included. For the latter case, the differential cross section is thus

doapscy = Z/d.’c dy dz ¢iga(, itr) $i/nly, 1r)
ik

% Dogilz e doge (@pa, yp, pe/ 2 e as(er)) (1)

where pp is the factorization scale, and where & is perturbatively caleulable. This formalisin

applies at leading power in the hard scale, for hoth polarized and unpolarized cross scctions: -~ -

Corrections to the factorization formula itself are suppressed by powers of the hard scale (rrs
ctc.).

Parton distributions and fragmentation functions may be expressed as expectation values of
nonlocal operators in hadronic states. (2] For example, for the fragmentation function of a quark
(referred to the plus direction for convenience)

Doystz, ) = [ =HOH 5 (0lg(0)1C, X) T (C, X121, 0%, 0.)(0) o)
x

where information on polarization can be incorporated through the choice of the Dirac matrix T.

These expectations require a renormalization, corvesponding to a maximum relative transverse

momentum for the observed hiadron and parton, or equivalently a cutoff on the transverse distance

to the light-cone. The frecdom to choose this scale, which corresponds to the factorization scale,

leads directly to calculable evolution for the parton distributions.

Factorization may be understood heuristically in terms of the Lorentz transformation proper-
ties of classical ficlds, by an analysis familiar from clectrodynamies. (1] The physical clectromag-
netic field strengths are Lorentz conlracted even more strongly than a scalar field, suggsting that
factorization holds cven to the first nonleading power. (3] In the case of polarized cross sections,
lowever, some of this suppression may be lost, due to the mechanical origin of the orbital angular
momentum.

. The nfu}st basic extension of collinear factorization is to include the transverse momentum
ogrees of freedom of the partons. (5, 4] The corresponding expectation values are very closely

related to the normal parton distributions, so 1 i i
tho gonoral form [ , 5o that for quark ¢ in polarized hadron A we have

3 = dy~d —izpty= ik
Poralz, ky,s) —/ 12%;& e LY (A(p, $)|7(0%, 7, 1) T (0)|A(p, 5)) , (3)

xl;::::b?x%:.m th: choice of I" determines the spin content of the distribution. In the case of parton
distribu gl:lsloi:n;:::f;l,rfg kr, a good deal is known about the summation of logarithms of the
Dependence on the transverse momentum of partons i in i i

sclzctia?ns \.vith o.nly hard scales in the final state. V\?llen thell:i ioi‘;llc;ds(llliléir:)rﬁs:es(icl(?n:ln:lgﬁvetlcrol:S
distribution oi: initial-state partons, or final-state hadrons in fragmentation, may become 'cr}:g f
At the same time, if thr:l cross scction remains otherwise inclusive, factoriz’ation is not lost 'Il‘?lc
;nost f?mlllar exs}mplc is the Drell-Yan cross scction at measured Qr, but another exam.plc is
ound in the (?ollms effect, (6] where the expectation of the triple product (s« p;  p,) act
sma]l. scale, with p; and p, a jet and pion momentum, respectively. TP AR
. l;‘lma]lyi) power suppressed effects may be important, when leading power contributions are
mall or al sen? altogether. Exarfxples are multiple scattering in nuclei and chiral-even single-
?pm a.syrr.lmetrles. [7} Such contrlbu.tions are, as indicated above, often amenable to collinear
actorization. Parton kp-cffects are likely to be important in these cases as well.

References

[1} J.C. Collins, D.E. Soper and G. Sterman, in Perturbative éﬁd;it;tm-;:Irn"t;;nod;/vrrz-tvzmics, >cd.”

AH. Mueller (World Scientific, Singapore, 1989). )
[2] J.C. Collins and D.E. Soper, Nucl. Phys., 194, 445 {1982).
[3] J-W. Qiu and G. Sterman, Nuel. Phys. B353, 137 (1991).
[4] E. Laenen, G. Sterman and W. Vogelsang, hep-plh/0010080.
(5] J.C. Collins and D.E. Soper, Nucl. Phys. 193, 381 (1981).
{6] J. Collins, Nucl. Phys. 420, 565 (1994), hep-ph/9305309.
[7] J-W. Qiu and G. Sterman, Phys. Rev. D59, 014004 (1999), hep-ph/9806356.
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Structure Functions and Chiral Odd Quark Distributions in the NJL Soliton Mode! of
the Nuclcon

Leonard Gamberg
Department of Physics and Aslwuumy, University of Oklehoma, Nommn, OK 78019 USA
Inclusive snd semi-inclusive processes analyzed vin QCD factorization theoremns imply that generic cross-section
and nucleon structure functions are convolutions of hard-perturbative and soft non-perturbative contributions. For
example, at leading twist and lowest order in a,(Q?), DIS structure functions are given by

F(z,Q) = Z/ dyHn (— e ,a,(/t)) Jarp(y, n2) + remainder,

The hard coefficient functions, H, (y ,%— [N (u)). are calculable in perturbative QCD whereas the soft quark distribu-

tion functious, fo/p (y, n ) are defined relative to the scale, ;2 which factors the hard and soft physics. Alternatively,
in DIS, factorization of hard and soft can be expressed vie Mellin transform where the “remainder” is an expansion
in twist, 7

[dl & B (1, Q2 zo (Qzlu,m(uz))O",;(uz)( )E L

The logarithmic @2 behavior of the target independent coefficient functions, C. . 2 Q% 1 s (p®)) Is determined from
the renorinalization group equations. The reduced matrix elements, O {([L ). reflect the nonperturbative properties
of the nucleon target. The QCD-parton model in conjunction with the fuctoruahon theorem enables one to calculate
and predict the Q? dependence of the hard contribution. On the other hond a nonperturbative approach is needed,
e.g. lattice QCD, to predict the soft, nonperturhative piece which is measured in asymmetrics. Yet, the difficultly of
calculating bound state wave functions for the nucleon from first principles has led many to resort to quark model
calculations for hadron structure functions [3]. More recently however, calculations have been performed in the
context effective field theories of QCD.

From the perspective that hadron structure can be viewed as functions of constituent quark distributions we adopt
the Nambu-Jone-Lasinio chiral soliton as a low energy effective field theory for QCD to calculate chiral even and odd
quark dmtubunon functions and their corresponcling hadron structure functions {1,2]. In this context the factorization

parameter 4%, plays the role of the intrinsic model scale. At this scale, twist two structure functions.don’t look like the ...

“data’sinee presumably it Has contributions from higher twist, To go from the hadronic scale to the experimental scale

we first sum the moments without radiative corrections; namely, caleulate the structure functions in the Bjorken limit.
Subsequently we evolve effective quark distributions via DGLAP scheme and construct nucleon qtmctum functions
in terms of charge weighted averages of the constituent quark distribution functions,

The starting in this approach however is _not the parton model motivated definition of leading twist quark dis-
tribution function: fo;p(z) = Jeir (PS[E" (O (An)|PS) (where T = {1, e Tn¥s:) O} ). Rather, we use the
optical theorem, W (q) = ’ =5 (T (q)), to caleulute the absorptive part of the forward virtual Compton amplitude,

Trv(q) = f{['& el (p, s|T (I" (£)J¥(0)) |p, s). Here the bilocul current correlation function is unambiguonsly obtnined
from the regularized! NJL action

T(M(E)*(0) = Tralog [if ~ (5 + ing

52
4, (€} Su.(0) '
Applying Cutkosky’s rnles we extract the leading twist pieces of the structure functions in the Bjorken limit: g2 — —co
with x = —~¢%/p - ¢ fixed. Stacting from the Compton amplitude rather than the QCD-parton model quark-target
amplitude yiclds a self consistent delinition of the regularized quark-target amplitude or the leading twist constituent
quark distribution functions. To leading order in the 1/ N expansion the Compton amplitude in the Bjorken limit is

0

'We use Pauli-Villars regularization since it preserves Loth the anomaly structure of QCD and the leading scaling behavior
hadron structure functions in the Bjorken limit.

T,w(q)=~MN———- / do / dt / & / 4% [ U oo ity (-6 k
><<N|{ [t et E)AQ2 b1 TalB) — o U ()5 Wa )] £ W)

+ [o UL () Q4 ekt )sB¥a () — ¢~ L) QA (ks BYalE0)] 12 (w)} |~ ©.1)

with the spectral functions given by

& w:bec, wk ey 0.2
falw) = unﬁ A2+1eiu"—é?,+ie. (02)

A; are the Pauli-Villars regulators and ¢, are smglc particle constituent quark energy levels in the soliton back-
round. The resulting hadronic tensor obtained from Eq. (0.1) bares some resemblance to the parton model and quark
model calculations however there is no clear distinction between the quark end anti-quark contributions due to the
complicated pole structure that arises from regularization.

Given this prescription the regularization function for the chiral odd distribution functions is self comlqtoutly
determined by caleulating the forward scattering matrix element between transversally polarized nucleons containing
a vector and pseudo-scalar current [4)

Ty [ 460,50 T (u(@)3s(0) + 3s)in(OD] . S1). (03)
Now the correlation functions is given by
s 5 ! , .
T (7u(8)35(0)) = GO Tyalog [iff — (S8 +ivsP) + Q4+ Qs vs) 'U" o (0.4)

fromn which we obtain regularized distributions.
Having completed the calculation of the leading twist chiral even/odd structure funetions [1) we find the Soffer
incquality is satisfied

§i(z) +oi(z) 2 120%(2), (0.5)

- where the-effcctive quark fevor distributions aref} ")(1: Q) o8 (2,Q2) and MP(x, Q3) &iid q = 1i,d deniotes the

quark flavors at the low-scale of the model Q2 = 0.4GeV?. In addition, we caleulate the zeroth moments of the chiral
odd distribution functions which are referred to as the isoscalar and isovector nucleon tensor charges,

iy =2 / L [0 QY) + 0 (0 Q%) 0.6)
v Jo
e dtep) :G/] dr (1 (2,Q) - b} (=.Q%) ' (0.7)
0

at both the low scale, Q% = 0.4GeV? and a scale commensurate with experiment, Q2 = 4GeV?, These results are
compared with other model catculations in addition to lattice results.

| would like to thank Daniel Boer and Matthias Grosse-Perdekamp for the opportunity to speak at the “Future Transversity
Measurements” BNL Workshop. | also thank Ms. Tammy Heinz for her efforts in organizing this workshop. Finally
gratefully acknowledge my collaborators on this project, Hebert Weigel, Enrique Ruiz Arriola and Hugo Reinhardt.

(1] L. Gamberg, H. Weigel, amd H. Reinhardt, Phys. Rev. D58, 054014 (1998).

{2) H. Weigel, Nucl.Phys. A670 92, (2000} ; 1. Weigel and L. Gamberg Nucl.Phys.A 680, 48 (2000),
H. Weigel, B. Ruiz Arriols, L. Gawberg, Nucl. Phys. B 560, 383 (1999).

{3] R.L. Jaffe, G.G. Ross, Phys. Lett. B93, 313 (1080).

{4} B.L. Toffe, A. Khudjamirian, Phys.Rev.D51, 3373(1995).
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Brookhaven National Laboratory, Upton, NY
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“Structure Functions and -
Chiral Odd Quark Distributions in the

NJL Soliton Model of the Nucleon”

Leonard Gamberg

University of Oklahoma and University of Pennsylvania

Regularization of Quark Distribution Functions in the NJL Chiral Soliton Model
L. Gamtherg and 11 Weigel; I prep.

IHadron Struct\;re Functions in a Chiral Quark Model: Regularization, Scaling aud
Sum Rules ,

H. Weigel, Nuel. Phys. A670 92, (2000) ; 1. Weigel, E. Ruiz Arviola and L. Gamberg; Nuel. Phys.
B560, 383 (1099).

Chiral Odd Structure Functions from a Chiral Soliton ,

L. Gamberg , Ho Weigel and H. Reiphardt; Phys, Rev, D 58, 05014 (1898)

Nicleon Structure from a Chiral Soliton in the Infinite Momentum Frame,

L. Gamberg , Ho Weigel and H. Reinhardt; Int.J.Mod.Phys. A13, 5519 (1998)

Polarized Nucleon Structure Functions within a Chiral Soliton,

H. Weigel | L. Gunberg and H, Reinhardt; Phiys. Rev. D 55, 6910 (1997)

Model Structure Functions-“Factorization and OPE

Inspired” (Jafte, Ross; PLBYS313(80), Jatte, Ji; PRDA3,724(91) )

e Inclusive and semi-inclusive processes understood and analyzed via

QCD Factorization Theorem ( Collins et al. (89), Steatman this Workshop).

o Generic cross-section or nucleon structure function written as

convolution of hard-perturbative and soft non-perturbative

FIG. 2. DIS and eross seetion for Drell-Yan.

¢ At leading twist and lowest order in (x,,.(QQ)

*DISs l+p=>1+ X

; [; v Q? ;
F(.’TJ, QZ) = Z [1 E_‘Z"I'I{u i Qf) Ct’,;(/l:)) fu/]’(ya /1'2) -+ remainder

ey Ty
*Drell Yan: p+p = 11" + X

11 e wy oy o) 7 .
(l(fu,h ~ ‘L. /” (l.‘/(t(lyllj.ll/l’.. (ytn /1'2) H, (;:"': y—h, sz 71'2") (‘}:(llz) flﬁ/[’l,(?/ln /lz)

+remainder
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_ ® In context of DIS:

h) Hard Part: H, (i, %-—fr, aﬁ(u)) coefficient functions calculable

in perturbative QCD.

s) Soft Part: f,/p (y, ) quark distribution functions defined at

a given factorization scale, 2 .

FIG. 3. DIS, Cross section for Drell-Yan, Forward Quark Target Awplitude or fop.

o At leading twist basic objects of analysis, the forward quark-target
scattering amplitude on the light cone (in light-cone gauge)

A —a
fur(@) = [ 5= (PS [ (0)Ty (An)| PS)

2

e Where I’ = {ﬂ)')’/u'Y/l'YS; U/tl/}

e Alternatively, in DIS factorization hard and soft express via

Mellin transform “remainder” — expansion in twist

F(Q%) = [ du 2! F (y, Q)

-2 O (@ el O E T )

a) Coefficients, C"(Q?/ 1%, a,(11?)); Q dependence from RGE.

b) Matrix elements, O (1i), reflect nonperturbative properties of

nucleon.

o 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

hadronic tensor, W, = ﬁlm T

b) Expresses product of currents via OPE; expansion on the light

cone (€2 — () — Eq. (1) infinite set of moment sum rules.

e In all pictures factorization scale /2 separates hard and soft physics.
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QCD-Parton Model vs. Low Energy Models

o QCD-Parton Model in conjunction with the factorization theorem:

*) Calculate and predict logarithmic @* dependence of hard piece.

*) 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

o From perspective that hadron structure can be viewed as functions of

soliton to calculate chiral even and odd at the scale, ;2.

e in this context the factorization parameter p* becomes the hadronic

model parameter characterizing the intrinsic model scale.

o At model scale twist two structure functions don't look like the data

since presumably it has contributions from higher twist.

e 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.
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Introduction—Chiral Odd Structure Functions:

o Chiral odd spin-dependent structure functions hp(x) and hy(x) sup-

pressed in DIS scattering process

FIG. 4. Suppression of chival odd distribution in DIS.

while 717, () was more recently by Jalte and Ji

Proposal to extract () (= dg* () from Dredl Yan dilepton production due to transver®
1 i /i 1 1

sally polarized proton beams at RHIC.

Proposal to meastre h(e) by (Jalte, Jin, Tang [PRL80,(98)] and many others see conference

proceedings....) by analysis of (wo meson fragmentation in transversally polarized DIS

fixed target eN — e/'m¥a X at HERMES(DESY) .

I} first stucied by (Ralston and Soper[NPB152(79)]} in Drell Yan spin asymnmetries,

CONSTITUENT QUARKS

¢ Dealing with constituent quarks. Starting point cannot he the
soft/hard factorization-parton model motivated definition of lead-

ing twist quark distribution function:

l)\ i\ — 1 SR 3
fur(z) = | fz_w(w\" (PS[H"()y " (An)| PS)

o Necessary to start from the absorptive part of the forward virtual

Compton amplitude (Davidson, Ariala PLB(U5), Weigel, Arriola, Gaunborg NPB (95))

T(q) = / die ot (p, s|T (J*(E)JT"(0)) |p, s)

~ & Time-ordéred product unambiguously from regularized action ™

2

T (J(£)7(0) g5 Toalog (19 = (S + 36P) + 2,0

_ )

v, (€) S

o Extract the leading twist pieces of the structure functions in the
Bjorken limit: = ¢~ — co ¢* — aP*,

o Obtain self consistent definition of regularized quark-target ampli-

tude or the leading twist constituent quark distribution functions.
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e Constructed from NJL Chiral Quark Model of quark flavor dynamics.

a) Model low energy (non-pert.) gluonic modes via one gluon ex-

change w/0 kinetic energy term. = “Fermi model of QCD".
. ST R SU U U
L = q(ig — my)g + 2GNL Z%) (75(1) + ((15’7’75(1) :
j=
b) Interaction is dimension six operator. Non-renom. theory.

o — [G] ~ [M~?: Model supplemented with regularization A to cut

off ultraviolet divergences.

o Hubbard-Stratonivch transformation i.e. introduce (generic) auxil-

lary meson field, ¢ — non-local mesonic action

T = [ DO [ Dy i -

A[S, Pl = —iNTip log[id — mg — (S + i P)|

_ T, ,
e / dz (M M) . (2)

e M =S +1iP, composite scalar (S), pseudoscalar (P) meson.

Regularization

s Define regularization at the level of the effective action.

¢ Guarantees quantities are regularized “self-consistently”.

¢ Employ Pauli-Villars regularization scheme. Two subtractions nec-
essary to regularize the logarithmic and quadratic divergences.

(\Vvigcl, Gamberg, Reinbardt PRDSS(1998) and Wakinatsu, PRDG()(()()).)
® Preserves anomaly structure of QCD in the effective theory.
e In context of Structure function calculations

a) Preserve scaling in Bjorken limit (Davidson. Ruiz-Auriola, PLB343(1995)).
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.
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Details:

a) With the "PV" conditions:

co=1, Ap=0, ZCI

i=()

2 2
Y A =0 (3)

i={}

), and

b) Take limit A} — Aj, leads to identity

> aif (A2) = £(0) — £ (A2) + A2 (A2) 4)

i=()

e Couple “external” vector (axial) vector sources Fermion currents

o =1 — (S Ay P) + f - ddys and

Dy = =i = (S —i%P) = + v
e Separate functional trace into (un—)regularized ys—even (odd)

Tralog [i@ — (S + iy P) + Q] =

Z ¢’ Trlog [—DD5 + A% - -ie]
2 i=(} !

—-i.%Tr log [-D (Ds) ™! ~ie] .

Model Parameters in Pauli-Villars Regularization

Scheme (Dynamical Chiral Symmetry Breaking)

o Adjust the cut off A as value as well: to produce the physical meson

properties m; = 135 McV and f; = 93 McV and my = 494 MeV
o This leaves one free parameter, the constituent quark mass, M,,.

o Cutoff dependence in the SU(2) sector in isospin limit:

m [MeV]|A [MeV]|Gy|m® [MeV]|— )3 [MeV)

350 766 | 8.41 3.85 = 215
--400 ..y 739 .1 8.85. - -1.87 - |. -..=211 -
450 728 |9.01 1.02 ~ 209

o Conditions
1} Gap Equation, AN ) = —

TAL = ﬁ:_u')’_".‘_
() =l oss Glat’) = —GiNeM S s J glabe [—K2 4 M2 4 A2 = ie] .
2) Mass-shell condition from Bethe Salpeter Equation,
A = 51 it Fa) - DTG =0) + O (7), D) = o [N 7 - g ]

[Hg?) = i 2y |y o (‘zi-‘?‘)" [~k -l = )g? 4 m? 4 AL ) -2

3) Pion decay constant from PCAC, {m(p)| A, (#)[0) = fame ™" fo = 4N, Myli (m?)
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The NJL Model Chiral Soliton:
e Non-perturbative meson configuration of hedgehog type

Mu(z) = m exp (it - #O(r)), U, = 770,

e Functional trace for static configuration

A = Trplop(ed — U,,)

- e, / (lq:é tr (U — mu)’r (U _ m") ’

o Dirac operator in terms of Hamiltonian, h = « - p +mfB U

e Hedgehog ansatz for 7O(r) implies that — grandspin

G =t + j good quantum number: [h, G] =0

* Eigenvalues and eigen-functions of h|1,) = €,]ib,) for profile O(r).

o In Pauli Villars scheme, energy functional

N Ng 2 : - .
L] = —2—6— (t = sign{cg)) cyu — T( Yoy {\/c,{ +A? - 2y Af}

i=0

+mZf2 [ dr (1= cos(6)).

“val” denotes valence quark level. Distinct level bound in soliton

background, i.e. —m < e, < m.

s Self Consistent Solution: O(r), is obtained by extremizing
.(;-(_) = () while simultaneously determining {+,,(z), €.} with B.C.
BCO) r=0, ©0)=—m, r=o00, O)=0.

o The baryonic charge encoded in topological property of the soliton.
Distorted meson field and Dirac spectra. Bound quark states appear
which carrying baryonic charge of soliton as nucleon (see Alkofer et

al. Phys.Rep265(96) and Bochum Reviews).

Chiral angle

0.0

1.0 |-

20 m = 400 MeV

————— m = 600 MoV

- m = 800 MeV

—5.0 b

s
0.0 10 2.0
r (fm)
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Nucleon From Chiral Soliton:

¢ Promote rotation zero modes to time dependent fluctuations about the hedge-

hog field; — cranking technique in nuclear physics.

M (x,t) = A(t) Mu(z)Al(t)

Collective coordinates A(f) € SU(2).

e Generates states of good spin and isospin.

Eigenfunctions of resulting Hamiltonian are Wigner D—functions
1 iy
(AIN) = ==Dpi” 5, (A) ,

Iy and Jy projection isospin and spin quantum numbers of nucleon.

Put ansatz (5) into the action functional (?77) expand in the angular velocities
2ANAR) = iT-

to quadratic order, — Lagrange function for the collective coordinates.

Canonical quantization: angular velocity €2 substituted by nucleon spin oper-

ator J = %€}, o2 moment of inertia.

NJL Model Nucleon Structure Functions

¢ Define the hadronic tensor for localized field configurations. De-

mands the restoration of translational invariance.

e Introduce collective coordinate, R, position of soliton (nucleon)

with its momentum, {7 being conjugate to collective coordinate, i.c.
(R|F) = V2E exp (L]—{' : ﬁ).
e E = /p? + M3 denotes the nucleon energy.

o Compton amplitude obtained by averaging over the position of the

- .,so“ton', - - e e e e e e e e e

Tiw = %My [ d'€ [ &R (p,s|T{J;(& — R)JN(~R)} Ip, )
=2iMy [ d'€, [ d*6 O (S|T (J1(61) 1 (€)} |s) .

o The spin—flavor matrix elements evaluated in space of collective co-

ordinates A.
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Compton Amplitude in Bjorken Limit

e To obtain the Compton amplitude consider the real

AR _ _7_ $ el {(_D<")D§”’+A?) (9% (@) yDf”

AR
i=l)

~DO(f ()" )5 97}

and imaginary

2.0 Ne,., . IR
AR = —i= 1 ((-DWD{) (@2 (%) yDf?

+DO(y (9) ™ 4)5 Q%) LabelsimpleT
action expanded to second order in external vector source %

7 62 2w (2,0)
T(J"€)J(0)) = m (AAR +A )

/\/\,/\

VAN

FIG. 6. Taking the Bjotken limit

et
AT

FIG. 6. The Valenee and polavized-sea contrilmtions to chiral soliton strieture Fanctions

o Leading order in 1/N¢ piece,
= a0 [R5 Lo [ [ [ A i i o

><<N‘{ [l:"""l’,'.({l)r’fQ‘fn',.k”lv‘l‘n(é‘z) S 7 (fz)’fo A W..(éi)] IH®
+ [ ) Bt ) ealE) e HRLEN Qb)) f,:<w>}|"’>~
H H + 2 . wike, wey,
o With spectral functions fF(w) = £?_, Cigrirn £ ot

o Applying Cutkosky's rules yields hadronic tensor (1/N, corrections)

W/n 'l\[.\'—/”wZ/lff(l REVATES N

{[ (E) Q41 b T (€4 Ay o™ = Do @t Vo €= 2™ £ (w)|p

+[‘f'..(ﬂgf,(q-,,;(q,,),,\y,, (€ Ae)e™ B (@@ (uatna)a¥al€) Aea)e™] 7 (w)]..

+ 2 [T (€7 A b T A 4 QAT S o (€A Mgk,

+j[\f/“(5")r Q% () W (€= A~ 4 ‘I’:.(E—)O\T TICWIS i)W (£ 4 A ‘)"M]fn “')I

+ (el SBs) ([‘i’/l({)Q‘fﬁmh’.,\lf..({+Ar‘:;«)u"'\'“' - ‘Tlﬂ(él)Qg\‘)l'l")[l‘pto(é""\’-&)‘-l\d]”ull(w)’p

[- {‘)QE\(')I‘Z(”H) l{l"({ ’:\F:{)"-_L\w - ‘i‘lf(é) Qf\(’)"!‘ Il‘) (] ({ tAC {)( ]'/:ll(w),l,) }IN>



o Next step, hadronic tensor is contracted with appropriate projectots
which in turn provides the structure functions. In the Bjorken limit

these projectors become quite simple

hi fa m qr =gt
L et gt 1 pibep ple, =i peper
a4 R br I TN Splla
~pin spn e o -
independent independent 8 " q FLlyg

o Unpolarized structure function: In Bjorken limit the Callan—-Gross

relation, fa(z) = 22 fi(x), is automatically fulfilled.

o Using the relevant projection operator given in table | we find the

6T

“sea” contribution for the fongitudinal polarized structure function

) o M [OINe [ i /3 /'1/\ A1x10] A
nl) = === — | 2n.;,f.'l,_£..,,‘2zr,(j,,.v,,__ _

o (Soartres) (i)

i=0 »

x [ELET (U - 01w Pa(E Ma)e™ 1 BHEm (1 - )15 (€ - /\(e;,)u“‘"\]
30 |iA Wt €y
—M[(-)] [T (w'-’ -2+ ir)l,
* [ B4 (1 = 02) 15 (€4 Aea)e N - Wh(E)Ta (1 = e13) 920 (£ - Ao
(w +ea)(w 4 )
+ ’Z’ ((u}2 ~ €2 4 ie)(w? - r'f, -+ ir))l, {afleh)

x [‘Il,',({) (1 —rwy) ')',r,‘I‘,,(E-'+ /\(7.3)(:—"""\ + \I’},(é L —{l;g)’)n‘l’,,({— /\(73)0“"‘] }

Valence Quark Approximation:

e 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 W, in-

cluding the Dirac sea states.

e Dominant contributions (> 80%) to static nucleon properties ( mo-

ments of structure functions) stems from the distinct valence level.

o Approximate bilinears by their valence quark contribution.

) \I//z(w)M

ji €v — €

Uy (x,t) = (E—if\-fA(t) {\I/\,(a;) + %

= oA ().

o This replacement of bilocal and bilinear quark fields when computing

nucleon structure functions defines valence approximation.

--- o-Wave-function, induced by-the-collective-rotation-A(t), included-- - - —
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Regularization Function for Chiral Odds

o Self consistently arriving at the correct regularization function struc-
ture functions we work from the forward scattering matrix element
between transversally polarized nucleons containing a vector and

pseudo-scalar current (lnﬂ'n, Khodjauirian PRDGl(‘Jﬁ))

T,,= dhwe™ (p, SLIT (ul)5(0) + 75(1)7u(0))] p, S} (5)

‘2,
» Applying Cutkosky's rules and going to the Bjorken limit on the light

cone in the parton model yields,

dA ,
ImT, = - / ”\‘(p,Sl [b(0)io,un"ys(An)| p, S1)

4
= hySui (@, Q%) — hi(z, @*)m*n,(S - n) (6)

o Adapting above mentioned technique of calculation

(52

T (5,(6)75(0)) = 5.8 500 (-AAZ W+ AL 1"’) (N

we get regularized distributions {Gamberg, Weigel, in preparation).

OPE-ANALYSIS
e Reveals leading order in 1/Q? transverse chiral even and odd
structure function g(x, @) and hr(z, @?) purely twist-2, while
a2(x, @%) and hp(x, Q%) contain twist=2 and —3 contributions spin—

dependent gluonic—quark correlations.

]1111 /0(117 g1 (2, Q%) = = Z b s n=10,2,4,...,

; .o 2 — N =
Q!llll’lw/” do 2" go(x, Q%) = 5 (n—}-l);{ (o }, n=24,....

o Inverse Mellin transform yields
2 2 1 fJ 2
92(1E1Q ) = - (/1(1’ Q + / U) )+J2( Q ) (10)
e One may reformulate this argument to extract the twist-3 piece
%z, Q%) = gz, Q) — ¢, Q% (11)
e Similarly for the chiral odds:
+ Tz, Q) (12)

=2 [ d ———hf(j 24

Az, Q% = hyx, Q%) — h,(,;z)(:v, Q%) (13)
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Valence Contribution to Chiral Odd Structure

Functions:

e The nucleon rest~frame (RF) analysis given by Eq. (7) yeilds valence
contribution the chiral odds

[ dmosp=ig™ 55

QM2
il

R (z) = Ne 3

X / cl3a:u(S¢]‘I’T..(f - 33())')’_L’)’GQQ‘I’+(—£B())ISJ_>£+;5J___-() . (14)

e Introduce Fourier transforms quark wave functions

plene=-2) =]

@p dpy
27r2 QO

V2

e Forward / backward movmg quarkcontni)utlons to the transverse and

longitudinal chiral odd nucleon structure functions
(£ — LN M = 7t
W) = £Ne— /] ~ pdp dp(Suldt (ps)
“Hwin

x (L F a3) 70159 ()| 1) |rmu=w_;m (16)

| M
h.(L‘E)(a:) = :t/\’(:?

Xp [73(2)36— —p1-€)]P (pr,ps) (15)

[ pdp dg(S:1t ) asrrs QUPS:) | gotsizea (17)

Evolution and the Infinite Momentum Frame (IMF):

¢ Evolution: Model approximates QCD at a low scale Q2. Evolve

to a (larger) Q% commensurate with experiment.
e 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 v > |

although contributions in & > 1 very smail.

2) Boosting to the IMF, common problem of improper support i.c.

non-vanishing structure functions for & > 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 =g

(Ganulierg, Weigel, Reinlsndt LIMPAL3(98)).
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o IMF characterized by the limit £2 — oo. Transformation matrix for

Dirac spinors becomes

, W J]—)”_:"r;
S(A) =
() \[ 2m 2m

; 1
I & Ag) +c>(£{> with S(Agz)zgexl)(%>(l+(t3), (18)

g

e Quark spinors, boosted to IMF
U(E) — S(A)T (A€ - 29))

e 1 - . Q
IME 5(1—{—(1‘3)\1!(9”(5 —ug), @y — €y, €7 =())ex1) (5) . (19)

o Leading twist structure functions within the NJL-chiral soliton

madel become

N.M

hi'(x) = im-ﬂi;;pdp(hp

X (N9 (pz) (1 F ) ”YNsQQ'l/;(P;)W)|NM=_M In(1—n)key -

]l
e Generally, relation between structure functions in IMF and the RF

A= (a1 —2)) (20)

Jiap(z) = I

o Lorentz contraction associated with boost to IMF maps infinite line

tox € [0, 1.

Evolution:

e Transverse component lip(x, Q%) is pure twist—2.

o Longitudinal piece hp(x,Q?); extract the twist—2 component
through hr(z, Q%) namely, h¥)(z, Q2) = 22 I} dy ha(y, Q%) />,

o Twist—2; we restrict ourselves to leading order in v, because for
the twist=3 piece of i, the necessary ingredients are not known in
next—-to—leading order,

¢ Leading order the Twist—2 structure functions, g1, gé"”’, hy and

h,([;z): in the evolution differential equation
Fla,t+0t) = fla, 1) + (stdf((’;’ u (21)
characterized by the convolution integral,
W) Oy, )6 By + gl t) 0 7y
El_gidbt_t) = ‘—;%)[q(a:,t) ® Py + gl ) & By (22)
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" Splitting functions for chiral even and odd respectively,

2
P (2) = Calf) (1 ki )
+

L —22
4 2 3
el _— i 28z —1
P =3 [ — 2 s o)
1+ (1 —2)?
z

P.'/r/ (z) = CR(f)[ ]

cte... (23)

3-1
* Cr(f) = le[,—,?- for n;~flavors

® agep = MT"Q/Mj and f = (11 — 2ny)

e Employing the “+" prescription yields

dh® ety agen(t)

8 y
= R0 Slop(L=a) VB ety
e { (-v+,31(,;,(1 i ,...))./1 ) ).

Btdy[ L (et o e, ) e
= y [1_”(1, (o) = (‘.,,f)> HOC)| } -

Twist Three Piece:

¢ The admixture of independent quark and quark—gluon operators
contributing to the twist-3 portion fij,(z, Q%) grows with n where
n refers to the n'™ moment, M,, [,(Q%)] of hy(x, Q?) [Balitsky et

al. PRL 77(96)].

o Leading order evolution only known in the large N limit. However
such an approach seems particularly suited for soliton models which
utilize large N¢r arguments,

® Evolution kernel can be constructed that "propagates” the the twist~ _

3 part Ti(z, @?) in momentum
- { o
al, Q) = [}~ bl Q% Q. 23) (24)

o b(z,y; Q% Q3), obtained by inverting the Q? dependence of M,,,

o\ Pl N =
bz, y; Q% QF) = a(L) (£>I Z(lng)“ 1

Yy i-0 T

(L)
P(i+p)




e In order to verify the sum rule for ga the expression

gA =

Nc

Results: Sum Rules

(N|2L;|N) Z cid

i=()

€

(o] moyysla) .
Ve + A

has to be compared with the integral /§° dzg)(x).

¢ We are able to demonstrate Bjorken sum rule

00¢

b dx (gh(z) - gi(z)) =

1
0

=9A

(26)

(27)

after taking care of the isospin matrix elements of the nucleon. .

e Using rotational invariance in grand-spin space verifies the

Burkhardt—Cottingham(70) sum rule §° dx ga(z)

= (.

o SLAC-E155x experiment (P. Bosted HiX2000 Pracecdings for E155x) measuring

the polarized spin structure function ga(x, Q?) has compared the

data with our model sum rule, ds(Q?) = 37 dxa*g(z, Q%)

e In connection with chiral-odd's we calculate the isoscalar and isovec-
tor nucleon tensor charges, at low scale, Q?, = 0.4CeV? and scale

commensurate with experiment, Q@ = 4GeV?2,

Q) = B e (@) (@) o9

Q) = (3‘/“l dx [h’} (:v, Qg) — h} (n:, (22)] (29)

m (MeV) 350 400 450 Lat. SR cqQ o 08| @ M

M@ | 080 (082) 072 (0.76) 067 (72) 061 060 131 06e] 016 0.00

F:f-(Q") 0.73 0.65 0.61 no seale attributed 2.0 072

TABLE . The % evolution for dy(Q?) = 3 [ ds

O ) SLAC-E155
d 0.0074 0.00374 007 £ .004
d$ 0.0038 ~0.0019 D04 010

Ry ] ussay)  os6(0s7) 086 (085)| 107 137 107 145 006 183

Y@ | nso 0.78 077

no seale attributed

TABLE II. Nucleon tensor charges calenlated from as a funetion of constituent quark mass m
in the NJL chital soliton model. Momentum sealos ave F = 0.4GeV? and Q% = 4.0GeVE Niu-
bers in parenthesis i respeetive upper rows inelude the negligible contribmtion from the polariged
quark vacimm, - Compared with 1esults from the Lattice [Acki of al, PRDS6,433(97)] QCD sum
rides (He et al. PRDS52,2960(95)), the constituent quark model with Goldstone bosot effects [Suzlkd,
NPAG26,886(97)) and quark soliten maodel ealenlation [Kim of al PRDS3,R4715(46)] including mul-
tiplicative 1/Ne: corrections violating PCAC in the similar case of the axial vector ewrrasd [Alkofer,
Weigel PLB319,1(93)], confinement model [Barone PLB390,287(97)] with the associated monmentum

seales {in GeV*) ave shown,
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Polarized Nucleon Structure Functions and E143

Data

0150 | xg sEw
~-= IMF,Q'0.4 GV
—— L0, Q=50 GeV’
0.100
0.050
0.01 0.10 1.00

0.125

0.075

0.025

* E143
————— IMF, Q' 0.4 GeV'
— L0, Q=50 Gey

-0.025

. =0.075 *—=-
0.01

“0.10°

“1.00

X X
FIG. 7. Model predictions for the polarized protou strueture functions gy (left panel) and gy

(right panel). The curves Iabeled *"RE? denote the resndts as obtained from the valenee quark contribu-

tion. These undergo o projection to the inlinite momentum frame 'INF* Gamberg(98) aud a leading

arder ‘LO" DGLAP evolution . Data are from SLAC: E143 Abe et al.(98).

® Having completed the calculation of the leading twist chiral

even/odd structure functions we test the Soffer inequality
{(z) + gl(z) > |2h%(x)], (30)
where the effective quark flavor distributions are f{(x,@2),

g%”)(x, ()3) and /zvgi’)(:c, Q2) and ¢ = u, d denotes the quark flavors.

Find that it is satisfied at the low-scale of the model ()? = .4GceV2,

Sofler uequulity Suffer Incquality

600

PR ALy = Qe
— e 20 200 - 2O
400
//_N\\
4 N,
200 /! AN
Vs \,
4 \\
’ \,
/ N
/ S
.
000 PR S -
600 0.28 0.50 075 100 125

X

FIG. 8. The Softer inegnality for the chival even combination f,(")(:r, 05) + ysl') (e, Q2 (solid line)
of the effeetive np quark (left panel) and down-gquark (right panel) distributions and the chival odd
structure function 2 hv(;.’)(:l‘Q?,) (long dashed line) for a constituent quark mass of = 0MeV,

ealenlnted in the nueleon rest frame (RF),
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Soffer Ineyuutity Soffer lnequatity

Guo 200 200
e G 00Q 0,00 = QB 00 — W0 000
200
=== 2" Q0 —— 2y Qi 16a @ xQa" 160 Qs
=== b === bV, Qg'
400 160 120 PPN 1.20 e MO
oao
1.0
200 040
950
noa
000 . L 000 Sk N X ~040 040 N n
0nm 025 050 0.75 T 000 025 050 0.75 100 nog 025 0£0 05 100 nea 025 050 07h
X X X X
FIG. 9. Same as (8) but in IMF. The transforiiation prescription is given in eq (20). FIG. 11. Same as figure W) in the IMF (20).
2, 2.
nx,Qp) ny(x,Qp
045 015
— = 400 MoV —— =400 MeV
===~ m =450 McV === m = 450 MeV
: . : v
126 — 10N 1.25 — 50,7

£ Q0")

=== b0

RN
e T

—— 20N

—= et

000 - =005
0.00 025 00 0.75 100 1.25 0.00 0.2% 050 0.75 1.00
025 025 X X
FIG. 12. The valence quark approximation of the hansverse cital add nucleon stroaeture fune-
0z R oz s tions as a function of Bjorken- . Left paned (Fig, 12a): ll?;. (ir, Q;*;) for constituent quark masses
1) 25 050 07 10a 126 T o0 vzs 050 05 1 125
x x
n . . N . N = 3 ali i n — 3 cdaslie e i " 1o . 1o 2
FIG. 10. The valence quark approximation of the transverse chiral odd mieleon distribution fune- m = 400MeV (solid fine) aud m = 450MeV (long - dashied line). Right panel (Fig. 12D): b (, F).

tiot as a fanction of Bjorken a: for the np and down quark flavor content in the rest frame. ealendation
Also for g (, Q8)for the twist 2 polatized stineture funetion. Two values of the constituent quark

mass are considered: mo= 400MeV (left panel, Fig, 10a) and o= 4500MeV (vight panel, Fig, 10b).
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(x,Q")

w

Wix,QY) W"xQ%) ny(x,Q) h,

" syt
— Qy=td GeV? Qo= O Gy — =t Ge?

015 e PP eV

—— Qi a0 GV - =40 GeV?

00a |
000

L8] -0.0 -005

0.01 o110 1.00 - o0 0.10 1.00 o 0.10 1.00 001 0.10
X x x x
. I . p MG, 15, Left panel (Fig, 15a): The ev i [ it (i, (%) A 2 = 0.4GeV? (solid line
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Transversity distributions in the large—N, limit
t

C. Weiss

Institut fiir Theoretische Physik I1, Rubr-Universitit Bochum,
D-44780 Bochum, Germany

3

A unigue 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 QCD.
Since all known low-energy probes of hadrons such as electromagnetic or weak currents
are chirally 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 vacuim, hadrons are expected
to react very differently to chirally odd probes as compared to chirally even ones.

In order to obtain estimates of the transversity distributions and the tensor charges
one may appeal to the large—N. limit of QCD. In this limit the Jow-energy dynamics
of QCD can approximately be described by an effective model of massive “constitutent”
quarks, interacting with pions in a chirally invariant way [1}. 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
mass, 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 opefrator of the form

BT = Fre®e,,,,0,1°80,7°, 1)

and thus of higher order in gradients of the pion field than the itsovector axial charge

Uy —  Fp9,7° ! (2
The constants Fr and F; are of different parametric order i
A M
2 A2 Tow 22 ~ =
F? A% log 7R Fr 7= (3)

i.e., F; contains a would-be UV divergence while Fr is finite. Thus, the coupling of the
flavor non-singlet tensor charge to pions is completely dif'ferexit from that of the axial
charge. ;

The large-N, limit of QCD also gives rise to a description of the nucleon as a chiral
soliton. The chiral quark-soliton model of Ref.[2], in a sense, interpolates betwcen the
non-relativistic quark model and the Skyrme model of the nucleon as 2 soliton of the pion
field. This approach can be used to calculate the parton distribptions in the nucleon [3].

In the case of the transversity distributions the isovector dis’cf{ibutioy is Iead.mg in thc
1/N—expansion, while the isoscalar one is subleadin_g [4,5]_. Ii.: is Partxcularly }ntlerestxiltgs
to compare the transverse to the longitudinally polarized distributions. Numenca..rcsu ]
show that the isovector transversity guark distribution, du(z) — 6d(x), has a.ppro:umz\te. y
the same magnitude and shape as the longitudinally polarized one, Au(z)—Ad(z), COI;?IS-
tent with the expectations based on the non-relativistic quark model. Tl'{e correspon uég
antiguark distributions, however, are very different: The tra.r}syerse polarized one is mu .
smaller than the longitudinally polarized one. This can ez?sﬂy‘ be understood: The anti-
quark distributions are well described by gradient expansion, anq Egs.(1) and. (2) show
that the chirally odd operator is suppressed in gradients of the pion ﬁ('ald relat'lve to the
chirally even one (the same applies for the correspond?ng (_)pera‘tors of higher spn'x).l'.[‘%x’usci
we see that qualitative differences between the ]ong}tudmally z?.mi transverse po, ané;a)
antiquark distributions can be traced back to the “chiral dynamics” of Alow—efxer{gy Q .

A discussion of the flavor-singlet longitudinally and transverse Polarlzed dlstnbungns,
as well as predictions for observable such as spin asymmetries in transverse polarized
Drell-Yan pair production (A77) can be found in Ref. [5]-

1] D. Diakonov and V. Petrov, Nucl. Phys. B 272 (1986) 457.

%2% D. Diakonov, V. Petrov and P. Pobylitsa, Nucl. Phys. B 306 (1988) 809. )
(3] D.I. Diakonov, V.Yu. Petrov, P.V. Pobylitsa, M.V. Polyakoy and C. Weiss, Nucl. Phys.
B 480 (1996) 341; Phys. Rev. D 56 (1997) 4069.

[4] P.V. Pobylitsa and M.V. Polyakov, Phys. Lett. B 389 (19‘96) 350. )
{5] P. V. Pobylitsa, M. V. Polyakov, K. Goeke, P. Schweitzer, D. Urbano, and C. Weiss,
Bochum University preprint RUB-TPII-15/00 '
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Any in elastic pp scattering

i .
1'.L1.. Trueman
W ncdenlb man non Tlofeema Tlhinsiarrmuaifs, Al’\_nn. \nl‘v\'\~\‘n Camé 12 90 900N
¥YUI I\Dllull Ull DUeic L1aliovel lb)’ Avitd Dul $1CI1I UCl Le 1O~4U, AUVU

‘T'his topic is very different from the others discussed at this workshop. The appropriate
language for addvessing this “soft” physics is Regge theory which is highly developed and
very successful in describing a large variety of pr s, but there is not yet a quant
relation between it and the underlying field theory, QCD. Most of the mateual here has

Leen pi noamtnd in nublichad wanmaws av af gthar ponfarances Sea. in pal icula nuH'
OCEN PIESEEh i PUiisined pPapers O an ouidr Comerendes. o, i articular, Buttimore

Kopeliovich, Leader, Soffer and Trueman, Phys Rev D 59, 114010 (1999). Tha.t paper

contains references to all the papers cited but not referenced here.

How big do we expect Ay and Any
Argonne, give asymmetries in the

o be? Extensive low energy data, mainly from
5-10 % range. Regge fits to these (Berger ot al) are very

.- sensitive to-the normal Regge poles-which fall away by the time RHIC energies are reached:

The Pomeron (as a Regge pole) is included in these fits but its spin dependent coupling are
not well-determined. Taking them at face value yields very small remaining asymmetries
at RHIC. Later, higher energy data, up to AGS and CERN PS energy show larger and
rapidly varying asymmetries at higher values of t. (First transparency) These are not really
understood and are not included in the fits of Berger at al.

Ouly Ay is measured over a wider energy range, up to 300 Gel//e lab momentum. A
Roggfe—mspncd fit to the data at ¢t = —0.15 CEV/02 is shown in the =cc0nd ﬁlz\llhpdl@ll(, A
good fit with an asymptotic value of 2.3 % 1.2% is found. If th y-
flip at all, only the known Coulomb spm ﬂlp, the value would be 1%, consistent with this
value. It would extrapolate to RHIC as 1/o14.

A fit to the E704 data in the CNI region is shown in Transparency 3. It, too, is consistent

with nure Coulomb h

ty-flip, but with significant error. The hadronic anplutude is taken
to have the form (p + i) exp B /2, B = 12GeV/c* and the Coulomb to be the simple
lowest. order pole; the fit in the region of ¢ shown is very insensitive to B. It should be valid
up to a few tenths of a GeV-squared, but not beyond because both the strong shape and

the Coulomb (due to form factors) change from the assumed form. Neverthess, since this is

a workshop I allowed myself to do the following, bogus plot. ( Transparency 4.) Using the
same form way outside its range of validity, we find it predicts a large peak in Ay, 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 untit you think about it. The lower part of the
figure makes it clear what is going on: the extrapolated forms of the strong and Coulomb
amplitudes intersect once more at that value of ¢ (their first intersection is responsible for
the famous CNI peak at ¢ &~ —0.003 GeV'?). Indecd, the differential cross section implied
by this combination of amplitudes is about 2 orders of magnitude below the data at this ¢
-value. There are two points to make from this bogus result: (1) remarkable variations of the

Lot 1

llldy take pld,LL dlDﬂOUgIl the un(lerlymg ampuvuaes are SlO\VI)' valymg, and

gtrones piece A ons much more sharnle fram difractinng by the larmer ntielet 3l fiadorao bl oo
ULILILEG PICLU ULURO IIULIL JHULG DAl iy 1l Qinracvioii LYy Lle larpol uuun,un, LIS HILETSECLION

will take place at a much smaller value of ¢ where the approximations are valid. This is the
essence of the calculation of Kopeliovich (hep-ph/90801414) shown in Transparency 5.

OPeUoVICH (NEP-PR/YCUILI4 ) SHOoW sransparency

show very large asymmetries at small values of ¢ but above the usual CNI range.

The next four transparencies should speak for themselves. Since the “Pomeron
a complex object and since, over the RHIC energy range, it may be impossible to separate
small power or logarithmic behaviours 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 the spin dependence
of its couplings. This also scrves as an alternative o the use of comparing reactions with
various projectiles, which was essential to Regge phenomenology al lower energy but is
not possible at a collider. So factorization and quantum number exchange can be tested
provided the spin dependence is large enough to be measured. On can use the “u
-parity”- asymmetries Az and Agg to scarch for the presence of Regge smgulau cs near
J =1 with quantum numbers P = ¢ = —(=1)Y and P = ~C = —{~1)", respectively. By
making phase sensitive measurements in Ayy and Ay (see Leader and Trueman, Phys Rev
D Gl 077504 (2000 one can test for the plcsence of P=C= ( 1)’ = -1 tla]ectoues, (3

. T, et

the “odderon
caaeret

Thoge
131888

“Pomeron” is such

natural

ve wary Wi

the ive way. Bxample

and 1
f‘n ally we note that use of the Couloml

nterference and total cross sm:!,ions

- in
for transverse and longitudinally polarized plol.ons enabl ¢s one to separately pet a
and imaginary parts of all the pp amplitudes near t = 0. An example of this is given in
the final transparency. There is enormous redundancy here, so much so that in principlc
one can measure everything without knowing the magnitude of the polarization P, only its
divection. This same procedure works also for scattering of unlike particles, for example
p e, (Buttimore. Teader and Trueman, in prep.)
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Cardan invariance of transversity cross sections

X. Artru* t

A fermion state of definite momentum and polarisation can be written as Ip, A.sT),
where A and sz are the expectation values of the helicity and trapsversity vector, with
prsr=0, A4sk=1 (1)

In the massive case (m # 0), sy is the transverse part of the si:in 4-vector s*. In the
1 case, the longitudinal part of s* b infinite, but we can introduce the
transversity J-vector s, defined up to a "gauge transformation”

st —+ sh + constant x p* ) 2)

Eq.(1) corresponds to the "gauge” 0 = 0 ('). When a formula for a 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) take the limit of massless fermions and replace s* by ST 2) check that result is
invariant under transformation (2).

For masless fermions interacting with vector and/or axial coupling, the exact conser-
vation of chirality lead to the invariance of the cross sections when all the transversity
vectors are rotated by a common-angle (counted positively according to the "corkserew
rule” about the 3-momentum of each particle). We call this " cardan invariance”, by analogy
with a mechanical cardan, drawn at the bottom of transparent No 1. Cardan invariance
alse holds separately for a pair of fermions connected by one internal fermion line in a
Feynman diagram, e.g. (f1, f1) or (f2,f3) m transparent 1.

For the reaction et e~ — ff (f=¢" "y B, 77, or light quark), the cardan transfor-
mation rotates the transversity of f and f in opposite way about the f — J axis in the
center-of-mass frame. Therefore the transversity correlation is in cos(¢ + ¢') when @ and
¢' are counted positively about the same oriented axis (transparr‘nt No 2).

The derivation in the example where f is an incoming fermion and f’ an incoming
antifermions is outlined in transparent No 3. :

Chiral invariance leads to the invariance of the matrix cl«.ment under

1F) = exp{Cya)lf) . (f1— (flcxp(—Cv;.)
1= epl=Co)ly. (A= (flexp(Cris) @

for incoming fermions, outgoing fermions, incoming antifermions and outgoing antifermions

respectively. For pure imaginary C, we have the cardan rotation of angle ~2Im(C). Taking
C to be real, one find a new invariance described below.

* Institut de Physique Nucléaire de Lyon, IN2P3-CNRS et Université Claude-Bernard
- Lyon I, F-69622 Villeurbanne cedex. France. E-mail: x.. nrtrw“lpul in2p3.fr
(*) the "gauge” freedom can be understood from s* = sif + (A/m)(p°/Ip)(P?/p°. p) as
a relic of an infinitesimal uncertainty on \ in the limit m — 0.

For a state with nonzero transversity, we can define the parameter x by
A= Ztanhy, |spl=1/coshx : (4)

where the + sign is for a fermion, the — sign for an antifermion (x is called the chiradity

in transparent 3 by analogy with rapidity = tanh[velocity]). The transformation (3) with

real C is equivalent to . .
]

with the azimuthes of the transversity vector (but not their norms) left unchanged. Here
unprimed quantities refer to f = mcommg fermion or outgoing antifermion, primed quan-
tities to f' = ing fermion or ing antifermion. If f and f* are connected by an
internal quark line, the quantity '

x—+x+2C, X = x-2C,

cross section . (6)
szl Is7l !

is invariant under the transformation (5), which we call a "see-saw” transforma.no,n since
lt changes the expectation values of the chirality in opposite way for f and f'. The

tor in (6) pensates for the change of the norms oi the state vectors in Eq.(3)
with real C.

Application. Consider the reaction ete™ — fF . The totally polarized cross section at
the Z° peak is given by !

R
fsr(e) - lsr(e - Ior () - el - 52 2 ML @
with :
=S (R Ry + LoLp) -t (R c, W LR ®
Gls)= '———‘)2 % (5= mye +imzo I"za)-1 . 9

3
1 1 . . _ 101 ) .
Re = oxXp (Ex‘.»f T X —ide- ) GR>» L, =cexp ~5Xet T pXew ider ) G+
3
(10)

and analogous notation for e~ = f, e* — f, i

g =2sin?fw =046, gL =gr—1}

Cardan and see-saw invariance of F' can easily be verified from (8) and (10).

The above formula are relatively simple and can be generalized to the partially polar-
ized case as follows. Suppase that the spin state of an initial {resp. final) particle is only
partially fixed (resp. analyzed). The corresponding density matriz can be written as

(11)

where A is the average helicity, ¢ the azimuth of the average transversity Sz and
)

B oy ~%
Pe<l, a=(1-3)"7sr<1’ (12)

[for a final particle, replace (1% a) /2 by (1% a)]. One is led to following receipe :

The partially polarized cross section is obtained from the totally polarized one by multzplymg
each term of the form cos(- - 2y + - ), where fermionn® i is lved, by the corresp
reduction factor a;. 323
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Tensor Charge and the Electric Dipole Moment

X. Artru*

In the naive nonrelativistic quark model, the quarks in the nucleons are in 2 S-wave and
the magnetic (dipole) moment (MDM) of the nucleon is of the form MDM, - (7,) (summed
over the valence quarks), where MDM, and (5,) 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 {(G,) can be considered :
- the axial charge Aq (1], related by a sum rule to the quark helicity distribution,
- the tensor charge 8¢ [2,3), related to the quark transversity distribution.
Arguments are given in favor of the latter [4] :
» Both the tensor charge and the coupling to a MDM or a2 EDM involve the Dirac
matrices oy
o antiquark contribute with a negative sign to both tensor charge and the nucleon MDM
or EDM
o the tensor charge as well as MDM or EDM is a chiral-odd object.
¢ the tensor charge and the EDM evolve in opposite way with the renormalisation scale
{5,6] (the quark transversity is " diluted” at high Q* by gluon radiation, the quark EDM
is "screened” at low Q? 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, -4, (see transparent No. 4): For instance, the interaction of a chromo-electric dipole
moment (CEDM) of the quark with the internal chromoelectric field cen produce a dipole
asymmetry ¢, (}'(',,) 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 EDM) / (electron EDM) [7]. Also heavy quark loops connected via three
gluons to the light quarks can contribute to the nucleon EDM [8,6). This contribution can
not be proportional to d,, since the latter is not coupled to gluons [3}.
In conclusion, the tensor charge is certainly involved in nucleon electric dipole moment
(and magnetic moment [9]), but not in all the possible terms.
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Extended Soffer inequality for kp - dependent transversity distribution.
Application to single spin asymmmetry in inclusive meson production

X. Artru*

i
In deriving Soffer’s inequality [1] )

bg(z) < q*(z) ®
from positivity, it is assumed that the axis of transverse spin quantification is irrelevant,
ie.

b24(2) = 554(z) = bq(z) @

where d3q(z) is the distribution of quark polarized in the direction +¥ minus the distribu-
tion of quark polarized in the direction —¥ in a nucleon polarized in the direction +¥. In
the case of ky - dependent quark distribution, the direction of kz breaks the rotationnal
symmetry about the Z direction and the first equality in (2) is lost. The geperalization of
(1) is then [2] :

102q(z, kr) + 85q(z, ker)l < 2¢* (2, kr) (3)

For instance, in the toy (quark + scalar-diquark) model of the nucleon (which saturates
Soffer’s inequality), we have (sce Eq. C.4 of Ref.[3]) :

K2 - k2
-~ = + - z K :
6)"1(27 kT) q (kaT) (1 + (mq + sz)Z) (4)

together with

12
k) = ¢t (z, k —x 5
g(z, kr) = ¢*(z, kr) (1 + e +$mN)2> (8)
The distributions ézg(z, k) and d39(z, ke) for ke along % can be expressed in terms of
the distributions h;r(z. kr) and kiy(z, kr) adopted in this workshop [4].

Single spin asymmetry in inclusive meson production has been explained [5-7] in terms
of 8g(x) = 2h1(z) and the sheared {or *Collins”) jet effect. In Ref.[5] the explanation was
unconfortable for the following rcasons :

a) alarge value of ;(z) and a large sheared jet effect was necded,
b} Soffer’s inequality was just satisfied, using data on gi(z) available at that date (present

data are still more constraining). This question is specially discussed in {7].
However, triggering a meson with a large pr induces 2 bias on the intrinsic kp of the
initial active quark, which will be more likely in the dire¢tion of pr (see the picture at the
bottom of the transparent). Therefore a ky ~ dependent polarized transversity distribution

* Institut de Physique Nucléaire de Lyoun, IN2P3-CNRS et Université Claude-Bernard
- Lyon I, F-69622 Villeurbannc cedex, France. e-mail: xartru@ipnl.in2p3.{r

!

should be used instead of the ky - integrated one 6qg(z). Assuming that pr is in the %
direction, and the nucleon polarized in the ¥ direction, we have to replace

3q(z)
q(z)

9(z 1 kT) ) (6)

which was effectively used in [5], by éyq(z, k). :

As suggested by the quark + scalar-diquark model (Egs.4-5), and con§idering the
trigger bias which makes (k2) 3> (k2), m}; or mZ, one guess that the above difficulties a)
and b) may be greatly diminished. A new simulation using the ke - dependent polarized
distribution 5¢(z, kr) should be undertaken to confirm it quantitatively.
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TL. Results

Numerical calculations
¢ RIKEN-BNL-Columbia-KEK QCDSP,
o 150-200 gauge configurations, using a heat-bath algorithm,
0 $=6.0,16° x 32 x 16, M = 1.8,

o source at ¢ = 5, sink at 21, current insertions in between.

Z, = 1/G2# is well-behaved,

Z P PPV  VmtOX IO ama Hast, bota~dl0, 153 configs
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o quark mass Tima slice Time slice
o the value 0.764(6) at my = 0.02 agrees well with Z, = 0.7555(3) from
~ (Agomseved(§)gysq(0)) = Z, (AL (¢)75¢(0)) (RBCK hep-lat/0007033),
o linear fit gives Z, = 0.760(7) at ms = 0.
S
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m : quark mass
e linear extrapolation yields 0.63(14) at my = 0.
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e Au/G, = 0.50(14) and Ad/G, = —0.15(7) by linear extrapolation to my = 0.
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o {u/G, = 0.40(12) and 6d/G, = —0.08(5) by linear extrapolation to my =0,
v * :

o a preliminary value for Z,/Z, is 1.1(1) 5.

5A forthcoming RBCK paper.
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Summary:
e Relevant three-point functions are well behaved in DWF,
e Z, = Z, is well satisfied, 0.760(7) and 0.7555(3),
e linear extrapolation to my = 0 gives

~G,/G, = 0.63(14),
-~ Ag/G, =0.37(17),
— (6¢/G )2t = 0.32(14), with a preliminary Z, ~ 1.1(1)Z,, in progress.

o Further study required to check systematic errors arising from

— finite lattice volume,
— excited states (small separation between tsurce and fgink),
— quenching (zero modes, absent pion cloud, ...),

especially in the lighter quark mass region.

. 17 2/ .
e /nclude a/i.fcon/)&o‘/u/ 7L agramns
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Lee

A.V. Belitsky

C.N. Yang Institute for Theoretical Physics
State University of New York at Stony Brook
NY 11794-8840, Stony Brook, USA

The last few years have witnessed an essential progress in the theory of skewed parton dis-
tributions (SPDs). The latter enter as functions describing soft scale physics in factorizable pro-
cesses such as deeply virtual Compton scattering eN —~ &' N'y, diffractive production of hadrons
eN — ¢’ N'H ete. An SPD is a kind of trinity object which unifies the concept of parton densities,
distribution amplitudes and form factors in one function. It possesses a rich structure and carries
a wealth of information on hadron constituents. SPDs acquire the definition in terms of a Fourier

a transform of light-ray quark (gluon) operators sandwiched between hadronic states with unequal
mormmenta, e.g.

( I ( An)’)pdj()\n lPI / d,wqxz(PrH H)n

x{H(m,n,Ag)U(Pg)'yp (Py) + B(z,n, AT Pz)”;"”' m} o)

where we have perforined a decomposition into independent Dirac structures (for the proton)
which encode the information about the spin content of the target. As we note, contrary to the

conventional parton distributions, SPDs depend on top of hadron momentumn fraction x also on

-~ the longitudinal t-chaumel momentwin 7 = (P = P) - n/(Py -+ P3) - n, the so-called skewedness,

and momentum transfer squared A? = (P — )2.

A lot of insights has been gained into perturbative propertics of SPDs. The evolution equa-
tions have been constructed and renormalization group kernels have been caleulated in two-loop
approximation. The numerical magnitude of these effects is moderate. On the other hand, radia-
tive corrections to DVCS amplitude modify leading order predictions significantly.

The aforementioned definition (1) was given for non-polarized proton. Onee it has a polariza-
tion there ave extra two functions, called H and J. One can introduce the quark helieity flip SPDs
- counterparts of the usual forward quark transversity, — however, they do not contribute neither
to DVCS (due to zero quark masses) nor to diftraction. Yet there is a tensor gluon operators which
deseribes gluon helicity flip by two units and provides two further SPDs. The oft-forwardness of
DVCS Tavours their presence even for spin one-half hadrons due to possible non-zero orbital mo-
mentum of the product. By the same reason the cffects of this kind are absent in conventional

DIS. but energe for higher spin targets. Since ghions show up at order Ofas} we can neglect them

in o Brst approximation. Thus, the electroproduction cross section will depend in general on four
unknown SPDs H, E, H and E.

For eN — ¢'N'y the DVCS amplitude will interfere with the Bethe-Heitler process. Therefore,
apart from [DVCS|? term we will have |BH|? and BH* - DVCS 4+ BH - DVCS*. Provided BH would
be absent, it will be extremely diffienlt (or even not possible) to extract any information on SPDs
since, first, the cross section would have dependence on SPD? and, second, one cannot invert in
practice the convolution of an SPD with a perturbative coeflicient function. The presence of BH
provides a unique opportunity to access SPDs directly. The [BH? is not a problem since it can
be removed by forming appropriate asymmetries w.r.t. lepton charge or/and lepton and hadron
polarizations. The interference term is a linear function of SPDs multiplied by {known) Dirac and
Pauli form factors which parametrize BI amplitude. Various spin asymmetries measure imaginary
part of DVCS amplitude and thus, at leading order in QUD coupling constant, SPDs directly for
the kinematical situation when momentum fraction equals skewedness H{z,7). T'he leading twist
asymmetries are dominated by cos ¢/ sin ¢ azimuthal angle dependence, see e.g. [1]. Once twist-
three effects are switched on, onc generates cos(2¢)/sin(2¢) structures (2]. The gluon helicity
flip effects are isolated by genuine cos(3¢) and sin{3¢) dependence which arise for non-polarized
and longitudinally polarized proton settings, respectively [3]. Numerical estimates of single spin
asymumetries show an agreement with the recent results from HERMES [4]. This is a first step of
a long way one has to go before one can get the experimental constraints on the skewed parton
distribution for different parton helicity components. For this purpose, all possible asymmetries
have to be employcd as they are sensitive to various combinations of SPDs. We expeet more
detailed information from the DVCS measurement at Jefferson accelerator facility soon [5).

References

{1] A.V. Belitsky, D. Miilier, L. Niedermeier, A. Schiifer, hep-ph/0004059.
[2] AV, Belitsky, D. Miiller, A, Kirchner, A. Schéfer, hep-ph/0011314.
[3] A.V. Belitsky, D. Miiller, Phys. Lett. B 486 (2000) 369.

{4] M. Amarian for HERMES Coll., Deeply virtual Comnpton. scatfering and exclusive meson
production at HERMES, talk at the Workshop Skewed parton distrilutions and lepton-nucleon
scattering, http://hermes.desy.de/workshop/ TALKS /talks.html.

{5) J.P. Chen et al. (Jefferson Tab), Deeply virtual Compton scattering at 6 GeV, PCCF-RI-0013,
hittp://www jlab.org/ sabatie/dves/index.itin.
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Model for SPD

For numerical estimate we choose an oversimplified factorized form of

distribution:
O(X,£,8% Q%) = F(AYg(X, £, ).
Here '
e F(A?) is an elastic parton form fa,ictor
o ¢(X, &, Q%) is a non-forward function

The non-forward function for QUARKS is modeled as follows

I
1 1-lz | 31— |z)P -
a6, Q%) = [ dr [ ay 5(x Hgy 2=
with forward quark parton density q(m)
Dipole-type elastic form factor is assumed in estimates

e (1)

The kinematics of :the reaction
in the laboratry frame, i.e. the }%t frame of the target

Azimuthal angle

¢r= ¢N _éc,
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Asymmetries (for AZ, /A% < 1):
1. Polarized lepton beam and unpolarizéd target:

As[,da = ddt - do’" i
__18R-yVi-z | = A2
= ————mz\/:.@ sm(¢,.)Im{F{H1 -I-‘- m(Fl + Fz)'ﬂl - szE}}dM

2. Unpolarized lepton beam and longittidinaﬂy polarized target:

_ 12— 2y+y2)x/l z
VI - yyz/—ATQ2

xIm {%E(Fl + By + Ry + — 2,_ ( Fy + 4M"F2) 51} dM.

'

Aginde = do’-]- - d In(¢r)

3. Unpolarized lepton beam and transversally polarized target: (® =

{0,73):
- 16(2 - 2y + %)
Agrnde = doo, — do— = m
[Mu — o) Im 2Fy(Hy + ) - (2 - 2) Py — zF3)6 — oy}
4508 (¢r/2

I m{2(1 - 2)F (M1 - Hy) < (2 — o)A+ zFR) 6,
+z(F + ng)fl}]dM.

b

4. Charge asymmetry in unpolarized e\'.pcliment
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HERMES kinematics: E = 27.5GeV. As a starting point we choose

Q2 = 6 GeV? and the range of z = 0.1 — 0.4 and t-channel momentum
transfer —A% = 0.1 — 0.5 GeVZ,

-2.08)

-0.1%5

-0.2
~0.25)

-6.3
-0.35

T 0.1

-0.05, =
-0.1]
-0.15]

~0.2]

z

Figure 1: Perturbative leading order results for the charge asymmetry for an unpolarized beam
(a), single spin asymmetries for a polarized positron beam (b} and an unpolarized target; as well
as for an unpolarized lepton beam and a longitudinally (c) (transversally (d)) polarized proton
target versus z, for @ = 6 GeV2, The predictions for the model specified in the text are shown
as solid (dotted) curves for A = —0.1(0.5) GeV?, respectively. The same model however with

3 spin-flip contxil

A2,

arc presented as dashed (dash-dotted) line for the same values of
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Probing odd chirality at RAMPEX!

Yuri Arestov

“Institute for High Energy Physics
142284 Protvino, Moscow Region, Russia

RAMPEX? is a one-spin experiment on polarized target at; the 70-GeV/c proton
accelerator in Protvino. The detector was designed to have two arms. The first arm
incorporates magnet, proportional chambers, two Cerenkov counters, ECAL1 and
HCAL. Now this arm is being tested at the accelerator runs twice a year. Andther
arm was planned to be a fine-granulated ECAL2. It will be constructed later.

So the existing detectors with the planned second ECAL allow to study one-spin
asymmetry in the reaction

'

p+p =7+ + X, :
which is relevant to the twist-2 chiral-odd quark distribution function &, (z). Two
detected pions are produced in the back-to-back CMS kinematics at large transverse
momenta. .

The simulation of the process was made with PYTHIA in'the chosen kinematic
region: 1.5 < pr1, prz < 2.5 GeV/c under the selection rules that correspond to
the RAMPEX triggering, acceptance and detection efficiency.?

Fig. 1 shows the integrated luminosity f £d¢ = 10 events/pb and the correspond-
ing number of the filtered events (~2000).

The pr properties of the filtered cvents are presented on Fig. 2(a,b,c). The
errorbars of the asymmetry A(pr) are plotted in Fig. 2d in red. green and blue for
the assumed measured asymmetry values 0.05, 0.10 and 0.20. respectively.

As is seen from Fig. 2d, the reasonable measurements of 4(pr) 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%.

1) Talk given at the Workshop 'Future Transversity Measurements’, BNL, Sept. 18-
20, 2000.

2) Jook at http://rampex.ihep.su/ }
3 5. Akimenko et al. Proposal of experiment RAMPEX, Preprint [HEP 97-58, 1997,

RAMPEX: TRIG'ACC*EFFI  pipy—hj, +X
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atpr=1.5 GeV/c Fig. 2. Kinematics and asymmetry errorbars (see text).
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4 Experimental setup :

Th full version of the cxpamnmtu.l sctup includes two arms (fig. 7). One arm consists of
&

the magnet sp , fwo ters £1, €2 to identify charged particles, an
electromagnetic calorimeter ECL and a hadron calorimeter HC. The magnet spectrometer
consists of the magnet M and five proportional chambers PC1-PC5, In fig. 7 this arm

Prc. T: Layout of experimental setup RAMPEX: PCl-lSCS — blocks of propertional
chambers, M — analysing magnet, H1, H2 — trigger h d , C 2 — threshold

Cerenkov counters, EC1, EC2 — dcctromagn:hc calcnmcters, HC — hndmn calorimeter.

makes an angle of 9° with the beam line corresponding t'o 90° in cms. This arm will be
ales rotated to @ swaller angle close to 0° to detect p:u'hcla'. w1th large =5 and to a2
larger angle to detect particles with negative zp. N ions of accep
and efficiences show that the angle values near 80 and 300 mrad are optimal for these
measurements, s X

The second arm of the setup consists only of the fine-granulated electromagnetic
calorimeter EC2 which iz placed symmetrically to the beam line and makes angle —9°
or smaller,

4.1 Beam. '
]
Existing cquipment of the 14th channel allows use of a 40°GeV/c 7~ beam with the 1.8%

A~ and 0.3% $ contamination (BRU75] and the 70 GeV/c unpolarized proton beam
extracted directly from the accelerator with a bent §i erystal [ASE93]. We assume the
pion/proton beam intensity of 5-10° in a 1-second spill v-"_ilh a 9-second interval between
spills, The size of the pion beam is characterized by the values A; = 8 mm, Ay = +6 mm
with £2.5 mrad and =}.5 mrad angular divergences, horizontal and vertical respectively.
The momentum uncertainty of the pion beam is defined by &p/p = +2.5% {BRU735).

The transverse size of the proton beam is smaller by. 2 factor of 2, and the angular
divergence is smaller than £0.3 mrad [ASE93]. :
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Puc. 16: Acceptance of the experimental setup for =2, K%

and 10% respectively, as is seenin fig. 19. If 2% are produced in ems backward hemisphere
(300 mrad, posttion 3) the geometrical efficiency ranges from1t03% at zp = —~0.2+~0.4.

This figure shows also the two-dimensional distributions for =9 fluxes in the 100-shiit
aceelerator run for the three angle positions of the calorimeter ECL.

Inclusive production of K§, #(1020) and A. The unstable hadzons will be detected
in the dominant decay channels

Kl—zn™, o—K*'K", \—p=T,

with the decay probabilities 63.6%, 43.1% 64.1%, respectively. [n estimates of the

production cross sections, the experimental data on inclusive production of 6 {AKETT).
K2 and A [AMME6! were used The total production cro3s sections in pp collisions at 70
GezVic are equal to

{10201} = 0.3 mb. (A} =34 mb. o{AF)=3imb
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Pitc. 9: Caleulated properties of the Cerpnkcv counters

t
'

4.4 Charged particle identification. i

Particle types for 7, K, p and 7 are determined with the help of two threshold muiti-
channel Cerenkov counters €1 and &2 which are plnc::i d of the ti
spectrometer. The counter C1 has 8 channels (4 x 2) and it is filled with freon-12 at 1
atm. The 16-channel counter £2 (8 x 2) is filled with the nitrogen akso at 1 atm. The
counters are designed to allow detection of multiple charged signals. Combinations of two
counters can identify #* with momenta 3.1 + 20 GeV/e, and K* and p* from 10 to 20
GeV/e. .

The aperture and the length of €1 are 1.2x0.9 m? and 1.5 m. The same characteristics
for C2 are 1.5 x 0.88 m* and 3.0 m.

The counter mirrors are spherical, made of glass with 2 mm thick. The mirrors in
counters C1 and €2 have sizes 30x50 em? and 2550 cri? raspectively. The mitrors are
covered with a reflecting layer to obtain maximum Light reflection in the region of the
PMT sensitivity, At the focus of cach mircor 2 photo-multipiver tube PMT-174,
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Fig. 21. Differential distributions of the z+7° pair production in the beck-to-back kinematics.

8. Status of equipment

The experimental setup is being constructed es a rather universal and flexible one for
fixed-target experiments. It allows reasonable detection of charged and neutral particles
and, if necessary, strong change of ki ic region of . Two arms provide
various pessibilities to measure produced particles in the op'posite cms hemispheres.

h

8.1. Acceptance !

As the magnet apperture (240 mrad) is much bigger than the the detectors’ acceptance
(120 mrad) downstream of the magnet, the main spectrometer arm can move ~ within the
magnet acceptance - in zz-plane to cover zp-range from -0.5 to 0.5 for charged hadrons
and from -0.5 to 0.9 for neutral mesons with pr < 3 GeV/c without getting out of the
maguet apperture. H
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hadrons (pioas) must be restricted, say, p, > 0.3 GeV/c. The pion longitudinal momenta
obey an appropriate condition, for example, zp < —0.3.

f;u . pppeereX w
04F- MG
f .
b
QUE
g
02
asf .
] 1 t 1 1 ]
L] 2 0 a2 o4 1] a8 t
PrGeVic 5
3 "
5 Prproxe X o Z Ee B = KIeX "
3 Z.E
04~ 200 Gevi: 'l G 02¢y,<02
E wsscows
2= 02~ .70
o1
!
02p~ |
PS4 Y3 +.\:.f\ K70
5% i€ s
bt v v, o : ] .
o [:33 a4 06 01 t o 1 2 3 4
2 P GeViz

Puc. 4 Model predictions for one-spin asymmetry Ay: a- pr-dependence of =, 7°
asymmetries at 70 GeV/c in the U-matrix model including the g7 orbital motion [TROS3);
b- zp-dependence of the == asymmetry at 200 GeV/c in the same model, different curves
correspond to different model ; c- pion asy: ies at 200 GeV/c in the Berlin
model with orbiting valence quarks [BORSS]; d- asy tries of K+ and K32 in
the model with quark spin flip in colored hadron remnant {ARE91).

One can use two leading particles with momenta Pz and p; to define both the quark
axs and the azimuthal angle. This leads to the correlations of type
s(ps x pa)
Ipy x paf
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Future Transversity Measurerglents' with HERMES

V. A. Korotkov®?, W—D Nowak®

a DESY Zeuthen, D-15735 Zeuithen, Germany
b THEP, RU-142284 Protvino, Russia

Physics prospects for the study of the quark transversity distributions dg(z) with HERMES
using a transversely polarized proton/deuteron target'are presented. To evaluate the level of
expected statistical accuracy statistics of 7.0 M reconétructed DIS events was assumed. This
statistics can be accumulated by HERMES in two years of running starting 2001+. The electron
beam and target polarizations were assumed to be Pz = 50% and Pr = 75%, respectively.

Three methods to extract the dg(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 trqnsversély polarized quark: i) observation of the
Collins angle dependence in quark fragmentation and lii) 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, HIJ“ m(z), 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, z and
z, allows under the assumption of u-quark dominance in the =+ production to reconstruct the
shape for both unknown functions; 6u(z) and H;")(z), while the relative normalization cannot
be fixed without a further assumption. For non-relativistic quarks dg(z) = Ag(z). Therefore,
an assumption that du(z) coincides with Au(z) at small values of Q? 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 Q? in the region of intermediate and large values of z. Hence
the assumption du(zg) = Au(zo) at zo = 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 du(z) and of the polarized fragmentation function H; (1)(::).
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Future Transversity Measurements

with HERMES

V. Korotkov, W.-D. Nowak

Workshop “Future Transversity Measurements”
BNL, September 20, 2000

Transversity

Methods to measure

HERMES Experiment

e Twist-3 Pion Production
e Two-Meson Correlations

Collins Effect

— Normalization Ambiguity

— Polarized fragmentation function

— Single Target-Spin Asymmetry

— Projections for Statistical Accuracy

Summary

Transversity Distribution

Three twist-2 quark distributions:
- quark number density distribution ¢(z, Q2)
- quark helicity distribution Ag{(:. ()7)
- quark transversity distribution §¢(:, (9?)

For non-relativistic quarks: §q(x) = Ag(x).

No transversity distribution for gluons. == §q(=, ?) does not mix
with gluons under QCD evolution.

QCD-evolution of §¢(z, Q%) is well established theoretically.
Example for LO evolution of proton structure functions
gl Q) 7 o A (e Q7 and hy (e, Q%) = 25 e28q:(, Q)

Dl T

1 ey

«—
g

= e gB, h?, Q70,4 GeV?

o

= hg, Q%10 GeV*
o

(<] g8, Q*=10 GeV?

=

=

0.5 1
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Possible methods to measure 5qg(: ;f]

i CQINCQ
11 DI

The §q(, %) is a chiral-odd distribution and as such it decouples
from all hard processes that involve only one quark distribution
(or fragmentation) function.

A~ Z e28q;i () 11,()

i) Twist-3 pion production in SIDIS (Jaife, Ji, 93)

iiy Measurement of the transverse polarization of A’s in the current
fragmentation region (Baldracchini,82 Jaffe,96)

iiiy Observation of the Collins effect in quark fragmentation through
the measurement of pion single target-spin asymmetries
{Collins,98, Kotzinian, 95, Mulders et al,96). )
iv) Measurement of correlation between the transverse spin vector
of the target nucleon and the normal to the two-meson plane
(Jaffe et al.,97)

v) Measurement of spin-1 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.

|

The HERMES Spectrometer |

TRIGGER HODOSCOPE HI

" /—" Fl:E'L’D.CLA"MiPS’ ’—\
FRONT . SRR DRIFT CHAMBERS
2 MUON o 170miad -
"o it \\ "2 . T -
umrr\ l . _-—”‘_"‘l____ -7 7 Teormad
. CHAMBERS e -
e 1\ ii‘ T
NN s
I S {ljj“ ................ o sy —
TA{:{&ET v mI:EC f!!: ——TW .
44 HOBOSCOPE Ho S i
STEEL PLATE BCWe { S "c‘Awmuaq;_ : - . ~ - Mo
2] 1RON WALL ™ \" -‘ZD_""_'i -
WIDE ANGLE
MUQN HODOSCOPE MUON HODOSCOPES
6 l1 2 3 :1 5 6 7 1'3 é 1‘0 1’! m
s Polarized positrons of energy 27.5 GeV in the HERA storage ring,
 Pp=0.554+0.02 »
e Polarized internal hydrogen gas target, 12y = 0.86 & 0.04
o Forward spectrometer, 0.04 < 6 <0.22 rad.
e Particle ID: RICH (Threshold Cerenkov), TRD, Preshower,
Lead Glass Calorimeter.
L

Track reconstruction: § P/P = 0.7 + 1.3%, §0 <0.6 mrad.
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Transversity Analysis at HERMES |

ep'(d") = e'nX, E=27.5GeV, P, =0.75, Pg=0.5
Statistics expected for 2002+: 7 - 108 reconstructed DIS events
Q? >1GeV?, W >2GeV, 0.02 <=z < 0.7, y < 0.85.
From | HTHMIS Maonie Carlo program: pion distributions, acceptance.

Cuts for the kinematic variables of the pion:

zp >0, 2>0.1, P, >0.05GeV.

To simulate Ar, the approximation d¢(z)= Aq(x) was used
(relatively low @?-values at HERMES)

Q? = 2.5 GeV? (average value for the HERMES)

GS LO parameterization for Aq(z)
GRV94LO parameterization for g(z)

|_Twist-3 Pion Production is SIDIS |

epl = e'nX (Jaffe, Ji 1993)

d4A0'h 64 y
== 0os 1 — Gh _ Gh . 1-Y
drdydzdg — 4n2(Q?2 COS ¢ v/ y[ 7(z,2) Tz, 2)( > ]

1 po' 13
Glil@,2) = 5 Y e2Aq@)d" (=),
q

1 Sy(a) @ ()
G!IL‘(iv,Z) = Ezeg[ATq(w)q‘h(z) +$ 4‘( /

q
G"(z) — the usual twist-2 FF
¢(-) — unknown chiral-odd twist-3 FF

]

Arg(z) — contribution of quark g into gr(z) = g1(z) + go(x).

A simple relation between () and §(z) has been obtained
in the chiral quark model (Ji, zhu 1993)

() = zci(z)%’— ~ —;zci(z)

where mg = —31-M is the constituent quark mass.
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Twist-3 Pion Production at HERMES |

We use the asymmetry A(z,y,z) = C015¢A"($,y, z,¢).

A particular simple case is for 7+ <4 7~ asymmetry:
gt gr(@) + 2hi(@)r () — (1 — y/2)g1(x)
Fl(:z:)

where () = lg(—) was taken to be 1/3 ( Ji, Zhu 1993).
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Two-Meson Correlation with Transverse Spin |

The interference effect between the s- and p-waves of the two-meson
system allows the quark’s polarization information to be carried through
ky x k- -S.. (Jaffc et al, 1998)

ForeN' = e'ntn~X
_m Vel -y)
414 (1-y)?
>‘< S, e28qa () da(.)
> . €34a(2) [5IN* 8035(2) + sin® 6:13(2)]

At COS ¢ sindgsin i sin (8o — 81)

047 ( ) —.unknown chiral-odd interference quark FF_ ... . .

80,1 = do,1(m?) — strong interaction w7 phase shifts

cos¢ = kg x k_ - 5, /|ky x k_||5.| — analog of the
Collins angle defined by the n+ 7~ system

go and g1 — spin-average FF for the ¢ and p resonances.
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| Two-Meson Correlations at HERMES |

The interference FF 44 has an upper bound

g < 4God1/3
for each flavor. For the proton target the asymmetry takes the form:
T V6(1—1y) . . ,
It could be measured in ete™ — (rtr—X)(rtr-X). Air = TITF (1) Cos ¢ sindosindy sin (o —d1) X
Nothing has been published yet. Suu(ar) — % 54 () v S

(u(w) +u(2)) + 3(d() + d(2)) sin®doiio(z) + SN2 (z) |

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 A maximally possible asymmetry with 5i: 2 = 44ig, /3.
variables, the effect will almost certainly average to zero.

o
s

In particular the two-meson in-

ed
%)
T

The maximal asymmetry does not depend on z
Aep—emtnX r \/6(1 ) __1_
Thaxr 4 1 + (1 _ y)2 \/‘3‘
Sun(r) — Lodu(x)
X — = .
(w(z) + a(z)) + 7(d(z) 4 d(=))

variant mass, m, must be kept

Fed
N

COos ¢ sin (8o — 61)

differential.  The interference

o
pS
T

averages to about zero when
integrating over the mass of the

<
T

, Sin 8, sin 3, sin(§, - 5,)

o
-

e
nN
T

two-pion system due to a factor
sin(ch - 51).

S & o
[*:] £ W
T T

Aoz = Py Amaw/ COSd)

14
@

. 1
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i

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 o, () and of the two-pion FF's 49,1 (2).

| Measurement of d¢(z) via the Collins effect

Weighted asymmetry [Mulders, Tangermann 96, Kotzinian, Mulders 97)

[ d¢t [ d2P, Ll sin(gl + f) (dot — dot)
[ gt | 2Py (do + dot)

AT(fD, Y, Z) =

',"'A | phJ_

277 Pn
“p

*

Y

|- plane

Factorization w.r.t. = and z:

e2 Sq(x i/fiw"’{:«z\)
Dogeq Sqe) 117 ()

A'I'(m) Y, z) = f ' Pl' * Dy -
<2 4(2) DI()

Dnn = (1 —y)/(1 —y+ y3/2) - transverse spin transfer coefficient.
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" u-quark Dominance in 7 Production

In a first analysis the assumption of u-quark dominance in
the =t production is quite reasonable:

i) 70+90% of =+ originate from the fragmentation of struck
u-guark for a proton target  (only slightly smaller for
a deuteron target);

i) Sum rule for T-odd iragmontation lunclions [Schafer, Teryaev, 99]
— contributions from non-leading parton fragmention is expected
to be severely suppressed:

/ G R TIAS ( ) //i‘([‘;ﬁ .‘T-"(Z)

Dcl s (z) = D'l”"' (z) =0
iii)
Agsea(z) Aqlz)
K
QSea(-'E) q(:z;)
Assume
0Gsea(T) dq(a)
<
QSea(IB) q(:z:)
Then
+ dulr) 1 /.‘Ii'("' "(2)
Ap = Pr Dp,- R
y2J (wvya z) T u(g() Y ()
* ' sd(x) 11,
Ag (w’yaz) = fp:-Pr Dy, O?l(f_)_i—_i_(_w)_ 3 ( )

w(@) +d(z) (%)

where fp =1 — —wD, wp = 0.05

Normalization Ambiguity

The factorized form with respect to = and z allows the simultaneous

reconstruction of the SHAPE for both §u(a:) and ¢/, "1 (- )/ 13, (-),
while the relative normalization cannot be fixed WIthout a further
assumption.

Use the expectation that §¢(.x) coincides with Aq(a) at small Q2.

e
vy

o

-0.1

(5L;(X,Qz) - Au(x,@%)/Au(x,Q?)

The differences afe expected to be smallest for intermediate and
large @. Hence the assumption

dg(wo) = Aq(zo)
at zo = 0.25 was made to resolve the normalization ambiguity.
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Polarized Fragment. Function Hf(l)q(z)

Experimental indications that 17, <"( ) is non-zero:

i) azimuthal correlations between particles from opposite jets in
Z decay at DELPHI [A.Efremov et al., 99]
ii} a single target-spin asymmetry measured at HERMES
[PRL 84, 4047 (2000)]

Analyzing power in transversely polarized quark fragmentation
{(Collins guess):
IkT|//;: - ,‘."’/x:;)) . Mg lle

Ac(z, kr) = = )
k) = DI, 2R M2+ )

Mo ~ 0.3+ 1.0 GeV

Gaussian parameterization for the quark transverse momentum
dependence in the unpolarized fragmentation function

RQ
71'22
leadsto - - I

. M. oo —
1) = Dz Me 1—M§.R2/ dmﬂ;_)_ .
P oM, o z -+ MER?

Di(z,2°k?) = Di(z)

exp(—R%k2),

R2 — z2/b2

In the following Mg = 0.7 GeV and b2 = 0.25 GeV?
Consistent with the HERMES and DELPHI measurements.

Single Target-Spin Asymmetry |

To improve the separation of the struck quark fragm. region,
an additional cut W2 > 10 GeV? was introduced.

The simulated data were divided into 5x5 bins in (z, z).
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The experimental data consist of 25 measured values,
as opposed to 9 unknown function vaiues:
4 values for u(a;) [du(w) + dd(z;)] and
Svalues for /£ "7 ( )04 )

The standard procedure of x? minimization was applied
to reconstruct the values for both du(a) [§u(w;) + dd(a;)]

and //, Y 1¢(:) and to evaluate their projected statistical
accuracies.
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Projections for Statistical Accuracy

Projections for §u(x) and 1/, V'/“(:)/ ¢ (=) (PROTON target)
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Summary

There are many methods proposed to measure
the transversity. All of them suffer from a necessity
to reconstruct two unknown functions simultaneously.

HIZRMI=S can make a statistically rather precise first
measurement of Su(x) and of the polarized fragmentation
function /7, "7 (2) with a transversely polarized proton
target in 2002+ based on a study of the Collins effect

A study of the twist-3 pion production may offer another
measurement of the 44 () if the twist-3 fragmentation
function «( - ) is quite sizeable

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

We need newe high iminosity polivized £V axperiments
to measure the transversity distributions with an accuracy
comparable to what we have now for the helicity distributions.
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While transverse spin effects have been studied in hadronic interactions since several decades
{for a recent review sce (1), investigations with leptonic probes have started very recently.
The probability that a quark spin in a transversely polarized nucleon is oriented paralicl (or
antiparallel} to the nucleon spin can, in principle, be measured in DIS off a transversely polarized
target. This twist-2 distribution function k,(z) is different from its longitudinal counterpart
21(z), among other things because of the different role’of the polarized gluons which do not
contribute to ky(z).

However ky(z) cannot be mesured directly in inclusive DIS because of its odd chirality
nature. Alternatively, it can be determined by analyzing the polarization of the struck quark,
since in the tragmentation process the leading hadron is'expected to be polarized or to exhibit
an azimuthal asymmetry related to the spin of the fragmentmrr quark. One method to access
hy(z) uses the (transverse) spin d dent azi tries of the leading hadrons around
the virtual photon direction. Thc analyzing power of thls process is not yet known, but it is
probably large.

A first proposal to study these effects has been ma.de by the HELP group at CERN {2].
A broad experimental program to investigate transverse spin effects in DIS has been proposed
recently by the COMPASS collaboration at CERN (3}, COMPASS will complete the commis-
sioning of the apparatus next ycar (2001). Data taking will also start in year 2001.

According to Collins 4], the fragmentation function for transversely polarized quarks D is
built up from two picces. a spin-independent part D?, and a spin-dependent. part AD"

Dl(z.71) = Dli(z,p!) + ADE(z.p8) - sin o, (1)

The angle &, known as ‘Collins angle’, is the u:mutha.l‘anglc between the outgoing hadron dy,

and the final quark spin @ss around the virtual plxoton momentum. and at leading twist it ix
given by

Go=Cn ~ds =Gy + gs—7 &
where ¢y is the initial quark spin azhimuthal angle. Note that sin @, is the spin component of
the final quark normal to the production plane defined by the virtual photon and the outgeing

hadron. This is the only single-spin asymmetry allo“cd by the symmetries conserved in strong
interactions.

The spin dependence of the fr: ation function leads to a specific azimuthal dependence
for the outgoing leading hadron )
] da(¢.) ~ const - (1+ Ay sin &) dé. . (3)
The amplitude Ay of the azimuthal modulation '
Ax = H{z) - ac(z.p7) [€}]

is proportional to both the transversity distribution, #(z) = 2z ky(x) / F2(z). and the analyzing
power in the polarized quark fragmentation, a, known also as querk polanimeter. At present,
both quantities are unknown, and experimentally one measures their product Ay- Note that

= a{Q% z,pr.etc.} depends strongly on the selcclcd hadron kinematics. a. is probably
la.rp,c, in the order of 0.1 < 0.3 as suggested by the amc of typical asymmetries in soft hadronic
processes and recent DIS measurements (SMC, HERMES) In COMPASS different methods
will be tried to determine the quark polarrmeter a (2, pr)

Experimentally, one accesses these effects by selcctmg the leading (fastest) hadron produced
in the event in DIS off a transversely polarized target, and by studying its azimuthal dependence
with respect to the ¢, angle. The transverse single-spin asymmetry Ay is derived from the
measured asymmetry in the yields of hadrons produced opposite in azimuth (e):

1 1 L N(g.<w)— N >)
PrfDun N T PrfDux <sng.> N(p.<m)+ N >m)

An = (5)
where Pr and f are the target transverse polarization and dilution factor, respectively. Dyn =
2(1 ~ y)/ (1+ (1 —y)?) is the transverse spin transfer coefficient (or depolarization factqr).
Inv" +q t— ¢ Duw is large at low y and decreaScs with increasing y. The low y region
corresponds also to the large x region, where quarks polarization is expected to be higher. The
largest effects appear for sin ¢, = £ 7/2, thercfore left-right asymmetry w.r.t, final quark spin.

As iltustrated in this talk, the asymmetrics which will be measured in COMPASS are ex-
pected to be many standard deviations from zero [3); even if the Collins analyzing power should
be much smaller than in the parametrization used, the measurement will still be significative.
1t will bring new insight into the nucleon spin structurc.

First results on the transverse spin dependence! in semi-inclusive hadron production off
transversely polarized targets, pp 7= &' + =% + X, have been obtained by the Spin Muon
Cellaboration [5]. SMC finds Ay = 0.11 = 0.06 for 7*'s, and Ay = ~0.02 * 0.06 for =™’
on the proton target at < x >~ 0.08 and < QF >~ 5 GeV2. On deutcron, Ay is small for
both #*’s and =~ 's. The data indicate also that Ay increases in magnitude with increasing pr.
Although the statistical precision is limited, mainly beeanse of the large target dilution factor
[ indications of transverse spin effects are observed in the data. with an almost 20 positive
effect for 7*’s produced on protons.

t
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Future Transversity Measurements with TESLA-N

V. A. Korotkov®?, W.-D. Nowak?

¢ DESY Zeuthen, D-15735 Zeutflen, Germany
b THEP, RU-142284 Protvino, Russia

Physics prospects for the study of the quark transversity distributions dg(z) 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 polanzed targets NH; (Pr = 80%) and
8LiD (Pr = 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 z,
@?, and z will allow the simultaneous reconstruction of the shapes of the unknown functions
sq(z, Q%) (u, d, @, and d) and H L(1)( )/D1(z) where flavour independence was assumed for the
fragmentation functmns ratio. The relative normahzahon cannot be fixed without a further as-
sumption. This ambiguity can be resolved by relating (5q( ) to Ag(z) in the region of large values
of z where the differences between two distributions are expected to be small. It is demonstrated
that such approach allows to measure dq(z, Q%) at TESLA-N with statistical accuracies com-
parable to existing measurements of the helicity distributions. The quark tensor charge can be
measured with accuracies of about 0.01 for §u(1GeV?) and 0.02 for §d(1GeV?). Simultaneously,
it provides a good measurement of the polarized fragmentation function Hll m(z).

In addition, it is shown that TESLA-N has a good capability to access the transversity distribu-
tions 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, 2000

e TESLA-N

e 5g(x, ()?) Extraction via the Collins Effect

. Asymmetry in the Two-Pion Correlations

e Summary

R
P < ~<%~,'% TESLA-N

TESLA-N

The TESLA-N idea: use one of the ¢t collider TESLA arms
to organize collisions of longitudinally polarized electrons with
a solid state fixed target that may be either longitudinally or
transversely polarized.

v Hall

TESLA-N
Injector

Separation
Separation Building
} oy

N11]

e
., .

~, ™ /’
~/

TESLA-N Hull

e+le- Hall

Basic parameters:

e Beam Energy 250 GeV

Luminosity 100 fb—1 per year

Electron beam polarization 90%
Proton target: N Hs, Pr = 80%, f = 0.176
Deuteron target: LiD, Pr = 30%, f = 0.44
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V. Braun, B. Lehmann-Dronke, D. Milller,

TESLA-N Study Group |
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P.J. Mulders, Free University Amsterdam
M. Diiren, University of Bayreuth
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Transversity analysis at TESLA-N .

— Collins Effect

— Two-Pion Correlations

To estimate the transversity distributions, the helicity distributions
at low scale were taken as input (I.O GR8V-96, 'stand.)

Sq(x, 0.4GeV?) = Aq(z,0.4GeV?)
Evoluted to higher Q2
aS(Q )

8 ..
Fnget (0 Q) = TP (@) ©10* (. 07)

where §q* = §q = 7. In LO

6Py () = Crl

2x 3
s, T2 )

Hadron distributions: LEPTO 4+ JETSET
Event cuts: Q% > 1GeV?, W > 2GeV, 0.05 < y < 0.90
Acceptance: 5 + 175 mrad

Pion variables: zp > 0, 2 > 0.1, P,; > 50MeV
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fﬁﬁlﬂ\neasurement of 5q(x) via the Collins effect

Weighted asymmetry  [Mulders, Tangermann 96, Kotzinian, Mulders 97]

Jdot [ d?Pyy Pl sin(gf + ¢) (dot — do)
[det [ d2Pyy (dot + dot)

Ay(z,y,2) =

Y - h plane

i
At py,
Vph
y P
I-l’plane

Factorization w.r.t. z and z:
>, 2 oq(a) 1]V (2)
Yoq €2 q(z) Di(2)

AT(w,y,Z) = f « Py Dpgy -

Dy = (1 —y)/(1 —y + y>/2) - transverse spin transfer coefficient.

zq eq2 Sq(x) Hf'“ir’ """(::c) _
> g€z a(z) DIM(z)

A’IIL‘(:B’ Y, z) ~

5~ dalx). 100Gy e g(a) DY)
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q

- Ay b
8@ 1)
g\

p q(z) /)1’ (%)

where
e2 g(x) DI™"(2)
Y, €2 a(z) DI7"(2)

il

Pj(z,z)

Very simple factorized (in respect to = and z) form for the A7

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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Combined analysis of AT", AT", AT", AT To resolve the normalization ambiguites:
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This allows to reconstruct §u, §d, 6%, 6d (=, Q2) and measure

dd(x) It HED et €D th
AT , ~ ih ) \ P (a, e tensor charges
n (miy z) d(.’v) ,)(1; ,-:‘;’(’5) u(-n)(’l’ Z) 1
(@) 1) e 59(Q%) = / da(Sq(w, Q) - 83(2, Q7))
T T a(e) /)(1 (/) T )N e e e e e 0 e e
Sulz) 11 (10l v ( ) There are predictions from lattice studies.
AT (z,y,2) ~ Lo <P (z,2) The nucleon tensor charge
" w(@) DT (2) e

5(7(:1:) N \1)" ’ ()
d() [)‘I’ ()

P () 2@ = Y [ do(a(@.G?) - 72, @)
w(n)\7 Pl

is calculated to be

0.56 + 0.09 at Q2 = 2 GeV?2 (S.Acki et al. 1996) and

0.76 4 0.07 at Q% = 4 GeV? (Géckeler et al. 1997).
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Reconstruction of the §g(z, Q2)

Measure the asymmetries at N, o) points in (=, Q@?) and
at IV, points in z.

X

B 54 Jp
pd :B,Qz,z)=¢(“’q“(ib’,Q2), /|). (=), PI7"(2,Q%,2))

Then we would have
AN(; g N measurements,

4N, q=) unknown values of q(=, Q) and

N, unknown values of ! ’f»«, ()

Two methods:

» overconstrained set of coupled equations which one may
resolve with a minimization procedure.

« define a parameter-dependent ansatz for every §g(a, Q3)
and use the LO evolution to fit the unknown parameters and

unknown values of ' -{.:) to measured asymmetries.

8qs (e, Q) = nsa® (1 — @) (1 + vz + psv/2)

Asymmetry * 100
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T, deuteron target
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LO Fit Resulis

§qq(a, Q%) z (1 — )P (1 + vz + prV)

1
=N
fo(a,ﬂaﬁll:p)

98¢

H{" (z) /D, (2)

T ' 1
: : Nj(a, 8,9, p) = /0 (1 = 2)P(1 4 452 + py/E)de
[ 1
B ] n | 0.873 0.010 ] 0.883 0011 | 0.883 0.011
! .. ] a | 0197 0.025|-0210 0027 | -0.230 0.031
i e ] w | B | 3672 0074 | 3574 0.080 | 3463 0.104
! .. ] v | 6649 0218 | 6549 0253 | 6409 0.302
e ] p | -2694 0118 | -2.680 0.146 | -2.348 0.203
] 7 | -0.308 0.009 | -0.316 0.024 | -0.313 0.012
l 1 a | -0.338 0.059 | -0.581 0.264 | -0.447 0.126
N - do| B | 1423 1625| 2.858 0.798 | 3.022 0.616
0.5 1 v | 0.042 0581 |-1.498 7.445| 1668 2.112
z p | 0835 0702 | 5542 7.768 | 0.080 1.859
7 | -0.062 0.002 | -0.065 0.003 | -0.061 0.002
a | -0.247 0035 | -0.227 0.044 | -0.263 0.049
7|0 | 5028 0217 4828 0233 | 4471 0301
v | 00 0.0 2855 1553
p | 00 0.0 1369 1.130
n -0.058 0.008
o 0279 0.197
d| 8 d=1u 6.314 2.352 d=1
0% 0.0
p 0.0
x2/DoF | 1040/966 1036/963 1034/964
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The interference effect between the s- and p-waves of the two-meson
system allows the quark’s polarization information to be carried through
l\,—"._;. X k_ - 8. (Jaffe et al., 1998)

ForeN' — e/nta—X
_m vV6(l—y)
414 (1 ~y)2
Yoa€28qa(a) 8¢ (=)
Y. €300 (@) [Sin® 80g4(2) + sin? 613 (2)]

At cos ¢ sin g sindy sin (do — 81)

34" () — unknown chiral-odd interference quark FF

80,1 = 80,1(m?) — strong interaction == phase shifts

cos¢ = ky x k- -5, /|ky x k_||S1| — analog of the
Collins angle defined by the 7+~ system

do and g1 — spin-average FF for the o and p resonances.

- -differential. . - The -interference -

The interference FF &4, has an upper bound
3§ < 4goG1/3
for each flavor.

It could be measured in ete™ — (rta~X)(nt7—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.

e
'S

In particular the two-meson in-

e
1%
T

variant mass, m, must be kept

o
S
T

I
o
T

averages to about zero when

, sin g sin 3, sin(s, - 5,)

S
—— <
T

integrating over the mass of the

@
)
T

two-pion system due to a factor
Sil’l((So — 51).
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For a proton target:

T V81 -y)
414 (1-y)?

Sug(x) — %5(117(33)

AT = COS ¢ sindgsindy sin (§o — 81) x

Siy{z)

(u() +a(2)) + §(d(@) + d(2)) sin28oiio(z) + Sin261a1(z)

A maximally possible asymmetry with §i” = 4o /3.

The maximal asymmetry does not depend on z

Pl ﬁ(l - y) 1 H
Aenoentr X T VO Ty CoS¢p—= sin (6g — &
AT Ay e
Suy(a) — %Mv(ar)

* (@) F a(2)) + 2@ + @)

dun(z) + ddy(x)
u(z) + a(z) + d(z) 4 d(z)

oo e —
Aet]——}eﬂ' T X ~
max

Av:L(zw = PT . Amtl:z:/ CcOos d)

Max. Asymmetry * 100
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Max. Asymmetry * 100

TESLA-N

Two-Pion Correlations, ©LiD Target.
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Summary

e The TESLA-N project, due to its very high luminosity

and large c.m. energy, has a big potential to study the
quark transversity distributions §q(x, Q2).

Through the Collins effect in SIDIS §q(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 §u(1GeV?) and 0.02 for §d(1GeV 2).
Simultaneously, it may allow a good measurement of
the polarized fragmentation function /{1I (1)(’(;«).

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.

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 determination of different parton distributions. However, to
apply this technique, the fragmentation process has to be understood. Especially at the
relatively low center-of-mass energy of the HERMES experiment (Vs ~ 7 GeV), two

important questions have to be addressed:
o do the hard and the soft processes factorise 7
o can one clearly separate the current and the target fragmentation region ?
Two HERMES measurcments support the validity of the factorisation ansatz at HERMES:

1. The measurement of the flavour asymmetry in the light quark sea
At HERMES the flavour asymmetry of the light quark sca has been determined
from the ratio of the differences between charged pion yiclds for proton and neutron

targets:
N - NT°

P

7(z,2) = W.

where & = Q?/2Muv is the Bjorken scaling variable and z = E™ /v is the fraction
of the virtual photon energy carried by the pion. Using the factorised ansatz for
- semi-inclusive deep-inelastic-scattering- -— - - - P

N™(z,2) « 3 ea(x) D} () + ad(2) D, (2))

one can derive the following expression:

(1+ D5 (2)/DE* (2)

L4+r(e,2) _ ufe) - dlx) + ) - d(=)
(1= Dz (2)/Dz* (2))'

T—r(z,2) (u(e)=u(2)) - (d{z) - d(=))

32
5

which factorises into two independent functions of z and z and thus can be rear- -

ranged to extract the ratio (d(z) — (+))/(u(z) ~ d(z)). Plotting the same quantity
for fixed values of 2 as a function of z provides a test of the assumed form of
factorisation. No z dependence is seen (see Fig. 1), strongly supporting the as-
sumption of factorisation between the hard scattering process (depending on the
parton distributions g;()) and the hadronisation of the struck quarks (described by
the fragmentation functions D;‘*(z)). It shiould be noted however that the statisti-
cal precision of the data presented here does not allow to exclude a z dependence

of the order of 10-20%.
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Figure 1: 2 dependence of (F() - a(x))/(u(x) - d(x)) as mcasured by HERMES
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2. The measurement of the pion multiplicity

The differential multiplicity, i.c. the number of pions produced in deep-inelastic
scattering, normalised to the total number of inclusive deep-inclastic events has been
determined for both neutral and charged pions. As expected from isospin symmetry,
the agreement between neutral and charged pions is excellent, at least up z ~ 0.7
where a possible contribution from exclusive channels might become important. In
Fig. 2 the neutral pion multiplicity as measured at HERMES is compared to the
previous EMC measurement as a function of z. As a significant ()? dependence of
the fragmentation process is expected by perturbative QCD, the HERMES results
have been evolved from the average measured Q* of 2.5 GeV? to the average @2 of
the EMC experiment (Q® = 25 GeV?). The excellent agreement between the two
cxperiments strongly supports the fact that the fragmentation process at HERMES
is essentially the same as for the EMC experiment at a much higher center-of-mass
energy.

,g 3
S e (@)
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A .
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Figure 2: z dependence of neutral pion nultiplicities measued by HERMES and EMC

Earlier experiments have reported evidence for an additional z or W dependence of
multiplicitics measured in deep-inclastic scattering. Fig. 3 shows the charged pion
multiplicities for HERMES as a function of z for four different bins in z together
with data on charged hadron multiplicities from EMC. All data have been evolved
to Q2 = 2.5 GeV?, the average Q? of the IIERMES data.
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Figure 3: x dependence of charged pion (hadron) multiplicities for fixed values of z
as measued by HERMES (pions) and EMC (hadrons)

In this figure the following observations are of interest:

o The diﬂ‘erenct.:in the absolute values of the multiplicities scen by HERMES
and by EMC is related to the fact that the HERMES data are for pions while
the EMC data include all hadrons.

¢ Both data sets show a significant = dependence which gets stronger as 2 de-
creases.

¢ The slopes in the data from both experiments are consistent even though they
were measured at very different kinematics, )

e As the mean @2 per bin for HERMES only varies between 2.1 and 2.6 GoV2,
the observed @ dependence is not generated Ly Q2 evolution. .

One possible explanation for the observed 2 dependences might be NLO QCD correc-
tions to the simple LO factorisation form used in the analysis of both the HERMES
and the EMC data. Another possibility is the difference between multiplicities and
fragmentation functions: while fragmentation functions are expected to depend on

3 T .
z (and Q%) only, multiplicitics might become 2 dependent because of the presence
of the strange sea quarks.
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The question if one can clearly separate the current and the target fragmentation
region is best demonstrated by a plot of P. Mulders (Fig. 4).
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Figure 4: Separation of current and target fragmentation

The current and the target fragmentation region are reasonably separated if the
rapidity difference is larger than about 4. For pions in the HERMES kinematics
this corresponds to the requircment of a minirum 2z value of about 0.2-0.3. As
all HERMES analyses of semi-inclusive events used for the extraction of parton

distributions have imposed a minimum z value of 0.2, contributions from the target

fragmentation region are expected to be very small.
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Some remarks about fragmentation functions at low Q2

|
Marco Stratmann
Inst. for Theor. Physics, Univ. of Regensburg, D-93040 Regensbuig, Germany
|

A measurement of transversity densities in processes other than ‘Drell-Yan’ Q[r pp — jets usually
involves the knowledge of some set of (chiral-odd) fragmentation functions which are unmeasured
as well. Therefore a global QCD analysis of various processes measured at different 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 fragmentation functions can accom-
modate available unpolarized data for single inclusive charged hadron (majrﬂy pion) production
at fixed target coergies. 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 large 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 functions 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%) ~
25GeV2, and HERMES, (Q2) =~ 2.5 GeV2. It should be mentioned that both sets of available LO
and NLO parametrizations of fragmentation functions, (1): S. Kretzer, Phys. Rev. D62 (2000)
054001, (2): B. Kniehl et al., Nucl. Phys. B582 (2000) 514, are obtained from fits ta high precision
ete™ data at the Z-pole from CERN LEP-I and SLAC SLD. These sets then successfully describe
also eTe™ data from PEP, PETRA, and TRISTAN at much lower energies. However, available scarce
low Q* SIDIS data were not considered so far because they are much less precise than e*e~ data.
It should be also recalled that in the usual QCD framework the scale dependence of fragmentation
functions D¥ (2, Q%) is governed by evolution cquations in a similar fashion as for parton densities
and that the produced hadron H is treated as a massless particle in the same way as target mass
corrections are usually neglected in DIS. :

‘When applying the available scts of fragmentation functions in a calculati:on of SIDIS produc-
tionof # =7t + 7~ at {(Q%) =23 GeV? the following observations can be made:

o NLO effects are sizable and. more importantly, manifest themselves inja breaking of the so
called ‘z — 2" factorization. a feature which is also visible experimentally, e.g., in the HERMES
data. In LO (and by assuming that DT = 0) one expects that the mufltiplicity .-"\:';_wdhd’:(:)
is independent of z and can be directly related to D} = D7. In NLO this simple picture
is messed up by O(c) coefficient functions which are non-trivial functions of z and z and
hence ‘relate’ parton densities f(x) 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. £ are much more pronounced than predicted by NLO QCD. However, one of the lessons
to be learned from this exercize is that a LO analysis seems to be not 'sufficient at low Q2,
which. of course, considerably complicates the extraction of fragmentation functions from
SIDIS data. Similarly. polarized fragmentation functions should be better extracted in a full
‘unfolding procedure’ using NLO cross sections rather than with the'help of an auxiliary
*purity’ function based on x — = factorization. i.c., Af/f(z) x AD/D(z) x AG/é.

Both scts of fragmentation functions introduced above have the rather odd feature that they
predict sizable kaon and proton fragmentation functions at (Q2) ~ 25 GeV?, presumably

!

because mass effects are not taken into account. This casts some doubt on the applicability
of the concept of fragmentation functions at low Q2. On the other hand, [future‘ SIDIS d.ata,
for instance from HERMES, may be useful in 2 more global analysis of fragmentation functions
which not only considers e*e™ data. In this context it should be noted t}xat in SIDIS other
fiavor combinations of fragmentation functions are probed than in e*g’ and hence sfxch
data contain new vital information which may help to come up with a: better theoretical
understanding of fragmentation processes. .

Effects of the non-vanishing mass of the produced hadron may play a:non;ncgligible ro}g
at small Q? or, more precisely, small W?. For pions, however, even at {@%) : 2.5 GeV

mass effects should be still small, which is certainly not true anymore fgr heav‘xer hadrons.
One prominent example where mass effects have to be taken into account to 'achleve a better
agreement with data is A production in SIDIS. Finite mass effects can approzimately be ta.ker:
into account by introducing a function 8 = +/1—4M2/(2W)? which lgads to a ‘rescaling

of z.

In addition, low Q* SIDIS data may contain a considerable contriblhxtio.n frf)m highef twist§ las
an example one should keep in mind that all current sets of parton éilstn?utxon functions fail ?o
describe, e.g., the ¥MC F; data below @2 values of about 2 — 4GeV?) which ’can hel;? to expéa::n
the residual slope w.r.t. = in the data mentioned above. In any case fnuch more “'oFk is neede | 0
obtain a better theoretical understanding of the available data even in th'e unpolanzed case. A 50
mass effects have to be considered in more detail and more systematu‘:ally in the future. Upcommg(i
more precise SIDIS data, e.g- from HERMES, may help to shed some lilght on the poorly .undefrsto;
fragmentation process. A global analysis of SIDIS and ete” dat.a. is per.haps, 2 good idea for tl e
future since SIDIS probes combinations of fragmentation functions which are not accessible 11’1f
e+~ and, hopefully, this leads to a better description of experimental resulis even at 1<?w values o
(). However it may turn out that the usual QCD framework for fragmentation functions cannot
be applied at all in the low Q® region. .
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Comments on the Sivers vs Collins Mechanisms

Elliot Leader
Birckbeck College
.. . ‘K
In the Sivers mechanism{1] a transversely polarized nucleon (momentum P and covariant spin
vector Sp) px:oduces a quark of momentum zP + k and the number density of these quarks
f(ST;z,ky) is supposed to depend upon S via a term like Sp-(Pxky).

. ) ¥

The Collins Tnecharfxsm[‘z] looks remarkably similar. A transversely polarized quark (momentum
p and cova:nant spin vector s7) fragments into a hadron H with momentum zp+ K. The
fragmentation function D(sp;z, k4 is supposed to depend upon st via a term like sy (px K L)

Although, diagramatically, these proccesses look almost identical, the e'xpressions for the number

density and the fragmentation function are quite different in terms of matrix elements of field
operators. Schematically: b

f o< P, S|P, S >

=3 <P,Srld|X >< X|Y|P, Sz > |
allX

but ‘

D Y < O|H, X >< H, X|9|0 >
allx :

If|P, St > is a free nucleon entering the hard interaction then time-réversal invariance forbids

any dependence of f upon the transverse Syp. '

Time-reversal invariance does not forbid D from depending on sr. The key difference is that
3

S iX><X|=1
aliX

commutes with the time reversal operator T, but

S HX ><HX|#1
allX l

fordﬁ;ed kinematics of A, and does not commute with 7 if there is aﬂ interaction between H
and X.

'

Thus the Sivers mechanism is really forbidden by time-reversal invariance, unless the incoming
mucleon is not free. How could that be ? Well, in DIS with a proton, the proton and electron
certainly interact electrically long before the hard scattering takes place. But this is a negligible
O(cem) effect, so it is totally ignored. :

In Drell-Yan reactions there could be muiti-gluon strong interactions between the colliding nu-
cleons before the hard scattering. But if this were an important effecti it would be 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 experimentally! A series
of tests for the vatious mechanisms is given in [3] and (4]. In particular, in fully inclusive DIS,
with a transversely polarized target, there should not be any single spin asymmetry, aside from
effects of order 0(Qem)-
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~ Towards a global transversity analysis
i
Daniél Boer *

RIKEN-BNL Research Center
Brookhaven National Laboratory
Upton, New York 11973, US.A. '

In order to measure the transversity function dq(z) for both z and d‘quarks separately, one must
overcome the problem that in experiments one always accesses a linear combination with coeffi-
cients that are also unknown. These coefficients are either dependent on antiquark transversity
functions (expected to be small) or on certain types of fragmentation functions, which are still
to be determined. The question I am going to address here is: assuming that one has three
types of experiments, namely hadron-hadron collisions {e.g. RHIC), semi-inclusive DIS (e.g.
HERMES, COMPASS) and electron-positron annihilation (e.g. LEP), which observables can
actually be obtained in the near future such that the transversity functions can be disentan-
gled? For simplicity I will neglect s quark contributions in nucleons and pions, since sea quark
transversities are expected to be.small. .
Interfe fi ion functions !
The first possibility is offered by the so-called interference fragmentation functions §¢;(z). These
are expected to be extractable from the process et e” —+ (¥ x7) (7 7~} X, where the pion
pairs are in opposite jets.
In order to make use of the interference fragmentation functxon:" one has to make some
on its flavor d d 1 will discuss two scenario’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
that the fi ion of u — % 7= X cquals the probability of d — z*+ 7~ X, which
is a reasonable assumption for the unpolarized fragmentation functions and may be expected to
hold also for the interference fragmentation functions. In this scenario one thus equates §§7(=)
and 6q,( } and one can obtain the lincar combination:

Oy = a1 64 )501( ).

which means: one observable, two unknowns. !

In the sccond scenario we make one more assumption. One first observes that charge
conjugation equates u —+ ¥ 7~ X with @ — =~ =+ X. For tln; interference fragmentation
functions, the sign of the pion charges are irrclevant, as long as one sign is fixed to definc a
preferred direction (to define the sign of the cross-product observable). Switching the 7+ and
#~ position reverses this direction. which resuits in a sign change in the observable. Taking
into account the switching of the position is possible, since one knows that whenever there is
a quark on one side, there will be an antiquark on the other bld!‘ This cffectively leads to
8¢3{z) = —647(z) (a similar relation does not hold for the unpolan/cd fragmentation functions)
and then one could obtain:

m

'
t
'

i

OF = o} 87 (2) 37 (=" P (2)

*Disclaimer: since 1 will merely be stating very basic observations, I will refrain from providing references

i

with only one unknown function. Note that the prime is used to indicate a different scenario,
not a different experimental observable. Also, it should be noted that it is assumed here
that the unpolarized 7+ =~ fragmentation functions are determined from for instance e* e~ —
(x*7~) X, since these functions enter in the d i of the'asy trie N

A third possibility is that one assumes only §42(z) = —833(z),! but not 8} (z) = 64§(z), then
one can only obtain:

Of = o} 5}(2) 63;(=") + b 64(2) 5(!,(2'), ()
which again means: one observable, two unknowns. This case will have similar conclusions as
the first scenario, so we will not investigate this case explicitly. |

From the process pp' — (a*#~) X one obtains in the first scenario

0z o {0z 8¢*(z) 83}(2) + ba 8g*(z) 6(2)) @
which is convoluted with the unpolarized quark or gluon distribution functions, which are

known. Also, one knows that the partonic subprocess is purely lgoverned by pQCD, such that
ap = by. In the second scenario one obtains

04 o« (a2 60%(z) — by 89*(z)) 833(2). )
From the process ep’ —+ (7% #~) X one obtains similar combinations of functions
|
03 = (as 6"(z) 633(2) + ba 8%(x) 6G(2)) , ©)
and ’
0; o (a3 8q*(z) - bs 8g*(z)) 8G3(), (@)

but since this is partly QED, we know that a; = 4b3.

The three observables Oy, 02,03 contain 4 unknowns (Eq“(z) Sq%(z), 643(2), 637(=)), thus
one needs some additional input which is not easy to obtain as will become clear later. But the
three observables O}, O3, O} contain exactly 3 unknowns (59%(z),59%(x), 8G¥(z)) and therefore’
allow for the extraction of §¢%(z) and 8g¥(z) separately from e*e™ — 7r* 7Y {wt =) XL
pp' = (#*77) X and ep’ — (v*7~) X. So if the interference! fragmentation functions were
obtained from existing LEP data, then other experiments like RHIC, HERMES or COMPASS.
would (apart from this one input) be able to extract a partxcular lincar combination of 8¢*(z)
and 8¢g%(z) (with known coefficients) from their data.

So far | have discussed what are the options in case one dbcs not know anything about
the functions 6¢*(z) and dq?(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
momentum fractions) and make 2 fit to the data. In this case not the complete shape of
the functions needs to be obtained from experiment, but only :a few parameters governing a
plausible shape. So it seemns that by measuring different kinematical configurations of the same
observable, one can obtain the parameters for the shapes of the;unknown functions. However.
in both pp” — (s*#~) X and ep’ — (w* 7~) X this again only works for a particular linear
combination of 8¢¥(z) and 5q%(z) (assuming the interference fragmentation functions from LEP
data are known).
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That the LEP data and the future data from other experiments are obtained at different
energics is not a problem. The energy dependence of the functions docs not form an obstacle,
since the evolution of the transversity and interference fragmentation functions are all known.
The latter is equal to that of the transversity fragmentation function 6¢(z), which is clear from
the identical operator structure of these two matrix elements. Moreover, at least in LO pQCD
the evolution of §§(z) can be easily related to the evolution of 8g(z) itsell (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 (unpolarized and polarized)
gluon densities, the known evolution of the transversity and interference fragmentation functions
offers no such advantage. Since there is no mixing with a gluon density under evolution, the
observables O, 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 differentiate between
such 2 gluon density and again a particular linear combination of the transversity functions.

Hence, neither measuring different kinematical configurations at fixed energy nor varying
the energy scale itself, provide additional tools to di le the tr ity functions for then
and d quark separately. Combining results obtained by different experiments is thus a necessity.

Collins effect fragmentation functions

In analogy to the extraction of the transversity functions by using the interference fragmen-
tation functions, one might consider the use of the so-called Collins fragmentation functions.
The observables are very similar, namely e* e~ — #+ 5~ X (where the pions belong to oppasite
jets), pp' = x* X and ep® = 7= X. This might look like a simpler option: one expects better
statistics and also, 7t and #~ yield different information. However, the theoretical framework
is much less clean. One needs to start the analysis of the Collins asymmetries from 2 different
factorization theorem than for interference fragmentation function asymmetries. In the former
the deseription in terms of parton light cone momentum fractions is not sufficient (one is not
only dealing with partons that are collinear to the hadrons from which they emerge or to those
which they generate in the fragmentation process). The ingredients to cvolve the observables
nvolving the Collins functions have not been investigated fully yet. For instance, one has to
deal with issues like Sudakov suppression (sce my contribution at this workshop). These issues
need to be clarified Turther, before reliable connections between different observables containing
the Collins functions can be made.

Other options

The Drell-Yan proeess p pt = (£ X originally viewed as the main experimental method to
obtain wformation on the transversity functions- is expected to be small primarly due to the
anti-qrark transversity (unctions. Another possibility for RHIC in particular is the process
7 p" = et X or p'p’ — 2 jets X), in which one can measure the combination

Oy 2cay (89%(r) 5g%(z') + bo%(@) 30’ (e)) + .. . (s)

Here one has to assume that the quark-antiquark contributions (the ellipsis) are negligible or can
be reduced considerably by a transverse momentum cut. This would allow for the closed system

04, 03, 04, which requires LEP and RHIC data only. Rates will be high, but the magnitude of
the asymmetry itself turns out to be very small (sec Werner Vogelsang's contribution at this
workshap).

Some other observables like transversely polarized A productionin pp’ — AT X and et e~ —
APAT X, have the problem that they introduce yet other unknown functions (64,63) and s quark
contributions can not be neglected.

If one would use different target or final state hadrons, in order to obtain a flavor decompo-
sition, one also introduces new unknown functions, but in some cases one could argue in favor
of an additional symmetry (isospin invariance) to relate different hadrons. But often one would
like to test such a symmetry (e.g. in the case of hyperons) rather than just impose it.

Finally, a remark about ar important property of chiral odd fi i like the t:
distribution and fragmentation functions, the Collins and the interference fragmentation func-
tions. Chiral odd functions do not couple to charged currents, hence neutrino processes can
not be used to extract different flavor combinations. This is another limiting factor.

Conclusion

In lusion, a flavor d position of tr ity functions will be difficult to measure, but
not impossible. In my opinion, the most plausible scenario appears to be the following. Extrac-
tion of the interference fragmentation functions from existing LEP data. Using this input, other
experiments can obtain linear combinations of 6¢%(z) and dg%(z). These linear combinations
can then be combined to extract the transversity functions for the u and d quark separately.
QOnce the formalism concerning the Collins fr: ion functions has been blished firmly
(beyond trec level, that is), then this certainly also offers useful alternatives. ANl 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 Datéa Sheets

for Related Experiments

I
t

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 -20’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

Poeam = 0.7

50 GeV < /s < 500 GeV

f Ldt =320 pb™! /year at /5 = 200 GeV
[ Ldt =:800pb~!/year at /s = 500 GeV

0<n<1.5 AQ = 5msr

1.5 <n <4.0, AQ = 0.8msr
Ap/p =F1% at 1 — —25GeV,
Ap/p =2% at 50 GeV,
Ap/p="1% up to 4 GeV
Az=~1.0cm

7 — K separation to =~ 18 GeV
K — p separation to = 30 GeV
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Experiment

Location

Web Page

Run Schedule

Contact for Transversity
Polarization States

Kinematics

Expected Luminosity
Acceptance

Particle Id

Momentum Resolution
Vertex Resolution

COMPASS (NA58) polarized 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

zp;, Q* similar to SMC

[ Ldt = 2fb~1/year incl. efficiencies

Full acceptance forward hemisphere (zr > 0)

charged particle reconstruction down to 1 GeV (and less)
7/ K separation from 3.5 GeV with RICH
 identification (muon walls)

Electron identification (electromagnetic cal.s)

Az, Ay <1 mm, Az = few mm

Comments About 20 % of time with transversely polarized target
sharing with hadron beams

Experiment HERMES, fixed-target polarized ep and ed; unpolarized eA

Location Hamburg, DESY

Web Page http://www-hermes.desy.de/

Run Schedule

Contact for Transversity
Polarization States
Beam Polarization
Target

Kinematics

Expected Luminosity
Acceptance

Particle 1d

Invariant Mass Res.
Momentum Resolution
Angular Resolution
Vertex Resolution

First Run with Transverse Polarization in 2001
Wolf-Dieter.NowakQ@desy.de

Single and double longitudinal and transverse asymmetries
Pg =50 — 60%

internal gas target, H, D, Pr = 80%

E, =275GeV

f Ldt = 80pb~1/year

|©.] < 170 mrad horizontally (magnet bending plane)
40 < |©,| < 140 mrad vertically

ef (p> 1.5 GeV), v (E > 0.8 GeV)

RICH: 7 (0.5-16 GeV), K (2-16 GeV), p (2-20 GeV)
TOF: n/K/p (p < 2GeV)

o = 5.7MeV for pion pairs in K -mass region
Ap/p=0.7+1.3%

A6 = 0.6 mrad

Aty, =1mm, Az=1cm
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Experiment
Location
Web Page
Run Schedule

Contact for Transversity
Polarization States
Peam Polarization
Kinematics

Expected Luminosity

Acceptance

Particle Id

Invariant Mass Res.
Momentum Resolution
(central arm only)

Vertex Resolution

PHENIX, polarized pp

RHIC as polarized pp collider, BNL
http://www.phenix.bnl.gov

First run with longitudinal polarlzatlon in 2001
Exploratory run with transverse polarization in 2002(7)
Matthias Grosse Perdekamp; matthias@bnl.gov

Pbeam =0.7

50GeV < /s < 500 GeV
[ Ldt = 320 pb~!/year at /s = 200 GeV

[ Ldt = 800 pb~!/year at /s = 500 GeV

Muon arms: 1.2 <n < 2.4, 0 < ¢ < 360

Central arms: —0.35 <7 < 0.35, 33.75 < |¢| < 123.75
Muon arms: Muons with more than ~ 2.0 GeV
Central arms:

Electrons, photons (pr < 30 GeV)
7™, (pr < 12 GeV) f
RMS=12MeV for pairs in p-mass region
Apr/p=0.6% at 1GeV,
Apr/p=1.8% at 10GeV

Apr/p = 2.5% at 20 GeV |

Az ~ Ay =~ 0.3cm, Az~05cm

i

0 (pT < 30 GeV)

Comments Muon arms are downstream of central magnet yoke, no
useful acceptance for hadrons in the muon arms

EXper‘iment PHOBOS, polarized pp |

Location RHIC as polarized pp collider, BNL

Web Page http://phobos-srv.chm.bnl.gov

Run Schedule

Contact for Transversity
Polarization States
Beam Polarization
Kinematics

Bxpected Luminosity

Acceptance
Invariant Mass Res.
Momentum Resolution

(central arm only)

Vertex Resolution

Transverse polarization in 2001

Mark Baker (Mark.Baker@bnl.gov)
transverse polarization effects

Pbeam =07

50 GeV < /s < 500 GeV

J Ldt = 320pb~" /year at Vs = 200 GeV
J Ldt = 800 pb~!/year at /s = 500 GeV
Spectrometer: 0 <7 < 1.5, =5 < ¢ < 5 degrees
and -5 <¢o—7w<5H degrees:
RMS=30MeV for pairs in p—mass region
Ap/p = 1% at 1GeV,

Ap/p = 2.5% at 10 GeV

Ap/p = 5% at 20 GeV

Az~ Ay =~ Az = 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

RAMPEX, pp; at 70 GeV/c, polarized target
THEP, Protvino

http://rampex.ihep.su/

First Run with 7° detection in March 2000;

next run with 7° — Fall 2000; first charge particle
detection — March 2001.

Yuri Arestov, arestov@rampex.ihep.su

Single transverse asymmetries

1< pr1, pr2 <3.5 GeV/c in back-to-back
kinematics

J £dt = 2500nb™* /two months*

Two arms corresponding to the production at 90° in CMS
Two Cerenkov counters; ECAL; HCAL (trigger)
7+ at p=3+20GeV/c;

K*, p* at p=10+20GeV/c

RMS=4.5 MeV for ¢ meson

Ap/p=1.7-10"%p + 2-1073

currently the 2nd arm consists of ECAL only;
1st arm is assembled of magnet spectrometer,
five blocks of PC’, two C’s, ECAL and HCAL.

* — 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 1d

Invariant Mass Res.
Momentum Resolution

Vertex Resolution

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 < +/s < 500 GeV, 70%

J Ldt = 320pb~!/year at /5 = 200 GeV

J Ldt = 800 pb™!/year at /s = 500 GeV

Charged particles 2.0 << 2.0, 0<¢ <27
Electrons, photons —2.0 <n < 1.0, 0<¢ <27
Jets —1.3 <7 <03, 0<o<2m

EMC : electro/hadron, photon/n°

dE/dx(TPC) n/K : p< 0.6, K/P: p<12GeV
dE/dx(TPC+SVT) n/K : p< 0.8, K/P: p<15GeV
TOF n/K : p< 1.3, K/P: p<24GeV
RICH#/K : p<3, K/P:p<5GeV

RMS~ 16 MeV at 2 < p; < 10 GeV and at p° mass
Apr/p=1.5% at 0.2 GeV

Apr/p = 3.5% at 10 GeV

Az,y ~ 1mm, Az ~ lem
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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

http://www.ifh.de/hermes/future/

First Run in 2010+

Wolf-Dieter.Nowak@desy.de

Single and double longitudinal and transverse asymmetries
Pg =90% ,

N Hj;, polarization Pr = 80%, dilution f = 0.176

LiD, polarization Pr = 30%, dilution f = 0.44

E. = 250GeV, possibly’ also30...50 GeV

J Ldt = 100fb~* /year

5<6 <175 mrad |

ECAL, TRD, RICH

Ap/p = 0.5% |

Af = 0.3 mrad
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Some notation relevant to the workshop’s topics

Classification of transverse momentum dependent gquark distribution and frag-
mentation functions for spin-0 and spin-1/2 hadrons by P.J. Mulders:

DISTRIBUTIONS (T-even) DISTRIBUTIONS (T-odd)
chirality chirality
even odd even | odd
U fi U - hy-
twist 2 | L 91L hiz twist 2 | L | — -
T gi7 hi hir T| fir -
: U ft e [1] U - h
twist 3 | L gt hy 1] twist 3| L | ff er
Tlgrll] gr | br by T| fr | er
FRAGMENTQ};;%; U, L, T denote the hadron polarization state
even T odd All DFs depend on z and k.
U D, Jifa All FFs depend on z and &k
twist 2 | L e Hi Upon integration over k; only the functions
T Gir Dir H, HE in boldface remain, with a name change for:
. y D- B H 9(z) = [ Pky gir(z, kr)
twist 3| L Gt D3 E; H; Gr(2) = [ dky. Gy (2, Fp)
T|Gr Gf Dy |Er Hy Hf e TS BT

Other commonly used notation (often with flavor and/or hadron labels)

fi(=)
g1(z
(z)

N I A A A A A

g(z)
Ag(z)

q(z) Arq(z)
4(2) D}
ADE (2)

AﬁH/a [4]

[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 152 (79) 109): A’ for Ay ‘
Baldracchini et al. (Fortschritte der Physik 30 (81) 505): 92D for hy
Artru & Mekhfi (ZPC 45 (90) 669): A;jg(x) for Ay

See also Bukhvostov et al.; Efremov & Teryaev for more notation

Interference Fragmentation Functions:,

A. Bianconi, S. Boffi, R. Jakob, M. Radici, PRD 62 (2000) 034008:

Interference Fragmentation Functions
chirality U, L, T now denote the quark polarization state
even odd All TFF's depend on 21, 2, k1 and Ry
) U Dj - Upon integration over k, only the functions
twist 2 | L} Gy - Dy and HY remain
T - H: HY »

Other commonly used notation

Di(z1,20, Rp) —  dr(z) 5] ﬁ'l(z, ) 2]
H(z, 20, Rp) =~ 8G41(2) [5]  E(2,1) [2]

Spin-1 hadron DFs and FFs:

See Bacchetta & Mulders, hep-ph/0007120; ¢

For spin-1 DFs, see also Hino & Kumano, PRD 60 (99) 054018;
For spin-1 FFs, see also Ref. [2]
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Future Transversity Measurements

t

September 18-20, 2000
A RIKEN BNL Research Ce;lter Workshop
Brookhaven National Laboratory
Upton, NY, 119%73

Agenda

s =

Monday September 18

e e v ot

Morning Session (Large Seminar Room, Physics Bldg.510)
8:30 Coffee and Registration (Foyer, Large Seminar Room) l

9:30 - 10:40 Chair: Gerry Bunce

Welcome ‘ Nicholas Samios 10min
The First RHIC Machine Run o Thomas Roser 30min
RHIC Experimental Review Bill Zajc 30min

11.00 - 12:15 Chair: George Igo

Transversity: A Primer ; Bob Jaffe 45min
The RHIC Spin Program : Naohito Saito 30min
Afternoon Session (Room B, Berkner Hall)
14:00 - 16:00 Chair: Bob Jaffe
Azimuthal Asymmetries in Hard Scattering Processes l Piet Mulders 30min
Evolution of Transversity Distributions: '
Theory Update Yuji Koike 30min
Applications Shunzo Kumano 30min
16:30-18:30 Chair: Piet Mulders
Drell-Yan Muon Production at RHIC Marco Stratmann 15min
f
Pion Pair Production with Transversely Polarized Beams Werner Vogelsang 15min
Results on Azimuthal Asymmetries from DIS Experiments Wolf-Dieter Nowak  30min
Investigation of Single Spin Asymmetries in SIDIS 5 Karo Oganessyan 30min
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Transverse Single-Spin Asymmetries in Semi-Inclusive

Hadron-Hadron Reactions Elliot Leader 30min

Francesco Murgia

Single Transverse Spin Asymmetries in Hadronic Reactions 30min

11:15-12:45 Chair: Elliot Leader

Transversity Measuremgnts Using Spin One Hadrons Alessandro Bacchetta 20min

Why Interference Fragmentation Functions? Rainer Jakob 20min
Cglculatn_on of T-'odd Fragmentation Functions Marco Radici 20min
in Semi-Inclusive Processes
Afternoon Session (Room B, Berkner Hall)
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Production of Soft Pions in Hard Reactions Maxim Polyakov 30min
Status of Fragmentation Function Analysis at DELPHI Oliver Passon 20min
Collins Fragmentation Function from LEP Data? Daniel Boer 20min

16:30-18:00 Chair: Wolf-Dieter Nowak
Transversity at PHENIX Matthias Grosse Perdekamp 20min
Transversity at STAR Akio Ogawa 20min
Transverse Spin Program for PHOBOS and BRAHMS Sandro Bravar >0min
Transverse Spin at pp2pp Wlodek Guryn 20min

19:30 Workshop Dinner at the Dockside in Port Jefferson
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Wednesday September 20
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8:00-9:00 Breakfast (Room A, Berkner Hall)
9:00-10:45 Chair: Larry Trueman

Factorization in Hadron-Hadron Scattering ; George Sterman 30min

Chiral Odd Quark Distributions and Structure Functions f
in the Chiral Soliton Model of the Nucleon '

Transversity Distributions in the Large-N_c limit i Christian Weiss 30min

Leonard Gamberg 30min

11:15 - 12:45 Chair: George Sterman

A_NN in Elastic Proton Proton Scattering [ Larry Trueman 20min
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Afternoon Session (Room B, Berkner Hall)

14:00 - 15:30 Chair: Yousef Makdisi

RAMPEX: Probing Odd Chirality Yuri Arestov 20min
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