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Preface to the Series

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

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 seven Research Associates 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 first academic
year, 1999-2000. This program had increased to include ten theorists and one
experimentalist in academic year, 2001-2002. With recent graduations, the
program presently has eight theorists and two experimentalists. Beginning last
year a new RIKEN Spin Program (RSP) category was implemented at RBRC,
presently comprising four RSP Researchers and five RSP Research Associates.
In addition, RBRC has four RBRC Young Researchers.

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

The construction of a 0.6 teraflops parallel processor, dedicated to lattice
QCD, begun at the Center on February 19, 1998, was completed on August 28,
1998. A 10 teraflops QCDOC computer in under development and expected to
be completed in JFY 2003.

T. D. Lee
November 22, 2002

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



CONTENTS

S T L N TN LS 0 - TR

Introduction and Overview
Stefan Kretzer and Werner Vogelsang...........cccvovuvuiieneeiiiininennnnnnennn

Ay for Pion Production at RHIC and eRHIC
Barbara JAGEr .......c.oeuuiuiniiiiiiiiiiie e e e

Can the Polarization of the Strange Quark be Positive? And Why Does it Matter?
ElliOt LEAAET ... .....coovviiiiiiiei ettt e seiaere e

Generalized Parton Distributions in Light-front QCD
ASHItA MUKREFJEE. ... c.vevvvereeeeieeese ettt ettt e ee e vcrieneaans

Statistical Approach to Parton Distributions and Baryon Fragmentation Functions
Jacques SOffer........coovvviiiiiiiiiiiiiii e

The Relevance of Positivity in Spin Physics
Jacques Soffer..........coooiviiiiiiiiiiiiiii

Azrin NLO — A Status Report
Marco STAtMANI ..ottt e it ettt eaeaeesarsseereesssaseanannes

List Of PartiCiPants. ...veuuvrinenietiieerte it eet e e e et e et r e et e aenaneen
Additional RIKEN BNL Research Center Proceeding Volumes.............c.o.euenen.

Contact Information

15

29

43

59

73

83

85



THEORY STUDIES FOR POLARIZED pp
SCATTERING

— INTRODUCTION AND OVERVIEW —

In the past two runs of RHIC, the first measurements with polarized proton beams have
been performed. For many years to come, the RHIC spin program will offer exciting
physics, exploring QCD and the nucleon in new ways.

The aim of this small workshop was to attract several spin theorists to the center for about
two weeks, in order to collaborate with both experimentalists and theorists at RBRC, and
to initiate and/or complete studies of relevance to RHIC spin.

A major focus of polarized-pp measurements at RHIC is on measuring the spin-dependent
gluon density, Ag. A channel for accessing Ag is high-pr pion production. The unpolar-
ized cross section for this reaction has been measured by PHENIX and was found in good
agreement with a perturbative-QCD based (NLO) calculation. It was a remarkable and
exciting coincidence that PHENIX presented also the first results for the spin asymmetry
for pp — 7°X during this workshop. This sparked a lot of additional activity and discus-
sion. First steps toward the interpretation of the data were taken. Marco Stratmann and
Barbara Jager (Regensburg University) presented recent work on the NLO calculation
of the polarized cross section and the spin asymmetry, setting the stage for future full
analysis of the data in terms of Ag. Applications to €p scattering, very relevant to eRHIC,
were also worked out and published during this workshop. Stratmann also discussed the
procedure of NLO calculations for the case of transverse polarization in pp scattering.

In the future, RHIC will provide information on the precise flavor structure of the quark
polarizations in the nucleon, through parity violation in W-boson production. Our cur-
rent knowledge on the flavor separation comes so far from semi-inclusive deeply-inelastic
scattering performed by SMC and HERMES. The information gathered there is already
quite interesting, even though the systematic uncertainties are particularly large, as Elliot
Leader (Imperial College) pointed out. He critically reviewed the interpretation of the
data in terms of the polarized quark and antiquark distributions.

Jacques Soffer (CPT Marseille) gave an overview on positivity constraints for spin asym-
metries and other spin observables. This is of great usefulness for estimating spin effects
at RHIC. He also presented recent work on a statistical model for parton distribution
functions, leading to predictions that will be testable at RHIC.

Asmita Mukherjee (Dortmund University) presented her work on generalized parton dis-



tribution functions and deeply-virtual Compton scattering. Use of light-front QCD allows
for a systematic approach also to power-suppressed contributions. During the workshop
she also continued ongoing work with Stratmann on NLO calculations to pp — 7°X with
transversely polarized protons.

The workshop has been a great success. Significant advances have been made. We are
grateful to all participants for coming to the Center, and for their dedicated efforts relating
to RHIC-Spin. As always, the level of support provided by Prof. T.D. Lee and his RIKEN-
BNL Research Center for this workshop has been magnificent, and we are very grateful for
it. We also thank Brookhaven National Laboratory and the U.S. Department of Energy
for providing the facilities to hold this workshop. Finally, sincere thanks go to Pamela
Esposito for her invaluable help in organizing and running the workshop.

Stefan Kretzer and Werner Vogelsang
RBRC, September 2003



App in Pion Production at RHIC ! and eRHIC?

Barbara Jager

Institut fiir Theoretische Physik, Universitit Regensburg, D-93040 Regensburg, Germany

We present a calculation for single-inclusive large-pr pion production in col-
lisions of longitudinally polarized protons in next-to-leading order QCD. We
choose an approach where fully analytical expressions for the underlying par-
tonic hard-scattering cross sections are obtained. We simultaneously rederive
the corresponding corrections to unpolarized scattering and confirm the results
existing in the literature. Our results allow the calculation of the double-spin
asymmetry Ayy, for this process at next-to-leading order, which is used at BNL-
RHIC to measure the polarization of gluons in the nucleon.

In the second part of the talk a complete next-to-leading order QCD cal-
culation is shown for single-inclusive large-pr hadron production in longitu-
dinally polarized lepton-nucleon collisions, consistently including “direct” and
“resolved” photon contributions. This process could be studied experimentally
at a future polarized lepton-proton collider like eRHIC at BNL. We examine
the sensitivity of such measurements to the so far completely unknown parton
content of circularly polarized photons.

lin collaboration with A. Schifer, M. Stratmann, and W. Vogelsang [Phys. Rev. D67 (2003), 054005]
%in collaboration with M. Stratmann and W. Vogelsang [hep-ph/0309051] -
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- e higher order corrections
| often large, e.g.:

— prompt photon production

— heavy flavors

e closer to experiment

(more realistic final state)

e test of perturbative QCD

~ Need for Higher Order Corrections

BeyondQCD

thorough understanding of

QCD background

open up ways to search for
signatures of new physics



Partonic Cross Section

| LO and NLO contﬂbutmns

. LO o) g g
“e all possible tree diagrams for E \ % 3 ”:g
10 elementary 2 — 2 processes: |
¢ — ¢X, 9@ — ¢X, §m< %ﬂ
19 — ¢X, — qX,
A NLO-0(a?)
qq¢ — qX, q7 — gX,
| | e . e virtual corrections to all 2 — 2
99 — gX, gg —>qX - e 2 — 3 diagrams for these and

6 additional processes:

>”"< H 9@ — 9X, q@ — gX,
qq9 — 9X, q9 — q¢X,
W >”“< 9 — 74X, q9 — X
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pp — X
~ Single Pion Inclusive Cross Section

input at v/S =200 GeV =
(RHIC c.m. energy):

scales: , = puf = iy = pr

unp. pol. 106;5
- LO: CTEQ5L GRSVstd.(LO) -
| KKP(LO), ag at one loop 104f

d(A)o /dp; [pb/GeV]

U b s e D - e s TR —

NLO: CTEQ5M GRSVstd.(NLO)
KKP(NLO), ag at two loops

102

“K-factor”: K = d;@;’;?

“measure” for importance of o L _
- NLO corrections | 0 5 0 pp[Gevy B




pp — X
~ Recent Results from PHENIX

E*d’s/dp°® (mb-GeV2c?)

Aclo (%)

(Data-QCD)/QCD

| ~ data taken from p + p collisions
} prENx Data  during run-02 (hep-ex/0304038):
— KKP NLO | |
""" Kretzer NLO a) data points and NLO predic-
tions for unpolarized differen-
...... tial cross section E™(d3c /dp3)
= ————————— b)relative  statistical  errors
e { - (points) and systematic errors
= . - (bands) of data
- c) | ‘
= ¢, d) relative difference between
- : 7 data and theoretical predictions
5 1'0 15



pp — wX

01

T T T T T T T T T T =]

dAG / dp, [pb/GeV]

recall: motivation
NLO corrections expected to

reduce dependence on

unphysical scales

l

study variation of scales
in typical range

pr/2 < pr = py = py < 2pr.
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pp — X
0 .
. A%, ... surprise?!
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statistics required
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Photoproduction of Inclusive Pions

vp — X

~ = %

S + -

O—= O—

e predictions for eRHIC

... gaining info on parton
content of the polarized photon
(completely unmeasured so far)

e LO results promising
(Stratmann, Vogelsang)
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. Double Spm Asymmetry AT,

... defined by I | ]
. dAc  do™t —do™T 0.02 L —
LE™"do = dot+ +do— N
e assume Ag sufficiently known max. sat. Y

| | 00 - y min. sat. Y i
l ' -0.04 ) L | -
sensitive to A f7 at N ' 1 " Mgy

large positive rapidities data should yield

- e expected experimental errors information on A f7
at eRHIC (P = 0.7): even at rather low
1 luminosities

GAT ~ PP Lo (estimate for,C =1fb1)



CAN THE POLARIZATION OF THE STRANGE QUARK BE POSITIVE?
AND
WHY DOES IT MATTER?

Elliot Leader
Imperial College London

The HERMES analysis of their SIDIS data suggests a strange quark polarization
marginally positive for medium values of Bjorken-x, whereas all previous analyses of
INCLUSIVE DIS have found a strange quark polarization significantly negative.

We argue that it is “almost impossible” for the first moment of the strange quark
polarized density to be positive. And we explain why the resolution of this question is so
crucial.

15
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Generalized Parton Distributions
in Light-front QCD

Asmita Mukherjee
(Dortmund University)

Introduction

Light-front Hamiltonian QCD : Motivation and
general aspects ’

Twist two GPDs

Twist three GPDs

Wandzura-Wilczek type relation

Quark mass effect and genuine twist three

Summary and discussions

In collaboration with M. Vanderhaeghen
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Generalized Parton Distributions in Light-Front QCD

A. Mukherjee®
¢ Theoretische Physik IV, Universitit Dortmund, D 44221 Germany

Abstract

We investigate the twist-two and twist-three generalized parton distributions in light-front Hamil-
tonian QCD for a massive dressed quark target. Working in the kinematical region ¢ < z < 1,
we obtain the splitting functions for the evolutions of twist-two quark and gluon distributions in .
a straightforward way. We discuss the helicity sum rule for a dressed quark. For the twist-three
distribution, we find that all contributions are proportional to the quark mass and thus the twist-
three distribution is directly related to the chiral symmetry breaking dynamics in light-front QCD.
We also show that the off-forward Wandzura-Wilczek relation is violated in perturbative QCD for
a massive dressed quark.We calculate the quark mass correction to the WW relation in the off-
forward case and show that it is related to hi(z) in the forward limit. We extract the ’genuine
twist three’ part of the matrix element in the forward caée and verify the Burkhardt-Cottingham

and Efremov-Leader-Teryaev sum rules.

30



Motivation
for using Light-front Hamiltonian QCD

e VWave function representation of relativistic bound
states . problems due to quantum fluctuations and
Lorentz boost to another frame.

e Light-front : boost generators are kinematical,
quantum fluctuations : absent.

e Hadrons are expressed in terms of boost invariant
multiparton wave functions.

e A 'field theoretic parton model ' : the partons are
massive, on-mass-shell, interacting, have non-zero trans-
verse momenta.

e In light-front gauge, constrained fields are removed.
Dynamical fields — fermion field and the transverse
gluon field.

e Unitarity is manifest.

31



Light-front Bound State Equation

Hadronic bound states can be expressed in ’terms of
Fock space components

/
| PT PL ) = Z/dwideil[n,xiP"',a;iPi—l—fi;-L,)\i)
n,A
DA (x4, k35, ).

L L Lo _ L
ks =pr—x P Y wi=1,> .k =0.

The states obey the bound state equation
' (PJ_)2+M2
P+

Hadron wave functions do not depend on proton mo-
mentum P, P,

P | P = | P, \).

Restrict oneself to fixed-particle sector (boost invari-
ance). |

32



Generalized Parton Distributions

e Universal non-perturbative objects that enter in the
description of hard exclusive electroproduction pro-
cesses. ’

e Contain a wealth of new informations on the nucleon
structure.

e GPDs : inbetween form factors and parton distribu-
tions.

Form factors — off-forward matrix elements of light-
cone local operators. |

Parton distributions — forward matrix elements of light-
cone bilocal operators.

GPD s — off-forward matrix elements of light-front
bilocal operators.

o Moments of GPDs over parton momentum fraction
z . Form factors.

Forward limit : parton distributions.
e Extensive theoretical studies; being probed in on-

going experiments - HERMES, H1/ZEUS, JLab and
Compass.

33



GPDs in Light-front Hamiltonian QCD

‘ d +
Fh = / 87; "”"”<P/\'|w<———>v+¢<—>|P/\>
+

= EUX(P )| Hy(@ 6,07 + Eq(a‘:,s,ﬂm—} UA(P),

_ dz~ TPt
o= PN | (= —)'Y+75¢( ) | PA)
87r
1 _ ~
— _P’_'l_‘U)\’(PI) {Hq(x7€7t)7+75

5 -+
- > A
+ E,(x, &t
q'( &) 2M

|,

pr=EEE momentum transfer A* = P¥ — P*,

P, =-P =%t

At

Skewedness { = —2%.

Without any loss of generality, we take £ > 0.

UA'(P) is the fermion spinor in light-front representa-
tion.
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Twist-two GPDs

Pt = \/1——52[@15(1—@

+Z/ 231)\( —€’QL+1—€—2AL)

31,32,

NN PRI (

et

Jacobi momenta z;, ¢;t;

Light-front wave functions, 1 = ¢1, o = ¢V PT.

Normalization of state :

Yo related to 1 through light-front QCD Hamiltonian;

i IR ¢ ) 1 g
Va0 0) = e T sy Taany
x5, [21(1; + 5:&% |
— sm&+ L w)}XJG**@bl
ol =02 and 62 = —¢!
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Using normalization of the state and the relation be-
tween the light-cone wave functions

o= /1 -—52[5(1 — 7))+ szog%j( 5(1 — 7)
(14z —252) )]
(1-2)4(1-€2)/1

_I._

Splitting function:
_ 1422 —2¢2
qu 2
(1 —z)4+(1 -—S )

Forward limit :

' As 2 —
H(z,0,0) = %[5(1 —z) + Zcflog% @5(1 — )
(14 22)
t (1 -5)+>]'

Used light-front quark spinors.
g1(=, Q%) for a dressed quark in pet m?batge theory.

Helicity flip terms — suppressed contributions.
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Helicity Sum Rule

Light-front helicity operator expressed in terms of dy-
namical fields in light front gauge has the same form
as in the free theory.

Dynamical fields taken to vanish at the boundary :
topologically trivial sector. ‘

— 3
J3 JfZ-I_JfO_l_JgZ_I_ 507

J3, = / de~d?zctyp T (210% — 21 )y,
1
J]‘f’i = —Q—/dw_dzmj‘zp_l'fzg’gb_",

1
J3 = 5 / de~d?zt [zt (0T A2 A2

go

+OTA20%A4%) — 22(9TAOT AL + T A%0 A?)],

T3 = _;. / de~d?zt(A0T A% — A%9T AY).

) |
/ dZTH,(%,0,0) ~ =1-_"Cslog"5-
0

2 2 |
= (BTG | P) + AP TF, | B,

! Q
/ dzZH,(%,0,0) = —Cjlog—=—
0 27'('

2 2 |
= AP g | P1) 4+ (PTG, | P,

1
| dma(2,(5,0,0) + 1,(5,0,00) = (.1 25° | PY) =1
0
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Investigating Twist-three GPDs

dz~

ATHPN | (-7 () | P,

Light-front gauge AT = 0. 'Operator involves con-
strained field :

0% = F=Ir B
Bl A G e O R G L A

In terms of the dynamlcal flelds.
O*° = 0y, + O + Oy,

oL = m¢Tm_+q> i m<za+ c|>T>cl>
oL = <1>T(—£)(—(92 + 730331) -591+¢(Z;)
[(az +i030") =+ ch(-——)}cb(—)
oL = T(__) —(i4% + 03A1)<I>(—)
+9 [_z-la+ ¢*<—?>(""42 oAb,

P is the two-component fermion field.

38



Transversely polarized state

LR S DL R 1),

kT kTt st =
| =7

— :ﬁ:m}g,

Contributions to the matrix element (§ <z < 1): Mass
dependent part

~

Fi = 2[5 -2iv:

+3 [ et i Com e —5ah)

0,0’

T+ ¢ L)]

xho xawz( s

= & mwm[m—w)

o 2 z(x — 2¢2) |
+ Zcflog% ((12— 5)(522i 52)>] ’

Transverse momentum dependent part

AL = —z;/cﬁ U T A
TR £52
+Z/ et A
Xl(aq) albz( P

P+ g 2__,52’
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Using the expression of o

F]i — C’flo Q—:Zﬁ
P+ \/—52— [2 27
(1—-2)(z° + 52 + 2z£2)
(z2 -€2)(1—-¢2)
Contribution from the interaction dependent part of
the operator

5(1 — %)

pr2mpt /1 — ¢2
Total contribution :

~ 1 m 1 2

BT \/1__5[5(1 —z)+ C'flog;——2—<25(1 — )

1+2%(1 - &) —7° )]
(1 -7)4(1 —¢£2)
------ » All terms proportional to m.

s Used normalization of state.

---------- » NO singularity at x = &.
A. Mukherjee, M. Vanderhaeghen, PRD 67, 085020 (2003).
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Summary and Discussions

s Discussed GPDs in terms of overlaps of light-cone
wave functions in light-front gauge.

e Tool to investigate higher twist : operator interac-
tion dependent.

e Interrelations between different Fock components of
light-cone wave function.

e Simpler state : dressed quark/gluon in perturbation
theory.

e Twist-three off-forward matrix element : contribu-
tions due to quark mass, quark transverse momentum
and quark-gluon interaction are explicitly calculated.
e Quark mass : important.

¢ Studied WW relation in the off-forward case and the
'genuine twist three' contribution.
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STATISTICAL APPROACH TO PARTON DISTRIBUTIONS AND BARYON
FRAGMENTATION FUNCTIONS

Jacques SOFFER!
Centre de Physique Théorique
CNRS Luminy Case 907
13288 Marseille Cedex 09 France

Abstract

A global next-to-leading order QCD analysis of unpolarized and polarized structure func-
tions, extrated from deep-inelastic scattering data, is performed with parton distributions con-
structed in a statistical physical picture of the nucleon. The chiral properties of perturbative
QCD imply strong relations between quarks and antiquarks distributions of a given flavor, which
. are characteristic of this statistical approach. It leads naturally to the Pauli exclusion principle,
whose importance is also emphasized, namely d(z,Q?) > 4(z,Q?), which results from the fact
that the proton contains two u quarks and only one d quark. We obtain a good description, in
a broad range of z and Q?, of all measured structure functions, F2"™(z, Q?), zF¥" (z,Q?) and
g’f’d’"(m, ()?) in terms of a rather small number of free parameters. Forthcoming experiments at
RHIC-BNL, in particular pp — W, are sensitive tests of the statistical model for the behavior
of the d(z)/u(z) ratio for > 0.2 and for the magnitude and sign of A#i(z) and Ad(z). We
expect Az(z) > 0, Ad(z) < 0 and Aw(z) — Ad(z) ~ d(x) — @(x). This new set of parton distri-
butions is also used to make predictions for the charged current structure functions measured at
HERA by the H1 and ZEUS Collaborations and also for comparing with very recent RHI-BNL
cross section data on 70 inclusive production from the STAR and PHENIX Collaborations.
Finally, we discuss briefly the extension of this framework to the description of the unpolarized
fragmentation functions of the octet baryons, using semi-inclusive deep inelastic scattering and

ete™ collisions data, which allows some flavor separation.

'B-mail: soffer@cpt.univ-mrs.fr
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Polarized Distributions

Quarks:
T he densﬂ;y functlons are g1ven by

ETeE Xou)/x} 17 eoplE 1
AXg zb 4 Azb
exp[(z — Xg,)/Z]+1  exp[E]+1
AXGa . Ax?
expl{z — X3)/z] +1 " explZ]+1
AXgab + Az
expl(z — Xo)/3] +1  explE]+1

zu () =

zdt(z) = (3)

zd™(z) =

(4)

= 1.74938 | (5)
£ 0.40962 £ 0.00438%) (6)
0.09907 = 0.00110) (7)
0.46128 =+ 0.003380) ' (8)
0.29766 = 0.00303%) (9)
0.22775 + 0.00294%) (10)
0.30174 % 0.00239¢) (11)
= 008318 £0.00157%) (12)
(= 025MTL0008I8T . T e (1)

+ o8 e >
I

w
)

c!x:
Il

D

~
\
o

note:
The temperature 7 is identical for quarks, anthuarks and gluons.

1¥alues marked with an asterisk are free parameters of the model. The input scale is
Q2= 4GeV?, and A(MS) = 300MeV. The evolution is performed at NLO
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Antiquarks
The density functions are given by:
A 5 A b
7*(x) = o= : o2 (14)
(17)
A = 1.90801 (18)
b = 2b = 0.81924 , - (19)

z5(z) = z3(z) = 3(zu(z) + zd(z)) - Yoon kNOWLENEE H )

zAs(z) = zA3(z) = H(zAd(z) — zAE(z)) MAKE Tl Choles
Gluon
be
2G(z) = ﬁ‘:‘z (20)
Ag = 14.27535 : (21)
b = 1+b=0.74653 (22)
" 2AG(z) =0 at Qi = 4GeV2 (23)
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THE RELEVANCE OF POSITIVITY IN SPIN PHYSICS

Jacques SOFFER!
Centre de Physique Théorique
CNRS Luminy Case 907
13288 Marseille Cedex 09 France

Abstract

We will emphasize the importance of positivity in spin physics, which allows to derive non-
trivial model independent constraints on spin observables. These positivity conditions are based
on the positivity properties of density matrix or Schwarz inequalities for transition matrix ele-
ments in processes involving at least two particles carrying a non-zero spin. We will illustrate
this important point by means of several examples chosen in different areas of particle physics,
in particular:

- Total cross sections in pure spin states

- Two-body exclusive reactions

- Polarized deep inelastic scattering

- Quark transversity distributions

- Off-shell gluon distributions

- Transverse momentum dependent distributions
- Single-particle inclusive reactions

- Polarized fragmentation functions

- Off-forward parton distributions

'F-mail: soffer@cpt.univ-mrs.fr
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Figure 2: The asymmetries Ay for proton and deuteron for this experiment (E155) with
data from all spectrometers averaged (Table 1). The errors are statistical; the systematic
<. : “ o [ o . 4y
errors are negligible. Also shown are the data from SLAC E143.[7] and SMC[6]. Our A}
calculation is shown as the solid line and the /R positivity limit is shown as the dotted
N - '7 . . . X X i
curve. evaluated at the average Q* for this experiment at each .
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BNL spin discussion
09/09/03

A1t In NLO - a status report

Marco Stratmann

Univ. of Regensburg §--l

work done in collaboration with A. Mukherjee
and W. Vogelsang
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Arr in NLO - a status report?

Marco Stratmann

Institut fiir Theoretische Physik, Universitdt Regensburg, D-93040 Regensburg, Germany

We present a next-to-leading order QCD calculation of the cross section for iso-
lated large-pr prompt photon production in collisions of transversely polarized
protons. We devise a simple method of dealing with the phase space integrals
in dimensional regularization in the presence of the cos(2®) azimuthal-angular
dependence occurring for transverse polarization. Our results allow to calcu-
late the double-spin asymmetry Al for this process at next-to-leading order
accuracy, which may be used at BNL-RHIC to measure the transversity parton
distributions of the proton.

lwork done in collaboration with A. Mukherjee and W. Vogelsang [Phys. Rev. D67 (2003), 114006]



ATT at RHIC

F =v, jet, pion, W, ...

doP'P' — doP'P’

- ~ab—FX'
AT = do?'?" 4 doP'P > Z.‘Sf“ @ ® 9T
a,b pQRCD.
on the menu:
N _
e Drell-Yan process Ralston, Soper; Ji

- +
Cortes, Pire, Ralston; Artru, Mekhfi; Jaffe, Ji
- most suited process: no gluons in LO

- NLO study: meas. suffers from limited ,ui acceptance

nevertheless, appears feasible
Martin, Schafer, MS, Vogelsang

L . _
e high-pt prompt photons, hadrons, jets }jﬁ

. A+t small due to absence of g'¢g" and ¢'g" processes

. sizable rates — statistics sufficient even if A+ small
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LO results assuming dq(z, o) = = [q(z, po) + Aq(z, po)]
Soffer, MS, Vogelsang

p'p!T — jet X Pt =X
STAR PHENIX
0.02 T T T I T L) v l_", l T T T 0.02 1 L) T Ll I L) T T T I T T L} T
200 GeV. v | Mi<035 200 GeV |
Al-jet A'IT r \/_ -
T | S
0.0l s 500 GeV ]
0.01 - Vs - i
500 GeV| 0 } I | I ] ]
0 7 1 I
H J L 1 d
1 500 Gev. 800 " oo | 1 500GeV. 80050 ]
{1 200Gev, 320 pb | £ 200GeV,320pb"
S T Y AR R T | |:.| -: | I R R T N . ] 1 L | L] 1 L 1 I ]
0 20 40 60 30 100 0 10 20 PT[GEV] 30

prlGeV]

however, NLO QCD corrections are in general a must:

(scale dependence, ... ) s Barbara’s talk

further motivation for NLO: *technical challenge”

. general paucity of NLO calculations with transverse spin
(until recently: NLO only for incl. DY and evol. kernels)

- provide and apply a feasible technique
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Why transverse spin is more complicated to handile:

long. polarization: spin aligned with momentum v

trans. polarization: spin = extra spatial direction

+> non-trivial azimuthal dep.

d3s d?§
always of the form A cos(2d) ( - 7
dprdnd® dprdn

— ¢ integration not appropriate

| but standard NLO techniques rely on integrations over
full azimuthal phase space plus use of particular

reference frame f Gottfried, Jackson

—

= difficult to deal with azimuthal angle

(in particular, in d = 4 — 2e dimensions)
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recent progress:

NLO corrections to plpl — ~X
A. Mukherjee, MS, W. VVogelsang

key point: ¢-dep. always kesults from covariant expression

F (50 50) = o |2y 52) 0y 30) + o (50 1)
= co0s(2¢) in hadronic c.m.s.
= use F to project out & covariantly
LO example: gqg — ~vg

’\/\,\,\[\/\’ 2) ¥

Pas Sa

Pa*Sa = pp-8p = O

2 _ 2 —
Sy = 55 = —1

Pbs Sb

’U‘om

matrix element [use u(pa, Sa) U(Pa, Sa) = 2P, [1 + v5fal, - - . ]

O|M|c =
M = (eess)” T

2(]37 S(t) (p’\/ Sb) -+ ”’(Sa Sb)

project with F:

1 4C g
= [ 492, P, s M = (ceng)? S5 = B1MP)
T | N¢
terms involving Dy 8a, Py Sy Can be integrated “covariantly”
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easily generalized to NLO calculation in d dimensions:
(1) multiply any §|M|? with F(p, sa, $)

(2) integrate all resulting scalar products with s,

for example: [up to O(e)]
| > N2 t2u” 2, 2.0
dS2y (py - 8a) (py - sp)° = [ dS2y Sa2 12(sa - s1)° + sisi)

(3) arrive at a structure similar to an unpol. |M|?
(4) employ standard techniques for phase space integr.

(5) restore ¢ dependence afterwards

remarks:

e cancellation of divergencies proceeds as usual
— Barbara’s talk

e at colliders, impose “isolation cut” on photon:

typically, demand Epyg < € B,

in \/(A¢)2+ (An)2 < R

e for isolation with ¢ o« (r/R)? one can eliminate
the fragmentation component altogether Frixione
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results for pTp! — +X:

e improved scale dependence

e reasonable “K-factors”

f—
-}
T T v

Inl <0.35

T Illlllll T IIIIIIII T Illlllll

————— VS =200 GeV
VS =500 GeV

IIlIIIIIllIIIIIIIIIIIIIIIIIl

1111 I 1.1 11 l L1 L 1 IIIII 1 IIIIIIII 1 Illlllll 1 IIlIlIII 1 IIII|II| 1 llllllll 1 IIIII]II [ AN

A. Mukherjee, MS, W. Vogelsangd
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results for Ay :

0.02 : |
Ay i nl <0.35 e - _
B VS =200 GeV -
0.01
0! P ]
T
} 500Gev,800pb"  —— NLO
§ 200GeV,320pb”  ----- 1.0
001 Lm0
0 10 20 30
pr [GeV]

A. Mukherjee, MS, W. Vogelsang

work Iin progress:

e half-way through with pTpt — 7 X

o future: plpl — jetX ...
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