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Preface to the

Series

1‘D

_ The RIKEN BNL Research Center was established this Aprﬂ at Brookhaven National Labo-
rator‘y. LL lb 1UIlUCU Uy l,[lC x\u&aganu I\CIlebIlU \IIlbLllUlC Ul FI]YSICEII dIlU LIICIlllbdl KCderLIl}
of Japan. The Center is dedicated to the study of strong interactions, including hard QCD/spin
physics, lattice QCD and RHIC physics through nurturing of a new generation of young physicists.

For the first year, the Center will have only a Theory Group, with an Experimental Group to

be structured later. The Theory Group will consist of about 12-15 Postdocs and Fellows, and plans

to have an active \71c1hnn Scientist prooram. A 0.6 teraflop parallel processor will be r\nmnlprpd at

AVAILISL pUU s Al £ VP paiaiiia

the Center by the end of thlS year. In addition, the Center organizes workshops centered on spec1fic
probiems in strong interactions.

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 a proceedings, which can therefore be available
within a short time.

Thanks to Brookhaven National Laboratory and to the U.S. Department of Energy for providing

the facilities essential for the completion of this work.
.T.D. Lee
July 4, 1997

This manuscript has been authcred under contract number DE-AC02-98CH10886 with the U.S. Depart-
nment of Energy. Accordingly, the U.S. Government retains a non-exclusive. royalty-free license to publish or

reproduce the published form of this contribution. or allow others to do so. for U.S. Government purposes.
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INTRODUCTION

This volume archives the presentations made at the joint RIKEN BNL
Research Center workshops on “Predictions and Uncertainties for RHIC
Spin Physics” and “Event Generator for RHIC Spin Physics III - towards
precision spin physics at RHIC”, held in March 2000 at BNL.

The RHIC spin physics program will start in early 2001. RHIC-Spin
will be the first polarized-proton collider and will thus represent a new and
unique laboratory for studying the spin structure of the proton. There are
important further applications of RHIC-Spin, among them the search for
physics beyond the Standard Model. The RHIC spin program will mark
a completely new era of spin physics and hadron physics because of its
high energy, high luminosity, and high polarization, and because of the
versatility of the machine.

Given the proximity of the commencement of the RHIC spin physics
program, it seemed timely to critically review our ability to make theoreti-
cal predictions for spin physics at RHIC, and to identify and study sources
of major uncertainties and so far unsolved problems. A solid theoretical
framework will be crucial for extracting the quantities of interest from fu-
ture data! These were the motivations for the workshop on “Predictions
and Uncertainties for RHIC Spin Physics”.

Making the link between experimental data and theoretical concepts
would be impossible without an advanced machinery of Monte Carlo event
generators. Only with the help of event generators is it possible to analyze
and interpret data, and to compare them to the theoretical predictions. It
was already realized several years ago that special attention is required in
order to design event generators specifically adapted to spin physics. This
led to the origin of a series of workshops on “Event Generator for RHIC
Spin Physics”, the third of which is also summarized in this volume.

It turned out to be very felicitous to hold both workshops at the same
time. This led to an enormous amount of interaction and of exchanges
of ideas among the participants and created new collaborations. We are
grateful to all participants of the workshops for their valuable presentations
and discussions. We believe that it will be very heneficial for the RHIC
spin physics program to repeat this combination of workshops in the near
future.



The level of support provided by the RIKEN BNL Research Center was
magnificent, and we are very grateful to Prof. T.D. Lee and the Center.
Larry Trueman has been instrumental in initiating the workshop “Predic-
tions and Uncertainties for RHIC Spin Physics”. We also would like to
extend our gratitude to Brookhaven National Laboratory and to the U.S.
Department of Energy for providing the facilities to hold this workshop.
Finally, we would like to express our sincere thanks to the secretaries of
the RIKEN BNL Research Center, Tammy Heinz and Fern Simes, for their
invaluable help in organizing and running the workshop.

Jianwei Qiu (Iowa State University)

Naohito Saito (RIKEN / RIKEN BNL Research Center)
Andreas Schafer (Universitat Regensburg)

Werner Vogelsang (RIKEN BNL Research Center)

RIKEN BNL Research Center
September, 2000.



Predictions and Uncertainties for RHIC Spin
Physics

and

Event Generator for RHIC Spin Physics, IT1

J. Qiu®, N. Saito’, W. Vogelsang®

¢ Department of Physics and Astronomy, Iowa State University, Ames, IA-50011
® RIKEN-BNL Research Center, Brookhaven National Laboratory, Upton, NY 11973-5000

1 Spin-Dependent Twist-2 Parton Densities and Their
Measurement

polarization quarks gluons

—

unpolarized |q=qt +q; = q1 + q# g=gl+g;

long. polarized Aqg=qf —q; Ag =g —g:
transversity d0q = q1 — q# —

Table 1: Compilation of quark and glion parton densities including spin-dependence. We have
suppressed the ublquitous argument (i, ;%) of the densities. For brevity we have also omitted
a colummn for antiquarks ¢. which would have an identical structure as the quark column.
Labels +. = denote helicities. and 1. | transverse polarizations. Subscripts refer to partons and
superseripts to the parent hadron.



1.1

Aq, Ag:

at fixed target energies gives information only on
Aq + Ag, and here mainly on up and down flavors

.

ps doing fits to polarized

. numbe oing fits to pola DIS data
is much 1arger than in the unpolarlzed case | (see talk by M. Stratmann).
The main reason for this is that the ‘spin crisis’ established by the EMC and

subsequent experiments has been a particular motivation for performing
analyses of polarized DIS. The large number of groups workin

O

mber ne on fits to
e

polarized DIS reflects the importance, excitement and topicality of the
spin physics field. Also, more than in the unpolarized case, the choice of
factorization scheme for the NLO parton densities has been an issue, due
to a peculiar feature of polarized DIS, namely the appearance of the axial
anomaly, which people have treated in different ways in their analyses.

Finally, from a ‘technological’ point of view, the large number, and high

3 ot o R +h A [P PN v\‘r-rr\rl oo ~ ] tThs Famd 4ot Laras 4 a
pI‘GClSlOu, uf dau p(‘u its n LC UNpo1arized case, ana uie ract tnat nere the

information on pdfs comes from very diverse sources, like DIS, hadronic
collisions, ..., means that a lot of ‘machinery’ of codes is needed to be

*)
able to fit H data sets simultaneously (see talk by Wu-Ki lung) In the
pgla‘flu ed case. we esser 1—12]1\7 OL] have DIS data V"h‘ ch

a
WSy \_/uu 1vailua v LLJ.\AJ.L u

handle in fits, even at NLO.

the various analyses in the polarized case extract rather different results
concerning some key spin quantities, such as the first moments of AY
and Ag. Partly this is a genuine feature of the data, which simply do

~t 3 + +1<r +hs Alatad A fFarin
urate d| uer“ﬁl'lauIOFS pariry this is related to difterin 1g

assumptions and approaches made in the fits. Need to have better ways of
handling uncertainties, both experimental and theoretical, in the analyses.
in order to understand then nnpact on thc extracted dlstrlbutlons and

other quantities. First steps i

A o VA "- ]] YYY ™

f\v-r\ ano
11uUu a11 111U1C auvo

Uil vlivivi SR VAR

b |
see talk by Wu-Ki Tung).

question is (in view of RHIC starting up): what do we already know, and
how well do we really know 1t7?

will set up web page to coordinate efforts in fits of polarized DIS data

4



e semi-inclusive DIS, as done at SMC and HERMES, is one approach to
obtain information on Ag, Ag separately

o RHIC will extend our knowledge in a totally different way through

— W* production, e.g., ud — W+
— Drell-Yan dilepton production

{amm 401l Tacr A Moo ccrs
\bt:‘t) Ldlk DYy A. Ug)(in,}

e work underway aiming at a better theoretical description of these processes:
soft-gluon ‘k7’ resummations (sce talks by P. Nadolsky and C. Balazs)

1.2 Ag:
e Ag key quantity in our understanding of the proton spin

e so far, only little information from ep scattering:

— scaling violations in
lever arm in @? is not big

— reactions that could serve for a more direct determination of Ag, such
as the photoproduction process Yo — h*h~ studied by E155 and HER-
MES (where h* are charged hadrons at large transverse momenta),
presently suffer from the fact that the accessed transverse momenta
are in a region where the applicability of perturbative QCD is at least
questionable (see talk by D. de Florian)

e at RHIC, various reactions very promising :

— prompt photon production, pp — vX

* supposedly clean signal through electromagnetic probe of QCD
hard scattering

% sensitivity to Ag through QCD Compton subprocess qg — vq
qq — -yg competes but, in particular for pp scattering, is subdom-
inant unless polarized gluon distribution is very small

* however, need to understand better ‘fragmentation’ (or ‘brems-
strahlung’) component (dilutes signal; see talk by J. Owens)
cannot presently be calculated at NLO in polarized case !

* photon-isolation cuts will be implemented in experiment (see talk
bv A. Bazilevskv); several choices possible

5



making progress on Monte-Carlo studies for this reaction
(see talks by O. Martin and J.C. Collins)

currently biggest problem: in unpolarized case, no satisfactory

agreement of theory with most recent and most precise data sets
(see talk by J. Owens)

situation worst in fixed-target region; at collider energles agree-
ment better, but not satisfactory

QCD soft-gluon effects, in terms of joint threshold and k7 resum-
mations, have the potential of curing the problem. Still further
work needed (see talk by G. Sterman)

RHIC will add valuable new information — even in the unpolarized
case | Will reach the highest energies ever in pp collisions

— jet production, high-pr hadron production

*

*

X

smaller asymmetries than for prompt photons

however, much larzer rates and hence better resolution

q@nmhv]’rv to /\n Hﬂmmh gg and qg scatterin ng reactio

its potential relies on ability to describe jet productlon in theory
NLO calculations done; show, among other features, strong reduc-
tion of scale dependence (see talk by D. de Florian)

in unpolarized case, NLO calculations work extremely well

(see talk by Wu-Ki Tung)
STAR’s large angular acceptance is advantageous for jet studies

as a jet surrogate, one can also consider high-pr hadron producgion,
pp — 7X; better suitable for PHENIX experiment
(see talk by Y. Goto)

same subprocesses as for jets; however, in addition, have depen-
dence on hadron fragmentation function (known reasonably well
from ete™ experiments, should anyway be unproblematic for spin

asymmetries)

NLO calculation of hadron production in polarized case still needs
to be performed !

— heavy flavor production, e.g., pp — QQX (Q = ¢, b)

*

*

*

sensitivity to gluon through gg — QQ channel
qq — QQ competes. but expected small, in particular for pp

optimization of future measurements currently under investigation
{sce talk by H. Sato)



iAd

polarized case, photoproduction ¥y — QQ already done; shows
that knowledge of the corrections is crucial
(see talks by I. Bojak and M. Stratmann)

* full NLO QCD corrections will become available very soon for the

»*

while theoretical description of tharm in DIS is very successful
(see talk by J. Smith), there is no good agreement between data
and theory predlctlon or bottom production at the Tevatron the

* however, their production mechanism not understood in theory
yet. For instance, we have two very distinct approaches, the color
evaporation model and NRQCD. They both have thelr successes,

but recent Fermilab data on T//)/y nolari on contr

a

A v E A N et A WL ARALXACVRS LA UL AN U/ t’\JLwL U AV N L1 va

tions from both models. Problem for spin asymmetrles, or would
they help to shed light on the issue?

— Drell- Yan dllepton productlon at high qp of the pair

* at pair transverse momentum gr = 0: dileptons from annihilation
q7 — IT17. At gr # 0: subprocesses same as for prompt photon
production, except that the photon is virtual and decays into the

lepton pair

+ hence condtive ~ A Sy
* hence sensitive to Ag through qg — v*q
n 0

* supposedly cleaner: no fra

B
o
=
-
5y
S
=

* a lot of well-established theory machmery

* downside : event rate much reduced as compared to prompt pho-
tons, up to 2 — 3 orders of magnitude — hard to afford at RHIC
* luminosity upgrade would be required

e eventually, ﬁeed determinations of Ag from different channels, to check

muti al ~rAnail ,\ |
nutuai bUilDth )’ .

1.3 Transversity dq, 4q:

e the twist-2 parton density about which we do not know anything at all
experimentally so far I (see talk by R.L. Jaffe)

e Lattice caleulations being performed (sce talk by T. Blun)



RN DU

no transversity gluon density at leading twist

1 o S AAG 3 b a vt A Y herninallsr
would like to measure dq, 44 in environment where ‘parton model’ typically
provides the right description
RHIC with transversely polarized beams offers this possibility

however, many ‘standard’ reactions (jets, prompt photons, heavy quarks)
suffer from large gluonic contributions in the denominator of the asymme-

1o 1zl 1 41 Aoy 1111l

try (hence, transverse-spin asymmetries become small) and from ‘selection
rule’ suppression of hard scattering partonic cross sections

L. 111

(See LalkK DYy I\ .LJ -JCLHC)
most promising possibilities :

— Drell-Yan dimuon production, p'p" — putu~X
* theoretically clean, would measure dq x d¢q
* asymmetry small, if there is little antiquark transversity (which is
hl(plv\

* asymmetry small, even under optimistic assumptions concering size
of transversity

x could be ‘just’ measurable, taking into account experimental muon

* luminosity upgrade is desirable

— ‘interference fragmentation functions’ (see talks by R. Jaffe, M. Grosse-
Perdekamp, A. Ogawa)

* look at s — p wave interference of two-pion systerns produced with
invariant mass around the p mass .

x better prospects for size of asymmetries
* much higher event rates — pions are produced copiously

* downside : do not know involved ‘interference fragmentation func-

tions’
* need reliable theoretical estimate
x need independent information from experiment, preferrably ete



2 Spin-Dependent Twist-2 Fragmentation Functions
and Their Measurement

Could write down table similar to Table 1 for fragmentation functions, instead
of distribution functions.

e an ideal candidate for such studies is the A hyperon thanks to the polar-
ization dependence of its decay A — 7p

¢ in unpolarized case, have already a lot of information on the A fragmenta-
tion functions, provided by e"e™ annihilation

e some first constraints on the spin-dependent (longitudinally polarized) A
fragmentation functions AD(/]\ have come from A production on the Z res-
onance at LEP.

e RHIC could dramatically improve our knowledge of the spin-dependent
fragmentation functions, for both longitudinal and transverse polarization

(see talk by J. Soffer)

3 Spin-Dependent Twist-3 Parton Correlation
Functions and Their Measurement

3.1 Definitions

Spin-dependent twist-3 parton correlation functions are defined as matrix el-

ements of twist-3 operators between polarized hadron states of momentum p
and spin s:

d) dy

T = | —
O(:C’y) 27 2T

e etnly=2) (. 3|O(x\, w)|p, s) .

The non-local twist-3 operators O(A, 1) are expressed in terms of quark and
gluon field operators, and represent parton correlations between quarks and
gluons on the light-cone. They can be divided into two general categories:
quark-gluon and pure gluon correlations, as shown in Table 2.

3.2 General features

o The spin-dependent twist-3 parton correlation functions are as fundaimnen-
tal as the twist-2 parton distributions. but we do not know much at all.



quark-gluon | 3(0) (Ta)ij DS (1) 1;(N) | 9:(0) (Ta)ij F**(n) (X

L Fre0) DP (u) FHY()\) | &
\>~/ HEAN 2 \"%/

;=

|}

gy FY(0) FHP(p) FHY()\)
Qo A \F) = \"Y)

Table 2: General operators defining spin-dependent twist-3 parton correlation functions. The
D% and F™* are operators for transverse components of the covariant derivative and gluon field
strength, respectively; the (I'y);; and k., represent possible combinations of spinor contrac-
tions with the y-matrices and contractions of the Lorentz indices, respectively; and the color

indices and their contractions are suppressed. For some explicit examples of definitions for the
['a)ij and Kagy, and their symmetry properties, see the talk by X. Ji.
e They provide information on coherent parton scattering in QCD.
butions

= non-perturbative information beyond the parton distri
ther

e With different choices of the (T'y);; and oy

a)ij e a _ ,
dependent twist-3 parton correlation functlons than lependen ist—2
parton distributions.

A Lavrd 404 Avtrant +hacs C ........
— 1ldlU LU CALLACL LLICSC ullbblUllb

e Because of the coherence requirement, physical observables sensitive to
the twist-3 parton correlation functions are supnre ! hv a factor of

ton correlation functions are suppressed

e

1/L)/Q ~ AQCD /@, in comparison with the leading-twist observables.
Here, L represents the coherence length, which is of the order of the hadron
radius, and () represents a hard scale in the partonic scattering.

—> smaller rate

/\ C

3.3 Measurement of spin-dependent twist-3 parton correlation
functions

e Ideally, a good observable for extracting spin-dependent twist-3 parton

— vanish at leading twist;
— depend only on a very small number of twist-3 correlation functions,
at least at low orders of «ay;

— have sources of enhancements to overcome the generic suppression fac-

tor AQC’D/Q~

e Quark-gluon corrclations from measurements of ¢, structure function:

10



S

— Extraction of go structure function from DIS data is independent of
QCD

— According to QCD, a part of 92 structure function, known as the
Wandzura and Wilczek term g3' V| is given in terms of the g; structure
function

. . AT V4

— Tt is the difference between go and gy " that is directly proportional

to twist-3 quark-gluon correlation functions (if we can neglect contri-

butions of even higher twist)

— Recent measurements of gy structure function are consistent with gi¥ ",
and it 1s difficult to extract quark- gluon correlation functions from the

;
difference a0, — nl/VW die to th
airt aue to tul

al 1 1t the ¢
functlons f g2 ha ntly been completed ( talk by X. Ji)
— Need much more accurate measurements of go, in order to extract the
functional form of quark-gluon correlation functions
e Single transverse-spin asymmetries are excellent observables for measur-
ing twist-3 correlation functions, and for testing the QCD factorization
framework beyond leading-twist formalism.

work of QCD factorization

— Leading contribution to single transverse-spin asymmetries is directly
proportional to the twist-3 quark-gluon and/or pure-gluon correlation

functions (see talk by Y. Koike)
— A unique dependence on the derivative of the correlation functions
provides an enhancement of the asymmetries in certain kinematic re-

e Theoretical calculations for single transverse-spin asymmetry in direct pho-
ton production have been completed for all subprocesses at the leading

PR I S, SRS B I S
order 111 g, and 4dre C()llbltt@[ t

LTS I 5 _-_-,IA P
WI1LI1 y 6 1chL)D

o The single transverse-spin asymmetry for the Drell-Yan process was stud-

™ Vs ST IR D e At
— 1 WO dllierclt 10rIlids were aerived.

e is on whether or not there should b

N NN S T A F vy N 1 al
1ICr O 110 iere Siouid LT & 1

fay
JT b

the derivative of quark-gluon correlation function.
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— The controversy is still unresolved.

e Leading contributions to the single transverse-spin asymmetry in prompt
pion production :

— Dominant contributions at large zp, so-called derivative terms, were
calculated, and the asymmetries are most sensitive to only one quark-
gluon correlation function.

The theoretical results are consistent with Fermilab E704 data.

— Contributions dominating the large negative zy region were also re-
cently studied (see talk by Y. Koike).

— A complete calculation for the whole zp region is needed for possible

studies at RHIC.

e Inclusive ™ production in transversely polarized deep inelastic scattering
(see R.L. Jaffe’s talk) :
— Two competing channels: §g(z) ® é,.,,(2), and gr(z) ® Dy, (2).

— Recently, a non-vanishing single transverse-spin asymmetry was ob-
served in the HERMES experiment

— However, it is not clear which channel dominates because there are too
many unknowns: transversity dq, twist-3 chiral-odd pion fragmenta-
tion function é,,,(2), and twist-3 part of gy (also see the discussions
on transversity, Sec. 1.3)

e Although single transverse-spin asymmetries are very sensitive to spin-
dependent twist-3 parton correlation functions, they only provide informa-
tion on T-odd functions.

e Angular distribution of Drell-Yan lepton pairs produced in collisions of a
longitudinal and a transversely polarized hadron :

— Leading order theoretical calculation exists.

— Like g9, this measurement probes the twist-3 chiral-even spin-dependent
distributions.

— No data available, until RHIC spin program turns on.

12



4 Skewed Parton Distributions

o Normal parton distributions (or forward “scattering” amplitudes)
= matrix elements of light-cone bilocal operators between states of equal
momenta, e.g.,

ofe.s?) = [ G2 NP,/ (-2/2) P

with normalization: (P|P) = 2E(2r)36*(P' — P).

o Off-forward “scattering” amplitudes

= matrix elements of the same light-cone bilocal operators between states
of different momenta, e.g..

Fia6t) = [ e NP 0/2) 5 (/) )

2m 2P -n
with £ = (P' — P)-n/2 and t = (P’ — P)2

o “Skewed” parton distributions (or off-forward parton distributions)
= form factors of the off-forward “scattering” amplitudes, e.g.,

. ny
Fy(w,&,t,4%) = Hylx,&,t, 1% [U(P )y U(P)] 2Pl-n
o |70 10 (P = P), ny
Eo(z, &t p7) |UP) ot U0 5

Denoted here by Hy(z,&,t, u*) and E,(z,&,t, 1?).

— As £ = 0 and t — 0, skewed parton distributions are reduced to the
normal parton distributions, e.g.,

H,y(,0,0, %) = q(z, %)

— The first moments of skewed parton distributions are constrained by
the form factors of corresponding electromagnetic or axial currents.

c.g.,

-1

.1
/ ngHd(:I:wgat f"’z) - qu(f>’/ de([(Iagatmuz) - F2q<f>
J =1 1

= The second moments of skewed parton distributions arve related to form
factors of energyv-momentum tensors.
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— Extrapolation of these form factors to ¢ = 0 provides information on
total quark and/or gluon contributions to the nucleon spin.

e Deeply-virtual Compton scattering (DVCS) (see talk by A.V. Belitsky)

— A process to measure the off-forward “scattering” amplitudes.

— From the amplitudes, one can extract the skewed parton distributions.
— Large-xp region for skewed quark distributions.

— Small-zp region for skewed gluon distributions.

— However, experimentally, it is very difficult to measure DVCS because
of a large QED background from Bethe-Heitler process.

— Higher Q?, smaller background, but, smaller signal as well.

— Recent ZEUS data indicate a need for contributions from DVCS.

5 Sensitivity to Physics Beyond the Standard Model

Spin asymmetries can be very sensitive to effects of beyond-Standard Model
physics, in particular, if the Standard Model predicts that an asymmetry van-
ishes or is very small.

e I'or example, the transverse double-spin asymmetry A7 for W production
1s expected to negligibly small, as follows from a very thorough study of
possible contributions to it (see talk by D. Boer). A non-zero value of this
asymmetry, if seen at RHIC, would imply new physics

o Another thoroughly studied example is parity-violation in jet production,
expressed by a non-zero single-longitudinal spin asymmetry Ajft in pp colli-
sions. In the Standard Model, weak interaction is the only source of parity
violation. Interferences of QCD and electroweak interaction diagrams give
rise to a small non-vanishing AjLet. Deviations from this prediction would

immediately imply existence of new physics. Conceivable mechanisms are
(see talks by J.M. Virey):

— Compositeness of quark = Contact Interactions at a scale A

* limit from CDF: A > 1.8 TeV; DO limit: A >2.4 TeV. Even in
Run II of the Tevatron (where £=100 fb!) the sensitivity will
onlv be A > 4.1 TeV

+ RHIC pp collisions: A > 3.3 TeV (for £=800 pb™!);

if £=3.2 b~ is reached, sensitivity increases to A ~4.4 TeV.

14



— Leptophobic Z’ contribution to jet production

* Appears naturally from string-derived models
* UA2 excluded 100 < Mz < 250 GeV/c?, assuming & = gz /gz=1.
* DO excluded 365 << Mz < 615 GeV/c? with k = 1.

* If Z' is found, the study should be extended to 77 collisions for d
quark sector studies.

= acceleration of polarized *He should be studied.

It needs to be emphasized that a precise knowledge of the Standard Model
prediction for Ajft will be essential. Therefore, studies of uncertainties in
the predictions are necessary, and eventually a calculation of the full NLO
corrections will be indispensable (see talks by J.M. Virey).

e Yet another area to look for new physics effects is parity violation in lepton-
pair production (see talk by J.Murata) :

— Plug-in Event Generator code for calculating the parity-violating asym-
metry in lepton-pair production has been developed. Involved matrix
elements have been obtained by crossing those obtained for DIS by
J.M. Virey : e qg—req = qgqg—ete .

— Cross section asymmetry has been obtained by accumulating events
from the event generator, with the weights given by the product of
subprocess asymmetry and parton polarization.

— Preliminary results show AEY ~ 2% for A = 1 TeV in the lepton pair
mass region 40 < M- < 100 GeV/c?, the region around the Z°
excluded.

o Dffects of new physics should also affect angular distributions. For exam-
ple, the Standard Model predicts vanishing cross sections at certain angles
at subprocess level (‘radiation zeros’; see talk by J. Kodaira). New physics
processes might change the position of the radiation zeros.

15



Direct Photon Production
a status report

J.F. Owens
Physics Department
Florida State University
Tallahassee, FL 32306

March 6, 2000

Abstract

Direct photon production has a long history of providing infor-
mation on the nature of hard scattering in hadronic processes. This
talk begins with a brief overview of the theory and then proceeds to
a comparison between theory and experiment. Systematic differences
are observed and various methods for resolving these differences are
reviewed. These include explorations of the scale dependence of the
theoretical predictions, examinations of the region of applicability of
the theory, and several different types of resummation calculations
wherein large higher order corrections are taken into account.
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Basic Theory Input

Calculate the hard scattering at the parton lev-
el and then convolute with the appropriate par-
ton distribution and fragmentation functions

d3
E-Z(AB 5~y 4+ X) =
dp3

Z / dmadazbdzcc;a/A(maa :U’%)Gb/B(xba /U“%)D’y/C(ZCa M%)
ab

d3c
E@(ab — Y + X)(p’}’a Lay Thy Zc, M%W M%b JMP2‘>

e Parton distribution and fragmentation func-
tions taken from fits to data for various
hard scattering processes (Global Fits)

e [ hree scales to specify:up, up, Mg

e o calculated perturbatively - currently up
through O(aa?)

17



Observe that theory tends to underestimate
the data, especially at the lower end of the pT
coverage. What can be done?

1. Examine scale dependence

e \W. Vogelsang and A. Vogt, hep-ph/9505404
Nucl. Phys. B453, 334 (1995).

e Predictions depend on three scales

e Examine full flexibility of the theory

2. Examine region of applicability of the the-
ory |

e P. Aurenche et al., hep-ph/9811382, Eu-
r. Phys. J. C9, 107 (1999); hep-ph/9910252

e Try to estimate where the theory is re-
liable

e Avoid data sets where theory uncertain-
ties are not well controlled

3. Look for additional corrections not already
included in the NLO predictions

18



Threshold Resummation

e Corrections are large at the edge of phase
space, 7 — 1.

e T hreshold resummation can’t solve the cur-
rent dilemma, but the results are interest-
INg nonetheless.

For more details see:

1.

2.

E. Laenen, G. Oderda, and G. Sterman, hep-
ph/9806467, Phys. Lett. B438, 173 (1998)

S. Catani, M.L. Mangano, and P. Nason, hep-
ph/9806484, JHEP 9807 (1998) 024; S. Catani,

et al., hep-ph /9903436, JHEP 9903 (1999) 025.

N. Kidonakis and J.F. Owens, hep-ph/9912388,
Phys. Rev. D (in press)
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kr or Recoil Effects

History
o Well-known since the 70’s (ISR experiments)

e High-pr events show deviations from planar struc-
ture expected from 2 — 2 hard scattering, €.d., Pout,
pr imbalance

e Correlations observed between high-pr hadrons and
opposite side beam fragments

e Early QCD calculations used 2 — 2 QCD scattering

subprocesses with gaussian kr smearing (Feynman,
Field, and Fox)

e Largely forgotten as new data from colliders at large
values of pr became available

e Effects largest at the low end of the pr spectrum

o Effects fall off as an inverse power of Py relative to
the leading terms

e "Rediscovered " when precise fixed target data and
low-zr collider data became available

20
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Recent Work

e M.A. Kimber, A.D. Martin, and M.G. Ryskin, hep-
Ph/9911379: Apply kr resummation using the D-
DT formalism. See some enhancement, but not
enough to describe the data.

e E. Laenen, G. Sterman, and W. Vogelsang, hep-
ph/0002078: double resummation combining both
threshold and kr methods. Preliminary work that
looks promising.

Conclusions

1. Despite many years of study, there is still work need-
ed in the study of direct photons.

2. Can not describe all the data with 3 single NLO
QCD calculation.

3. Still room for additional experimental work to re-
solve possible discrepancies between data sets

4. Recent progress in understanding threshold and kT
resummation corrections

5. Fully understanding direct photon production may
force us to revise the methods used to calculate
hard scattering processes

6. The times are still interesting...!
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Higher Order Corrections to Prompt Photon Production
Eric Laenen®, George Sterman® and Werner Vogelsang?

*NIKHFEF Theory Group, Kruislaan 409
1098 8J Amsterdam, The Netherlands

YC.N. Yang Institute for Theoretical Physics, SUNY Stony Brook
Stony Brook, New York 11794 — 3840, U.S.A.

The phenomenology of single-particle inclusive production at fixed target energies and trans-
verse momenta (pr) in the few to few tens of GeV range has long been a challenge to perturbative
methods. Despite “large” NLO corrections at moderate Pr, agreement with experiment can of-
ten be attained only through the addition of instrinsic transverse momentum. More recently, it
has been widely suggested that the observed cross sections for direct photons and hadrons may
be dominated by power corrections to the standard collinear factorization formulas. These two
proposals are related, but no established theory encompasses either or both.

Recently, we undertook a study of high order corrections to transverse momentum distribu-
tions, within the context of collinear factorization. Our aim was to check whether the resum-
mation of high orders in perturbation theory might help explain observed deviations from NLO
results, and whether such a resummation might also suggest a nonperturbative component to
the physical cross section. Such an approach has been fruitful in describing power corrections to
resummed and fixed-order perturbative event shapes in ete™ anniihilation.

We began with a study of electroweak annihilation, which we reformulated in terms of a joint
threshold- and kp-resummation. We found an expression for the cross section

dU -y d ab— (Q2
IQTASQE = % Ubdsz ) <75a/A(N M)Qf)b/B(N py

d*b —ib-Qr
X/(QW)Qe exp [Eu(N, b, Q, 1) | ,

with 7 = Q?/S, and o(® the Born cross section, in terms of a resummed exponent E(N.b. Q. 1),
which organizes leading and next-to-leading logarithms in both impact parameter b and moment
N, and which suggests a nonperturbative extension of the perturbatively resummed theory. A
related cross section for prompt photon production at large pr may then be derived. Phenomeno-
logical tests of the formalism suggest substantial higher-order and nonperturbative effects.

References

[1] L. Apanasevich et al., Phys. Rev. D59 (1999) 074007; P. Aurenche et al. hep-ph /9910252 .

[2] E. Laenen, G. Sterman and W. Vogelsang. hep-ph/0002078. to appear in Phys. Rev. Lett..
and in preparation.
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Refactorization for the partonic cross section

do gy
dQ*d*Qr
= [ dzod’Ka Yo sa(20, ke, Q) J dzsd®ky 1y 5 (zh, K, Q)
X [ dzsd®k, Ugs(ws, k)
XO(1 = QS — (1 —x,) — (1 —z) — w,)
x8*(Qr —k, —ky — k)
B
Xh;b(@s(ﬂ)) do—gblV(Q% LYy

dQ? )
+ O (-4, a2 )

)

Coneceqt

Tixed |@nevqulomd Ko

enevod —p TESLWA (03.5 of |-Q¥%s q*’knes\w\c( 0"

; "‘(‘C\MS\}C—?SQ. W\OMSV\'{'QW ~ (035 O‘? &‘. 1\ ,&r /

well c(t‘g:»\ua.a.l setr of Correcrons- \-\:—Z-JCK—Z
2

N PO |
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Prompt Photons

Formalism

p3 do AB—~yX (33521’>
T dpr

16 oh—n x (25,
“Z/dfca Paja(Zas 1) [ dmy gy p(p, 1) poe® o (&7, 1)

dpr
Gav—yx by CO-subtraction of:
do (resum)(_> do_(resum)
3 ab—vyc H -~ 2 3 ab—yc O (i
1 dlpr—Qr/2P _aphp
7= = T =7
cosh”n s s

N | FTIQ
aQ

® freakt QP O reciom og wa DY

o retom IR fimate ('?AALMMM
of read/vnrh,ad_ Coance \laksp o
resvwvawmed [ tp @ﬁpouwc&:t{a\% -

TRy et |
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Cross section Cas devble WANEerSe HMS'FOV‘WLB

(resum) 4
pTd OAB—yX pr  dN -
dor = 7 8132 ko o7 Pia(N, )85 5(N, 1)

X/ol d:E% (:E%) lMij(@"T)l

Ji— 2
2
. %0,

)2 O (o - QT)(SF)NH P; (N QT,2~pT u)

rr

with “profile”

-Pij (Na QT7 Qa ,LL) = / d2b e_ib'QT eXp [Eijﬁ’yk (Na ba Q) ,LL)]

E as for electorweak cross section to LL in N and b e » o

I A ———— |
25




The exponent at NLL

initial- and final-state:

Ez'j—vyk(N7 b’ Q) ,U’) = EzI]S(Na b7 Q7 ,U) + EE;%(Na Qa /'L)

7

Initial-state:

IS
Ezj (Na b) Q7 ,LL) -

d ! , , N’u/
/;x‘l(N:b) —;% [Ai(as('“ 2» + Aj(as(p 2>) ] 2In —Q_—
—b* F;§(N, Q)

¢ e SR Alecth2 ) g
Yiz ete~ eyeant

X(N,b) = N +bQ /27 E &wp;:
QN ( -~
FrgCNyhY B (ned> O 93& (A A WTE
C = ' AT M
= e e
Hiveshold cehteck oe‘ ~eco 1\
resv w o =\ (P bFe
© redishrmipotres
Hriceshald
e Nesmcewents
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The inverse transform — minimal/principle value

Pij(N,QTaQ)/"’) = A
[ dbb [hi(bQr, v) + hy(bQp, v)] eBi—t(N5Q)

2JO = hl + hzi 9‘(
= 1 —Ttwn —iz sin @
hi(z,v) = —= df e

-1 I{k
i —~ium
R~ i ' ‘
hQ(Z,’U) = —— v df e zzsm9‘ |
(4
+ 1
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Isolation studies for Prompt Photons at PHENIX

Alexander Bazilevsky
RIKEN-BNL Research Center

The polarized pp collisions at RHIC provide a unique opportunity to study the
spin structure of the nucleon. Prompt photons are a one of the ideal probes to measure the
gluon density.

For expected RHIC luminosity of 0.8x10*2 cm%sec’ at /s =200 GeV we’ll be
able to perform statistically significant measurements with prompt photons up to p; = 30
GeV/c.

The main background for prompt photon reconstruction comes from 7° and 7
meson decays. Two-photon invariant mass reconstruction considerably suppresses this
source of background. Shower profile measurement is extremely important for
rejection with p; >15 GeV/c. The expected residual background level for prompt photons

in PHENIX at /s =200 GeV after two-photon mass reconstruction and shower profile

analysis is ~40-50% for p, > 10 GeV/c. Main contributors are Bremsstrahlung photons

(final state parton radiation) and s with merged photons and with one photon lost (out
of EMCal acceptance).

The additional background suppression is provided by the Isolation cut. We
studied two approaches based on PYTHIAS.7/JETSET7.4 event generator with
GRV94L0O parton distribution functions. The first one (Fixed Isolation) requires the

hadron energy around prompt photon candidate in the cone with radius R = 1/A172 +Ag?

be less than certain fraction & of the prompt photon energy. Another approach (Smooth
Isolation) considers the allowed additional energy inside the cone as a function of cone
radius r (S.Frixione, Phys.Let.B429 (1998), 369).

1—cos r
E, (r)< & -E7 (——————

for all r<R .
1-cosR

For 95-98% efficiency for prompt photons both approaches give almost the same
efficiencies for 27’s (20-25%) and Bremsstrahlung photons (70-80%). Acceptance cut in
PHENIX (Ini<0.35, go=180°) worsens the efficiency of Isolation cuts only slightly (just

shifting cut parameters & and &5 corresponding to certain isolation efficiency for prompt
photons).

After Mass Reconstruction, Shower Profile analysis and Isolation cut the main
background to the LO Prompt Photons (Compton and Annihilation) in the range p, >10

GeV/c are 2's (7-10%) and Bremsstrahlung photons (10-25%) (A.Bazilevsky, Proc. of
CPP RIKEN Symposium, Nov. 3-6, 1999).

More detailed study of event generator is needed particularly for Bremsstrahlung
photons production and Isolation cut efficiency for them.
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RIKEN BNL Research Center Workshop, March 6-31, 2000

Prompt Photon Yield
- PHENIX acceptance
- Vs =200GeV, [Ldt =320 pb™!
Pt rangé (GeV/c) Yield
5-10 1.5%x10°
10-15 1.0x10°
15-20 1.4x10*
20-25 2.6x10°
25-30 570
30-35 140

Photon p, spectrum contributors

- Without any experimental cut
- PHENIX acceptance

d n’- separated v in accept.

o |
o2 [ Others
Bremsstrahlung
0.1
0 - separateg A in accept,™
0 5 10 15 20 25 30 35 40

p,(GeV/c)

o The main contributors are Prompt Photons.
()<
Bremsstrahlung and 775
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RIKEN BNL Research Center Workshop, March 6-31. 2000

Isolation Cut

Fixed vs Smooth in PHENIX acceptance

Fixed: Ry=0.5, £=0.05
Smooth: R=1.0, g=1

Z 12
S|
S .o LO Prompt Photons
= 0
.0 L
=
Sos |
) I
ST S .
E’ | Solid - Fixed Isolation
0.6 I~ T ¥ | JpL)
| Dash - Smooth Isolation
.
I - merged y
04 |
L
02 |- Other photons
0 AT | | PSSR PG EETEE AT | R | bt
0 5 10 15 20 25 30 35 40 45
p,(GeV/c)

From PYTHIA simulation:

e Fixed and Smooth cuts work with the same
efficiency

* Bremsstrahlung is almost not effected by the
[solation Cut
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RIKEN BNL Research Center Workshop, March 6-31, 2000

Energy distribution around photon

Photon p, =25 GeV/c

R=+/An? +Ag?

No acceptance cut PHENIX EMCal acceptance
—~ 1 -1
x| x|
3 3 LO Prompt
;:" i ;;" Boremsstrahlung
K 10" &t T, merged Y’s
1 1 Other
10 10
3 W %
10 10
104 L —— L 10

Without acceptance cut

e Prompt Photons have almost constant background energy
level around (arc well isolated)

e Photons from hadron decays are accompanied by essential

amount of energy (are not isolated)

PHENIX acceptance cut

e Distributions change considerably

PRLN BN R
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RIKEN BNL Research Center Workshop, March 6-31, 2000

Fixed Isolation efficiency

E.:< &E, inthe Cone with radius R

Photon p, =25 GeV/¢

No acceptance cut

. L.R=0.5

ereco

iLO Prompt
.....,..%Bremssftmhlm.g 06
§1t0, merged y's|

a6

04

02

® B S )
$ : S g
w1 : L a1
w ! w w :
08 ; 08 0.8 : :
06 i 06 06 : :
04 0.4 0.4 . _
02 |- p e 02 0.2
0o Lo 0 P 0 i i
0 0.05 0.1 0.15 0 0.05 0.1 0.15 0 0.05 0.1 015
Ep F Ep

¢ Keeping the Isolation cut efficiency for Prompt
Photons fixed. the efficiencies for Bremsstrahlung
and 7775 change only slightly for different isolation
cone radius R

35



RIKEN BNL Research Center Workshop, March 6-31. 2000

Smooth Isolation

1-cos r |
E,o,(r)< & 'E;, (m] for all r<R

Photon p, =25 GeV/c

No acceptance cut

8"060
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Chiral-odd Contributions to Single Transverse Spin Asymmetry in Hadronic Pion Production

@ single transverse spin asymmetry

—

111
AT’/ T\ + AT =1 U ﬁ\\, 7N\ A
1V \1)+1V —2 LT A U—>+U —»'—->+X
J. Qiu and G. Sterman, PR, D59,014004(1998)
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% Result
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‘ Model for .m.m. A.Xu .x\.v
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% Summary | |
Chiral-odd contribution for N ’(T)+N —>n+X

0

—a—;EF%x)@ﬁC(z)@Aoab_m

E_dAG/d°P, = h"(x')®

at large x. >0
<

@® Future problem

* Formula for general -1<x, <1

- Estimate of the asymmetry with some
assumption on £, (x,x) and 7(x).

- Formula for the twist-3 asymmetry for the
polarized baryon production N(T)+ N’ — B(L) + X.
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Double transverse spin asymmetries in W production

Daniél Boer
RIKEN-BNL Research Center, Brookhaven National Laboratory, Upton, New York 11973

In this talk I will address the following question: the Standard Model (SM) mechanisms seem to
produce negligible double transverse spin asymmetries in W production (A%}), so if a significant
asymmetry is found for instance in the polarized proton-proton collisions at RHIC, can one
really conclude something about physics beyond the SM? To give an answer many issues need
to be addressed. What precisely are all possible mechanisms within the SM? Which types of
AY. are there? Can they be measured? What is their magnitude? What do we expect from
physics beyond the SM? We will try to address most of these issues.

The reasons the SM mechanisms seem to produce negligible AY. are the following:
the transversity distribution h; does not contribute [1]. At next-to-next-to-leading twist
(O(M;M;/Q?%)) the twist-three distribution function gr (which is a chiral-even distribution)
can contribute and its gluon analogue as well (here we simply assume that factorization holds
at this order). Furthermore, we argue that one can also neglect contributions which are of
higher order in the strong and/or weak coupling constants. So within the SM A, is expected
to be of O(1/Q?), hence negligible at Q% = MZ,.

What about other types of SM A7 For instance, A%.(Qr), where Qr is the transverse
momentum of the produced vector boson. Such an asymmetry can arise if the partons are not
completely collinear to the parent hadron momentum. One can study this asymmetry in terms
of transverse momentum dependent functions and one then finds a helicity non-flip contribution
at leading order in 1/Q. In the cross section it appears proportional to COS(¢§] — 22), which
does not depend on the lepton scattering plane, unlike the transversity A}/TZ which appears with
cos(¢§, + ¢§2). A¥.(Qr) might be relevant if the Qr integration is incomplete, for instance
due to imposed cuts, then a left-over asymmetry may result. We have roughly estimated this
asymmetry using an expression valid for small and intermediate values of Q) and conclude that
it appears to be negligible at the high Q? values, e.g. at Q% = 80? GeV?2. But at lower energies
this will be a very interesting asymmetry to study, for instance AT(Qr) at Q* = 102 GeV=.

This leaves the option of new physics contributions, e.g. scalar or tensor couplings of the
W to quarks. If the scale of new physics is A > My, say 1 TeV, then one might need to
compare effects of order M; M,/Q* with Q*/A?, which at RHIC might be 1/80% vs (80/1000):
the latter is a factor 40 larger. Moreover, the issue of competing higher twist contributions
disappears if the new couplings violate symmetries. There might be T-odd asymmetries, for
example the one of [2], AF, o sin( 551 + ¢§2), which can clearly be distinguished from possible
initial state interaction effects, which are P-even and only lead to asymmetries independent of
the lepton scattering plane. Since Af, arises from a double transverse spin asymmetry at the
parton level (apr), it has to be accompanied by hi h; and is therefore expected to be small
[3]. Moreover, estimates of the contribution to A7 from the SM CP violation should be made
before a definite conclusion about phyvsics bevond the SM can be reached.

[1] C. Bowrrely and J. Soffer, Nucl. Phys. B 423 (1994) 329.
[2] V.L. Rykov, hep-ex/9908050.
(3] O. NMartin ¢t al.. Phys. Rev. D 60 (1999) 117502.



Interpretation

All these functions can be interpreted as momentum densities:

Pictorially:

E.g., g1r(x, p3) is the distribution of longitudinally polarizec cuarks
(with nonzero transverse momemta) inside a transversely polarized
hadron

gir is h*T in Ralston & Soper, NPB 152 (1979) 109

]\24 {j’](;x.p%) P (pr-Sr) Py

®(z,pr) = — M M .(]1T(i’1f-,P%"’> YA +. }

One can show that (m=0)

<)

V4

D 5, WW \
/ d’pr e qir(e.pr) = xgr(z)

® _




Helicity non-flip A

Consider the cross section differential in the transverse momentum
of the W (angle and/or magnitude)

In the cross section there is a term proportional to cos(gbg1 — ¢§2>'
which does not depend on the lepton scattering plane

We find at tree level

do(p' pt — V X) —do(p' p* ——>VX)

.o do(p
AYr(Qr) = \
@) = Tt 5 VX) T do(p gt o V X

_Za,a;b,b '53312*\ ) [PT kr 917G17]
MMy 3 s K800 F L1 f4]

j:[f?JE /d2pTd2kT(52(pT+kT qr)f*(z1.p7) (20, kT)

For W production:

A = 8|V ? y? for equal quark and lepton chiralities
T ¢ (1 —1y)* for opposite quark and lepton chiralities

~(va) @
YT\ 8sin%y ) (Q2— M2+ TLM,




Beyond tree level

Assume Gaussian transverse momentum dependence:

g17(2,P7) = gir(¥) — exp (-R*p7)
we find
- 4*b ib.q 2\ —S(b) 7y =z
Flpr ke ff] = )2 © T (—2b%) e f(z1,b0/b) f(z2,b0/b)

Also: g W (z) = 2g¥ W (z) 2M2R? ~ g1 (x) 2M* R?

Arr(Qr) =

Za,&;b,g be( ) M2 R ;1’1@1(11) 7179?]({(4172) o
Zaabb Kab( ) f{l(xl) fli(ZUQ) R

where

fo dbb® Jo(bQr) exp (—S(b) — 3b*/R?)
fo dbb Jo(bQr) exp (—S(b) — %—bQ/R2)
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Estimating the asymmetry

0.0 ———+—— —
0.008
A 0008}
AlQr) 0.004 |
Q2 = 802 GeV? 0.002

a
—
o

15 20 25 30 35 40 45 50
Qr [GeV]

0?2 = 102 GeV?

(%

@ 4
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Conclusions

W ¢ LY rece: Ot
o Arp o cos(dg, + ¢,) receives no contributions from quarks or
gluons

Y

o A, x cos(of, — o ) receives only 1/Q? contributions
‘VV y . ’f v l’ . . . . .
o App(Qr) o cos(g, — ¢, ) receives leading contributions, but:
Difficult to measure
Sudakov form factors produce a negligible asymmetry at RHIC
o Al (Qy) is still of interest
e Sivers effect would imply AY.. cos(gbgl — ¢%,) and sin(gf)‘gl — 0%)

o App xsin(¢y, + ¢4,) requires real CP violation (Rykov)

e Physics beyond the SM versus higher twist effects and
possibly initial state interactions

Testable via Q? dependence

Possible to isolate if BYSM physics breaks symmetries stronger
and differently than the electroweak sector
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6q Transverse spin at leading twist = transversity

Twist-2, dominant parton distribution, on the same
footing as ¢(z), Aq(x)

Inaccessible in inclusive DIS

Expected to be roughly the same magnitude as g(z)
and Ag(z)

Attempts to measure §g require more sophisticated
QCD analysis of parton processes

R. L. Jaffe RIKEN Worskshop, March 2000 1
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* Measurement and selection rules

+ Helicity dependence in quark hadron scattering
3 h

-

H )-4

I3
Fhh(z,Q2)

Spin average 1, (-21- 2o % %) + (- % — % —%
Helicity diff.  Aq, (3 $-3 3 -G -3-1-1
Helicity flip  8qq G-1o-1 Y

Double density matrix in hadron helicity indices (H'H)
and “"good" quark helicity indices (h'h).

1 1
Flr Q%) EI o R 578 Sy
1
+ §(n# co o wal) dq(z, Q)
R. L. Jaffe RIKEN Worskshop, March 2000 5

s Helicity Flip < Transverse Spin Asymmetry

1

Ty = E(H‘)'H*))
1
V2

where |L) are helicity eigenstates. o — o] selects
helicity flip.

) = (+)=1-)

« Helicity = chirality at leading twist, so transversity
distribution flips quark chirality

— 8g < "Chiral odd" distribution function

Full helicity structure at leading twist (for spin %)

T A 6q
5(] AN

Hard processes conserve helicity

(2 (b)

Therefore chiral odd distributions must appear in pairs

R. L. Jaffe RIKEN Worskshop, March 2000 6

&

* Classic example: L Drell — 1 Yan

x Properties of Transversity

l

Soffer's Inequality

2(54,” 4/” +- Ar/”

Holds for each flavor of quark and antiquark separately
Care must be taken w.r.t. factorization scale degendence.

Saturation? Replace < — = ? Only at some hadron scale, QZ,
after which it reverts to #

Normalization — tensor charges 3.

Amenable to numerical (lattice) calculation

Jitte RIKEN Weorskshop, March 2000 7
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Model estimates

Typically based on saturation of Soffer's Inequality at
small Q3.

5q ~ LN,
See figures St Ui & Drageo hepopn 9702230
Evolution

dq does not mix with gluonic operators (there is no
gluon analog of transversity for a spin—% target).

All anomalous dimensions for [ dzz™0q(r.(Q2) are
positive.

Both imply d¢ evolves rather quickly to zero with
increasing Q2.

Fo o Jaffe RIKEN Worskshop, Mar o 2000 8




Specific Mechanisms Chiral-even ® Chiral-even

Twist-three chiral-even distribution function
* Transverse Drell — Tranverse Yan at pp Collider gr,n(x) combines with twist-two chiral-even
John Raiston & Dave Soper fragmentation function G.(z)
PipL — LIX

bq(z1) ® 63(z2) gr.n(z) ® §=(2)

1 83 suppressed in nucleon. RRIC
! Twist-3 — 0(1/Q%)
x Inclusive pion electroproduction from a | Must subtract chiral even background
transversely polarized nucleon 1 Pions should be abundant
RLJ & Xangdong Ji . .
T 4o is known to be small, so perhaps
Pl — dnX even x even term is ignorable.
sg(z) 2 &(z) & Sgr(a) ® (=) Is &(z, QQ) large?
A practical(?) example for extracting &g at
Hermes/HERA. COMPASS & HERMES x ATT/ATT in polarized jet production
Two competing processes: Xangdong Ji, RLJ & Naohito Saitoh
Chiral-odd ® Chiral-Odd Ppo—gg N
Twist-two chiral-odd distribution function 8q(z1) ® 8q(xo) & 5q($1) 2 8g(xn)
Sqn(x) combines with twist-three chiral-odd NN

fragmentation function é,(z) | Suppressed by color exchange factor 1/NZ2.

ban(z) @ Ex(2) | No gluon transversity! RHIC HERA

R. L. Jaffe RIKEN Worskshop, March 2000 13 L R. L. Jaffe RIKEN Worskshop, March 2000 14
% Inclusive A electroproduction from a * Azimuthal asymmetry in single
transversely polarized nucleon particle inclusive DIS
Artri & Mekhfi, RLJ Collins, Heppelmann, Ladinsky
P, - AN Collins Angle ~ Let n be a normal to the plane defined by

N S current fragmentation. Eg.
dgn(x) = 8qa(z) 9 s

May be useful if A polarization fragmentation XXy

function is substantial. COMPASS & HERMES where P is a fragment momentum and § is the virtual

photon momentum. Then

| A's may be rare in the current fragmentation

region CoSw = N
qg— A fragmentation spin transfer is unknown o - N
Polarised w quarks are known to exist at dgv(r) - 8q(2)

large-z in the nucleon and smali z in the A
Likewise polarised s quarks are known to exist at

small-z in the nucleon and large z in the A. } Abundant: every event
has a final state COMPASS & HERMES

Requires final state interaction (FSI) that does not
average to zero when summed over X

For example, in « 1 . -\

violates T-invariance unless 3 a final state

phase in \ - .. But such phases are fragile — one
would think they average to zero is performed
R L Jaffe RIKEN Worskshop, March 2000 15 fo laffe RIKEN Worskshop, March 2000 16
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R. L. Jaffe RIKEN Worskshop, March 2000

* Az.imutrr)ral asymmetry in single particle inclusive
DIS with longitudinally polarized target

If taraget snin and virtual nho
..... get spin and virtual phot

longitudinal, no azimuthal asymmetry is possible.

on snin are hg
on spin are g

However at small Q2 the virtual photon spin is not
exactly parallel to the electron’'s momentum, so the
final pion can have an azimuthal distribution relative to
the plane defined by the target (longitudinal) spin and
the finai efectron’s momentum:

COSé x %X k - Pr

dAo _ 20°2Mz
dredydz - Q2?2 Q

- Z(s {/)'{(J')("'(:) + f :

o

VI

ijh',’_(.l?)(,"'(:) + .. }

C“(x) is “Collins” fragmentation function describing the
azimuthal correlation in the fragmentation of a transversely
polarized quark into a pion.

denotes some extra terms still under study. [See D.
Boer.]

Twist-two sensitivity for h;. Twist-three sensitivity to

h,_(Jj).

17

R

@ Interference Fragmentation Functions

Collins angle for two flavor selected mesons

P1 X P25

where P; are momenta of flavor selected mesons.
]

* Advantages

Meson pairs with significant FSI are abundant:
(7T, 7)) (KT.K7), (KE,7F)

Meson FSI phase remains fixed as ¥ x
Meson pair FSI phase is caicuiable from meson-meson
phase shifts

* Disadvantages

Cross section must be held differential to avoid
averaging phase to zero

Almost certainly averages to zero in iy —
meson-meson invariant mass

Asymmetry depends on unknown and possibly zero
two meson interference fragmentation function

R. L. Jaffe RIKEN Worskshop, March 2000

* Frequently Asked Questions

L

¢ Doesn't (77'+ X 77 -5} vanish by charge conjugation?

form a p-meson <f' — -1

Qry a p-mesen

L]
<
<

Not if & e is a superposition of two or more different
partial waves with different relative phases. Eg.

PR e S [l —
N gl = Lo CTT

sindg(m) sindy(m) sin(dg(m) — 3;(m))

Jaffe RIKEN Worskshop March 2000

(W]
pm

e

R

18
_
Figure of merit for =~ scattering data
< |
06 -
R
E 04 - .
£l :
%02 './,M
oo .
o —
3 |
02 \‘ .
[ -
r \\ ‘,'+
04 \‘)F F
[ | WY |
Q5 Q8 Q7 08 Q9 1 \
m{GeV) |
i.‘
|
Diagram showing parton distribution and 1
fragmentation functions.
1 Jaffe RIKEN Worskohop, Maron 2300 20



* Transverse Asymmetry in two pion
electroproduction

Aq = do | —doT _ T V6(1 —y) cos ¢
do | +dot 41+ (1 —y)?
x  sindgsindy sin(dg — 81)
) S0 289a(2)833(2)
S0 eZaa() [sin? Sodg(=) + sin 817 (=)
* Note

« “Collin's angle" COS ¢ dependence
sindgsin &1 sin(dp — 61)

-1 is the p — (wm)®=1 fragmentation function

is the o — (7w )?=0 fragmentation function

o 0Gf(z)isthemmr £ =0 & 1
interference fragmentation function

R. L. Jaffe RIKEN Worskshop, March 2000 21

A (in?) are FSI enhanced propagators for
r=40.1. final states.

TR

",

A[ = ~/Sin (i/(

which reduces to usual Feynman propogator when
there is a narrow resonance in the ¢ partial wave

~ 7 decay density matrix

SN &

E L
s

R

VDot (SRS R

o Flavor simplifications for ==

is an isovector with odd C-conjugation

Nhpos 8dp o R3S =00 N

So there is only one independent interference
fragmentation function for = !

oL Jafte RIKEN Worskshop., March 2000 23

* Properties of the interference fragmentation
function. :

Interference fragmentation function is the first
non-trivial generalization of fragmentation toward
multiparticle final states.

Novel objects, three pieces —

e g — p,o interference fragmentation as a density
matrix (UNKNOWN)

e 7w FSIin partial waves (KNOWN)

’12"0! (a2 = = 5 - 2
—_— = Aom){ry o o i) §q,(z)A1(m?)
dzdm?

+ Am®) (o gyt ay g 18G(2)A(m?)
+ spin independent terms !

o+ and 1)+ are quark and .. 7 helicity density
matrices. They take care of helicity selection rules.

R. L. Jaffe RIKEN Worskshop, March 2000

But the overall magnitude of the interference
fragmentation function is unknown

22

Application to ;i - =z X Toa ney

Beam
P

£ plane

R L Jaffe RIKEN Worskshop, March 2000



Transversity Measurement with PHENIX
Matthias Grosse Perdekamp, RIKEN BNL Center

Hard lepton-nucleon and hadron-hadron scattering cross sections can be expressed with the help
of three independent helicity amplitudes. Measurements of the nucleon structure functions Fy(z, @?),
helicity average, and g;(z,Q@?), helicity difference, have explored the helicity conserving part of the
cross section with great experimental accuracy. 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(x, Q?), which prevents the appearance of helicity flip contributions at leading twist in inclusive DIS
experiments.

Transversity distributions wers first discussed by Ralston and Soper (1] in doubly transverse po-
larized Drell-Yan scattering. In Drell-Yan processes the transverse double spin asymmetry, Arr, is
proportional to §g6§ with even chirality. Unfortunately, a recent analysis [2] estimates Apr = 1 —2%
with statistical errors comparable to the asymmetry itself for a projected measurement at RHIC.

Single spin asymmetries A (eg. unpolarized leptons on transversely 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 fragmentation functions, H, which are
sensitive to the quark polarization in the final state and possess the necessary negative chirality. The
asymmetries A+ are proportional to 2oq09x 6a{ x H, where aif are the transversity dependent partonic

initial-final-state asymmetries a{ of the struck quark which can be calculated from pQCD.

For example, Collins suggested that in semi inclusive single pion production the quark spin direction
might be reflected in the azimuthal distribution of the final state pion [3]. Collins further demonstrated
that the symmetry properties of the process do not require the proposed fragmentation function H;
to be identical to zero.

The current interest in transversity distributions results from a recent Hermes result [4] which
may suggest that Collins’s function H; in fact is different from 0. Clearly the prospects are exciting
to have a tool at hand which provides access to the complete helicity structure of hard scattering
processes. At DESY a significant fraction (2 years) of the extended Hermes experimental program has
been designated for the measurement of the transversity distributions.

Alternatively, Jaffe, Jin and Tang have proposed to utilize two meson interference fragmentation,
both in polarized pp scattering and DIS, [5] in order to access the transversity distributions. In this
channel, it is essential to experimentally identify oppositely charged meson pairs coming from the
invariant mass region of S/P-wave interference (e.g. the p/c region). It is shown in the talk that
the invariant mass resolution of the PHENIX detector is sufficient for this purpose. In addition it
is demonstrated that rates are high and that it will be possible to analyze data in a fine binning of
invariant mass and other kinematic variables. This will provide good control of systematic errors.

References
[l J. Ralston, D.E. Soper, Nucl. Phys. B152, 109(1979).
2 O. Martin et al., Phys. Rev. D60. 117502(1999).

13 J.C. Collins, Nucl. Phys. B396. 161(1993).

=

AL Airapetian et al., hep-ph/9910062.

5 B. Jaffe et al., Phys. Rev. D&7. 5920(1998). J. Tang, hep-ph/9807560 and J. Tang. Thesis. NMIT
(1999).
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5| Summary and Conclusions

*x Transversity

Twist-two, fundamental, relativistic effect.

Large at small Q%, “quark-model-like" .

Evolves to zero with Q<.

Chiral-odd, hard to measure.

* Most promising ways to measure transversity (my
opinion)

eﬁi — e/t X Azimuthal Asymmetry If Hermes are

right and the azimuthal asymmetry is large for a
longitudinally polarized target, then the Collins effect is
large and the azimuthal asymmetry on a transversely
polarized target will measure transversity.

ep| — e'mwX Especially because -~ is small and if € is
large.

ep, — e'A | X Especially if ¢ — A fragmentation
functions are large.

cp, —cmrX or p p— ww N Especially if
interference fragmentation function is large.

R. L. Jaffe RIKEN Worskshop, March 2000 53 26



Transversity Measurement with PHENIX
Matthias Grosse Perdekamp, RIKEN BNL Center

Hard lepton-nucleon and hadron-hadron scattering cross sections can be expressed with the help
of three independent helicity amplitudes. Measurements of the nucleon structure functions Fy(x, Q?),
helicity average, and g;(z, Q?), helicity difference, have explored the helicity conserving part of the
cross section with great experimental accuracy. 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”,
5g(z, Q?), which prevents the appearance of helicity flip contributions at leading twist in inclusive DIS
experiments.

Transversity distributions were first discussed by Ralston and Soper [1] in doubly transverse po-
larized Drell-Yan scattering. In Drell-Yan processes the transverse double spin asymmetry, Arr, is
proportional to 6gdg with even chirality. Unfortunately, a recent analysis [2] estimates Apr =~ 1 — 2%
with statistical errors comparable to the asymmetry itself for a projected measurement at RHIC.

Single spin asymmetries A* (eg. unpolarized leptons on transversely 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 fragmentation functions, H, which are
sensitive to the quark polarization in the final state and possess the necessary negative chirality. The
asymmetries AL are proportional to Zq dq % M{ X H, where a{ are the transversity dependent partonic

initial-final-state asymmetries azf of the struck quark which can be calculated from pQCD.

For example, Collins suggested that in semi inclusive single pion production the quark spin direction
might be reflected in the azimuthal distribution of the final state pion [3]. Collins further demonstrated
that the symmetry properties of the process do not require the proposed fragmentation function H,
to be identical to zero.

The current interest in transversity distributions results from a recent Hermes result [4] which
may suggest that Collins’s function H; in fact is different from 0. Clearly the prospects are exciting
to have a tool at hand which provides access to the complete helicity structure of hard scattering
processes. At DESY a significant fraction (2 years) of the extended Hermes experimental program has
been designated for the measurement of the transversity distributions.

Alternatively, Jaffe, Jin and Tang have proposed to utilize two meson interference fragmentation,
both in polarized pp scattering and DIS, [5] in order to access the transversity distributions. In this
channel, it is essential to experimentally identify oppositely charged meson pairs coming from the
invariant mass region of S/P-wave interference (e.g. the p/o region). It is shown in the talk that
the invariant mass resolution of the PHENIX detector is sufficient for this purpose. In addition it
is demonstrated that rates are high and that it will be possible to analyze data in a fine binning of
invariant mass and other kinematic variables. This will provide good control of systematic errors.

References
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[20 O. Martin et al., Phys. Rev. D60, 117502(1999).

(3] J.C. Collins, Nucl. Phys. B396, 161(1993).
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[5 1B. Jaffe et al., Phys. Rev. D57, 5920(1998). J. Tang, hep-ph/9807560 and J. Tang. Thesis. MIT
(1999).
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Transversity Measurement with PHENIX
Matthias Grosse Perdekamp, RIKEN BNL Center

Hard lepton-nucleon and hadron-hadron scattering cross sections can be expressed with the help
of three independent helicity amplitudes. Measurements of the nucleon structure functions Fy(z, Q?),
helicity average, and g;(z,Q?), helicity difference, have explored the helicity conserving part of the
cross section with great experimental accuracy. 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”,
8q(z, Q?), which prevents the appearance of helicity flip contributions at leading twist in inclusive DIS
experiments.

Transversity distributions were first discussed by Ralston and Soper (1] in doubly transverse po-
larized Drell-Yan scattering. In Drell-Yan processes the transverse double spin asymmetry, Arr, is
proportional to gdq with even chirality. Unfortunately, a recent analysis [2] estimates Arr = 1 — 2%
with statistical errors comparable to the asymmetry itself for a projected measurement at RHIC.

Single spin asymmetries A+ (eg. unpolarized leptons on transversely 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 fragmentation functions, H, which are
sensitive to the quark polarization in the final state and possess the necessary negative chirality. The

asymmetries A are proportional to dg x sal xH , where af are the transversity dependent partonic
Y p q 1 i

initial-final-state asymmetries a{ of the struck quark which can be calculated from pQCD.

For example, Collins suggested that in semi inclusive single pion production the quark spin direction
might be reflected in the azimuthal distribution of the final state pion [3]. Collins further demonstrated
that the symmetry properties of the process do not require the proposed fragmentation function H;
to be identical to zero.

The current interest in transversity distributions results from a recent Hermes result (4] which
may suggest that Collins’s function H; in fact is different from 0. Clearly the prospects are exciting
to have a tool at hand which provides access to the complete helicity structure of hard scattering
processes. At DESY a significant fraction (2 years) of the extended Hermes experimental program has
been designated for the measurement of the transversity distributions.

Alternatively, Jaffe, Jin and Tang have proposed to utilize two meson interference fragmentation,
both in polarized pp scattering and DIS, [5] in order to access the transversity distributions. In this
channel, it is essential to experimentally identify oppositely charged meson pairs coming from the
invariant mass region of S/P-wave interference (e.g. the p/o region). It is shown in the talk that
the invariant mass resolution of the PHENIX detector is sufficient for this purpose. In addition it
is demonstrated that rates are high and that it will be possible to analyze data in a fine binning of
invariant mass and other kinematic variables. This will provide good control of systematic errors.
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Nucleon transversity through final state interaction at RHIC

d cm@\ﬂ —>7T \divy\v
dx,dx,dtdzdm*d cos 6d ¢

Jian Tang , Thesis MIT, June 1999
R. Jaffe, X.Jin, J. Tang Phys. Rev. D57 (1999)5920

X. Ji, Phys. Rev. D49 (1994)114
J. Collins, S. Heppelmann, G. Ladinsky, Nucl.Phys. B420 (1994)565
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Transverse Single Spin Asymmetry
(Jian Tang, Thesis, MIT)

Maximum Asymmetry

St
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N~ . PionPair Yield 0.20 - 1

sing, : Two Pion Phase Shifts [ 200 GeV
&q(x) :Transversity quark DFs 0.15 - - - b
64(z) :Pol. Fragmentation Func. . i , e ]
#+% - plane . / \\\\H
0.10 , y. ]

P , \\ 500 CeV
A = ~ 2¢|2T =— @wmm:%omw:%_ sin(d, — &, ) - cos(@) - 0.06 | / o
Byoaw N”+N 4 7 7 -
[ ]
. ~ag oooo PV B IV BT U SN
[69(x)-Gxy)- &, ()06 +. | 0 20 40 60 80 100 120

{6(x)-G(x,)1667 +..} [sin® 6,4,(2) +sin’ 5,4, ()] P GeV]

@ Transversity Measurement with PHENIX 6 BNL ., March 9, 2000
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Interference Fragmentation

d* M

- i6 A A : -i5
m“ sin 8, (k- q,(z) + A-84,(2))sin S, +..
zam b
Where:
\"Wave A‘”e k=1®7, A=0, 07 +0_®7,

Strong interaction 7T, 7T phase shifts q,(2),64,(z) : spin average and dif -
—~ ference fragmentation functions
2]

Y06 |
% P Bin +
mq-—
fg 04 | . . 6 L1
B, Non-vanishing “support
© L M only in the p mass region!
(7]

N il ' ® Sufficient mass Resolution?
02 |- M ® Creat for systematics!
04 Bin - <—
I DR BT M SRR
g5 06 0.7 g8 08 1
m(GeV)

P. Estabrooks and A.D. Martin, Nucl. Phys. B79 (1974)301

3 Transversity Measurement with PHENIX 7 BNL , March 9, 2000
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PHENIX

RN
//

Muon Arms:

N

Trigger: Tag 7+~ in RICH or 7" EMCal

Reconstruct invariant mass of pion pairs
 N'-N!

Form single spin asymmetry Ay = ———
N +N

Central Arms:

n|<0.35, 33.75<¢<123.75

N

e

N

1.2<n|<24,all ¢

>

ﬂ ol \4 T

j Muon Tracking + 1D
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EMCal, Time Expansion Chambers
RICH, Pad Chambers, Drift Chamber,

Multi Vertex Detector

BNL , March 9, 2000



Invariant Mass Resolution

0.04 bt
T
“MW*++H++++++++++++++H+ Jr+ ) # t

0.02

O 'l(ll'llll'llIl‘llll‘llll'llIl!llll]llll[llll
1 2 3 4 5 6 7 8 9 10

invariant moss (GeV]

21200 D 1000
5moo:— M pythia ™M ree Moo ~0.32760 03 RMS=12 MeV
' - RMS 0.1209E—01 — < Ve
800 ’
600 L z2>0.5
- 0.1<m<2.0GeV
400 F pr >4 GeV
200 F
O : 1 1 1 1 l 1 1 1 1 1 1 l 1 1 1 1 1 1 I 1 1 1 1
-0.15 -0.1 —-0.05 0 0.05 0.1 0.15
Mypie— Miee [GEV]
20.14F Nice! Need to confirm
i a _ - . . .
0,12 Movmia e VS 1T K l with full simulation...
- . |
0.1 F J[ i ][ |
W | T/ H
: o

3 Transversity Measurement with PHENIX |1 BNL , March 9, 2000
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Expected Rate

Example: )
E, . >4GeV
5.2 Million events in 32 pb™
oY, 1712T +p§'r >4 GeV e . /
15% with pair after cuts
800 MeV < m < 950 MeV
_
= 0.07
B -
E 0.06
£ -
7 0.05 Fenemnene- TR SRRRE® BEOS 4» ----- L ----------- | SR RN
0.04 F L
0.03 &
0.02 £
0.01 = Uncertainty on Asymmetry vs p2*
O:llllllIlllllllllilllllllillllll
2 4 6 8 10 12 14 16 18
pr (Gevl

3 Transversity Measurement with PHENIX 12 BNL , March 9. 2000
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Akio Ogawa, BNL, Upton, NY 11973

STAR detector for
Transversity measurement

Wide acceptance :
Jet measurements ~20% Et resolution
check Z dependence
check Pt & Rapidity dependence

i
|
i

1 Good invariant mass resolution: 2-5 % at 800MeV

YA ¥ :
|
i

But slow:
Need fancy trigger at high luminosity

STAR is a working detector!
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TI'wo meson production

gm0
o+o
or . . o ,
=— y SN O, 8in O, Sin(J, — &, ) cos ¢
& M%l&m@ml&m... ﬁ%@s C@v ® 9p C@v ® &N @Z%@.@i&

D isstages 9D © 4, (8]0, L} @ (502 6,4, (=) +5in° 0 2, (<))

Phase Shift sin J, sin 0,8In(d, —6,) is known

L, O Fragmentation function 4y(2),4,(2)

. S funknown
Interference fragmentation function oq,(z)

&q,(z) IISANVS (z) Schwartz Inquality Limit

In Jian Tang paper, assume {
q,(2) = 4,(z)

No z Qo@ocmmsoo
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Level 0 Trigger

Level 3 Trigger

STAR 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
works only for low luminosity

TPC tracking available
TPC 1s slow 1Hz at central AuAu
Speed depend on data size
— Data size reduction at L3
Possibly selecting invariant mass / z
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A factor

sin &, sin &, sin(S, — ;) 100

from Phcse S hiffs
os function of
invariont moss

2-Track Evts. Minv pions resolution

dnsﬂﬂﬂa (En [En-a J
T

&
L]
1

&
Lo
i

400

350

300

250

200

150

50

lIIIllllllIlllllllllllllllllllllII|Illl|ll

0
-0.1 -0.08 -0.06 -0.04 -0.02 O

hminvpi_res
Ment = 43/8
Mean = -0.002516

RMS =0.0161

002 0.04 006 0.08 0.1

Invariant mass resolution of STAR
for Pt =2-10 GeV pair around

mass ~ 0.8 GeV
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Singal Estimation

Luminosity, triggering, polarization, length of data taking

Cuts :

Bins :

Find jets (EM+charged hadrons) in -0.3 <n< 0.3 ( 1.3)
Any 2 opposite charged particle pairs within a jet
Pt > 0.3GeV

03<n<03 (1.3)

- ~
U.J N 111ddd N 1.V

>

mass, ¢
z, Pt_jet,mn _jet
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One-loop factorization of the gy structure function of the nucleon

Xiangdong Ji

University of Maryland

Main points of Talk:

1.

Feynman’s parton model is useful for incoherent parton scattering. QCD allows
also for coherent parton scattering which is the origin of higher-twist physics.

Higher-twist in general cannot be separated from leading twist unambiguously.
However, this is not the case for twist-three processes. There are many inter-
esting twist-three processes including gy structure funtion of the nucleon.

. No next-to-leading order calculations are available for any twist-three processes.

In the large N, limit, the two-loop evolution equation cannot be simplified as

in the one-loop case.

We have made the first complete calculation of the one-loop coefficient function

for go factorization formula.

66



A CEar  Sepestin o, hga Tk o

\%&(3 w1y dEToaM, Congsdee he —gc\\‘..‘,;ﬂA

NJ

VS process
. y S

\:2‘« :,ﬁ
¥
\
L

'S o acdilatme. Covmmeddion Ap ijx\«mfs Pau:\-e-\

weedeh | Mevewer, Hou W< Ads e veselotien
SQ*H«\L Tedtal luv-oslt. e aqbuwk toduen  Grmnat
he  calefua o p%.%@»a, Hece i Gure-
vk he Consideced vod o He vacleon
Shruchioe. \

)

-
Q



) Do i 3LL{:
\—\wa -%Q..-L 1% o Q,\m O% w‘g

Procanseo L dmieda Mo \_,,_,LAQAS_;MM_

v B, 04 Smohie ek .
Polorned Dis . | |

e T Prodachis. L %swc&é pelewiyed

Ds Dodte =T¢ | PRUTY a3

e Drredt ¥ S;:ngka- Spim o»S\LjMVJ e~
PPT gco&-‘*af::j

E‘FVU"\W N Terjae,\/ , 1482
Gon & Stervon, PRU (7, a9
Ji, \a92

an %Tna\o. Spie &S:Swwa%—r:) “~ /pP‘Y Sc_oo\-hu::)
Nier & Uereon, PRD 19

* LT pleryed. Dt Noa precens
Nothe & o, PRUGLT, Wwal

68



Po«:ém Coree\etisng JM-—}wts+f2 Procasses
’@u-m\&, > Gluon Comeldtmons

| e
A i.k)t < - — G _
M;?,r ) = A-L@Z} et o Y X)<.PS‘"\,\}(5) (Mw)m
= SI(%H),, GPew + LY, &Gy
4+ eeel

) i) . -
M:Sfrbi‘éj = 55&2\)2 > X e P4 )<?$I C°) nEF (f«ﬂ{-'(xo)ﬁ

I
v
'
N
e’
-0
9
m
q
L
\/
+
e
BN
L)
N
<
L

Lps| B0 ihge Fhulrsy sl F o) 8% B2%0 [99)

69



H

%
R

. One~ Leop Coellicrent W‘S —(:N ‘az_(*.@—t)
pere sk ConSidoced By Kodoiro. eFal <~ 1919
*T\wa AR |

e tatats
H swmenr, %h.ue. oI eV ckac?{ams |
m__<
f5
o \what A:a%ms Ao vmclande. ? |

CDZ»P'MA* o Comeladions . For ot -3
TGE-gmd , Trra

oo }\0‘2@3 of- ci:&ams

‘ Y {0
RN
iy P we

XParnd kL owe

70



| | e
chp-\w\ O Pt

<%%1'T'J‘ T 19y
mé chms Eon-§m s dd;m_ak-‘{few
Yo Poles o pu-‘mx\oam C]BM &C}(\Mu ?fvakou%“&]
_ @V\_gt«u‘ Q— weadriny  opliteda hao vie UM
C)Cu«r%g»cvb OHrer (Mm?r Crsuslout wmaikap-*&‘« ,
— C\«‘M S-w\a.‘\'\":& a&pQ,‘-&—uAn.. \/\o—o M
O\W wwuw%w%a Usig DR

¢ Tl wfrored &\maw‘r ot of the cuplidod,
\é\e,\glo Ao “e@&»a Sleg evalidirm of
Moo oo Comelohos |

o The Lirx pPodt Aes  Hra—Qeop (Coellocetd




Polarized Parton Distributions
SMC’s pQCD Analysis of g;(z, Q?) at
Next-to-Leading order

RIKEN Workshop
Brookhaven National Laboratory
March 13, 2000

Abhay Deshpande
RIKEN-BNL Research Center

SMC’s Aim:
e Spin sum rules: Bjorken sum rule & Ellis-Jaffe sum rule

e Perturbative QCD Analysis at NLO using the global data set:
Determine polarized parton distributions with complete uncer-
tainty analysis
— Stability ond reliability of the analysis with available data
— Gluon distribution and its first moment
—= Scheme dependence

Spin Muon Collaboration, B. Adeva et al., Phys. Rev. D58 (1998) 112002
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The pQCD Analysis — The Global fit:

o Chose a starting scale Q% = Q? —> 1 GeV?
e Parametrize the polarized parton distributions with a functional form:
Af(z) = N(ay, By, ar) -ng - a - (1 =) - (1 + asz)
— Af(z) stands for AX(z), Ag(z), and Agys distributions.

e Each polarized parton distribution is normalized such that:

N(af,ﬁf,af)/olda:-:n (1—3:) (14+asz)=1

n; == first moments of polarized parton distributions
ns. Mg free parameters while,

.0 3

oo _ 3 |9a
INs = = 1

gv
—ag=F/D =0.575 + 0.016 ( Phys. Lett. B 316, 165 (1993))

— ga/gv free parameter —>
Get fit value and evaluate Bjorken sum
1
I‘If — Flll = 6 . gé . CNS(QZ)

gv

+Z'CL8

— ga/gv = F + D = 1.2601 £+ 0.0025 (Phys. Rev. D 54, 1 (1996))
= Bjorken sum rule is built in

o Analysis performed in a modified MS scheme called the Adler-Bardeen
scheme for historical reasons

o, (@?)

™

ao(Q%) = AVy(Q*) = ASap — n - - Ag(Q?)

'Based on R. Ball et al. Phys. Lett. B 378 255 (1996)
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Reliability of the pQCD Analysis Procedure

e Get out of the analysis that which would normally be input to the analy-
sis, and you know to have been determined well from outside this pQCD

analysis.
e It should be a spin-independent quantity
o The Strong coupling constant: = as(M%)

— lts value itself could be made a fit parameter

— Since Fy(z,Q?) from HERA are used in the analysis to get at ¢;
we should get back the value of ag consistent with that determined
from HERA experimental data.

o Fit result:

as(M2) = 0.120 & 0.002(stat) 4= 0.006(syst and theory)

o Consistent with the HERA published values!

FIRST STEP TOWARDS RELIABILITY, BUT A MAJOR ONE
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Evaluation of Systematic Errors:

o Experimental sources:

— Systematic uncertainty on measured Alf’d’n(w,Qz) data points
For each data set: systematic uncertainties added in quadrature
Repeat QCD analysis with A; £ dgyes A1

— F, and R parameterization: |
Upper and lower limits of the parametrizations (as published)
Repeat the QCD analysis

~ Maximum deviations from best fit added in quadrature to get total

experimental systematic uncertainty

e Theoretical sources: Related to the uncertainties on other inputs in to
the pQCD analysis procedure:

— Functional form of initial parton distribution
— Change, repeat fit, see difference w.r.t. best fit
— Change initial Q?, repeat fit, see difference...

— Factorization and Renormalization scales
= Change by a factor of 2 (high and low), repeat fit...

— Value of a,(M3), the strong coupling constant
— 0.118 £+ 0.003

— Others of smaller consequence:

* ag = 0.575 4+ 0.016
* Quark mass thresholds

— Maximum deviations from best fit added in quadrature to get total
theoretical systematic uncertainty
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Global Fit Result for Bjorken Sum rule

= v Ear Wl B B Y

Table 1: Best parameters at @2 = 1 GeV? The uncertainties shown are statistical
only.
Parameter Value Parameter Value
ns 0.38%505 Mg 0.94%5:35
as 1034322 oy —0.71%532
Bs 3.6470:55 By (4.0)
|22 | 1.15%503
INs 2122 4 Jas YRS — 312 + as
s “0~01J—rg.ig ans 0203.%2
Rs 1.86%538 BRs 3.48%555
x? 116.1
df 133 - 10
!%{ = L15%g05(stat) 0 {expsvet) D H (theory)

Yo -C’NS(Qg) <= Bjorken Sum Rule

Tt - |2

]
=2
—_
O
oN
S’

I
[e> RIS

el 0021 i
spaven Togne(theory)

[IF — I (QF =5GeV?) = 0.174 £ 0.005(stat)
= 0.174701% <= SMC Result

Excellent agreement with theoretical calculation
I'! = 1 =0.181 4 0.003 at Q? = 5 GeV?
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t Res

QCD F

X-AX(x)

IIIlIIII T T TTITTIT

0.4
0.3
0.2
0.1

IIII]IIHIIIITIIII!I)!

|

|IHI 1

-0.1

'|| !lllllllllltllll

-0.2
-0.3

T IIIIIIITTK |I|Il

m?

lllllll L Illlllll

-0.4

1 L 1nn

-2
10

x-AqRs (X)

-1
10

1

;__llllllw T T T TTITT

0.6
0.4
0.2

-0.2

-0.4 - 1
-0'6 E‘é
_0-8 ;l lllH‘l ! 1 lLlHI! H 1 llll-&;

e The singlet and nonsinglet quark distribution functions known

reasonably well.

e The polarized gluon distribution function is largely unknown!
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The Proton: zg} at Q? =5 GeV?

X-gh(x) m SMC 4 E143 O EMC
0'08 1 T T T T 17T 3 T 1 lj_rll'l T 1 T ]_lﬁ"'i T T T T T TTT
- 002f T ‘ l H .
- | -
0.015
0.06 _
L 0.01 i
( 0.0055 + 7]
0.04 °

0.02

_0.02 I R e

|l 1 III!IIL LIJ_[IIJ_[J 1 IALIIIJALI L I S |
-4 -3 -2 -1
10 10 10 10 1
X
0.003 ]
/O gi(z)de = 001270018
0.8
/ g1(z)de = 0.130 = 0.003 + 0.005 + 0.004
0.003
1
| 91(e)de = 0.0033 55!
1

gi(@)dz = 0.121 £ 0.003 & 0.005 £ 0.017

78



|1n MNantavmass m,,d e I ﬂ? I F-\IZ
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d
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1 ® SMC 4 E1
0.05 I T T T T T 11T T T T ||l||l T T T |j413||] T T T T 1111
0.04 L 0.002 | ]
. i oboo ]
L S A 4
- -0.002 . 1
0.03 [ -0o00sf | F x4 ]
i \ A 7
. -0-006 FU]IH]I]]]H]]H_ Al m r 1
0.02 - ™' _— +/ .
- = D] T
i 10° 10° 10* 10° 10?2 / i
0.01 B 4 _
N ( S ;
-0.01 - -
i i
1 1 1 llllll 1 { | 1lll|| 1 1 i 1 Illll 1 1 H |||ll_
- 3 2 1
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X

0.003 |
/ QI(T)CIJ: = __()_0]5:(0).8;2
40 02
0.8
/0003.91(32)dm —0.036 = 0.004 & 0.003 + 0.002
1
/ 91(z)dz = 0.000*9:99
0.8

7

Fii — /i}i g (zz:}d;’ls — 0.021 = 0.004 - 0.003 + 0.016
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Mg and ag

e First moment of the polarized gluon distribution at Q% = 1 GeV?

1
Mg = /0 Ag(z)dz = 0.99f8jg?(stat)fgég(exp.syst)f(l):ig(theory)

— 1, is largely unknown

— Needs measurements over larger kinematic range
= Possible future experiments with Polarized HERA

— Measure 7, through photon-gluon fusion (PGF) where gluon enters
at leading order

=—> COMPASS at CERN, RHIC-Spin at BNL

e Singlet axial current matrix element a,

- o 2
ap(Q*) =1 (Q*) = ng® —n - ;g ) -19(Q%)

At Q? =1 GeVZ%
— Analysis in MS scheme:
— Analysis in AB scheme:

a,(@?) .

0.6 ’
<—— Naive QPM ® AB scheme

Comments on value of ag

= QPM expectation too large!
04 ' — Consistent values of aq
with analysis performed with

03 \\ different Q?

0.5 ® MS scheme
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e Summary and Conclusions

— The Spin Muon Collaboration has presented its final data
on g:

— SMC has presented a perturbative QCD analysis using its
final and all other published data

— Polarized parton distributions and their uncertainties have
been evaluated with special emphasis on the experimental
and theoretical uncertainties in the data and theoretical
tools available.

— Singlet quark and non singlet quark distributions functions
known reasonably well

— Bjorken sum rule has been tested and found to be correct
within 10% accuracy

— Ellis-Jaffe sum rule is vioalated with ~ 30 deviation from
the predicted values of I';s.

e Open Questions and outlook:

— Low z behavior of individual structure functions unknown/measurn

— Large uncertainty in the first moments of gi*®"

— Gluon distribution still unknown
== Something for the future experiments (COMPASS at
CERN, RHIC-Spin at BNL, and Polarized HERA) to mea-

sure.
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BNL, 13/3/2000

Polarized PDF’'s at the advent of RHIC

Marco Stratmann

Institute of Theoretical Physics, University of Regensburg,
93040 Regensburg, Germany

Abstract

Some of the theoretical problems which arise in NLO QCD analyses
of longitudinally polarized deep-inelastic scattering data are briefly
addressed. First of all it is pointed out that DIS data alone can
only determine Aq + Aq, ¢ = u, d, s, whereas the flavor structure
of the polarized sea is not accessible. This freedom is reflected
by the the fact that a simultaneous transformation A4’ = Au -} f,
Av' = Au — f with an arbitrary function f, similarly for Ad, Ad, is
still possible without changing g1, i.e., the x? of the QCD fit. The
polarized gluon density Ag, which in principle can be determined
from dgi/dInQ?, is only loosely constrained by present fixed target
data due to the small lever-arm in Q2.

It is argued that analyses of A; data on the one hand and gi(~
F1A1) data on the other hand both suffer from similar problems.
Contrary to all unpolarized analyses we cannot afford to impose
sufficiently strong enough cuts on @Q? and W? to avoid possible
problems with higher twist, etc. contributions. It is well known,
however, that in the z, Q° region where many of the polarized
data reside, perturbative QCD fails to describe unpolarized mea-
surements of F, and R = o /or. _

An overview of the rather large (and ever growing) number of po-
larized NLO QCD analyses is presented. It is suggested that a
detailed comparison of the different evolution codes - along similar
lines as was already done in the unpolarized case - is perhaps a
useful task for the future.

Finally, different theoretical models for the SU(2) breaking of the
light sea are briefly discussed. First results of a ‘toy' analysis of
recent semi-inclusive DIS data from HERMES which exploits the
above mentioned freedom in the flavor separation seem to indicate

that An — Ad ~ 0, as predicted, e.g., in the chiral quark-soliton
model, is preferred.
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e What can we learn from DIS data alone?
(see also discussion in Leader et al.)

In NLO QCD we have

"(x, Q = +—A + —A + —A> 14+ —AC
91 (z ) l: 12 g 36 % 9 ® 27 I

a
+ ) e S AgeAc
q

~ from perfect data (+ assuming QCD) we would get:

Ags from g7 — g7
Agg, A2, Ag from gf + g7 due to different Q?-evolution

however, in ‘real life' we only get some information on

Aqsz, Ags, A+ Ag+ Ag (d=u,d,s)

(no lever-arm in Q2 to really study scaling violations < Ag)

Note that As+ A5 = L(AX — Agg) is fixed by DIS

but we cannot decide if the sea is SU(3) or not!

~ a transformation with arbitrary functions f and g:

Au' = Au+f
Au = Au—f _
- —_— : AT - NDNd = —¢
Ad = NANd+yg e / _‘j
Ad = Ad- g (assuming Au = AN\d)
leaves ¢, and -sum invariantt!

~- relevance of semi-incl. and Wi data
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e Should one analyze g7 or A7
In principie it shouldn’t matter ...

measured: Aj = 2= — D(A; + nAs)

ottt
Fs ,
~> — A A->) ~ F1 A Ao~ mall
g1 = 2(1+R3( 1+ vA2) 1A1 (Ax~gos )
_Fl

(R=or/or and n, v only depend on kinematics)
but the measured z, Q2 range is tricky ...

g1 analysis:

exp. extraction of g; requires knowledge of I}
(in principle no problem since F» and R are measured)

Experience from unpol. fits: CTEQ, GRV, MRST

Ny \Ji\\., VAR \\) i

leading twist description of F» fails at low Q2 and/or high =

~ impose cuts (Q? > 4, W? > 10 GeV?) to obtain twist-2 PDF's

but we cannot afford such ‘safe’ cuts for g1 vet
(would loose ‘small’-z ~» usually only Q% > 1, W? > 4 GeV? used)

'possible/required improvements for a g1 analysis:

e include target mass corrections (ala Goorgi, Politzor)
not only a factor ~ 4:2M?/(Q? ~» possible but tedious
(see, e.g., = ool T om0
. - effects ala gn =gt (1 + )
e wait for NNLO kernels (may eat up some )

o wait for high-energy (collider) data



A1 analysis:

e higher twists may cancel in ratio
(of course, there is no proof for that ...)

e experimental uncertainties should cancel in ratio
(not really relevant since F; comes from other exp. anyway)

~ usually a Ieading' twist ansatz for g; is used

Fowi %
IR
. /

but we need some F; to extract Af's — 3 options:

(1) FQQCD and RQCD

(2) F“P and Reyp
(3) F5*P and Reyxp

(if you believe in HT cancellation)

(since we know that Rqcp # Rexp)

(also F<P £ FPP at relevant z, Q2 )

(2)/(3): improved/good F; descrip. ~» simul. ‘fit’ of A; and ¢

0.4

0.2

0.4

0.2

04

0.2

T

- — RS
.
.
s R ,
T GRY
.
. i
. .
P “- -~ GRV+R,
. /.l [
4+ } t T
HERNES A
;o
I
ri
——
//

T

2
10

but: FI and ... contain 1/Q? (« HT)

~ use of

inconsistent for

as in ¢; analysis!

~+ Dboth methods have similar problems

85

Is there a fully consistent procedure 777



e ‘Market view': NLO QCD analyses

unpolarized:

lots and lots of data; 3 groups: CTEQ, GRV, MRST

polarized: sparse data; ever growing number (1) of fits:

GRSV Gluck, Reya, Stratmann, Vogelsang
GS Gehrmann, Stirling
ABFR Altarelli, Ball, Forte, Ridolfi
0SS De Florian, Sampayo, Sassot
SMC SM Collaboration
- E154 E154 Collaboration
=155 . =155 Collaboration
LSS ' L.eader, Sidorov, Stamenov
oS> Bourrely, Buccella, Pisanti, Santorelli, Soffer
GOk (wordon, Goshtasbpour, Ramsey
TEK atur, Bartelski, Kurzela
S Gl (=hosh, Gupta, Indumathi
A Asymmetry Analysis Collaboration

(highly likely that I still missed some)

~Useful/necessary future project:

all groups use different methods to solve DGLAP eqgs.

~ detailed comparison of evolution codes is useful

Unpol.: systematic checks using ‘toy inputs’ and «, values

painful, but triggered resolution of small bug in : code!

~+ most codes (except ) now agree on ‘per mille level’

Anyway, let's have a closer look at all these fits ...
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~ e ‘Beyond DIS': SU(2) breaking (A% — AQJ)

non-singlet ~» scheme indep. if Az, =0 (MS, AB, JET)

Inclusive DIS (A1, g1) fixes only Aq + Ag (g=u,d,s)

~» relevance of, e.g., semi-inclusive HERMES data !

Theoretical models for Au — Ad: (only a selection)

e chiral quark-soliton model Goeke, Polyakov, Weiss et al.

. 0.15 1 IIHTIII lj_llllll[ T T 1107
main result: _ _

- X(Au - Ad) -
Au — Ad sizeable 0.1 —
Au>0 and Ad<O 0.05 L |
u — d agrees with £866 I |
O 1 |1||u| 1 llllllll [ | 1
0° 107 1070 x g

e ‘Pauli exclusion principle’ Buccaella, Soffer: Kumano

u > u; ~ Au<0, df < d7 ~ Ad>0; sizeable effect
(usually) predicts violation of Bjorken sum rulel

application of ‘Pauli principle’ not unique (see below)

e Mmeson cloud model

much smaller effect than in chiral soliton model

e phenom. ‘guess’ (plus ‘Pauli blocking')

ansatz at some low scale (Qq:

AN Nu(e) - , Lo - ~

essentially reproduces results of chiral quark-soliton model!
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e Impact of existing HERMES SIDIS data

NO combined NLO anal. of HERMES SIDIS data yet

DSS have analyzed SMC data ~» no impact on fit

Most theoretical models either prefer/predict

AT>0 and Ad<0| or Au<0 and Ad>0

and |Au — Ad| rather large

~ Can HERMES already rule out/disfavor some

models/sign combinations 77

15t ‘toy’ analysis (using A — Ad = f — q) Vogelsand

gt

1% step  fit to g1 assuming Au = Ad
" step  choose g = —f ~ Au— Ad=2f; |f| ~ soliton model

i step  calculate SIDIS asymmetries for f<0 and >0

0.8 | L { rlllll L LIRS

(A% — AD) > 0) - i
04 :“ '»'* ~_

clashed: f <0 ¥ oy ]
((Au— Ad) < 0) 0.2 e 7
_ . ¢ -

0 —

1 ! 1 ll_llll 1 1 1 l—

10 10

- (An—AD >0 preferred BU T more work is needed
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- AAC Polarized
Parton Distributions

Shunzo Kumano
Saga University
http://www-hs.phys.saga-u.ac.jp

AAC (Asymmetry Analysis Collaboration)

2Y .Goto, 2N.Hayashi, ®M.Hirai, H.Horikawa
®SK, ®M.Miyama, 9T.Morii, 2N.Saito
“I'.-S.Shibata, “E.Taniguchi, °T.Y amanishi

*Riken, ®Saga, ‘TokyoTech, 9Kobe, *FukuiTech

preprint: hep-ph/0001046

March 13, 2000
Riken B3NL
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Initial parton distributions

Af; (x, Qoz)' = A, x% (1+7,x%) f; (x, Q%)
(i=u, g,8 A, o,y , A" free

positivity |Afi(x,Q§)|s £(x,Q0), IA]<1

flavor-symmetric distributions at initial Q,°
Au(x) = Ad(X) = As(x)

first moments 0, 1, are fixed

F =0.463 £ 0.008, D =0.804 + 0.008
n,, = 0.986, n,=-0.341

Y., and 7, are determined so as
to satisfy these conditions.

n =] Af(x.y)dx,

We determine 14 parameters by the x *-fitting !
A o, A LA O, A

uv ? uv? uv?

Aa’aa’ Ya’ ka’Ag’ (Xg’ Yg’ )\‘g
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roton structure function g;?
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s -

Parton distributions (Q*=1 GeV?2)

0.001 01 011
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First moment of AY

0.35-

..............

.....................................
...................................................

.........................................
.....................................................................

0.15
0.1

10.051

a‘7=05

 AAC (0g: free)

0]

T T

0.000001  0.00001

00001 0001
X .
min

AS(x,) = [ AZ(x) dx

min
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Summary -

X 2 ahaiysis of available DIS data

— NLO y ? is significantly smaller than LO y 2
— NLO analysis is necessary.

— Ag(x) determination is rather difficult.

— small-x behavior of AQ(X) is not uniquely
determined.

— need small-x measurements

propose three AAC distributions:
LO, NLO-1 (ocq=free),
NLO-2 (OL71=1.0 fixed)
— see hep-ph/0001046 for the details.
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Unpolarized Parton Distributions:
CTEQb5 and Uncertainties

CTEQS Global QCD Analysis of
Unpolarized Parton Distributions

Brief Summary

Uncertainties of Parton Distributions
and Implications on Physical Predictions
(Example: W-production Cross-section)

Conventional approach
Lagrange Multiplier Method
Error Matrix (Hessian) Method

Conclusions

BNL Polarized Event Generator Workshop
PREDICTIONS AND UNCERTAINTIES
FOR RHIC SPIN PHYSICS

Wu-Ki Tung 2000
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Physical processes and experiments *

DIS — Neutral Current (e, on p,d)
SLAC, BCDMS, NMC, E665, H1, ZEUS

DIS — Charged Current (v, on nucleus)
CCFR(t5, F3)

~Drell-Yan — continuum (lepton-pair)
E6O5, E866 (d/p ratio)

Drell-Yan — W and Z
CDF (W-lepton-asymmetry)

Direct Photon Production
WA70 40, E706. 1S Lo

Inclusive Jet Production
CDF, DO

Lepto-production of Heavy Quark
H1l, ZEUS

Hadro-production of Heavy Quark

K

Red color indicates “New” for current analysis
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Global QCD Fit

* Parametrization of the non-perturbative PDFs:
(at Qo =1 GeV)

fi(z, Qo) = aé)xail(l — x)a%(l -+ (1,%3;‘12),
(with exception of d/u)

* The fitting is done by minimizing a global
“chi-square” function XSIObal. This function
serves as a figure of merit of the quality of the
global fit; it does not necessarily have the full
significance associated with rigorous statistical
analysis,

. >
Xglobal = Y. wn [(Nndm — tn;) /Ugi}
no

+ [ M) fol] (1)

n

dn; © data point

d.: combined error
tp;: theory value (dependent on {a;})

for the it" data point in the nth experiment.

wn: A priori weighing factor for certain expts.

o)
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Improvement in QCD Evolution Code

1.2

Compare parton distributions of the original CTEQ5M
set (thin solid lines) with those of a refit,
using the improved evolution code.

------ uvl
Q=5GeV glu/ 15
————— ubr
dbr
str
chm
CTEQs5M

x f(x,Q)

Compare parton distributions of the original CTEQ5M set (thin solid lines)
with those from a refit, using improved evolution code.

0.8 -
CTEQSM Q =80 GeV
- = = dvl
------ uvl
% 06 glu/1s
- LN === ubar
T dbar
= str
ij' -~ = — chm
o~
Tx

/

o+
oy
.\J 4
03]

104 1073 102 x10 2 3 4
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Part II Study of Uncertainties

W-production cross-section with different

PDFs
3.5
-
- Solid line to guide the eye: ¢"BR = 2.38 which passes throug!
3 - CtegbM1 and MRSSE - the wo latest PDF seis
: DO  CDF
L 25§ w e " P . R
. —_ - w - -
s | : ‘
S o F 3M 4M  5MO 5HQO 5M1  5HQf MRS98 MRS99
o
L g
% 15 k Comparison to NLO calculation
. : based on MRS98 and MRS99
oz 5
© :
1F
L NLO QCD calculations using CTEQ PDFs
05 | ' compared to
. DO and CDF W total cross-sections

I N AN N S R AN U B U S NN NS S N N 00 V0 N KNS NS U0 0 0 A S I S G A S N B A S O 0 B S O A

J -
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Langrange-multiplier Method of assessing
uncertainties

W-production X-sec. at the Tevatron

1450 \ -
- \\ B Fixed Norm fits -- 5N52 series I
T R 1201 * (1 + ((0-2.374)/0.248)?) /
\ H
! \ o Variable Norm fits /
P 1201 * (1 + ((0-2.374)/0.42)?) /
1400 |- I \ e 3O hAR /
‘ \ ————— 5% band /
= ‘ \ 31200%(x-2.374)%+1200 (Hessiap) ~ /
IS - \ /
8 1350
6') =
©
N
= i
'S 1300
Q -
>
O
1250
1200 : — . a—
2.3 2.4 25
Ow * BRIep

101



Treatment of Correlated Experimental Errors

Correlated systematic errors ajg
where k. =1...ns

“True" statistical y2:

2 (dj B tJ')Q 1
X° =) 5= By (4 >kk/Bk” (2)
; o=
J J kK
Theindex j labels the data points. The indices
k and k' label the source of systematic error
and run from 1 to ng.

By is the vector

Br=3 4 _02.) o (3)
J J

and A,/ is the matrix

a.1.a.Lr
JkQ.Jk - (4)
7

Appr = Oppr + 2
J
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Application to the H1 data on F5

Lagrange oy -B x?/172 probability
multiplier in nb

3000 2.294 1.0847 0.212

2000 2.321 1.0048 0.468

1000 2.356 0.9676 0.605

O 2.374 0.9805 0.558

-1000 2.407 1.0416 0.339

-2000 2.431 1.0949 0.187

-3000 2.450 1.1463 0.092

v2/N of the H1 data, including error correla-
tions, compared to PDFs obtained by the La-
grange multiplier method for constrained val-
ues of oy

1.15}

1.11
1.05
11

095, 55 53 535 24 245 25

g w BR/ep

H1 y?/N
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POLARIZED A (A) FRAGMENTATION FUNCTIONS:
PRESENT STATUS AND PROSPECTS AT RHIC

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

The knowledge of hadron fragmentation functions gives a deeper understanding of the hadron
structure and of the hadronization mechanism for inclusive production. Here we are concerned
about the A (A) hyperons and we will review the present status of their unpolarized and polar-
ized fragmentation functions.

We first recall the results of a QCD analysis of the data for inclusive (A + A) production in
*e~ collisions in the energy range 14 < /s < 91.2 GeV, which yields the first simple and

reliable parametrization of the unpolarized fragmentation functions D}\’A(z, Q?). The observed

€

longitudinal polarization of the A’s produced at LEP on the Z-resonance, leads to some inac-
curate information on the spin-dependent fragmentation functions ALD.;}(z,QQ). As we will
see, several theoretical models have been proposed for these polarized fragmentation functions
which are, so far, badly constrained by the existing data. Some predictions can be made for
the spin transfer in polarized deep inelastic scattering, but one gets no definite conclusion by
comparing them with the present very poor data from HERMES at DESY and E665 at FNAL.
We also stress the importance of the A (A) production in neutrino (antineutrino) deep inelastic
scattering. which allows a clean flavor and spin separation. New data will ke soon available from
NOMAD at CERN.

We will also give the prospects from pp collisions with polarized protons at BNL RHIC. because
there are recent interesting suggestions for measuring the helicity (and transversity) transfer
asymmetry in the process pp — A X. From its dependence on the rapidity of the A, it is possi-
ble to discriminate easily between the various theoretical models, thanks to the high luminosity

and the small statistical errors.

- . T ) .
E-mail: soffer@ept univ-mrs. fr
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FIG. 4. Comparison of LEP data [10-12] and our LO and NLO
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From the charged current quark transitions, for neutrino induced reactions

vd— pu;
vu— ,u‘;i_;
VS ¢
and for antineutrino induced reactions
v u— ptd;
v d— ptu;

U3 — ptc;

vd—pc
vu—uTs; (2)

Vs —y U u,

+S',

tg; (3)
+§’

N

T R

U
d

<
14

S|
ol
®

the expressions for the A and A longitudinal polarizations in the beam dlrectlon are,

for A and A produced in the current fragmentation,

d(z)AD}(2) — (1 — y)*u(z)AD5(2)

Plew) =~ R N TR @
PA(,y,2) = _(1("1’_) ‘)‘(x()A)gf\8+ ; o () ?) for N - RX; ()
PMz,y,2) = _(1(13):’)‘2(5()3?2;8 ;‘; z;gg&z) for DN %;;+7\>X. (7)

NEQECT QAR (RRO % .7Paogay

AR AMAL QT ANy

109

NS RQag

SAL K CONTARUTON TN



;;5(&'{"7‘ B T I 3

%,

SOUIUSU S |

T e AR

g) vHe_LCQw"‘rY "rakus'acjn:\‘ (N :FT CN X>K

Ve uemen e BOLLOWE
PV DRIV AR LS

EA N v@"‘")"w -
LLCF"('TT>=QC+ )+G(*)
+ (,(__>

Q»l>o ALONE THE Ddirservow o fF % )

PN A o
A N ? ’} (*t )Q ) A'S‘ f(xz.,Q"> A:D‘A('S\ QL) _Aﬂ'(-{»?’—;?é,') !
= §76,Q") -&"‘(%é‘) (5, Q) gty

CAN  Marxce ?QEE\'QT\")U& FoLLow ' & THS THa oS l:
gaeuka.ras : |

. . . A
~ S8 Aw) Mhsut"rugé‘ o€ :()L,\ RocLowy from W

- LVTTLE EffeeTe ®dm AND

«

(C) NRANSERVE Ren ARy MM ETARY

<
T

.y,

Gbuq\"_r)en\ ENU QM iLaAn.  To \j)g’g
Veepd To REPukes (N Num ALt L\T S ADT S AY
AN AT - AT@

i A R ’
L Bodeven ArD, (s NOT WnIWN BUT W ANALOGY T
THE POICTIVITY Boundy TN L\f Ge. 4L L E+r AL Vs
» - A A A A
Vit OSdE i[.A.:bf, < §+* A )’g_

-~ WE HAVE HECK T TIHAT (T QUANWYEY, FAdm
g" SVocLuTU N

= VE HAYS ORTAINEY WuudY TIN :‘3,“, oM Ty
THRASE €SV ANDS

110




Parity Violating Effects in Jet Production

Jean-Marc Virey!

Centre de Physique Théorique, CNRS Luminy Case 907, 13288 Marseille cedex 09,
France and Université de Provence, Marseille, France

Within jet production, the Parity Violating (PV) asymmetries Ay (= do~ —do™* /do™ +
do™) or AYY (= do~~ — do™* /do™~ + do**), that will be measured soon at RHIC, are
strongly sensitive to some new interactions belonging to the pure quark sector.

In the first part, after a brief review on the theoretical motivations for the presence of
some new quark-quark Contact Interactions (CI) and of a light leptophobic Z' boson, we
have presented the sensitivity to these models at RHIC, using conventional experimen-
tal parameters for polarized proton-proton collisions. It appears that the RHIC, on one
hand, is able to cover some regions in the parameter space of the different models which
are unconstrained by present experiments, and also by the expectations of forthcoming’s
(e.g. Tevatron Run II). On the other hand, the RHIC is a unique facility to obtain crucial
informations on the chiral structure of the new interaction. It is irnportant to note that
the integrated luminosity is a key parameter for this polarized analysis.

If some new physics effects are detected in p — p collisions, it could be very interesting
to run in the n — n mode (through polarized He?) to constrain the scalar sector of the

theory, i.e. the presence or absence of trilinear quark mass terms and the number of Higgs
doublets.

The second part was devoted to an emphasis of the need of NLO calculations for the
SM expectations. At LO the main SM effects come from the interferences between gluons
and W, Z exchanges for quark-quark scattering. At NLO we have to consider, on the one
hand, the QCD corrections to these QCD.EW interferences, and on the other hand, the
EW corrections to the pure QCD amplitudes. Such corrections are rather unconventional
and it seems difficult to use existing NLO calculations to get an idea of the behavior of
these NLO corrections for the PV asymmetries. For instance, at LO only 2 terms are
present but at NLO more than 50 terms are now involved. For example, at order a.a?,
quark-gluon scattering contribute also to the numerator of the PV asymmetries.

The net conclusion is that we cannot trust the LO SM expectations, which is truly prob-
lematic in the view of pinning down any new physics effects.

Given the powerful possibility of the RHIC Spin experiment to discover a new interac-
tion in the quark sector, we strongly recommand NLO experts to carry out these difficult
calculations.

Yemail: virey@cpt.univ-mrs.fr
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Contact Interaction Studies with Event Generator

Jiro Murata (RIKEN)

A lot of non-standard model scenarios can be examined using PYTHIA. Contact interac-
tion, phenomenologically introduced as a ”residual interaction” which have its source in
interactions between quark- and lepton-subconstituents, is also included in it. However, as
same as for all other sub-processes, PYTHIA includes only helicity averaged cross sections
for the contact interaction.

P. Taxil and J.-M. Virey studied the sensitivity of the contact interaction at RHIC and at
pol-HERA in some spin asymmetries. The purpose of the present study is, based on their
studies, to include the helicity-dependent matrix-elements into PYTHIA and to make an
event generator-based study for RHIC-Spin program.

Using helicity-dependent matrix-elements for the polarized e-p collision, corresponding for-
mula for Drell-Yan process can be obtained by crossing. Then we can get partonic-level
asymmetries. Final hadronic spin asymmetries were estimated using weighted method.
The weight factor consists of partonic-level asymmetries, polarized- and unpolarized-pardon
distribution-functions. The event generation was controlled by the unpolarized sub-processes,
which were already included in PYTHIA as ISUB=1 for a standard model v*/Z production
and ISUB=165 for a fermion pair creation via v*/Z production by the contact interaction.

The following results were obtained. Parity violating double spin asymmetry, AFY =
{o(—+) — o(+-)}/{o(—=+) + o(+—)}, has the largest sensitivity on the contact interac-
tion. However, the resultant beyond standard model asymmetry is rather small (~ 1%) if
the compositeness scale A is lager than 3 TeV. Considering the experimental errors, quan-
titative sensitivity study at dilepton mass of around M = 10 ~ 20 GeV and around Z
hoson is necessary. The other parity violating double spin asymmetry, ATY = {o(——) —
o(++)}/{o(==)+ o(++)}, has very small difference from standard model even at A =1
TeV. The usual double spin asymmetry Ay; has no sensitivity on the contact interaction.
It is because all the matrix-elements are zero for the same helicity combination.

As for one jet production, it is considered to have larger sensitivity on contact interaction
than Drell-Yan process. Therefore. the next step must be to include the corresponding
quark scattering formula into PYTHIA. The procedure has been established. Then, for
example. sensitivity on #° production can be examined soon.

All the newly obtained formula especially for Drell-Yan process can be found on myv web
A ] A 1 A
page (http://spin.riken.bnl.gov/™ jivo).
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Total Partonic Cross Section ~ 6** =(44,)=Y
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Ady Aty
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Jiro Murata (RBRC Workshop 2000)
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Section l-\symmecry‘ -> "Asymmetry”

ORI T, . WA

DRE Q. mal_DNEYXK 1~ rFrni~ SCrm rr T ey {/1 /—1' -L-;‘I A V\— 7
T Wil W 'JUI W/l l WA IR RSN EW r.)/JJJJJJL':‘..J \‘11‘12 i \'!1‘12[ﬁ' ‘11‘12
- - A4 A4 + 4 - -
9. 6 70 _ 4% "0hq v
- - A+ A - + _+ LL
. +4,9, 0 +O 49 Y9 9,
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WA =22 "N Zrv o AGAG o AN ey
L \ 7Lb Vé +ﬂ—- ” n+ 7LL rr \J.LLL/ I . . \ L/ rr \1.lL/ - Y \«QLL
1192 T 2172 q:19> 4
M 0 . s | D)
SM (ISUB=1) f /7' /Z l_ri(fCUB 165) £/, 4L4L0'12"))] | For CI (if pure L,R) |
Wnr N\ i l aLL :+1 L’R I
A v T yuge \

i=CI

SM & CI (ISUB=1 & 165)

No sensitivity on
chirality of lepton
coupling
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‘E‘Vent Generation Results

Mass Spectra for 5™ & CI

s _ 500 GeV A=1TeV
- £=1 Constructive Interference [ o
- n=Ln =1 Left-Left Chirality
CKIN(3) Pr(min)=10GeV
e SM
MSTP(S) 4 all g's are composite g 2
KFPR(165) 13 CI goes muon channel G5 =C S TTekambas
N
2 : i nll / excess ?
oq <1/A” Interference term (Dominant) | L i /
(o <1/ A%) pure CI term ; l ( I
7% (1TeV) T TR L
_0u 3% (2TeV) Mo
o, 07%@GTev)
0.4% (4TeV) quark coupling chirality
0.3% (5TeV) ISUB(165) E.G. = Left-handed only !

J ifo Murata (RBRC Workshop 2000)
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Perspective

HERA, CDF DY -> LARGE A (Atomic PV; A>10TeV)

quark, anti-quark distribution

eyond;SM Interactlons (Z', R—parlty Violation, etc.)
' n’cluded into PYTHIA

3142000 Jiro Murata (RBRC Workshop 2000)

V. Barger et al;

Phys. Rev. D57 (98) 391
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Jy  uu
320pb-’ p+p,Ns=200GeV

Dimuons Mass(unlike sign pair)

f\\
ALY

Production
Mechanism
of Jhy ?

AG(X)

& ’ u = g 1 )

2 10 m Eﬁ Color Singlet Model

< i pAun)>2GeV/c

S 10 -

5 = bottom __ [LIT7]

m \ Nl il ﬁ J qﬁ\x

e 10 7 ™

g : r
I___________A______T__h_(__—l_z___l__._:___.—
o 1 2 8

Muu (GeV/c?)

N, (p>2GeV) ~120k . 8A,*¥(stat.) ~ 0.006

N /Ny, ~ 0.15, 8A,, <~ 0.007 . 8A,*¥(syst.) ~ 0.001
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AG(x) Sensitivity of Single Electrons

A_LL of single electrons from charm

oo e e ]
................... statistical error only
0.02 - NI e (with 32pb1) -
~ 004 [} LT ! .
= : preliminary -
< - [ log x
L | p72GeVie
0.06 [ 5 T, —— |
1<p,<2GeV/c 3
-0.08 rgs-A —— I
GS.B -eoemeeee log |
GS_C ............ -2 -1 0
_0.1 | 1 | 1 | | 1 1L

1 1.2 1.4 1.6 1.8 2 22 24 26
pT of electrons in GeV/c




320pb-1  \s=200GeV

ell pairs

p:,pA>1GeV/c

. Yield per 1GeV/c?

e,mu mass (unlike sign pair)

e,mu mass (like sign pair)

total

10 1 _.._.J.

(7]

6 7 8
Meu (GeV/c)

12 3 5 6 7 8
Meu (GeV/c?)

N,, . ~120k events
N, . ~100k events

cCc
N_,. . ~60k events

%

0A,, (stat.)~ 0.006
0A,, (syst.)~0.006

» background of electrons (n°Dalitz decay and y conversion) can be reduced

« b/c separation is under studying . important because 4, is different
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AG(x) Sensitivity of el pairs

Vs=200GeV bb—ep (p;°,p+>1GeV/c)
A_LL({M(e,mu)) with GS-95 NLO-A,B,C
-, 0.12p
— _ F 0.0B1 A, Stat. Error
< 01F 00t4 with 320pb-1
0.08} . 0.014
0.06—
. | _
0.045 o b
0.02f-
- GS-C
Or
ol v b oo by by oo ooy oo by g by o ey
‘_._mwnmwwmhhmmmmm

e,mu mass(GeV)
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Summary

Double longitudinal spin asymmetries (4,,) for both open and bound-state heavy-flavor
production are sensitive to gluon polarization in the proton, since they are dominated by the
gluon fusion process at RHIC energy. We have discussed experimental uncertainties and
theoretical predictions of 4;; for three probes to identify the heavy-flavor production at
PHENIX.

We can measure 4;; of J/ys, identified with unlike-sign dimuon pairs, with small
experimental uncertainty (~0.006 with 320pb-!). Furthermore, our measurement of the
unpolarized cross section and the spin alignment of J/\y will help to understand its
production mechanism.

Systematic error of 4;; for the open heavy-flavor production identified with single electron
is good enough(~0.001 with 32pb!) to distinguish three models of polarized gluon
distribution(AG(x)) proposed by Gehrmann and Stirling.

Electron-muon pair is another probe for the open heavy-flavor production complimentary to
single electron since it can probe different range of x.

Other channels, such as single muon, dielectron and eD(uD) pair, are possible and under
studying.

In conclusion, we have many channels to identify the heavy-flavor production, which
complimentary give us information on gluon polarization in the proton.
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Some Know-How for Calculafing the Polarized \

Hadroproduction of Heavy Quarks in NLO QCD

Ingo Bojak — T IV, Universitdt Dortmund

Summary and Description of the Selected Slides

The importance of determining Ag was reviewed and heavy
quark reactions useful for that were introduced ~» Slide 1.

Our method of calculation was explained in some detail
using photoproduction as example. First projection on

helicity states, the HVBM ~5 scheme, and phase space

integration with “hat momenta” were discussed.

Next virtual loops were treated ~» Slide 2. The
Passarino-Veltman decomposition, basic scalar integral
calculation and renormalization were demonstrated. A
slide on automatic color-factor calculation followed.

Real emission (gluon-bremsstrahlung, initial light quarks)
was the next topic. Partial fractioning of angular variables,
integral “tricks”, and phase space slicing were covered. As
final step mass factorization was introduced.

NLO total partonic cross sections for vg and ~¢ were
shown, exhibiting large NLO corrections due to new types
of Feynman graphs and PGF dominance. Improved NLO
stability against s, ; variations was examined by plotting
relative (hadron level) deviations ~» Slide 3, but the m,
dependence displayed in similar plots remained strong.

Spin asymmetries can be enhanced by py-cuts, as shown
for polarized photoprod. of charm at COMPASS and
bottom at HERA ~» Slide 4. A pr-cut dependent LO
hadroprod. plot showed the promise of RHIC ~~» Slide 5.

NLO corrections to hadroprod. were displayed next: g,
and the real emission part of ¢4. The helicity conserving
o0 Hy Bl subtraction was explained. The only
miSSi’ng NLO piece, 4 virtual loops, is close to completion.
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4 I

Why is Ag basically undetermined?
e 7 as in unpol.: fgl drx(g+2X)=1& g>0
¢ no small Bjorken-x, polarized HERA-¢p'™

e no polarized exclusive processes used so far

T e

Photoproduction @  Hadroproduction @ RHIC":
COMPASS: clean high statistics, smaller

(z’“‘ﬁ;\()"}}(; D g 1

dtduy - S 167s? 2(4 \ ----- 1)

oo 2t fu\ 2ms
r( FmCa 52 m ] ly / &fz Uy : }

LO simple, problems with LO calculations

e strong dependence on /¢, und iy in LO

RN

e unpol.: NLO corrections big for 5 — /-, ~

® LW Process in NLO: ¢~/

= J
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A

irtual Loops

>
0000000

e
S N B

ANNNf—P—— NN —P— AN ——

additionally C , except for non-planar box.
% both Born amplitudes = matrix elements.

Similar Counterterm-graphs, e.g., 2
iﬂ/g | 3 [/? . (237”5 - “H?,j(s,/

Problem: tensor-loop-integrals, e.g., box:

— I

DL — / " q q H { Y { »

)

Li = (q+q+. ... +q )2 —m

]

Passarino-Veltmarn-decomposition ~ scalar ;;-dim.

(Feynman-parameter-)integrals as coefficients:

ARV IRES SHN S U CA SA | : Ji ;
[ore (v ({4 Doy = oo gt s
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Improved stability: p, vs. gy, m, = 1.5 GeV

VS=10 GeV

O

2D ~. 9 9
ro=p;/mzand f = p3/mg, 5% contours

1 VS=200 GeV I
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First Results for Hadroproduction

Need larger /S for Ag at smaller x = RHIC-pp.

0.02

0.01

-0.01

0.02 _ LO Asymmetrie AEP:AGC /o;

PP’ PP
thick: 200 GeV, thin: 500 GeV
-0.03 | 240pb', 800 pb’!

N (4 *ONA VAT

-0.04 ‘

GS A pP"=2 GeV
-0.05 i GS C 5 Ge‘V
0.06 - —— 8A_ withe=0.001
0.001 0.01 0.1
min___min, max
Xr =pr /Pr

Varying the low p*'" integration limit.

SRR /¢

Pt = VS 2 — s /S, define wp = pp /pHE.

IR R EA RS

pr-cut can increase asymmetry, because Ao (p;)

' o SN e ]
oscillates. But error 0 A¢ = [P /e Lo, |

mainly at small p.

3

e
grows, because o

LO looks promising. But NLO needed.
Experimental side: charm detection efficiency? Or

perhaps rather bottom? Normalization?

N

/
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BNL, 15/3/2000

Open Heavy Flavor Production:
Some Phenomenological Aspects

Marco Stratmann

Institute of Theoretical Physics, University of Regensburg,
93040 Regensburg, Germany

Abstract

Open heavy flavor production is one of the ‘gold-plated’ process-
es to measure the polarized gluon density Ag which is still largely
unknown. However, a meaningful extraction of Ag requires first
of all a thorough understanding of the corresponding unpolarized
process. We give an overview of the present experimental situation
for open b-quark production in unpolarized hadronic collisions. The
long-standing problem that the Tevatron data are at least a factor
of two above the theoretical predictions for all measured values of
pr is still around and not understood at all. Attempts to explain
the observed excess by introducing an ad hoc kr smearing for the
initial state partons only slightly improves the agreement with data
for small values of pr. Moreover, other observables like heavy quark
correlations seem to disfavor large values of (kr). Resummations
of Inpp/m when m/pr — 0 also only lead to a slightly better agree-
ment, however, the scale dependence is somewhat reduced in this
approach. Uncertainties due to the fragmentation of the b quark
or in the shape of the gluon density were also studied without any
success. Since b production is expected to be reliably calculable in
" perturbative QCD, the current situation is extremely puzzling.

In the second part we present expectations for the charm photo-
production and bottom hadroproduction spin asymmetry for COM-
PASS and RHIC, respectively. Within their statistical accuracy,
both exeriments, in particular RHIC, should be able to obtain some
constraints on Ag provided a better theoretical understanding of
heavy quark production can be achieved. Theoretically and ex-
perimentally cleaner are heavy quark jets but it is not clear yet if
RHIC will be able to measure them. Hopefully upcoming results
for b quark/jet production in unpolarized collisons from Tevatron
run 11 and also from RHIC help to improve our understanding of
this fundamental QCD process.

In the future we plan to present a NLO parton level generator ror
heavy quark production in polarized pp collisions which is manda-
tory for studies of heavy flavor production at RHIC.
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e Do we understand unpolarized HQ data?

Before one gets too excited about the prospects of

determining Ag one must check the ‘unpol. status’:

Let's concentrate on collider (Tevatron) data ...

e Incl. b-quark prod. in central region (jg’| <1, pb > pmin)

0

- op

' :
s Dimuons 1
e Inclusive Muons 4{
CDF ]
/Y o
10 v W(QS) RN 43
- SN
-~ NLO QCD, MRSR2 NN
- Theoretical Uncertainty R

5 6 7 8 910 20 30 40

o™ [GeV /)
~+ long-standing problem:

— different measurements ( ) 4+ methods a-
gree

— theor. predictions below data (data/theory ~ 2 = 2.5)
even if one fiddles around with s/, i, and o,
however, the oo is o0 (&= constant shift)
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It can be even worse ...

e Inclusive forward b-quark prod. (2.4 <|np#| < 3.2)

DO

137

. ) -
DO (prel.): > 102 = ]
< I A 2.4< M <32
b produced /vL’S o T \\‘ DO Preliminary
(Pf > 2GeV) 500 N :
% ;
NLO QCD: HVQJET =, |
(Baarmand, Paige) © | "
dat 10_,' NLO QCD, MRSR2 T
datd E m,=4.75 N E
M Tl o u % 4 ! : mb : \\ -
theOI’y P to b= pe=(pl+m2)? AW § Z
10 | e L \
4 5 6 7 8 910 20
pt* (GeV/c)
e Angular correlations between muons in bb — uu
" trivial in LO ~ important test of NLO QCD !
DO Preluninary 4 <pA7ﬂ < 25 Ge\/, Inpl < 0.8
B 1?' L L S B B A L At A SR 'ﬁh.’“f*‘jl
O 1 E bb—> pup X . 6< My, <35GeV
6\ I a DQ Data | j
o .
© | - HVQJET MRsR2 , - P NLO QCD: HV W = 1
< 71] HVQUET LO . (Baarmand, i )
310 E[/ Dota Errors ore Stotistical and Total - { et e o
P 3 Shaded MC Errors are Totoal L !
— [ ‘,,, I,
Lo - MC error band:
g Poom _
N LT dominated by
S v +670
e my and p-var.s o 0
. | _
L P
- data
o L o~y
o theory — 1.8
Q 0 10 [ 30 P R N ’
AP (Do qrees]
(all figs. taker trom 's talk © )



e Lepto/photoproduction of HQ's

e photoproduction of charm @ COMPASS

0.3 ] ] T l\\l I ] LI I ] T T l T 1 T I L I N | I 1 T I T T
AC

P

0.2

GRSV std.
- === GS(A)

0.1

5 I W R T R T ST T NN A WY S R

NLO

0.1 - Lo ,

l ] | l i 1 1 I 11 1 I L1 1 I 11 1 I ) I - l 1 1 1

6 8 10 12 14 16 18 20
\/SYp [GeV]

— NLO corrections are sizeable
— Sizeable dependence on mcparm
— Can extract Ag only for one (z) ~ O(0.1)

-+ background from resolved ~'s (e.g., gg — cc) small

e HQ production ® a polarized
option to polarize p-beam under discussion
first polarized ep collider

rich physics case: 4, @ small-», CC-DIS, photcprod

e e
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Hadroproduction of HQ's @ RHIC

e Total cross section asymmetries A, and Ay:

D

0.04 T 1 771 1 T T T T 0.2 T T 7 T T T
- c q : b
[ App i - PP LO ]
003 F ] - l
oo —— fitedAg {4 0151 7]
B y 1 I s
- - - = Ag=gnpul 3 \
002 . === Ag=0 input - - "
[ asc 4 %[ |
i 5 ] L 4
0.01 |- N = -
- \ N - -
[ \\\ 1 %%r \ B}
0 -_._._‘.'_ Lt Ll e L, : S j
] 0 s i
_001 [ 1 . 1] L Il ] il IR 1 1
50 100 g (Gevy 500 50 10° Vs (Gev) 500
7'" dependent b-asyrmmetry:
002 T T T 7
:'///
7
0.01 / J
. \.?i\i\\\ ~ ; |
LO Asymmetrie AL =Ac® /o \ \ NS
-0.01 F R4 pp~2%pp Opp \ S
thick: 200 GeV, thin: 500 GeV N \ R
-0.02 | 240pb”, 800 pb’! TN N
min \ \/
-0.03 | pr =2 GeV  \ Y/
GS A 5GeV  \ / L
-0.04 + OGS ¢ i . -
iyl §
-0.05 . .
).0001 0.001 0.01 0.1

Xp

fn

Pvil“-ﬂn/P

Nax

sensitivity to Ay it the b detection is suff. good

(Af ~
(Ui L

ML
Ui

[
[

VA

~ AN
O, WE
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e More ‘exotic’ but interesting observables

e HQ jets: (unpol. studies by Frixione, Mangano)
Idea:

study properties of jets (Ep-distr.) containing at least

one HQ (regardless of mom. fraction of HQ in the jet)

Advantages:

e Inpr/m not present in jet Ep-distributions

e reduced uncertainties (no HQ frag. etc.)

e uncert. due to m not important for high-E; jets

LO: oHQ-jet = Oopen—HQ
NLO: jet € (HQ, HQ + light parton, HQ 4+ HQ)

~ OHQ-—jet 7& Oopen—HQ
but singularity structures identical (mass = ‘cutoff")

~+ can write: do = doOPen 4 d§olet-like

“particularly suited observ.: HQ jet-frac., b-jet/c-jet ratio

3 0.05 L
IS b production, 5]<1.0, R=0.7 1 0.04 b(b)-jet fraction, R=0.4
100 H : N ] o T Dotted: p/uy=0.5 Solid: p/pp=1
£ 1 Solid: total E 2 E Dashed: p/pyca E
L ! L‘] Dashed: open quark 1 - : r O: CDF prelim %
: Dotted: bb—jet 1 = : -
o=t L Y <4 % °%2r ¢ ¢
£ et iz R ————
z el =X 0o e - = -
3 o s
> 10 L T 000 e s g e !
ER L —~
2 LLH i~
- - = s )
o . L 2 003 b{bY jet fraction, R=07
~ 1 [
5 b o
T "_‘_\_‘ 00
‘ VL\'LT _
‘:.v: J i 001
O S S
10 80 0o 9 RN
by (jet) Fo {fev)
Problem: - data for c-jet fraction above NLO QCD
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Fy charm at HERA

J. Smith
C.N. Yang Institute for Theoretical Physics,
State University of New York at Stony Brook, New York 11794-3840, USA.

Recently there has been a lot of activity regarding the production of
charmed D* mesons in deep inelastic scattering at HERA. The H1 {1} and
ZEUS [2] groups have each collected about one thousand events. The dif-
ferential distributions for these events are shown in Fig.]l and are in good
agreement with the predictions of the computer code HVQDIS (3], which
contains the exclusive next-to-leading order (NLO) calculation originally
made in [4] and a fragmentation function for the transition from a charmed
quark to a charmed meson. The calculation assumes a set of three flavor
(masslessx ) parton densities and is completely free of collinear divergence
problems because the charmed quark is massive. The experimental groups
then use HVQDIS to integrate over all the phase space to give predictions
for Fy.(z,Q?% m?), which we show in Fig.2. To distinguish this theoret-
ical result from the other approaches below we call this NLO prediction
FEXACT(z, Q% m?). The experimental groups then extract from this data a
three-flavor gluon density g(z), which agrees with the one extracted from the
slope of the total deep inelastic structure function Fy(z,Q?).

What more can one do with this data? First of all the experiments are
still running and we expect more events over a larger range in @* and p;.
The theorists would like to use the data in several ways. First of all one can
treat the charm quark as a massless density, which should be a reasonable
assumption at when @ > m?, but not when @? ~ m?. This assumes that
the NLO calculation will not be an adequate fit to the data at large QZ
and the so-called zero mass variable flavor scheme (ZM-VFNS), in which
there is a four-flavor set of parton densities (including charm), will be better.
This claim is opposed by the Dortmund group [5] who pointed out that the
original NLO calculation in [4] is not very sensitive to scale variations and
therefore prefer to avoid the introduction of a charm density. Nevertheless
the two-loop operator matrix elements which one requires to implement this
ZM-VFNS idea in next-to-next-to leading order (NNLO) have been worked
out [6]. Recently the NNLO boundary conditions from which the charm
density evolves at Q% = m? have been implemented into an evolution code
[7] and results given for Foo(x, Q% A) in [8]. We note that now there has

141



to be a parameter A to distinguish the massless charm quark contribution
from the rest of the light quark contributions to F3(z, Q% A). The sum of
these parts is independent of A. This contribution is called PDF( Q% A).
Only in the region of intermediate Q? should the two descriptions overlap,
as F'EXACT should be better at small scales and F’PCDF at large scales.
Fmally there are several schemes which mterpolate between the above
approaches. They are called variable flavor number schemes (VFNS) and
contain both three flavor and four flavor parton densities convoluted with
appropriate massless or massive coefficient functions. Among them are the
ACOT {9], BMSN [6], MRT [10] and CSN [8] schemes. Yet another preprint

appeared a few days ago [ll] We show some results from the two NNLO
SChEmES EIICU DlVlDJ.V arld LJDJ.V l[l [‘lgb 3,4—. l‘kh Llllb Uluﬁl 111 perLU.l‘
bation theory there is generally very little difference between the schemes.
At small scales the ZM-VFEFNS scheme is a poor appproximation. Since our
comparisons are made al very small Q% where «, is large we see for the first
time consequences of inadeqate analyses of parton densities. The groups
{12], [13} {14} first fit data with convolutions of lu,a.uulg order (LV} densities
with leading order coeflicient functions to determine the former functions.
Then in NLO they should multiply these LO densities with NLO coefficient
functions and add them to the convolution of undetermined NLO parton

densities with LO coefficient functions The latter can then be determined

from a new fit to the same exverimental data. However this is not what is

aiv U Qa0 LA PTLiatas 4l VL viils o La0%

actually done. The parton density groups convolute both the LO and NLO
coefficient functions with NLO densities thereby adding in even higher order
contributions. Therefore the renormalization gronp equation, which should
express the independence of measured quantities with respect to variations
of the mass factorization scale through order o?, is violated by the inclusion
of higher order terms. One can see the consequences of this in the plot for
Fp.(z,@%) in Fig. 4 which is negative and therefore unphysical at very small
scales where the «, is large.

When charm electroproduction data are available at larger values of p; it
will be necessary to work out VENS schemes for the differential distributions

which include the evolution of fragmentation functions for charm.
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Figure Captions

Fig. 1. Differential distributions from ZEUS.
Fig. 2. F5.(z,Q%) from ZEUS.

Fig. 3. The charm quark structure functions Fz7A%T(n; = 3) (solid line)
FZN(ny = 4), (dot-dashed line) FEMSN(n, = 4), (dashed line) and
F;?F(nf = 4), (dotted line) in NNLO for z = 0.005 plotted as functions

of Q*.

Fig. 4. The charm quark structure functions FEA4%T(ny = 3) (solid line)
FEN(ny = 4), (dot-dashed line) FEMSN(n, = 4), (dashed line) and
FEPF(n; = 4), (dotted line) in NNLO for z = 0.005 plotted as functions
of Q2.
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Figure 1: Differential cross sections for D** production from the K2x final state (solid dots) in
the Q?, y, pr(D*) and n(D*) kinematic region as functions of (a) log,, Q%, (b) log,p z, (c) W,
(d) pr(D*), (€) n(D*) and (f) z(D*). The inner error bars show the statistical uncertainties
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The results from the K 4n channel (open triangles) are also shown in the pr(D*)(d) and n(D*)
(e) plots. The data are compared with the NLO QCD calculation as implemented in HVQDIS
using the ZEUS NLO pdf’s. The open band corresponds to the standard Peterson fragmentation
function with the parameter e = 0.085. For the shaded band, the Peterson fragmentation was
replaced 1] that extracted J1 om RAPGAP (/SEE the text JUI duuua/ The boundaries Of the bands
correspond to charm mass variations between 1.3 (upper curve) and 1.5 GeV (lower curve). In
(a) and (b), the open band is indistinguishable from the shaded band.
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Figure 2: The measured F5° at = values between 0.00005 and 0.02 as a function of Q?. The

various values of z are tndicated to the right of

the data points. For clarity of presentation, the

F5° values have been scaled by the number shown in parentheses next to the x value. The inner
error bars show the statistical uncertainty and the outer ones show the statistical and systematic
uncertainties summed in quadrature. The curves correspond to the NLO QCD calculation [7, 46]

using the result of the ZEUS NLO QCD fit to F,

[41]. The solid curves correspond to the central

values and the dashed curves give the uncertainty due to the parton distributions from the ZEUS
NLO fit. Details of this calculation are given in the text. The overall normalization uncertainties
arising from the luminosity measurement (£1.65%), the D** and D° decay branching ratios,
the charm hadronizaticn fraction to D** (+9%) and the eztrapolation uncertainties (sec text)

are not included.
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LONGITUDINAL SPIN DEPENDENCE OF LEPTON

PAIR PRODUCTION IN HADRON COLLISIONS

RIKEN BNL Workshop on
Predictions and Uncertainties for RHIC Spin Physics
March 6 — 31, 2000
Edmond L. Berger

with Lionel Gordon and Michael Klasen, hep-ph/9909446,
hep-ph/0001190, and Phys.Rev. D58, 074012 (1998)

Outline:
e Introduction
e Next-to-Leading Order QCD Formalism
e Transverse Momentum Distributions
e Predictions for Ay, at RHIC Energies

e Discussion/Summary

http://gate.hep.anl.gov/berger/seminars/BNL-RIKEN.ps
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TRANSVERSE MOMENTUM DISTRIBUTIONS
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e Drell-Yan results for the RHIC collider at three energies;

intermediate value of mass; central rapidity region
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PREDICTIONS FOR A[ ], - THREE CHOICES OF AG(x)

pp — ¥ X at VS = 200 GeV
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e The gg channel accounts for most of Ar1, when Ay, is large

e The qq subprocess, with ap;, = —1 dilutes the effect



. PREDICTIONS FOR Ay,

pp — 7 X at RHIC
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e Drell-Yan results for the RHIC collider at three energies;

intermediate value of mass
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PREDICTIONS FOR ALL

REMARKS ON THE SPIN-DEPENDENT CASE

e A_LL is nearly independent of Q as long as QT is not too small;
this feature should be helpful for the accumulation of statistics

® Many subprocesses can contribute small and conflicting

asymmetries in all hard scattering reactions

o General Rule: Asymmetries are readily interpretable-only in
situations where the basic dynamics is dominated by one major

subpracess and the overall asymmetry is sufficiently large

e For the Drell-Yan (and real prompt photon) case, if ALy, itself is

small, the contribution from the gg subprocess cannot be said to
dominate the answer

e |f a large asymmetry is measured, calculations show that the
answer is dominated by the gg contribution, and data will serve
to constrain AG(z, py)

o If AG(z, uy) is small, e.g., the GSC parton set, or at small
QT for all parton sets, no information could be adduced about
AG(z, i), except that it is small

e For Q7 not too small, A 1 is well described by a scaling

function A1 1 (V'S, Q) ~ hys (z7)
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PREDICTIONS FOR AL L

NSITIVITY TO QUARK DENSITIES?

¢ gg Compton subprocess is dominant, but will uncertainties in
the quark density compromise the possibility to determine the
gluon density?

e Recall (Berger and Qiu): when the Compton subprocess is
dominant

® spin-averaged cross section:

Edopn, | ([ Fa(z1) Ed*5%
— 2 / dridz2 ( G(z2)— 3qg + (z1 © z2)
ap J \ I D
e spin-dependent cross section:
EdAct . ( Ed® A,;TC
/ dz1dzs | 291(21)AG(z2) =2+ (z1 -
dp? \ dp’

o Fy(z, p}) and g1 (z, p1%) are measured in spin-averaged and

spin-dependent deep-inelastic lepton-proton scattering.

e Massive lepton-pairs at large enough (J T will determine the
gluon density provided the proton structure functions are

measured well in deep-inelastic lepton-proton scattering.
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DISCUSSION/SUMMARY

e Spin-dependence in hard-scattering processes is a complex
topic; understanding is at an early stage of development.

e Several defensible approaches for extracting polarized parton
densities must be pursued with the expectation that consistent
results must emerge.

e Several processes for extracting AG(z, Q ), each with
strengths and limitations

- inclusive/isolated prompt photon production at large pr (with
or without a tagged recoil jet)
* inclusive case is theoretically clean except for the
non-perturbative long-range fragmentation
* experimenters measure isolated photons; contact with
theory somewhat murky

— hadronic jet production at large pr
x large rate
* large number of subprocesses; complications of jet
definition
~ heavy flavor production, candb: g + g -+ c+ ¢ + X.
* ¢ is too light for reliable perturbation theory at colliders

x b is heavy enough, but why does the measured cross
section at the Tevatron exceed NLO QCD by x2 or x3?

— the Drell-Yan process at large Q1
- theoretically clean

= rale is low
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Measurement of AG : theoretical uncertainties

D. de Florian
Iﬁsiitute for Theoretical Physics, ETH Ziirich, CH-8093 Ziirich, Switzerland

In order to measure the polarized gluon distribution it is necessary to study
less inclusive processes than DIS but, urfortunately, only a few of them can be

e T 8 PN . |
wa,sured. L\lUbb Ul blltﬁbt processes are not uneu 1o bbuuy Lllb UllpUldlleU glUUIl

distribution since they are affected by large theoretical uncertainties. In the
polarized case one can not afford not using them and, therefore, it is important
to know to which extent the available theoretical calculations can be trusted.

In this talk Isummarize the uncertainties of theoretical calculations for jet and
prompt [)llUbUll pr oduction i rp collisions and 2 hadron pl‘Ou uction in ep collisions
by looking at the scales dependence of the theoretical results and comparing them
with available data in the unpolarized case.

In the case of jet production, it is found that the NLO corrections reduce
drastically the scale dependence to less than 10% showing an excellent pertur-
bative stability and a very good agreement with the unpolarized data in a wide
kinematical range. From such a measurement it would be possible to pin down
the polarized gluon distribution in the range of 0.05 > x > 0.2 by analysing the
data in a similar way as done by the CTEQ collaboration in the unpolarized case.

For prompt photons, the scale dependence is still large, but the most serious

1 o £ +ha ~f 3 A +16G -~
1€ CoInes irom wne ucuvau,) O1 uwxuuuplﬂg an arti

ron valiie

uu&uy 10:15\/ vailie Uf ’111‘
trinsic’ transverse momentum for the partons in order to understand unpolarized
data. There were many theroretical improvements in the last two years in the
subject and it is possible that a full solution will appear by the time RHIC be-

gins the analysis of the data. In any case it is possible to S‘rudy first unpolarued
RHATC dofq fn nl\{ ain fra +thnra +tha nee adad I and use

AV B U Wy gotaln irom thnere tne neeaea i ang usc

asymmetries in a rather safe way.

For 2 hadron production in ep collisions, I mainly concentrate on recent data
published by HERMES. 1 show that one can not apply {parton model) pertur-
bative QCD in the kinematical range corresponding to HERMES data and that,

fhnnpfnro no information about /\n can be obtained from li on contrary with

claims from the HERMES collaborauon.
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Motivations

e Objective of this talk: How well do we know doTH?

e Important reasons:
— Can we trust studies on sensitivity?
— TH uncertainties will be reflected in §(AG)

— In the worst scenario, if TH not under control,
when data come we will have to unknowns: AG
and the procedure to extract it from the data!

e Advantage for polarized physics: check how it works
for unpolarized cross-sections and learn from it
doTH ys DATA

e To avoid problems like the following example:
Photoproduction of n* at SLAC(E155)

ep — mt(pr) (Q? ~ 0)
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:D&F‘ S .Frinens, A. 5L|$ner ,W-VO%C\%V\S ('33@) N_L_?

Jet pr‘oduction in pp: Sensitivity tc AG

o Asymmetries at RHIC: e¢=1, P=0.7 and £=100 pb-!

0.0600

0.0100 |-

0.0060 | .

0.0010 1

0.0008

— pr distribution |5 < 1, ES D=1 (p, bin size 2 GeV)
— n distribution p, > 15 GeV (7 bin size 0.2)

Ao/o

e Large sensitivity to Ag due to dominance of gg and

qg initial states: not spoiled by NLO corrections It

* p; distribution more sensitive to ‘size’ of Ag

z~ 0.05 > 0.2

e 7 distribution also sensitive to ‘shape’ of Ag

e Similar situation for different cuts, less inclusive ob-

servables and other jet definitions (see next slides)

e Excellent prospects to obtain Ag from RHIC data
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Jet production in pp: Perturbative stability

D.de F.; S. Frixione, A. Signer, W. Vogelsang (98)

Upper curves: NLO 1
Lower curves: Born X 0.2
GRSV std, ES [D=1]
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Scale dependence substantially reduced from LO to
NLO: less than 10% ! TH well under control 1

NLO corrections moderate (to Born): affect the
asymmetry ~ 20% (at the default scale!)

The same happens for other pdfs and rapidity dis-
tribution

Comparison to unpolarized data: very good agree-
ment {

Excellent prospects to obtain Ag from RHIC data
with a NLO analysis (like CTEQ does for the un-




Photoproduction of two hadrons

e Correlations between h* and h~ increase the sensi-
tivity on AG

A. Bravar, D. von Harrach, A. Kotzinian (1997)

e For Compass, =z ~ 0.1

e Hermes measured p_fl‘} distribution (0.6 < pf_'}l < 2
GeV) requiring p¥* > 1.5 GeV

e One can expect problems (soft contributions): kine-
matically similar to SLAC

e Look at the scale dependence of the unpolarized
cross-section (direct contribution): only LO avail-
able

2000
D. de F., M. Stratmann, W. Vogelsang (1/963)
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e Scale dependence very large due to small scales and

kKinematics close to end of phase space. pQCD
valid?

e Theoretical uncertainty so large that no conclusion
160 about AG can be drawn from the measured asym-
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Conclusions

161

° I 'have'?summarized which are the main TH uncer-

tainties for processes that will be relevant for the
extraction of AG

e Summarizing:

Jet production: Rather small TH uncertainties
and large sensitivity to gluons (NLO)

Prompt photons: Large TH uncertainties due
to scale dependence and large ky effects: need
to measure unpolarized cross-section to ‘fix’ kt
(1) to use it in the polarized case. TH improve-
ments in last years, solution close? (NLO)

Charm photoproduction: Large TH uncertain-

ties due to scale dependence and m.: need to

measure unpolarized cross-section to ‘fix’ m. (u)
to use it in the polarized case (NLO)

Two hadrons: Only known to LO accuracy vet.
Non-perturbative effects expected to be impor-
tant at Hermes kinematics. For Compass NLO
can help, but TH uncertainties will be probably
still large: compare to unpolarized cross-section

e Since the analysis of most of these processes still

implies large TH uncertainties (effective procedures)

a global fit will be needed as a check of consistency
of all the extractions of Ag

e All these processes can give information about Ag
at medium and large z — another reason to measure

unpolarized cross-section: still large uncertainties
on a

'



Measurement of Asymmetry for Pion Production in PHENIX
Yuji Goto

RIKEN BNL Research Center

We plan to measure the gluon polarization in the PHENIX experiment. Many channels of
physics signals can be detected to do it by using both the Central Arms and the Muon Arms. We
have presented asymmetry measurements of the prompt photon and 7° with EM calorimeters in the
Central Arms. The measurement of 7° serves as an alternative to the jet measurement in the limited
acceptance. We will have high enough statistics of this measurement in the first year of the RHIC
polarization proton run, although we need to wait full luminosity in the second year for the prompt
photon measurement to obtain much enough data. As a natural extension of the 7° measurement,
we can measure asymmetry of charged pions in the Central Arms to extract the gluon polarization.

Because of different fragmentation functions from specific partons to charged and neutral pions,
the asymmetry of the charged and neutral pions should be different. By utilizing this property,
charged hadron measurements of the polarized DIS experiments like HERMES or SMC achieve
flavor decomposition of the quark polarization. In the polarized proton collision, measurements of
the charged and neutral pions needs to be interpreted by considering contributions of quark-quark,
quark—-gluon and gluon-gluon reactions.

There are many more uncertainties to be considered, fragmentation functions, parton densities,
scale dependence, etc. It is more difficult to extract flavor decomposition information of the quark
polarization than the case of the polarized DIS experiments. One clear gain of the charged pion
measurements adding to the neutral picn measurement is to obtain 3 times more data for the gluon
polarization measurement. In order to take the charged pion data experimentally, we need discussion
about trigger for high pr charged particles.
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0 production Extension to charged pions

. Fragmentation function

. AG information D g D
_ alternative to jet measurement in the small > Asymme try
acceptance
— high statistics Aih % z‘\r L 7z Ar L
— clear particle identification « ¢f DIS semi- mcluswe h*/h measurement

— HERMES {PLB 464 (99) 123.]

« Asymmetry measurement
— SMC [PLB 420 (98) 180.]

— PYTHIA simulation with GRV94LO
— flavor decomposition of the quark polarization

— \s=200GeV
— 10% luminosity lyear (32pb™') figures from HERMES paper
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Simulation study

« PYTHIAG6 simulation

!

string fragmentation — Lund model
with GRV94LO PDF

signal only, perfect particle-ID

Vs =200 GeV

« Parton reaction ratio
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« Fragmentaion process

difference between charged and neutral pions
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Pion asymmetries

. Different asymmetry between charged and
neutral pions

. Comparison of 3 Gehrmann-Stirling models
- A: AG=1.71
- B: AG=1.63
- C: AG=1.02
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« To probe the quark polarization ...
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Uncertainties

Fragmentaion functions

PDF
- qq *qg * gg contributions

— especially at low p (<5 GeV/e)
Scale dependence
— not significant for Vs > 60 GeV
[P. Aurenche et al. hep-ph/9910252]
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Fragmentation function

. BKK fragmentation function

[J.Binnewies, B.A.Kniel, and G.Kramer,
PRD 52 (95) 4947.]

LEP (ALEPH + OPAL) + PEP (TPC) data

fragmentation to T° + 7T

!

— large uncertainties at high-z
« PHENIX:z2=0.6-0.7
— large uncertainties in the gluon fragmentaion
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FIG. 1. = dependence of the FF's at Q% = 100 GeV? for (a) charged pions at NLO, (b) charged pions at LO, (¢}
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Fragmentation function

« EMC data
[NPB 32] (89) 541.]

— u-quark fragmentation to ©t* and T

— charge conjugation for d-quark fragmentation
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Fig. 5. Fragmentation functions of the u quark into pions (a). kaons (b) and protons (<) vs. the energy

fraction z. The errors shown arc the statistical errors.

Questions (as a summary)

By taking charged pion asymmetry data ...

— flavor decomposition data of the quark
polarization ?

— for the gluon polarization measurement, we
obtain 3 times more data (using cxisting quark
polarization data)

 To take charged pion asymmetry data ...
— trigger for high py charged particles
* p,;>5GeViconly?
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Non-leading corrections for Monte-Carlo event
generators

John Collins
Physics Department, Penn State University,
University Park PA 16802, U.S.A.

This talk summarized results from my preprint hep-ph/0001040.

Monte-Carlo event generators are a very useful tool for analyzing data on
hard scattering, because they provide predictions for the whole final state.

. However, at present they are limited to a somewhat improved leading loga-
rithm accuracy. “Analytic” calculations, in contrast, provide systematically
improvable predictions (in powers of a,(@))), but do not make detailed pre-
dictions about the final state. Improvement is urgently needed for the event,
generators. This is particularly the case when the LO subprocesses are in-
duced by a small parton density and some NLO subprocesses involve large
parton densities. A particular example is deep-inelastic scattering in the
small-z and diffractive regions.

I explained a new subtractive method to incorporate NLO corrections,
with its application to the photon-gluon fusion process. Two classes of events
are generated: LO events, as at present, and NLO events. The partonic hard
scattering cross section for the NLO events is the basic NLO parton-level
cross section, but with a subtraction of the approximation to it that is in the
LO Monte-Carlo. The result is a hard cross section that is collinear finite.
Particular attention must be paid to a consistent definition of the kinematics
and a modification to the standard Bengtsson-Sjostrand algorithm is pro-
posed. Adjustments to the algorithm can be made to reduce the number of
negative weighted events.

Generalizations to other processes can be made, including those of interest
at RHIC and in polarized scattering. Technical difficulties will involve the
treatment of recal and virtual soft gluons. The generalizations can also include
NLO corrections to the showering, i.e., to the DGLAP evolution. When this
program is completed, Monte-Carlo event generators conld be at least as
precise in their predictions as analytic calculations.
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Small )7 factorization and resummation

Csaba Baldzs
Department of Physics and Astronomy, University of Hawaii,
Honolulu, HI 96822, U.S.A.

March 16, 2000

The standard factorization formula for weak boson production fails when the transverse mo-
mentum (Q7) of the weak boson is much smaller than its invariant mass (). A symptom of this
is the two very different scales in the hard scattering function producing large logarithms of the
form In(Q7/Q). The failure of the standard factorization occurs because it neglects the transverse
motion of the incoming partons in the hard scattering.

As proved by Collins, Soper, and Sterman (CSS), small Qp factorization gives the cross section
as a convolution of transverse momentum distributions. This treatment formalizes the intuitive
notion that partons have transverse momentum and that this transverse momentum gives rise
to the transverse momentum of the weak boson. A consequence of the properties of soft-gluon
emission, proved by CSS, is a particular form of the evolution equations for the kr-dependent
parton densities. These equations are the generalizations of the DGLAP equations. Just as in the
DGLAP case, although their evolution is predicted by perturbative QCD, the non-perturbative
component of the kr dependent parton distributions have to be extracted from experiments.

Because the CSS formalism is designed to treat correctly the Qr < @ region, it also provides
an appropriate resummation of the large logarithms, In(Q/Qr) in the standard factorization
formula. The formalism also matches the low Qp (resummed) to the high Qr region, where the
traditional factorization theorem is reliable, thus predicting a distribution which is valid for all
values of Qp.

This extended factorization formalism is applied to calculate the transverse momentumn (and
other distributions) of vector bosons, inclusively produced in hadronic collisions. The perturbative
uncertainties of the CSS formalism are examined by varying the new renormalization scales which
arise in the course of the resummation.

The understanding of weak boson signals at hadron colliders depends upon the understanding
of the effects of the soft-gluon emission from the initial state partons. Since Monte Carlo event
generators are heavily utilized to simulate these effects, it is crucial to establish the reliability
of their predictions. After a short comparison of the main features of resummation and the
partonn shower formalism, predictions of transverse momentum distributions for various weak
boson production processes are compared at various center of mass energies and hadronic initial
states.  This comparison is useful in understanding the strengths and the weaknesses of the
different theoretical approaches, and in testing their reliability.

Comparison of the resummed predictions to existing Tevatron data is also performed for
various processes. The resummed prediction are in very good agreement with the inclusive W=
and Z" production data, which latter are precise enough to constrain the perturbative and non-
perturbative uncertainties of the low @y factorization formalism. The resunmed predictions for
diphoton production are also consistent both with the collider and fixed target data.
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Low & factorization

'Cogito ergo resum! Modified Descartes
Collins, Soper, PRL4E ('§€2) 655,

NPB192 ('§1) 381, 197 ('§2) 446

Collins, Soper, Sterman, NPB250D ('€5) 199

— Modified factorization theorem:

= W@y, @ + Y (@r, @
(@, @) =

a2 ks c(kr. @) (@ @) c(Rr —%r. @)
. C(E T, Q) are Ry dependent "parton densities”
© No need for "intrinsic k"
© W is simpler in transverse position () space
@r, @ = [#2 0200 )
W(b, @) = Can (b, @) b, @) Cyu (b, @)
- — Why b-space?

Parisi, Petronzio, NPB154 (1#9) 427

multi-gluon phase-space factorizes

cross section factorizes < F(F & g) = F(F) F(9)

EYAnsSVErse momentium CONSEN/Atipm is 5xpl[c£t

R&G tnvariance is presenved
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Matching

Plan 4.

— &CD corvections to the @, dist'n contain log's:

do z

LN

in &y =0 Q'72‘

@ Cp g L F 0(—&21—;, s (@32))
FXO = Singular (/455) + Reqular ()
Y = FXO — ASYy
— After exponentiation of the singular pieces:
rRES = 14 + Y
= i + FXO — ASY
W=z — MY
© At low & Asy >y 2 FXO zAsg > REs & W
— Here's how matching works:
© At high @r: logs small = W & ASY P Reés & FXO

The corvect high @r behavior is built in
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Low @r factorization in one picture

do/dQ; (pb/GeV)

C. Baluzs

pp —> HX, LHC, vS = 14 TeV
my = 150 GeV, CTEQ4M

llll[

W4+Y + FxO
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Low @r factorization vs. partom shower

Balazs, tHuston, Puljak, hep-ph/ooo02032

— Parton showers include soft gluon effects resumming logs gener
ated by real emission of on-shell partons =

° Parton showering s process independent — [t's Sudakov can
only include terms equivalent to A9 (b default)

« Kinematic corvectipns —» 575%016[1/5[3 include part of &)

- Virtual corvectipns are not included = the total rate i< the lowest
oraer

* Modification of the PDF's is not included — no equivalent of
O (bt ct. S.Mrenna)

© GAussian non-perturbative smearing is included — non-perturba
tive treatment is differemnt

* High @r matvix elements and matching are not included (but
ct. ME corrs.)

— The above lead to potential differences in rate and shape between
' ResBos and PYTHLA HERWIG/ISA)ET ete.

© Tounderstand the differences we can vary the theoretical input

(e.g. which A9, B9, 09 tp include, ete.) and compare numerical
results
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Comparison of ResBos and PY THA

" ) Iy tA AN A D e O ~/ 7
M/h(’j’ V’v@é/ (St rum P>/7—/L‘/L//-’r.?” The wunkemnown C/(/L)C/’LVM,CV[, FLLST

Balazs, Huston, Puljark, hep-ph/0002032

— The reliability of parton showers can be tested oy comparing
them to analytic caleulations

~ 5000 —
> 4500 E qq — Z + X at LHC
Q 4000 CTEQ4M, ¥s = 14 TeV, PYTHIA 6.122
3 3500 —— ResBos 98.07.14
3000 (! S ke =0.44 GeV
'g“ 2560 = Nepite e ky=2.25 GeV
°] i e .
N 2000 Ef
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500 T
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S\ -
S 3
R
8 n
S
S
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Balazs, Hustonm, Pu{/ﬁ/e, hep-ph/ 0002032

© Dialing the non-perturbative ky in PYTHLA, it can be tuned to
agree with ResBos at low @

" ME corvections in PYTIHLA work well at high @, for Z° produc-

Hon
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Comparisons of Polarized Event Generators
Oliver Martin (University of Regensburg, Germany)

Experimentalists of the RHIC Spin Program make extensive use of polarized event generators
to determine asymmetries of the signal and the background, to study the reliability of the re-
construction of the kinematics of the hard partonic scattering, to estimate the unpolarized and
polarized acceptance of the detector system, etc. The latter point is especially important for all
measurements conducted with the PHENIX detector since its geometrical coverage is far from
being perfect. Currently, two different kind of polarized event generators are in use which are both
based on the unpolarized event generator PYTHIA:

e SPHINX features a correct treatment of the polarization of the partons participating in the
initial state shower (ISS) and the hard partonic scattering. Therefore, it allows for a direct
calculation of rates for different configurations of the helicities of the colliding protons.

e The method of weighted asymmetries (MWA) only generates unpolarized events but provides
an asymmetry weight for each event which is based on a LO formula. Due to the direct
calculation of the hadronic double spin asymmetry it is much faster than SPHINX but does
not describe any effect of polarization in the ISS correctly.

In this presentation I try to answer two questions:
e Has the correct treatment of particle helicity in the initial state shower any observable effect?

o How well do the results of the polarized event generators agree with those of NLO QCD
calculations that are performed with the help of parton generators which allow for a crude
implementation of experirental cuts?

To answer both questions we study the production of v, vJ as well as 1-jet and 2-jet inclusive
observables. Of course the ultimate question to answer would be in how far the polarized event
generators describe nature but, since no polarized pp data are available yet, this question has to
remain unanswered at the moment.

My study yielded the following results:

e In all cases I was able to identify at least one observable which shows significant deviations
between asymmetries calculated with both polarized event generator methods. I found rela-
tive differences of up to 20%. Interestingly, they nearly vanished by switching off polarization
in the ISS of SPHINX. Therefore, they are a direct, effect of the correct treatment of partonic
helicity in the ISS, i.e. for precision studies the usage of SPHINX is recommended.

¢ Lacking the neccessary computer power I was only able to compare the MWA with NLO QCD
for several sets of polarized parton distributions which mainly differed in the parametriza-
tion of Ag(z,u?). Aside from the fact that the absolute rates didn’t agree well, which is
not surprising due to the large scale dependence of the event generator results, I found a
reasonable agreement of the predictions for the asymmetries. In the case of jet production.
relative differences of up to 20% could be reduced to 10% by fine tuning the parton showers.
For prompt photon production the relative difference of the asymmetries was below 10% for
most bins. In general, predictions for very small Ag{z, 1%} tend to be worse since a delicate
cancellation of polarized cross sections of the various partonic subprocesses ocaurs hereo A
svstematic reduction of the deviations probably requires an event generator which is based
on NLO QCD instead of 1O formulae.
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Preliminaries

NLO o, and NLO pdf used
throughout:

GRV95, GRSV std. and gmax,
DSS3.

(D) g™V (=, u?)
(A)gEP(z, u?)

Start from pure Born xsec and
regard NLO / parton shower

effects as ‘small’ corrections.
ES jet algorithm with R = 1.

K(A)g(xa :LLQ) —

1- and 2—Jet Observables

K g (:t1)
[e0]
!

[ 1°=100 GeV?
| | ) |

GRSVstd, .-~

0.05 0.1

(inspired by D. de Florian et al., Nucl. Phys. B539, 455-476 (1999).)

d(A
( )U, 14 GeV < Epr <50 GeV, |n|<1
dETr
d(A
(&) 0<n<?2, Ey>15 GeV
dn
Requirements for 2-jet events:
Er g > 15 GeV, Erg, > 10 GeV, |n;|<1, nys| < 1.
d(A)o
, O0<An<?2, An=ny —ny,
dAn A7) n=nmnJ mJ
d(A)O’ Er Jlen‘ll + Er J2€77J2
3 Xl = : -
dX V'S
d(A)o
( ) , Mj;; <100 GeV, M%] = (p,]l —-I—pJ2)2
dM
d(A)o

. 16<Np< T,
dA¢
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Jets - SPHINX vs. MWA
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Jets - NLO QCD vs. MWA (tuned)
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v- and vJ-Observables

(inspired by S. Frixione, W. Vogelsang, hep-ph/9908387 )

e Photon isolation according to S. Frixione,
Phys. Lett. B429, 369-374 (1998) with g = 0.7
= no fragmentation contribution.

e /S =200 GeV vyields larger asymmetries.

d(A

( )U, 10 GeV < pr, <50 GeV, |n,]|<0.5
dpr 4
d(A

(Ao 0<mny <2, pry>10 GeV

dn, |

Requirements for vJ-events:

s
Bry>11 GeV, —1<ny <2, [Ag[=1ds—¢y] >3
d(A)o
, O0<An<24, An=ny;-—
dAT n n=mny — T~
d(A)o
dM/YJ ) M’yJ < 100 Ge\/, ’yJ — (p’Y +pJ)

d(A)e d(A)o
dein ’ deax’

0.01 < Xmin, Xmax < 1,

Xmin/max = min / Mmax <

pre" + B e’ pre” + ET,K“”")
V'S 7 V'S

dégjj" Ry =0/ (An)? + (89)°
d(A)o ™

L onp<
Y
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Photons - SPHINX vs. MWA (no Bremsstrahlung-~
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Photons - NLO QCD vs. MWA
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Photons - scale dep. of NLO QCD vs.

MWA
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Vector boson production with small transverse momenta:
spin-dependent case

Pavel Nadolsky, Michigan State University

The production of vector bosons (v*, W#, Z%) with the virtuality Q > Agep will be
intensively studied at RHIC with the goal to obtain information on the polarized parton
densities. It is well known that the polarized PDFs can be most easily extracted from
the rapidity distributions, which were calculated up to the next-to-leading order of the
perturbative QCD.

It is also well-known that the perturbative expansion breaks down in the region of
small transverse momenta, making the fixed-order results for the integrated rate generally
unreliable. The theoretical predictions can be improved by the summation of the most
singular contributions (leading and next-to-leading logarithmic terms) through all orders
of the perturbative expansion. The resummed cross-section obtained this way collects
the most singular pieces arising due to the collinear and soft radiation in the perturbative
region. It also contains a non-perturbative Sudakov function S,, which is not calculable
with the present means, and which must be found from the data.

For a high-precision measurement of the parton densities, good understanding of the
non-perturbative Sudakov factor is needed. A suitable phenomenological parameteri-
zation of Sy, in the polarized collisions can be found by fitting it in one process (for
wstance, the Drell-Yan process at low @) and verifying its consistency with the trans-
verse momentum distributions in another processes (for instance, the Z° production).
This is important especially for the W= production, where the modified small gr behav-
ior of the polarized cross-section may add to the uncertainties in the reconstruction of
the vector boson rapidity.
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Resummation in the polarized vector boson
production

The pioneering works were done by (A. Weber, 1992-1993)

What is included in his published results

e Discussion of the resummation for on-shell vector bosons

e The complete resummation formula for the single-polarized W/
production in a slightly unconventional factorization scheme

e The most part of the resummation formula for the double-
polarized Drell-Yan process

e The demonstration that the perturbative Sudakov factor does
not depend on the polarization of the beams

What is not included in his calculation

e Complete result for the double-polarized process (finished C-
functions, dependence on the scales in the resummation for-
mula, modular structure of the resummed piece)

e Leptonic decay of the final state
e “Standard” factorization prescription for the gluonic states
e New parameterizations of the PDFs

e Knowledge about the specifics of the VB detection at RHIC

190



QOutline of our calculation (P. Nadolsky, C.-P. Yuan, in preparation)

1.

Calculate the hadronic part of the perturbative cross-section
using standard methods (described by Ingo Bojak at this Workshop)

. For the on-shell vector boson, convolute with g,,; for the de-

caying vector bosons, convolute with
LW = (fi + f7) (=" Q% + ¢"q" + 11513))
+(f} = fR)ie™ P quli9p
¢ =1+l =0 -1

We have taken p, v =0,..3 in H,, L"

. Extract the part that diverges as O(q7?) when gr — 0.
. Fourier transform the perturbative cross-section to the b-space

. Cancel the soft singularities between the real and virtual dia-

grams; factorize the collinear singularities into the PDFs

. In the HVBM scheme, additional terms

- |
q, L
qr qr
will contribute finite pieces to the Fourier transformed result
Take care of them in order to restore the conservation of quark

helicity

. Find the O(«v,) coefficients in the perturbative part of W (b, Q))

by comparing the NLO b-space result with the perturbative
expansion of W (b, Q)
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The polarized resummation formula at the NLO

Wap (b, za, 25, Q) = 3 e 5w[Co fy 5] (y, 1)[Ciao faya) (Ta, 1)

a7b1j

The NLO perturbative Sudakov factor is the same for any polariza-
tion of the beams

—3/4+'ycfl

20,

€

Ay = Cp; B = 2CFrlog

The collinear contributions of the exponential piece depend only

on the properties of the beam along which the collinear parton is
radiated

The quark C-functions

Cji(w, pb) = ACY)(w, pub) =
C b
= (1= ) = Py(z) log(5")

23 e e
— Cro(l — :1:)(16 + — +log?(- e ) ()

C](-,lg)(:zj, pb) = ACJ(-}C)(:E, ub) because of the helicity conservation for
the massless quarks

Here the overall negative sign is included into the overall normal-
ization of the cross-section
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Gluon C-functions

1 b
i (&, ab) = (1= 2) = Pyg(e) los(; )
ACJ(-;)(CC,,U,Z?) = %(1 — ) — lop;(bb)AP,m(az)
0

To be compared with the C,-functions of Weber for the single-spin
cross-section

Veber . 1 b
Ci" T (@, ub) = - — Py(a) log(E2)
2 bo

C](-;)(:z:,,ub) is different because the unpolarized cross-section for
99 — V X is normalized by the spin factor 1/2, not 1/2(1 — ¢)

pb
ACSIV T (3 11, b) = log(b JAPy(z).

AC(E;)Weber(x, 1, b) is different from our result because of the un-

conventional prescription in his paper,

Qs

Ag(z,p) = 0(1 —x) — —AP,(z) — (1 — z)

2me
“Canonical” choice p = by/b:

AC( )15% (ber( 7M7b) :O

a9

193



Decay into the lepton pair

The cross-section can be decomposed into the sum over angular
functions in the Collins-Soper frame (a special rest frame of the
vector boson)

dONLO dz‘ O,
272 =2 Iy C22 q2T>Ai(97¢)
dydQ?dgrdpdcosd T dydQ3dgy

Only the angular functions A_; = 1+ cos? 8 and A3 = 2cos@ pick
up contributions from the resummation of the O(g7*) pieces

Then, the complete result is

do B
dydQ?dgrdpd cosd
do®*P dfeym?
2 2 2 2YA (0 . 1
do P dfasymp
2 2\(f2 _ g2 _ 3
(9 = 9L = Fid 40,93 07 ~ dmacraa)
dfi<y7 Q) QT)
A? 97
*yaqragy Y

This formula is expected to be valid up to gy ~ Q. At qr > Q, it
is more reliable to use the perturbative piece
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Polarization Studies with W'’s in STAR

OGAWA, Akio for the STAR Collaboration
Pennsylvania State University / Brookhaven National Laboratory
Upton, NY, 11973-5000, U.S.A

The question of how the spin degrees of freedom in the nucleon are
organized has still not been fully answered even after recent polarized
deep inelastic scattering experiments.

The Relativistic Heavy Ion Collider(RHIC) will accelerate polarized
proton beams. The STAR detector, although originally designed for

heavy ion physics, has excellent capability for spin physics as well.

STAR will be able to measure the parity violating single spin asym-
metry A; in Tp - W* 4+ X — e* + v + X processes which are
sensitive to quark/anti-quark polarization in the nucleon. A big ad-
vantage of using W#* production process is that qurak flavor can be
separated. Especially at high 7 region, where we planning to install
Endcap EMC, we will have very clean measurement of d and u quark
polarizations in the case of W~. A monte Carlo studies using PYTHIA
and SPHINX has been done. It shows we will have about 80k and
20k W+ and W~ at /s = 500GeV, 800/pb. The asymmetries which
is calculated using models of polarized parton distributions functions
are large(5 to 50%). Our measurement will give much more accurate
information about sea quark polarization compare to the one from po-
larized DIS experiment. Backgrounds from high pr hadrons, Z° and
heavy quark decay had been studied and found to be very small. x;
ranges of quarks we will measure are from 0.05 to 0.6. The measured
energy of election has a good correlation with zj; of quarks, especially
at Endcap EMC region(l < n < 2) and we will be able to measure z,
dependence of quark polarizations.
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W= at Proton-Proton

e W selects spin as well as flavor
o W1/~ emmmits positron /electrion to backword /forwards

e Balence quark have high x, seq quark has low x

e == =V V&= =o>= e
W™ « = W™
U= =< d=>= <7

Unpol. Proton === <« Pol. Proton

U == <= (] d= <<=
= W Wt «
et == V== = el
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Positron Asymmetry for W+ depend on E.

V5 = 500GeV  800/pb Py=0.7

Unpol. beam — < Polarized beam
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Positron with pt=40GeV
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Background
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ecent results, 9,, AS

/

Table 1: Summary of renormalized results for g,. Results are for Wilson
- fermions. In cases where point-split(PS) currents were used, the renormaliza-
tion was calculated using local currents. While the second entry is consistent
with the measured value of g, = 1.26, the configuration ensemble is quite small.
Subscript “con” refers to the connected contribution to the matrix element.

type of group type of | lattice B8 conf. value
simulation current size

Quench KEK]2] | Local | 16°x20 | 5.7 260 =R0D |
Ucon = 0.763(35)
Adeon =-0.226(17)

Quench | Tiuetal[3] [ Local | 16°x24| 60| 24 | g,=L18(11)

PS |163x24 6.0 24 =1
%‘uwﬁ 0.91(12)

Adecon=-0.30(12)
AZ= 0.25(12)
Quench DESY[4] PS | 16° x 32 | 6.0 | 400-1000 | g,=L

Aticon = 0.830(70)
Adeon =-0.244(22)
Full (n; =2) | SESAM[1] | Local | 16° x32 | 5.6 | 200 | g,=0.90

ATeon = 0.695(18)
Adeon =-0.212(8)

AT = 0.20( IWA] ‘
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Asymmetries in DVCS and skewed parton distributions.

A.V. Belitsky®, D. Miiller®?, L. Niedermeier’?, A. Schifer®

“C.N. Yang Institute for Theoretical Physics
State University of New York at Stony Brook
NY 11794-3840, Stony Brook, USA
bInstitut fiir Theoretische Physik, Universitit Regensburg
D-93040 Regensburg, Germany

The scattering of electroweak probes off hadrons serves as a clean tool, free of complications
of hadron-hadron reactions on theoretical as well as experimental sides, for extraction of reliable
information on the substructure of strongly interacting particles.

Recently the deeply virtual Compton scattering has attracted much attention [1] in light of
conceivable opportunity to learn more on the spin structure of nucleon by measuring the so-
called skewed parton distributions. The former are of interest in their own right being hybrids
of parton densities/distribution amplitudes and form factors. In electroproduction processes of a
real photon there is a strong contamination to the DVCS (Fig. 1 (a)) from the Bethe-Heitler (Fig.
1 (b)) process. In view of extreme interest to extract, or at least to constrain, SPDs it is timely
to address the question of the best observables which allow to get rid of unwanted background. In
the present contribution we consider a number of spin, azimuthal and charge asymmetries which
share these properties and give predictions for kinematics of HERA and HERMES experiments.
Spin asymmetries make it possible to extract the imaginary part of the DVCS amplitude and
thus, due to the reality of SPDs, which holds owing to the spatial and time reversal invariance of
strong interactions, give directly the measurement of the shape (at leading order in «; in complete
analogy to DIS) of SPDs on the diagonal t = €.

The calculation of the four-fold cross section in the rest frame (Fig. 2) of the target leads to
the asymmetries given in Eq. (1) valid in approximation |A?%| > M?z?/(1 — z). For numerical

estimates presented in Fig. 3 they are not, however, enough and we refer the reader to Ref. [2].

References

(1] D. Miiller et al., Fortschr. Phys. 42 (1994) 101; X. Ji, Phys. Rev. D 55 (1997) 7114; A.\".
Radyushkin, Phys. Rev. D 56 (1997) 5524.

21 AN Belitsky, D. Miller, L. Niedermeier, A. Schafer, in preparation.
{
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The diagrams contributing to the electroproductions of the reals photon

e(k)N(M) — e(k')N(P2)v(gs)-

Figure 1:

The kinematics of the reaction in the laboratry frame, i.e. the rest frame of the target.

Figure 2:

The cross section of the reacticn depends on the kinematical variables

QQ = _QIQa r= _qzlz/(QPIQI)) AQ = (PZ - Pl)lz’

y=Pra/Prk=——, & =0dy— b
XS

which are conventional momentum transfer squared from lepton to hadron, Bjorken variable.

{-channel momentum transfer. enerfy loss of lepton and the azimuthal angle.
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Asymmetries (for AZ; /A% < 1):

min

1. Polarized lepton beam and unpolarized target:

Aspdo = dot - dot 1)
_ 162 -y)Vi-z T — A2
= A AT sin(¢,)Im< FyHy + Q———CL'(Fl + F))H, — e FRen pdM.
2. Unpolarized lepton beam and longitudinally polarized target:
162-2y+y°)VI-u
Agindo = doy — do = s .
sLNdo 01 —aogy NN Ty in(¢,)
z A? -
xIm 2——(F1 + F)) My + FyH, + 2T_ 3 T+ 4M2F & M.

3. Unpolarized lepton beam and transversally polarized target: (@ ={0,7}):

16(2 — 2y + y?)

Borvdo = dow —doe = e T
[3%@ = o)lm {2F,(H, + Ha) — (2 0) Fy — 2BJé) - 2R E )
+E%rr/—2)lm{2(l — z)Fy ('Hl - 771) —[2-=2)F + zF)jE,

4. Charge asymmetry in unpolarized experiment:

un un 16(2 -2 11—
AfPdo = d'o"™ —do"™" = — ( y+y)‘/, = cos(9,)
V1= yyzv/-A2Q2
AQ
XRG{F1H1+2—(F1+FQ)H1—ﬂprgé‘l}d/\/t.

~1/2
where dM = @2 (14 4225) 77 459 Q24] A2 4g,.
Here

2
O(éaQQvA2):{1__£%j7_€:F(t_" )}@O(t f,_x. /;):

with O; being a given quark (of charge Q;) skewed parton distribution.
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For numerical estimatc we choose an oversimplified factorized form of A? and (t,€) dependence
for all skewed parton distribution:

N: ¢ A2 N
U\[ﬂg)‘/—\)%

1 —lz| _ 2 _
e = [ as [ dya<x+§y—t)§[—1—“”%—y—q<x>,

! . 1
J -1 J =14z 4 |_1—

with forward parton density g(z).

Now let us turn to the predictions for HERMES experiment with £ = 27.5 GeV positron
beam scattered on hydrogen target and give result for the charge, single (lepton) spin, single

longitudinal and transverse proton spin asymmetries which can be accesed there. We use the

following azimuthal averaging

/2 Actdo sr/2 AGPdo o dtetP 4 d TP
Ac = : — — do, ;
Ac ([W/2d¢’ dé, /m r=ge )\ Jy 9 d,
d Agrdo 2 Agrdo 2w do! + do?
A = / d P —/ d I / d rT 4 3
( o S [ g, Bt )/( b

” A d 27 A do 2 do+ + do
Asin = / dg, ~SNT / dg, =SNE0 N [ 7 g, ST A0
0 d¢’r 7T ¢r 0 d)'l‘

/3 ASTNCZU 57/3 ASTNdU do_, + do._
b = [ g Bme R S (2 do )
SN ( 7/3 ¢ de, 27 /3 ¢ do, / 0 ¢ do,

As a starting point we choose Q2 = 6 GeV? and the range of 2 = 0.1 — 0.4 and t-channel

momentum transfer —A? = 0.1 — 0.5 GeV?2.
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Figure 3: 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 Q* = 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

neglected spin-flip contributions are presented as dashed (dash-dotted) line for the same values of
A2
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Radiation Zeros in Polarized
p(p) — p Processes

Jiro Kodaira
Department of Physics, Hiroshima University
Higashi-Hiroshima, 739-8526, Japan

The RHIC Spin Experiments are expected to provide us with many im-
portant information on the structure of Nature. The spin dependent quantity
is, in general, very sensitive to the structure of interactions among various
particles. Therefore, we will be able to study the detailed structure of hadrons
based on QCD. However, the purpose of RHIC Experiments should not be
limited to only the check of QCD. We also hope that we can find some clue
to New Physics beyond the Standard Model.

From this point of view, I will discuss the interesting phenomena called
Radiation Zeros (RAZ). The RAZ has long history and many theoretical and
phenomenological analvses have been done. However the many works so far
assumed unpolarized and high energy colliders like Tevatron and LHC. In
this report, I try to reanalyze this phenomena at the realistic RHIC polar-
ized collider. T will point out that the polarization of the colliding protons
will emphasize the RAZ phenomena in the cross section and the “moderate
energy”’machine is better than the extremely high energy machines to find
this phenomena.

RAZ might be smeared by the radiative corrections and we must also take
into account the realistic experimental situations. These detailed analyses
are now in progress.
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Radiation Zeros in Polarized
- p(p) — p Processes

J.Kodaira (Hiroshima)

March 17, 2000
at RIKEN - BNL, BNL

“What Should be Revealed by
RHIC Spin Experiments 7 7

e Hadron Structure with QCD Dynamics
But ONLY This ?
¢ Dynamics of the Standard Model
Off course
e Physics beyond the Standard Model
Good Chance with Spin Degrees of Freedom !!

11 collaboration with

H. Kawamura, Y. Kiyo
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History

Radiatiohj Zeros (Theory of Nothing) was Found in 1979
by
Brown, Mikaelian, Shadev and Samuel

e Radiation Zeros

Cross Section (Amplitude) for Some Process

Develops Zero in Some Point of PS

e Sensitive to Model (Structure of Interaction

Test of Model and /or New Physics

adiatixra Avrantinnag + R o Aiadl e 7
Radiative Corrections to Radiation Zeros
Realistic Phenomenology
See. e.g. De Florian and Signer hep-ph/0002138

Simple Interest
. TF nmes F oo a1 T 21 o Y0 T Ty
gw\\ um%laux 1 zi;:r‘i.i_?:z EAJU!&. Ladbn il U OLAT OO T OUORR0S
Should be Emphasized

Actually already Works e.g. Wiest, Stump, Carlson and Yuan
But, Realistic Case with More Details
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& Preliminary Result

o v

W

1. Parton Level Cross Section du — W'y

2. PDF in Up Spin Proton
U > dy ~ouy > dy > Uy ~ CZ?,L

3. Convolution (Note: Interaction is V — A)
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Monday 6 March

Morning Opening Session (Chair: Larry Trueman)

8:30-9:00 Registration
9:00 -9:15 Gerry Bunce Welcome
9:15-9:35 Werner Vogelsang Predictions & Uncertainties for RHIC Spin

Physics — Introductory Remarks

9:35-9:55 Naohito Saito Event Generators for RHIC Spin Physics
(Towards Precision Spin Physics at RHIC) —
Introductory Remarks

10:00 - 10:30 COFFEE BREAK

Prompt Photon Production

10:30-11:30 Jeff Owens Direct Photon Production — A Status Report

11:30-12:10 George Sterman Higher Order Corrections to Prompt Photon
Production

12:10 - 12:30 Discussion on Prompt Photon Production
(Theory)

12:30 — LUNCH

Afternoon Afternoon Session (Chair: Naohito Saito)

15:00 — 15:30 Alexander Bazilevsky Isolation Studies for Prompt Photons at
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15:30 - 16:30 Discussion on Prompt Photon Production
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11:30 — 12:00 Shunzo Kumano AAC Analysis

12:00 LUNCH

agenda 293 03/30/00



Monday 13 March

Afternoon (Chair: Gerry Bunce)
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Through collision
Generate new states of matter.

T D. Lee
Speakers:
C. Balazs A. Bazilevsky A. Belitsky E. Berger T. Blum
D. Boer |. Bojak D. deFlorian J. Collins A. Deshpande
Y. Goto M. Gross-Perdekamp R. Jaffe X, Ji J. Kodaira
Y. Koike S. Kumano O. Martin J. Murata P. Nadolsky
A. Ogawa J. Owens N. Saito H. Sato J. Smith
J. Soffer G. Sterman M. Stratmann W.-K. Tung J.-M. Virey
W. Vogelsang
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