
Brookhaven National Laboratory 

U.S. Department of Energy
USDOE Office of Science (SC)

Collider Accelerator Department

August 1992

G. Bunce

Proposal on spin physics using the RHIC polarized collider

BNL-104822-2014-TECH

AGS/AD/Tech Note No. 406;BNL-104822-2014-IR

Notice: This technical note has been authored by employees of Brookhaven Science Associates, LLC under
Contract No.DE-AC02-76CH00016 with the U.S. Department of Energy. The publisher by accepting the technical
note for publication acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable,
world-wide license to publish or reproduce the published form of this technical note, or allow others to do so, for
United States Government purposes.



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government.  Neither the United States Government nor any 
agency thereof, nor any of their employees, nor any of their contractors, 
subcontractors, or their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or any 
third party’s use or the results of such use of any information, apparatus, product, 
or process disclosed, or represents that its use would not infringe privately owned 
rights. Reference herein to any specific commercial product, process, or service 
by trade name, trademark, manufacturer, or otherwise, does not necessarily 
constitute or imply its endorsement, recommendation, or favoring by the United 
States Government or any agency thereof or its contractors or subcontractors. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof.  



Accelerator Division 
AGS Department 

BROOKHAVEN NATIONAL LABORATORY 
Associated Universities, Inc. 

Upton, NY 11973 

AGS/AD/Tech. Note No. 406 

Proposal on Spin Phvsics Usina the RHIC 

14 August 1992 

Abstract 

We propose to study the spin dependence of various reactions using longi- 
tudinally and transversely-polarized beams at RHIC. 

We present the design and construction of polarized beams, along with 
proposed measurements using PHENM and STAR detectors. 
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General Introduction 

We propose to collide beams of polarized protons in RHIC to: 
-- Measure for the first time parity violation of real W and Z production 

in hadronic interactions; 
Measure the gluon and sea quark polarization in longitudinally-polar- 
ized protons; 
Measure the hard scattering parton-parton subprocess asymmetries 
and compare to perturbative QCB predictions for gg, gq, qq, and qs;  
Measure the quark polarization in transversely-polarized protons, both 
the double-spin transversity distribution, and the single spin mea- 
surement of correlations between quark fields and the gluon field 
strength. 

-- 

-- 

-- 

This program requires special strings of dipole magnets in RHIC (Siberian 
Snakes), as well as polarimeters, and the two large heavy ion detectors PHENM 
and STAR. PHENlX requires no changes for this spin program and STAR requires 
an EM calorimeter m d  a shower maximum detector. We anticipate that when 
polarized protons are colliding in RHIC, both large detectors will be used to study 
spin phenomena. 

This proposal consists of three parts. The first, authored by the RSC group, 
describes the general RHIC spin physics program and proposes the hardware addi- 
tions necessary to accelerate and collide polarized protons in =IC. The second 
part of the proposal is for the spin program of the PHENM detector, and is 
authored by the PHEWSPIN group. The third part of the proposal is for the spin 
program of the STAR detector, and is authored by the STARSPIN group. 

vii 
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troduc tion 

The extremely successful program of quantum chromodynamics (QCD) and 
electroweak tests at the hadron colliders at CERN and Fermilab has provided a 
wealth of information on the Standard Model of particle physics. Tests involving 
jets (single and multi-jet events), direct photons, Drell-Yan and weak boson produc- 
tion, and heavy quark and quarkonium production have probed the structure of the 
QCD hard-scatterings, often beyond leading order, and have yielded additional 
information on the parton structure of the proton itself. Perturbative QCD (PQCD) 
has progressed towards becoming a "precision" theory based on the confrontation 
with high-statistics and high-energy collider data much as the electroweak theory 
has been pushed to new limits by precise LEP data. 

iments at high-energy colliders, however, is the area of spin physics, both the spin 
structure of the proton itself and the spin-dependence of the fhndamental interac- 
tions. Deep inelastic scattering has historically been one of the main sources of 
information on parton distributions and polarized lepton-nucleon scattering experi- 
ments (such as by the YALE-SLAC and EMC experiments) have indeed provided 
improved information on the spin-structure of the valence quark distributions. 
Direct measurements of the longitudinally-polarized gluon and sea quark distribu- 
tions, as well as information on the transverse quark (or transversity) distributions, 
is not directly accessible in such experiments, thus leaving open many questions 
concerning the "spin content" of the proton. Moreover, such measurements do not 
yield information on the fwdamental spin structure of QCD itself. 

ously been restricted to relatively low-energy (by collider standards), fixed-target 
experiments. So spin, although historically central to  the development of particle 
physics, has occasionally been relegated to a "soft physics" compartment in the field, 
despite indisputably large polarization effects seen in many Merent experiments. 
At issue has been the interpretation -- whether a QCD analysis is possible or 
whether a complete understanding on non-perturbative effects is necessary. 

the polarized protons at RHIC, have been discussed in the literature.1-3 We will 
quote some of them in this proposal. 

With the successful tests of the Siberian Snake concept4 and many design 
studies, it now seems clear that a polarization option at a hadron collider, especially 

One aspect of our understanding that has not benefited from such exper- 

Polarized proton-proton collisions, which can 'address both issues, have previ- 

Design and construction of polarized beams, as well as the spin effects with 
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at RHIC, is now a definite possibility.5-8 A comprehensive program of experiments 
at RHIC would allow one to measure the spin-dependent parton distributions of the 
proton (both longitudinal and transverse) and so would help to resolve any remain- 
ing "spin-crisis." Furthermore, it would provide bdamental  spin tests of QCD and 
the electroweak interactions not accessible to unpolarized colliders (or other 
machines), probing the helicity structure of the matrix elements of the hdamental  
hard-scattering processes. Finally, the high energy and luminosity of such a 
machine would guarantee that a PQCD approach would be applicable. It would also 
be sufficient to produce copiously high PT jets and weak bosons while at the same 
time ensuring that the contributing quark processes are in a region of documented 
high polarization. In these regards, a RHIC spin program will be unique. 

Spin physics tests using polarized beams and targets at fixed-target energies 
involving direct photoms m d  quarkonium production have been put forth as possible 
probes of the longitudinally-polarized gluon distributions. The relatively low ener- 
gies involved at presently-envisaged, polarized fixed-target facilities put the pro- 
posed experiments near the limit of applicability of PQCD. In contrast, polarized 
proton-proton collisions at RHIC, at collider energies of = 50-500 GeV and with 
high luminosity, reaching I; = 2 1032 cm-2 sec-lp would provide a huge sample of 
large transverse momentum events to which PQCD would be just as applicable as at 
existing unpolarized machines. Furthermore, this can likely be achieved while pro- 
viding about 70% polarization in each beam. Even with limited running time (we 
use 4 e 106 sec), this would yield 800 pb-1 of data and so would allow ~ Q S % .  high statis- 
tics studies of QCD and electroweak phenomena8 and their spin-depemdence at a 
previously unattained level. 

There are many exciting physics issues that can be explored at a polarized 
RHIC. Some of these issues focused upon in this proposal include: 

RHIC reaches the energy domain where parity violation dominates. A very 
large parity violation signal is expected for W and 2 production, which has 
not been measured before for real Ws and Zs. We will measure this effect 
which, given maximal parity violation for the subprocess, directly measures 
the u-quark polarization in a longitudinally-polarized proton for W+ and d- 
quark polarization for W-. This should agree with the deep inelastic 
scattering results for Adu from SLAC and CERN. The parity-violation 
asymmetry should be about 40% for W+. In addition, we will search in 
general for parity violation in hadronic interactions. 

4 4 -  



A number of different reactions are sensitive to gluon or sea-quark polariza- 
tion in a longitudinally-polarized proton. These parton spin distributions are 
fundamental. Although the gluon and sea-quark polarizations have tradi- 
tionally been expected to be small, this is not necessarily so. The gluon field 
may well be polarized and be responsible, for example, for large single-spin 
asymmetries that have been observed, and also for the small apparent quark 
contribution to the proton spin as measured by the EMC experiment. We will 
use direct photon and jet production to measure the gluon polarization and 
dimuon (dielectron) production to measure the sea polarization. 
Parton-parton helicity asymmetries (&,) are expected to be very large, ap- 
proaching unity in some cases. Different reactions at RHIC measure differ- 
ent products of (parton a po1arization)x (parton b po1arization)x (subprocess 
asymmetry). For example, jets at lower PT (XT < 0.1) measure the product 
(A ga) x (A a) x (&L (gg)). Direct photons measure (A ga) x (A C@ x (&, (gq)), 
and (As) is measured from W parity violation and deep inelastic scattering. 
By using different reactions and different kinematic regions, we will measure 
the parton asymmetries for gg + gg, gq + yg, etc. 
With transversely-polarized protons, we will study the transverse spin struc- 
ture of the proton. A spin-spin measurement with dileptons will provide the 
transversity spin distribution in a proton, hl(x). This new spin structure 
hc t ion ,  equally fundamental as the well-known helicity distribution gl(x), is 
particularly sensitive to the relativistic treatment. The one-spin transverse 
asymmetry for high-p?. direct photon production (and other observables), pro- 
viding a twist-3 parton distribution, is sensitive directly to correlations 
between quark fields and the gluon field. Very large spin effects have already 
been seen for inclusive pion asymmetries and for inclusive hyperon polariza- 
tion, but at moderate values of p ~ ,  where parton arguments may not be 
applicable. At RHIC, the proposed measurements will be clearly in the hard- 
scattering domain. 
A program of collider spin physics is a crucial step in the assessment of the 

possible importance and technical feasibility of polarization options at fbture super- 
colliders, such as the SSC and LHC. It is clearly necessary that the parton content 
of the proton, including its spin dependence, be understood. RHIC is the ideal 
machine for pursuing this program. 

The reactions we will emphasize are W and 2 production, jet production, 
direct photon production, and dilepton production. The RHIC large detectors pro- 
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vide a complementary coverage of these reactions. PHENM emphasizes lepton and 
gamma physics with excellent granularity and triggering capability. PIHENM will 
measure W's, direct photons, dimuons, no production, and Jhp production, and does 
not require any detector modification to do this. STAR, with an EM calorimeter and 
shower maximum detector, has excellent coverage in pseudorapidity and azimuth 
for charged particle tracking and EM energy. It will measure W and Z, jets, e+e- 
pairs, IEO'S, direct photons, and direct photon +jet. Although the STAR TPC detector 
is inherently slow, studies show that at high pp luminosity the reconstruction 
efficiency is similar to that for central gold-gold events. We expect that STAR will 
operate efficiently at full RHIC pp luminosity. 

We describe below the physics goals of the RHIC spin program and general 
detector considerations, followed by our proposed additions to RHIC to achieve 
polarized proton collisions at & = 500 GeV, L = 2 x 1032 cm-2 sec-1, polarization = 
70% in each beam. The detailed physics programs for the two RHIC detectors 
PHENM and STAR and their hardware requirements are given in separate 
chapters. 

AI Phvsics Issues for the Polarized Collider 

With the polarized collider we will observe collisions between partons that 
will be included in the hard scattering domain. We are interested both in measur- 
ing the degree of polarization of the partons in the proton using a "known" analyzer, 
and in measuring the spin dependence of parton-parton scattering using beams of 
polarized protons. These measurements address fundamental issues -- the spin con- 
tent of the proton, both longitudinal and transverse; the expected strong spin-de- 
pendence of parton-parton scattering., and correlations between quark spin and the 
gluon field in the proton. In addition, we will measure the parity violation in the 
production of W and 2 bosons. In each case, the asymmetry derives from a product 
of parton polarizations and the analyzing power of the parton subprocess. 

miliar unpolarized parton scattering formalism. The hard scattering hadronic 
reaction 

A spin formalism has been developed2 that closely resembles the more fa- 

a + b + c + X ,  
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which is described in terms of two to two parton subprocesses in the QCD parton 
model as shown in Fig. Al.  The corresponding inclusive cross section, provided fac- 
torization holds, is given by 

a) (b) 1 
d d a  + b + c + X) = c-jdxadxb[f,' fj +(i t) j)]d$ 

ij l+s, 

The summation runs over all contributing parton configurations; the parton distri- 
bution f#a) (xa,Q') is the probability that hadron "a" contains a parton "i" carrying a 
fraction xa of the hadron's momentum. The spin formalism replaces the spin-aver- 
aged fragmentation bct ions with helicity identification, f + f+ or €, and the sub- 
process cross section now depends on the parton helicities, &ij + &i+j-, etc. It is 
then convenient to  define the parton helicity asymmetry as 

Af=f+-f-,  
and subprocess asymmetries as 

The value of these asymmetries are shown2 in Fig. A2 for different parton 
subprocesses. The double helicity asymmetry, ALL is given by 

do++ - do+- 
do,, + do,- ALL = 

Then, following the parton formalism, we have 

We can also define two parity violation asymmetries as 

AL = (do,+ - dm-)/(doa+ + d%) 7 

ALLPV = (do++ - do- -)/(do++ + do- -1 
and 
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= AL x [ 1 + (do,, + do,+)/(da++ + da- -11 , 

and similarly the transverse asymmetries A m  and AN. 

kinematics where one partonic process is isolated, and where we have good sensitiv- 
ity to the parton level measurement. We have used the m a  simulation program 
to study the expected contributions of subprocesses to  reactions and to choose favor- 
able kinematics where one subprocess is dominant. 

Typically, parton polarizations will be larger away from x = 0, where x is the 
parton momentum fraction. For valence quarks, their polarization could be large at 
large x. This was observed in deep inelastic scattering, as shown in Fig. A3. The 
quantity Al(x) basically measures the u quark polarization Adu in the proton. 
From the figure for x > 0.2, the u-quark polarization is larger than 40%. For gluons 
and sea quarks, the number of these partons diverges as x + 0, which leads to low 
polarization even if the helicity asymmetry is large. Details concerning coverage of 
x values in measuring gluon and sea-quark polarization are described in C.2.1.4, 
C.3.1.1, and C.3.2. 

direct photon production, where the Compton scattering of gluons and quarks domi- 
nates, are described in A.1.1.4 and C.3.1.1. 

In the following sections we discuss the physics issues that will be addressed 
at RHIC. 

Our approach to physics at the parton level will be to choose reactions and 

To determine the gluon spin structure function, measurements in high-pzl 

A. l . l  Measu rements of Parton Helicitv Distribution in a Polarized Proton 

Fundamental interactions at short distances, which are probed in pp colli- 
sions at high energies, involve hard scattering of quarks and gluons. In the 
hadronic reaction, pp + (hadron or gauge boson) + X, where both initial protons are 
longitudinally polarized, we measure an observable ALL (double helicity asymme- 
try) defined as 

ALL = (L@) (N++ - N+-)/(N++ + N+-), (AI) 

that can be described in terms of the parton helicity asymmetry. (P is the beam po- 
larization and N++ (N+-) are the number of events for parallel (antiparallel) spin 
states.) Results of the EMC/SLAC experiments suggest that very little of the proton 
spin is due to the helicity of the valence quarks inside it. The proton spin may re- 



ceive a large contribution from either the gluons, sea quarks, or angular momen- 
tum. However, quarks that carry a significant Eraction of the proton momentum do 
have the same polarization as the proton. 

the proton using jets, direct photons, and Drell-Yan pairs. 

0 
At RHZC we can measure the gluon and sea-quark helicity distribution in 

A. 1.1.1 Singlejet production (single-particle production) 
Several QCD subprocesses contribute to the cross section for jet production. 

The main contributions are gluon-gluon scattering, which dominate at low p ~ ,  fol- 
lowed by gluon-quark scattering at medium p~ (above - 20 GeV/c), and then quark- 
quark elastic scattering at high p ~ .  These contributions are illustrated in Fig. C12. 

large gluon polarization can be detected. ALL is proportional in terms of several 
QCD subprocesses as well as the gluon polarization AGE. 

By studying the asymmetry ALL in single-jet production, the effect from a 

where AG(x) is the longitudinal spin of the proton carried by gluon fields. The 
results of the calculations for a jet produced at rapidity y = 0 are shown in Fig. A4 
for a standard AG (Ref. 2) and a large positive AG (Ref. 9). Since for all the 
dominant subprocesses the corresponding asymmetries 6LL are positive, we expect 
a positive ALL. 

For the p~ region where gluon-gluon scattering is dominant, 

The ~ L L  is expected to be large, 6LL = 0.8 at y = 0. 

A. 1.1.2 Di-jet Production 

case of single-jet production. A prediction of ALL versus jet pair mass is shown in 
Fig. A5. The advantage over the single-jet production is the kinematic constraint on 
the momentum fractions, xi ,  of the two partons. 

parton and small x for the other leads to events that are due largely to  a u quark at 

The accepted cross section for di-jet production is much smaller than in the 

Studies were performed to see if the kinematic constraint of large x for one 
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large x probing gluons at small  x. Both jets would be at rapidity - f 1 to k 1.5. 
While helpfirl, this still is not as clean as direct y plus jet. 

G1.1.3 Direct- yPduc t ion  

tions to study perturbative QCD. Direct photons are produced through the quark- 
antiquark annihilation subprocess and the quark-gluon Compton subprocess, 
qg + R. The Compton process is the dominant one in pp interactions, since there 
are no valence antiquarks in the proton. Then, the asymmetry ALL in direct-y 
production becomes directly proportional to AG(x). Direct photon events, without 
looking at the away-side jet, provide information about the integrals of AG(x) in 
certain ranges of x. The calculation of ALL with a large AG versus p~ for different 
values of the c.m. production angles is shown in Fig. A6. 

Direct-gamma production at high p~ is probably one of the cleanest reac- 

A. 1.1.4 Direct-Gumma Production with Away-Side Jet Detection 

detected in coincidence so that the kinematics of the incoming partons can be calcu- 
lated. In the quark-gluon subprocess qg + 'y9, idormation about AG(x) can be 
obtained by measuring ALL(X) as: 

In order to measure G(x), both the direct-y and the away-side jet must be 

where Au(x>/u(x> = [UT(,) - u~(x>HuT(x) + ui(x)] with Au(x) being the longitudinal 
spin of the quark. The values of Au(x)/u(x) are obtained from results of the EMC- 
SMC experiments and GLL are from theoretical calculations, yielding a value of 0.6 
at y = 0. The momentum fraction xq of the quark should be larger than 0.2 to  0.3 so 
that I Au(x>/u(x) I would be sizable. At xq = 0.2, we have Au(x)/(u>x = 0.4, and then 
the value A u  = 0.2 AG/G and XAG/G) = 5 6Au. 

A. 1.1.5 Drell-Yan 

ization of sea quarks. The q?j annihilation into a vector boson gives a large asym- 
metry on a partonic level, and selects sea antiquarks along with. valence quarks. 
The polarization of valence quarks is known and the partonic-level asymmetry is 
known. 

The Drell-Yan process appears to be the only way to determine the polar- 
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It is possible from the measurement of the double spin asymmetry ALL t o  * measure the sea-quark polarization. The measurement was discussed earlierlO in a 
kinematic region that is not easily accessible. The longitudinal spin-spin asymme- 
try ALL for Drell-Yan in pp collisions is related to the sea-quark helicity 
distribution: 

where x i  - x2 = XF, xi x2 = M%, and 6~ = -1. 

for the sea-quark polarization in Ref. 11, which will be discussed below. (See Fig. 
A7, up to the change of sign, because 5NN is positive and ~ L L  is negative.) 

One can obtain an estimate of this quantity from a similar assumption made 
' 

A.1.2 J rements of Quark Tr 

Recently, major theoretical progress was made in understanding and 

0 describing transverse spin effects in inclusive hard processes. Contributions from 
both dominant twist-2 and subdominant twist-3 processes were considered.11-19 

A.1.2.1 Two-spin Asymmetries 
From deep inelastic scattering, one can measure fi(x) related to the spin- 

averaged longitudinal momentum distribution of quarks in the nucleon and gl(x) 
related to the helicity distribution in a longitudinally-polarized nucleon. In addition 
to these two well-known structure functions, there exists a third fundamental func- 
tion, hi(x), which is a leading-twist (twist-2) distribution function like fi(x) and 
gl(x). This third function, which has never been experimentally determined, is 
accessible by measuring the double transverse spin asymmetry A m  in certain pro- 
cesses with both proton beams transversely polarized. The determination of hi(x) 
will allow one to predict ANN in various hard processes. 

ANN is defined as, 

ANN = (l /P2) (N++ - Ne-)/(N++ + Ne-). 
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In terms of hl(x), ANN is given11 as, 

where 2~ is the parton's double-spin asymmetry. To obtain a large &m value, one 
can focus at the vicinity of 8c.m. = x/2  and $c.m. = 0, where iim = 1. One can then 
integrate over and weighted with the sign of the asymmetry,20 and this 
yields &m = l/x to obtain better statistics. 

A measurement of hl(x) can shed interesting light on the spin structure of 
the nucleon. In fact, in non-relativistic quark models, the transversity distribution 
is identical to the quark helicity distribution gl(x). Thus, a comparison between the 
sizes of hl(x) and gl(x) would measure the success of these models in treating the 
spin degrees of fieedom. As an example, Fig. AS shows the results from the bag 
model for gl(x) and hl(x).21 Using this result, one can calculate the double trans- 
verse spin asymmetry ANN for the Drell-Yan process with transversely-polarized 
beams. These results are shown in Fig. 87.11 

conjugation odd, and thus only valence quarks contribute to it. This leads to the 
conclusion that th is  s u m  rule has a much better chance to be predicted in valence 
models than the gl(x) s u m  rule. 

Another observation about hl(x) is that its unweighted s u m  rule is charge- 

A. 1.2.2 One-spin Asymmetries 

ish in perturbative QCD. The asymmetries vanish at the leading-twist (twist-2) 
level, however this is no longer true if ong considers higher-twist contributions. 
These higher-twist techniques were applied to the simple case of pp 
the twist-3 contribution, leading to a potentially larger asymmetry, increases with 
x~.18-19 The twist-3 parton distribution involves the correlation between quark 
fields and the gluon field strength. Clearly the normalization, sign, and x- 
dependence of this new partonic distribution will remain unknown until it is 
measured. 

A measurement of higher-twist effects not only provides a valuable test on 
perturbative QCD, it also yields information on the hadron structure. The higher- 

Single transverse spin asymmetries in hard processes are expected to van- 

yX, in which 
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twist distributions represent correlations between quarks and gluons inside a L, AL{ 
hadron. These correlations have specific structures in QCD. If extracted from ' +i(:;; 
experimental data, they provide usefid constraints on nucleon models, in particular; 
the non-valence degrees of freedom that include sea quarks and gluons. 

iolatios A.1.3 -try - Paritv V 

0 
-,,. - - ,c-l 
a Ge . .  

The observable A F  is defined as, :d' 

A? = (N- - N+)/(N- + N+), 

where -(+I are minus (plus) helicity, respectively. 

parity-violating interaction. At  nominal energy, all the parity-violating asymmetry 
would come from the electroweak interaction, however it may be enhanced by ther;o 

When the helicities of both beams are the same, we define ano&he$ parity- - - 4  

violating asymmetry, namely, l i  

A? is expected to vanish unless some partonic subprocesses involve the 

proton structure. .d 

;" i .? :Ed 
ALL pv = (N-- - N++)/(N-- + N++), (m 

"- 1 

which can be about twice as big as A F  for special cases, 114 
LO 

0 A. 1.3.1 Wk and Z O Production 

using Standard Model couplings. The asymmetry A T ,  or PVA, is prediited to  be 
about 35% in W production,2*22 and the PVA can be measured m the hadtopsoduc- 
tion of W + e + u, p + u. This remarkable effect will be seen for the fipst'iime at 
RHIC. 

ization at large x in the proton. By using the deep inelastic scattering'result for 
Adu and the expected result for Ad/& a value of A:' will give a direct measure of 
parity violation at the parton level. These results will also serve as a self-consis- 
tency check of the experimental technique. For example, do these results and the 
deep inelastic scattering results measure the same u and d quark pol&zations? 

* n  - W bosons are predicted to be produced by a parity-violating mechanism, 
-3 a: 

PS c 
17;; 

- s. 
* *  

The asymmetry A T  for W+ production is proportional to the u-quark polar- 

- 
c 
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* - Figure A9 shows the single helicity asymmetries, A&) versus rapidity y for 
W+ m d  W- production.= For W+, A T  has the trend of Au(x)/u(x), and for W- it has 
the trend of Ad(x)/d(x). Figure A10 shows prediction for AF(y) for Z" production.23 

subtraction. As an example, the process of W + 2 jets can be studied.2 
'; Non-leptonic W decays can be isolated through a parity-violating 

I 
I -A 14- 

A. 1.3.2 Compositeness 

have a composite structure. The fascinating feature of composite models of quarks 
and leptons is that the interactions generally violate parity. By measuring PVA, 
the composite structure may be studied. 

Quarks and leptons may consist of more fundamental constituents, and I 
A.1.4 J/wa nd UDS ilon Productz 'on 

Hadroproduction of heavy quarkonia has a long history, beginning with the 
discoveries of both the J/y and Y. It is now well established that gluon fusion is the 
dominant production mechanism for these processes in high-energy pp collisions 
and data on y/Y production were one of the first sources of direct information on the 
unpolarized gluon distributions.24 Analyses using "local duality" ideas25 success- 
fully explained a large body of data on inclusive y and Y production while more 
extensive calculations, based on potential models,26 can also predict more detailed 
properties (such as e(x + yry)/o(yd). Such models successllly predicted collider data 
ow low plp Y and high 
photoproduction experiments. 

The spin-dependence of heavy quarkoniunn production can also be predicted 
in such models and x2 (E) production has been suggested28 as a direct measure of 
the polarized gluon content of the proton (assuming P-states can be suitably recon- 
structed from their y + ? decays). If x states cannot be resolved, then inclusive y 
production (with other contributing mechanisms such as gg + g@ may also be stud- 
ied since it has a significant spin dependence as well.29 The spin dependence of the 
production of high p~ charmonium states is also known to be reasonably large30 and 
might d s o  be measured. 

up production has been cited as being of interest in the context of heavy ion 
collisions as well (for example, as a possible diagnostic for the production of quark- 
gluon plasma) so that there may well be a strong physics overlap between the heavy 
ion and spin physics programs for this case. 

y production27 and are also used to analyze electro- and 



. .  . . . .  A.1.5 Mditional Poss&ihtiW 

i) Hyperon Production 

p~ is small, say p~ - 1 GeV/c, and x is around 0.5. In this case for A production, a 
rather simple mechanism has been proposed31 that is consistent with scaling (no 
dependence on energy), and explains the observed A polarization in pp collisions 
using unpolarized protons rather well. It would be interesting to check if this seal- 
ing property holds far above ISR energies in the RHIC energy domain, and which 
features of the other observables (A, Dm, ALL, etc.) can be measured with one and 
two polarized beams. The Fermilab experiment seems to be less energy dependent 
for the production of E+ and also they have definitely observed that for E- the 
polarization at 800 GeVlc is larger than at 400 GeV/c. A systematic study of all spin 
observables for the different hyperon productions could be done at RHIC in an op- 
timal way. 

Here we consider the production of hyperons in the kinematic region where 

ii) Measurements of Spin-Dependent Elastic Scattering and Total Cross 
Sections 
At the RHIC energy region from 6 = 50 GeV to 500 GeV, we can investi- 

gate the spin-dependent elastic scattering at small angles and total cross sections. 
We can obtain several observables, AN and Aik (i,k = N, S, L) by one-spin and two- 
spin asymmetry measurements at relatively small I t I . 

Measurements of A,OL (longitudinal) and AOT (transverse), the difference of 
total cross sections in the initial pure spin states, are one of the most fbndamental 
measurements needed in the study of forward hadron interactions. These 
quantities are defined as 

where $1, $2, $3 are s-channel helicity amplitudes. These measurements will be 
usel l  to shed light into the growth of total cross section with energy. 
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A 2  Acceleration of Polari zed Bea ms 

We describe the technical considerations relevant for producing, storing, and 
monitoring polarized proton beams, of the proposed spin RHIC complex (see 
Fig. All). 

A.2.1 Polarized Ion Sou rce, AGS PreDarations. and Tra nsfer of the 
Polarized Beam to RHIC 

To achieve high luminosity, high-energy polarized proton collisions in RHIC, 
the intensity ofthe present AGS polarized proton source is suEcient. The source32 
produces 30 p.A of M- with 7540% polarization in 300 ps pulses at a repetition rate 
of 5 Hz. The polarized H- ions are accelerated to 200 MeV with an RFQ and 
200 MHz LINAC. Twenty pulses of M- ions are strip-injected, accumulated, and 
captured into a single bunch in the AGS Booster with an estimated efficiency of 
about 50%. Each bunch in the booster will then contain NB = 6 x 1011 polarized 
protons with a normalized emittance of about EN = 10n mm-mrad depending on the 
harmonic number of the rf system used. The single bunch of polarized protons is 
accelerated in the Booster to 1.5 GeV kinetic energy and then transferred to the 
AGS, where it is accelerated to 25 GeV. 

frequency passes through a so-called depolarizing resonance. These resonances 
occur when the number of spin precession rotations per revolution @rd (G = 1.793 is 
the anomdous magnetic moment of the proton, y = E/m) is equal to an integer 
(imperfection resonances), or  equal to  kP 4 uY (intrinsic resonances). Here P = 12 is 
the super period of the AGS, uY = 8.8 is the vertical betatron tune, and k is an inte- 
ger. Imperfection resonances are due to vertical closed orbit errors and intrinsic 
resonances are due to the vertical betatron motion. The two resonances in the 
booster (Gy = 3 and G, = 4) are too weak to cause any significant depolarization. 
Traditionally, the depolarizing resonances in the AGS were corrected by the tedious 
harmonic correction method for the imperfection resonances and the tune jump 
method for the intrinsic resonances.33 

In the approved experiment (E-880) at the AGS to be started in 1993, the fea- 
sibility of polarized proton acceleration by using a 5% solenoid Siberian Snake3* will 
be tested. Previous experience with polarized proton acceleration in the AGS indi- 
cates that a 5% snake is sufficient to avoid depolarization due to the imperfection 

During acceleration, the polarization may be lost when the spin precession 
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resonances without using the harmonic correction method. The remaining six 
important intrinsic resonances can be corrected by the proven tune jump method. 
At 25 GeV, the polarized protons are transferred to RHIC. At this energy the trans- 
fer line between the AGS and RHIC is spin transparent.35 

We estimate that the overall efficiency of the acceleration and beam transfers 
is better than 50%, giving 2 x 1011 protonhunch, and the normalized emittance will 
increase to 20a mm-mad. We repeat the process until all 57 bunches of each ring 
are filled. Since each bunch is accelerated independently, we have the option of 
preparing the polarization direction of each bunch independently. Filling both 
RHIC rings with 57 bunches each and acceleration to full energy will take about 10 
minutes and the lifetime of the stored polarized-proton beams in RXIC is many 
hours. 

* 

A.2.2 Siberian Snakes and Snin Rotato rs in RHIC 

0 

By inserting two full Siberian Snakes in each of the two RHIC rings, depolar- 
ization from depolarizing resonances can safely be avoided up to the top energy of 
250 GeV, provided the normalized emittance is not larger than 20n mm mrad, the 
vertical RMS closed orbit is corrected to less than 0.3 m, and the low-order snake 
resonances36 are avoided.6 The expected beam polarization is about 70%. 

Each snake rotates the spin by 180" around a horizontal axis, and the two 
axes of the two snakes of each ring have to be perpendicular on each other, i.e. one 
snake rotates around the longitudinal axis and the other around the radial axis. 
Also, the two snakes of each ring have to be installed on opposite sides of the ring, 
and in fact, the beam direction in one snake has to be exactly opposite to the beam 
direction in the other snake to within 0.3 mrad. The only straight sections available 
for the installation of the Siberian Snakes are located in the insertions on either side 
of the interaction point. Unfortunately however, two of these straight sections that 
are on opposite sides of the ring are not parallel but span an angle of 7.34 mrad, 
much more than can be tolerated. Figure A12 shows the present design of one of the 
insertions and also a possible modification that would make the straight section 
parallel to the collision straight section and therefore parallel to  the corresponding 
straight section on the opposite side of the ring. With such a modification the 
straight section would be suitable for the installation of the Siberian Snakes. 

tion points used by PHENIX and STAR to allow for measurements of spin effects 
In addition t o  the Siberian Snakes, spin rotators are required at the intersec- 
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with either longitudinally- or transversely-polarized protons. Therefore, the spin 
rotators rotate the polarization from the vertical direction into the horizontal plane 
on one side of the interaction region and restore it to the vertical direction on the 
other side. In fact, such a pair of spin rotators can also be used to act as a Siberian 
Snake37 if the polarization direction of the outgoing beam is opposite to  the one of 
the incoming beam. 

Snakes and the spin rotators (see Fig. All) primarily aims at demonstrating the 
feasibility of satisfying all the requirements listed above: 

The following proposal for the location and construction of the Siberian 

Two full Siberian Snakes, one in each ring, are installed at the 12 o'clock 
region with the insertion modification as shown in Fig. A12. These snakes 
rotate the spin around the radial axes (also called Type 11 Snakes). 

At the 6 o'clock region, the two pairs of spin rotators for STAB are configured 
to act as Siberian Snakes that rotate the spin around the longitudinal axis 
(also called Type I Snakes). This insertion would also have to be modified as 
shown in Fig. A12. A six-magnet spin rotator described in Ref. 38 is used 
that can be adjusted to provide either radial or longitudinal polarization at 
the interaction region while leaving alone the overall Snake of Type I. These 
spin rotators are used as snakes and cannot be turned of€. It is therefore not 
possible to collide vertically-polarized beams at this intersection. Since the 
STAR detector is azimuthally symmetric, all transverse-spin measurements 
can be done with radial polarization. 

The two pairs of spin rotators for PHENM at the 8 o'clock region are config- 
ured to restore the beam polarization after the intersection region. This 
means that in addition to longitudinal polarization it is also possible to turn 
the spin rotators off and collide vertically-polarized beams. Since the 
PHENM detector only has coverage around the horizontal plane, vertical 
polarization is necessary to measure transverse spin effects. 

The orbit excursions inside the spin rotators are significant, particularly at 
low energy. For radial polarization at the collision point, the orbit excursion 
at 25 GeV is about 70 mm both in the horizontal and vertical plane for the 
design that is being discussed later. When the spin rotators are configured 
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for longitudinal polarization at the collision point, the excursions are three 
times this value in the horizontal plane. For this reason we are planning to 
always configure the spin rotators for radial polarization at injection and dur- 
ing acceleration, and only switch to longitudinal polarization at an energy of 
75 GeV or higher if needed by the experiments. The change of polarization 
direction can be done adiabatically without loss of polarization since the 
overall snake type remains unchanged for the spin rotators of Ref. 15. 

A.2.3 u s i t v  of Po 1aGed Proton Co llisiou 

The luminosity at the RHIC top energy of 250 GeV is given7 by 

c =5.7 1031 

where B is the number of bunches in each ring, NB is the number of particles per 
bunch, and EN is the normalized emittance. Thus the polarized-proton luminosity 
will be 2 x 1032 cm-2s-1, which corresponds to two interactions per crossing for the 
B = 57 bunches per ring. Note the importance of smaller emittance in obtaining 
higher luminosity. The luminosity will gain a factor of four when the emittance is 
smaller by a factor of two. This is due to the fact that the betatron amplitude func- 
tion p* at the interaction point can be squeezed by a factor of two at the smaller 
emittance.while maintaining the same dynamic aperture at the high betatron 
amplitude quadrupole triplets. This is also the reason behind the linear dependence 
of the luminosity on energy, since the unnormalized emittance depends on E-U2. 

We show in Fig. A13 the luminosity versus energy39 as described above 
("enhanced luminosity"), emphasizing the linear dependency of the luminosity on 
energy. The RHIC design luminosity for pp is also shown that, for the emittance 
used above, would represent 5 x 1010 protons per bunch. 
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A.2.4 &in Reversal of the Stored B e a u  

Since the proposed asymmetry measurements are high-precision measure- 
ments? frequent polarization sign reversal is imperative to avoid systematic errors. 
Possible sources for systematic errors are luminosity variations? crossing angle 
variations, and detector efficiency variations. As mentioned earlier, Merent 
bunches will have different polarization sign and therefore different bunch crossings 
will measure interactions with different combinations of incoming beam polariza- 
tion signs. Although this will greatly reduce systematic errors, it is still true that 
one pair of bunches would always cross with the same combination of polarization 
signs during the whole lifetime of the stored beams, which is at least several hours. 
To eliminate the possibility of systematic errors from this situation, we propose to 
install a spin flipper in each ring which is capable of reversing the polarization sign 
of all  bunches. The spin flipper consists of three horizontal DC dipole magnets 
interleaved with three laminated vertical dipole magnets. Exciting the vertical 
magnets with about 40 kHz AC current would drive an artificial spin resonance that 
can be used to adiabatically reverse the polarization direction. Figure A14 shows 
the result of a test of this concept performed at the Indiana University Cyclotron 
Facility (IUCF).40 We estimate that a complete spin reversal would take less than 
one second. 

A.2.5 Polarimeters at R HIC - CNI. Larpe-xF-xh 

It is imperative that the beam polarization is known at every step in the 
acceleration cycle in order to assure that the beam is injected into RHIC with 
maximal polarization. Similarly, since the stored beam has an expected lifetime of 
about ten hours, the experiments need to know the average beam polarization dur- 
ing the store at intervals of much shorter duration. 

Generally, transverse polarization is measured by the polarimeters, and the 
polarization direction throughout the acceleration cycle is vertical. Vertical polar- 
ization is determined by measuring the le&-right asymmetry in the horizontal 
plane: 

-0 
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where A is the analyzing power of the reaction and NL and NR are the scatters into 
the left and right polarimeter arms respectively. 

At 200 MeV, the beam polarization is measured in proton-carbon scattering 
from a target filament at two scattering angles, 12 and 16 degrees, with analyzing 
powers of .62 and 51, respectively. A third polarimeter in the same setup measures 
the up-down asymmetry, which is expected to be zero. This provides a measure of 
the systematic errors and beam positioning. During previous polarized runs with 
the AGS, this provided an absolute measurement with high rates such that a 2% 
error was reached in a few minutes. 

Also during the previous runs, the AGS used an internal polarimeter that 
measured pp elastic scattering into recoil arms set at about 77 degrees. The elastic 
scatters had momenta of several hundred MeV/c as the circulating beam energy 
increased from 3 GeV to 25 GeV. The polarimeter employed three sets of scintillat- 
ing counters and aluminum absorbers in each arm. The counters suffered from a 
high rate of accidentals, this in addition to the background from the inclusive spec- 
trum, reduced its effective analyzing power to approximately 40% of the pp elastic 
scattering analyzing power, which varied with energy. This system was used as a 
relative polarimeter. It should be noted that the measurements with the internal 
polarimeter are taken at a flat top in the acceleration cycle. 

experiment E-880, which is scheduled to take data with a polarized beam by the 
summer of 1993. 

make an absolute measurement of the beam polarization. Preliminary studies 
indicate that one can accomplish the measurement within several hours. 

relied on the analyzing power in pp elastic scattering at small I t I . For higher ener- 
gies, such polarimeters can no longer be used because the analyzing power becomes 
very small at I t I 10.3 (GeV/c)2, and the cross section becomes small at I t I 2 
1.5 (GeV/c)2 where the analyzing power is relatively large. 

For the Fennilab polarized-beam facility at 200 GeV/c, two kinds of polarime- 
ters were developed and both of these can be used at energies much higher than 
200 GeV/c. These polarimeters were used with extracted beams only and presently 
no precise and concrete plan exists on their use in collider mode. Since the RHIC 
beam energies are similar to the present Fermilab polarized beams, and large 

Both of these polarimeters will be upgraded as part of the approved AGS 

We expect that the small-angle elastic scattering experiment (RLOI1) will 

Polarimeters for the polarized beams at the ZGS and AGS up to 25 GeV/c 
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asymmetries were found in xo, x+, and n;- inclusive production at 200 GeV/c, these 
can also be applied to design beam-polarization monitors. 

A.2.5.1 Coulomb-Nuclear Interference (CNI Polarimeter) 
Several authors since Schwinger41 have indicated nonzero polarization in 

the Coulomb-nuclear interference region in nucleon-nucleon scattering. A polarime- 
ter based on this measures the interference term of the nonflip amplitude and the 
electromagnetic spin-flip amplitude. The proton polarization arising from the inter- 
ference is P = 5% at I t I = 2.10-3 (GeTd/c)2 and is energy independent.42 

The analyzing power, AN, of proton-proton, proton-hydrocarbon, and 
antiproton-hydrocarbon scattering in the Coulomb-nuclear region was measured 
using the 185-GeV/c Fermilab polarized-proton and polarized-antiproton beams.4 
For the elastic scattering at small I t I a set of scintillation counter targets was 
utilized to detect the recoil proton that stops within a very short range within the 
scintillator. At I t I - 0.003 (GeV/c)2, a value of AN = (2.4 k 0.9)% with the polarized- 
proton beam on a hydrocarbon target, and AN = (4.5 * 2.8)% with proton-proton 
scattering. mese results are consistent with predictionse-46 based on Coulomb- 
nuclear interference. 

Recently, a new CNI target consisting of trans-stilbene crystals 
(diphenylethylene, C14 H12) was used.47 This made it possible to  reduce the large 
background in the small- I t I region by using this material that possesses pulse- 
shape discrimination characteristics. Preliminary results on the pp analyzing 
power are shown in Fig. A15 together with the calculated values. 

A.2.5.2 Inclusive Pion Production at Large XF 

(covering p~ up to 2 GeV/c) using polarized protons at 200 GeV/c were performed at 
Fermilab.48 The AN values in the pp reaction are consistent with zero up to XF = 
0.3, and then increase linearly up to the absolute value of 40% near xp = 1.0, as 
shown in Fig. A16. These effects can be applied to the design of beam polarimeters 
and beam-polarization monitors. 

Asymmetry measurements (AN) on the xp.dependence of 7~ production 
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Concentual Des i m Values and Cost Estimates for RHIG 
SDin Rotators/S iberian S nakeg 

A3. 
0 

A conceptual design for the spin rotators and snakes using conventional 
magnets follows. It is believed that superconducting magnets may be cheaper, since 
the power consumption for conventional magnets is significant. A conceptual design 
with superconducting magnets should be considered, possibly using the standard 
RHIC magnet design. 

There are eight spin rotators and two full Siberian Snakes needed for oper- 
ating RHIC with polarized beams and providing longitudinal polarization at the 
STAR and the PHENM interaction region, as shown in Fig. A12. Each of the spin 
rotators consists of six dipole magnets with the following configuration: 

Deflection direction V H -2V -2H V H 
Max. required spin rotation 45" 135" 90" 270" 45' 135" 

The -2H magnet is split into two 135" sections for simplicity, so that we have only 
three magnet types (45", go", and 135'). 

the magnets. The magnet aperture is 15 cm x 15 cm, which allows for a maximum 
excursion of 7 cm and a full 95% beam width of 8 cm. The magnet height is 58 cm 
and the half width is 40.8 cm, so that two magnets fit side by side into the 90-cm- 
wide separation between the two RHIC rings. 

Following is a list of the magnet parameters: 

With B = 2.0 T, we get 0.69 m, 1.35 m, and 2.03 m for the effective length of 0 

The copper coils have 247 turns each and require a current of 1000A. 

Magnet length Voltage Current Number of Magnets 
0.68 m 145V 1000 A 2 
1.35 m 203 V 1000 A 1 
2.03 m 263 V 1000 A 4 

The four horizontal magnets and the three vertical magnets are connected in series, 
respectively. This requires one 1052 V/lOOO A and one 498 V/lOOO A power supply 
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for each spin rotator. Each rotator uses 0.6 Mw electric power for radial polariza- 
tion at the collision point and 1.5 MW for longitudinal polarization. 

structed fEom eight dipole magnets with the following configuration: 
The two Ml Type 11 Siberian Snakes in the 12 o'clock region can be con- 

Deflection direction V H -V -H -H -V 
Required spin rotation 90" 90" 90" 90" 90" 90" 

H V 
goo 90" 

The power consumption for each of the fiil3. snakes is 1.6 Mw. The total power con- 
sumption ranges from a minimum of 5.6 MW for radial polarization in STAR and 
vertical polarization in PHENM, to a maximum of 15.2 MW for longitudinal polar- 
ization in both detectors. 

rotators and the two full Siberian Snakes, not including installation and controls: 
Following is a cost estimate with conventional magnets of the eight spin 

Magnets 
Power Supplies 
Cabling 

$2.1 M 
$6.0 M 
$0.2 M 

I Total 1 $8.3 M 

The partial-snake experiment in the AGS, E-880, will begin running in the 
spring/summer of 1993. At that time, we will have the required spin hardware, up 
to injection into RHIC. 

To carry out this spin program, we will need t o  design and construct the 
RHIC snake magnets described above, and the necessary RHIC polarimeters. We 
request approval now so that we can proceed with this design and construction 
work. We believe that with approval now and timely funding, we will be ready to 
begin this physics program soon after RHIC turns on. 

0 
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1, c 

0 
We have based our physics sensitivity calculations on 4 x 106 seconds, or 

about 100 days of running at 50% efficiency. The lower-energy part of our program 
is compatible with heavy ion running with pp, and we expect that these runs at 
& = 200 GeV would be done with polarized protons. The & = 500 GeV running 
requested is 4 x 106 seconds with L = 2 x 1032 cm-2 sec-1 luminosity. 
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F i m e  Cant ions 

Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

Figure 7 

Figure 8 

Figure 9 

Figure 10 

Diagram of parton subprocesses in QCD. Hadrons a and b contain 
partons i and j, which interact with cross section &ij . 

The asymmetries i& versus the c.m. scattering angle 0* at the 
lowest-order perturbative QCD for different subprocesses. 

Compilation of all data on A: as a function of x. 

Predicted two-spin asymmetries for jet production as a function of pr 
with standard AG (dotted) and a large AG (solid), which is inspired by 
the EMC result. 

Predicted ALL at 6 = 300 GeV as a function of the jet pair mass for 
a standard AG (dashed curve) and a large positive AG (solid curve). 

Predicted direct photon two-spin asymmetry as a h c t i o n  of PT for 
large AG at 45" (solid), 90" (dashed), and for standard AG (dotted). 

The ratio of the observable asymmetry Am with the parton 
asymmetry &m as a function of x~ for the Drell-Yan process in 
polarized pp collisions at 6 = 100 GeV. The mass of the lepton pairs 
is fixed at 7 GeV for the solid curve and 15 GeV for the dashed curve. 

Predictions of gi(x) and hl(x) from the bag model. 

Single helicity asymmetries versus rapidity y for W+ and W-. 

Single helicity asymmetry versus rapidity y for 2". 
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Figure 11 

Figure 12 

Figure 13 

Figure 14 

Figure 15 

Figure 16 

Diagram of the proposed spin RHIC complex. 

Top: RHIC insertion region showing the empty straight sections 
on either side of the interaction point. 

Bottom: Modified RHIC insertion region with straight sections 
parallel to the interaction region. Also shown is the 
schematic layout of the spin rotators. 

Lumonisity versus energy for proton-proton collisions in RHIC. 
Conditions for the "enhanced luminosity are described in the text. 

Adiabatic spin reversal of a stored beam of polarized protons at the 
IUCF cooler ring. The RF voltage is proportional to the strength of 
the artificial spin resonance driving the spin reversal. 

Analyzing power AN of proton-proton scattering in the Coulomb- 
nuclear interference region as a hc t ion  of the momentum 
transfer, t. 

AN versus XF for a+, IIT, and ac0 FNAL data at 200 GeV. 
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B.l Physics Goals and Capabilities 
PHENIX, in its standard configuration[l], is a very high granularity, high resolution, elec- 
tron, photon and charged hadron spectrometer, in the central region 171 5 0.35, with full 
azimuth di-muon measurement in one endcap, 1.1 5 q 5 2.5. The electron/photon central 
spectrometer emphasizes electron identification at the trigger level, with RICH, TRD and 
EM calorimetry. The EM calorimeter also serves as an excellent gamma and no trigger be- 
cause of its 5 by 5 m2 segmentation at 5.1 m. The central spectrometer consists of two 
arms, each subtending 90" in azimuth (@) and f0.35 units in pseudorapidity (7) .  The total 
coverage is 1/2 of the azimuth-however, the two arms are not back-to-back: the gap be- 
tween the edges of the two 90" arms is 45" on one side and hence 135" on the other. The EM 
calorimeter, Q / E  = 7%/4-, has a small, high resolution, V E / E  = 2 % / 4 m ,  
subsection in one 90° arm, whch covers 171 5 0.05. The charged particle momentum resolu- 
tion is 1% at 5 GeV/c, and charged hadron identification is provided by TOF(a=lOOps) for 
1/3 of the azimuth of one arm. 

The strengths of the PHENIX detector, notably the ability to run at the highest lumi- 
nosities with very selective triggers, allow measurements of a wide variety of spin phenomena: 

0 W s  + e f v ,  with the electron detected in the central detector. The parity violating 
spin asymmetry in the production channel will be measured for the first time with real 
W's, via parity violating longitudinal spin asymmetry; 

1 N ( + + )  - N ( - - )  PV - 
ALL - Pi,, N ( + + )  + N (  --) 

0 Direct Photon production with 10 5 pT 5 25 GeV/c. This is a measurement of 
the spin dependent gluon structure function with longitudinally polarized protons, via 
longitudinal spin asymmetry; 

1 N ( + + )  + N ( - - )  - N ( + - )  - N ( - 4 )  
Pteam N ( + + )  + N ( - - )  + N ( + - )  + N ( - + )  

ALL = - 

0 Jets via leading T O ,  with identified T O  up to 25 GeV/c and unresolved clusters above 
25 GeV/c. Here both longitudinal and transverse spin asymmetries will be examined. 
The large cross section of T O  production enables us to check the parity violation in 
hadron interactions due to strong-weak interference. 

a Drell-Yan in the muon-pair channel and the barrel, with 2 5 m 5 3GeV/c2 and for 
higher masses. Transverse and longitudinal spin asymmetries will be measured and 
the correlation between the spin axis and the angular distribution of muon-pair will be 
studied. 

0 J/\E and x2 production. Here the open geometry of PHENIX is exploited: gamma 
rays of a few hundred MeV are detected in the high resolution gamma detector in 
coincidence with J/\E + Z+Z-. The spin dependent gluon structure function can be 
measured, and the production mechanism of charmed particles will be studied with 
additional spin information. 
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For the detailed discussion of rates and sensitivities which follows, the "enhanced" lumi- 
nosity will be taken as L = 2x 1032m-2~ec-1 at f i  = 500GeV and t = 8x 1031m-2~ec-1 at 
f i  = 200GeV. We use 100 days of polarized proton runs with a duty factor of - 50% (4 x log 
sec), which leads to the integrated luminosity of J Ldt = 8 x lo3' cmVz and J Ldt = 3.2 x 
cm-2 at 500 GeV and 200 GeV respectively. The polarization of both beams is taken as 0.7. 

The statistical error on the two spin asymmetry is estimated as 

where PI and P2 are the beam polarizations and N is the number of events. Thus, 1600 
events are required for bA = f0.05 . On the other hand the one spin asymmetry has an 
error of 

1 1  6 A = - -  . 
Pl f i  (4) 

Besides the beam energy the spin configuration (I,-type or N-type) is another issue for the 
running condition. For the time being we leave this question open, and the yield estimates in 
the following sections are done assuming the above integrated beam time with an appropriate 
spin setting. 

B.2 W + - + e + + u  

The production of the intermediate vector boson W' of the weak interactions, and its lep- 
tonic decay, W+ 4 e f + v ,  are the classical examples of parity violating processes in hadronic 
collisions. Yet there is a complete absence of searches for, or measurements of, parity vi- 
olation at high energy hadron colliders[2]. To quote Maurice Goldhaber (who was quoting 
astronomers), 6'The absence of evidence is not the evidence of absence.,' It is important to 
measure this production asymmetry. Any discrepancy from the predictions will leads to new 
physics. In addition, a systematic search for parity violation is proposed. However, it is 
difficult to estimate rates for this search, since it is totally exploratory, i.e. it is beyond the 
standard model. 

In the context of the standard model, there is one clear parity violating process, W* 
production, with precise predictions[3, 41 - Soffer[4] predicts a large single spin asymmetry 
AL, for W+, which varies with rapidity, from 20% at yw+ = -0.3 to 50% at yw+ = +0.3. In 
PHENIX, the W+ is detected by a single e+ in the central spectrometer. The detection of 
just a single particle allows a surprisingly large acceptance of 13% of the total W+ -P e+v 
branch[5]. The QW+ - Be+" is estimated to be 100 p b  at fi=500 @eV, for a total of -16000 
detected events from 4 x lO'21ec of integrated beam time. The error should be SA:: < 2 ~ 2 % .  
The precise prediction for A;[ in these conditions is not yet available, but an estimate is 
twice the average of the single-spin asymmetry over the nominal detector acceptance, or 
70%. The energy of the positron is measured precisely in the EM calorimeter, while the 
charge is determined in the magnetic spectrometer, with 6 p / p  of 10% at 50 @eV/c. There is 
no other source to create such a high p~ electron (except 2') so that signal to background 
should be no problem. A factor of 1000 of charged hadron rejection is all that is required. 
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'* 1. 

B.3 Direct Photon Production 
This should be a clean measurement of the spin dependent gluon structure function since 
the dominant subprocess in pp collisions is 

e 

with qq contributing on the order of 10%. The major sources of background for direct 
photon detection are bremsstrahlung from a jet, and RO and 77 decays. These are effectively 
eliminated, as discussed later, by gamma isolation cuts and 7ro reconstruction. The high 
segmentation of the PHENIX EM calorimeter, which is driven by the issues of occupancy 
and energy resolution in the high multiplicity, low p~ environment of Heavy Ion Collisions, 
allows the two gammas from R' decay to be resolved for p ~ ( n O )  5 25GeV/c[l]. 

B.3.1 

To estimate the yield of direct photons we used the Lund Monte Carlo program PYTHIA 
which uses the EHLQ set #1 structure functions. We have considered runs at f i  = 200GeV 
consistent with the proton-proton runs for the heavy ion physics program, and at f i  = 
500GeV to explore a higher Q2 region at the highest luminosity. 

A fit to the measured direct photon cross sections[7,8,9, 101 was carried out by M. Beddo 
et al.[ 141 using the empirical parametrization; 

Yield estimate of direct photons in PHENIX 

Ed"" dp3 = BezP( -bPT). 

This provided the integrated cross sections over the PHENIX acceptance ( -0.35 < Y < 
0.35, A$ = R ). These were compared to the PYTHIA results in the p~ range of 10-25 
GeV/c, and are summarized in table B.l for different transverse momentum bins. 

Experiment Reaction f i  Cross section (pb) in different momentum bins 
GeV Total (pt ,  > 10GeV/c) 10-15 15-20 20-25 

C C OR[ 71 PP 63 18.5 17.8 0.7 
R806 [ 81 PP 63 8.3 8.2 

63 s8.3 8.1 0.2 PYTHIA PP 
UA1191 PF 630 3422 2140 835 298 

~~ 

UA2[lO] PP 630 4183 2899 919 266 
PYTHIA PP 630 1838 1223 401 121 
PYTHIA PP 500 1573 1076 344 79 
PYTHIA PP 200 425 370 43 9 

Table B.l: Direct photon yield comparison. CERN-ISR and CERN SppS data are compared 
to the PYTHIA estimates. 

PYTHIA seems to underestimate the cross sections at higher energies by about a factor 
of two. It should be noted that the direct photon cross section is 10-30% higher in pjj 
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interactions than in pp[ll]. We will use the PYTHIA predictions for the direct photons 
yield. The results for the integrated luminosities listed above are shown in Table B.2. The 
quoted errors are statistical only. Asymmetry errors of less than 4% and 1% are achieved at 
the highest pT bins for 200 and 500 GeV respectively. 

0 

Total 
10 < pt ,  < 15GeV 
15 < pt,  < 2OGeV 
20 < pt ,  < 25GeV 

fi = 200GeV 
Yield AALL Yield AALL 

136000 0.0054 1260000 0.0018 
118000 0.0058 860000 0.002 

13800 0.017 270000 0.004 
2900 0.037 63000 0.008 

4 = 500GeV 

PYTHIA also provides the relative contributions to direct photon production from the 
various partonic processes; 88% from the qg + q7 process and 12% from the qij --+ 97 
process as shown in Fig B.l. This small contribution from the annihilation channel can be 
neglected in the analysis of AG( the gluon helicity distribution) in the measurement of the 
longitudinal spin asymmetry ALL. 

0 
B.3.2 Partonic q j  distributions 

The goal of the ALL measurements is to determine AG(zbj) when Zbj is the momentum 
fraction that is carried by the parton. The measured asymmetry in direct photon production 
via the Compton process is written as; 

where Aqf(z) and AG(z) are the helicity distributions for quarks and gluons at a given 
Bjorken z, and 

(7) 
d A u  du- 

d t  d t  
is the cross section asymmetry at the parton level. 

- ~ L L  -- - 

In inclusive direct photon measurement at fixed p~ we determine the integral of AG( zg~uoTI) 
over Zquark weighted by the known quark helicity distributions, Aq. In principle, detection 
of the away-side jet is required to determine X b j .  However,we investigated the accessible 
regions of q j  for quarks and gluons in direct gamma events these are shown in Figure B.2 
with p~~ > 18 and 20GeV at f i  = 200GeV. The distributions of z b j  are rather narrow and 

‘It should be noted that in the case of transverse spin asymmetry, A N N ,  the contribution from the 
Compton process vanishes and only the annihilation process contributes to the photon production asymmetry, 
which relates to the transversity of the quark polarization, hl (z )  structure function. An ANN signal from 
qq annihilation is diluted by a factor of 10 by the Compton process. 
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peak at 0.1 and 0.2 for 10 and 20 GeV photons respectively. This fact ensures that we can 
derive the AG(z) information by choosing the p~ range of the inclusive photons only. 

Even though the acceptance for the away side jet is small, a rather modest pT matching 
between the photon and a jet can be applied to restrict the kinematics of the partons. In 
Figure B.2 the Z b j  distributions are also shown for the events which are accompanied with 
an away side jet. Here the p~ and p z  matching between the -y and jet are to within 5 GeV/c 
which is a rather modest requirement. Though the efficiency to find a away side jet is rather 
low (15%) these events are more sensitive to the particular Zbj .  

€3.3.3 Background considerations 

Besides the gluon Compton process and the pq annihilation (order of aY,,a,) the next order 
contribution to the direct photon production is from bremsstrahlung such as pq + p(p + yp) 
( order of a,,cr$ ). In the RHIC energy range this process would contribute 20-30% of the 
direct photon production [ll]. The other background source is the so called "fake" single 
photons from meson decays ( TO and 7'). In this section we discuss how to handle and 
eliminate these two kinds of background in PHENIX. 

Isolation cut for the same side jet-fragments : By requiring high p~ such as 10 GeV/c 
for single photon candidates, both of the background sources can only originate from hard 
QCD scattering and are associated with jet fragments in the same direction, while the "real" 
direct gamma is only be associated with away-side jet-fragments. This correlation is quite 
effective for "fake" -y and bremsstrahlung y rejection. 

The azimuthal distribution of charged particles with respect to direct photon candidates 
are shown in Figure B.3 for the direct photon events and B.4 for background events. To 
simulate the background, we have used photons ( mainly from meson decays ) with p~ > 
10GeV/c from QCD jets with pT(jet) > 4OGeV/c. From Figure B.3 and B.4 one can clearly 
see a difference between the signal and the background. 

This azimuthal correlation can be used to estimate the remaining background in the 
direct photon data sample. The isolation cuts for the single photon candidates appear to 
effectively eliminate the background. Figure B.5 shows the charged particle multiplicity in 
a cone of 0.15 radians around a direct photon candidate. A cut on charged particles with 
pT 2 lGeV/c eliminates 4 5 %  of the background with a loss of -1% of the signal 

TO reconstruction capability to reduce "fake" 7's : To estimate the cleanliness of the 
direct photon candidates after TO reconstruction, we estimated the probability of producing 
"fake" photons from meson decays from a jet with p~ > 40GeV/c as discussed in the next 
section in detail. By assuming 100% reconstruction efficiency when both of decay photons 
are in the detector and are more than 0.01 radians apart, of all the T O ' S  with p~ more than 
5 GeV; 90% are reconstructed, 5% are merged ( two photons within 0.01 radians which 
occurs only when p~(nO) is greater than 25 GeV/c) and the remaining 5% are "fake" due 
to asymmetric decays where one gamma is out of the acceptance. Most of those "merged" 
gammas can be recognized as two gammas from shower size analysis even though they can 
not be reconstructed as mesons. Even though the two-gamma reconstruction efficiency is 
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degraded from 100% to 90% due to, for example, hadronic shower overlap, the rejection 
power of the reconstruction will remain at - 85%. 

By applying both of these rejection methods, the purity of direct photon candidates will 
be excellent. For the worst case such as y r e a l / T  being 0.1,7fake/7real will be N 1 after the no 
detection. The isolation cut will bring Tfoke/yreal  down to - 0.15. For the bremsstrahlung 
gamma (20% to 30% of the signal), yhmr./yrenl will be - 0.05 after the isolation cut. 

B.4 7ro production 
The inclusive 7ro polarization asymmetry can be measured with reconstructed 7ro --+ y + 7 
in the range 10 5 p~ 5 25 GeV/c. In this p~ range most nos  are produced from QCD 
jets. Compared to other jet fragments 7ro triggering should be quite simple in the PHENIX 
apparatus. 

At the parton level, high p~ 7ros originate from several subprocesses. Major channels are; 

0 qq --+ QP (- 20%), 

0 qg --+ qg (a 50%) and 

gg --+ gg (- 30%). 

Due to this mixture, the theoretical prediction for the production asymmetry becomes 
difficult. However, the higher yield of 7ro (y/7ro 2i 1/4 - 1/10 at the upper p~ range) results 
in an asymmetry error, SA 5 &l%, thus 7ro measurements could be used to explore other 
spin phenomena; 

0 Parton helicity distributions: Theoretical predictions for ALL(7rO) show notable differ- 
ences when gluons are polarized [12]. 

0 Spin transversity measurements using spin transfer: Correlations between the trans- 
versely polarized beam axis to the plane of two produced nos,  may yield some infor- 
mation on quark transversity structure functions [13]. 

0 Higher order QCD tests: Single spin asymmetry, A N ,  could well be related to twist-3 
effects . 

0 Parity violation in hadron interactions at high energy: The interference between strong 
and weak interactions may be large enough to see ( - lo-') at RHIC energies. How- 
ever, a high degree of control over the systematics is required for such a measurement. 

The recent data from FNAL-ET04 showed large single transverse spin asymmetry A N ,  of 
more than lo%, at large p~ (- 3GeV) in p T p --+ 7ro + X reactions at f i  = 20GeV [17]. 
This asymmetry could originate from higher twist effects in QCD as discussed in the section 
A. It would be quite interesting to repeat this type of measurements at RHIC at high Q2. 
The FNAL-E704 results generated considerable theoretical interest that may lead to more 
precise predictions to be tested by the time RHIC comes on line. 

In the following subsection we discuss the feasibility of 7ro detection in PHENIX in the 
range of 10 < pT < 25GeV/c. Above 25 GeV/c, 7ro can be measured using single clusters, 
but the large direct photon background may make the results difficult to interpret cleanly. 
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33.4.1 7ro reconstruction 

The energy and position resolution which PHENIX offers will provide good TO mass resolution 
as shown in Fig. B.6. Here 7.l%/@ + O.?% is assumed for the energy resolution and 
7mm/@+ 0.8mm is assumed for the position resolution as quoted in the PHENIX pCDR. 
The background below the pion mass is relatively small especially in the high p~ region. 

The efficiency of 7ro reconstruction is important both in 7ro physics as well as in direct 
photon physics. The inefficiency will be caused by; 

1. merging of two gamma into one, 

2. asymmetric decay of 7ro ( one gamma out of the acceptance ) and 

3. accidental shower overlap. 

Minimum angle between gamma pairs produced through T O  decay is given by 

where m and E are the mass and energy of the 7ro respectively. Figure B.7 shows the 
opening angle distribution of two gammas from 7ro decays. To ensure the good reconstruction 
efficiency up to 25 GeV/c of p ~ ,  a two gamma separation of 0.01 radians is required . This 
is attainable with the Standard PHENIX segmentation (5 x 5cm' )  of the EM calorimeter. 

In Figure B.8 the p~ distribution of TO from QCD hard scattering with p x ( j e t )  2 40GeVlc  
is shown when both of the decay gammas are in the acceptance, also shown are the rates 
of two 7's merging. Significant merging occurs above 25 GeV/c, below which the accidental 
merging with another gamma ( not a partner ) occurs at a level of 5%. For comparison the 
merging situation with 0.02 radians separation is also shown, which limits the p~ range of 
TO to -12GeV/c, and below that the accidental merging rate is -20%. 

The asymmetric decay of 7ro and 7 is a typical source of fake direct photons by missing 
one of the decay photons out of the acceptance. With a simple geometrical Monte Carlo 
calculation the rate of fake gammas is found to be 2-4% of 7ro in the p~ range of interest as 
shown in Fig.B.9[14]. This causes an inefficiency in 7ro reconstruction but is easily correctable. 

B.4.2 Triggering 

As described in pCDR, we have in the scope "local Z ~ T  trigger" in the EM calorimeter, 
which provides perfect triggers for W*, direct 7, and 7ro at hight p ~ .  The rate will not be a 
problem for such high p~ events. 

B.5 Dilepton Production 
B.5.1 Drell Yan 

Drell-Yan production is yet another probe of both the sea quark as well as the gluon structure 
functions, through the two dominant processes qq --+ y" + Z+Z- and gq 4 y*q(y* + ZcI-) 
respectively. We use the PYTHIA program to study muon pair production in PHENIX. Fig- 
ure B.10 is one representative plot showing the relative contribution of the various partonic 
processes for the di-muon mass range 2 - 3GeV/c2. Several points are worth noting: 



1. A pt  cut of 1 GeV/c separates the production into regions where either one of the 
processes qij and gq dominates. 

2. The qij events with pt  5 1GeV/c are quite clean. These show little or no contamination 
from accompanying bremsstrahlung which could only mask the direct access to partonic 
spin information (see qij(NB) in Fig. B.lO) 

3. The rate of the gq process is 10% of the qij process. 

A similar p~ cut could be applied to distributions at higher dilepton masses. 
The sensitivity of the Drell Yan process to the parton spin structure functions is enhanced 

if the participant partons were at relatively large Xbj  ( x b j  > 0.1 ) since it is generdy believed 
that at q j  = 0, Aq/q and Aij/q are zero. The x b j  correlations for the PHENIX acceptance are 
shown in Figure B.11 and B.12. for the dilepton mass of 2-3 GeV/c2 and 12-15 GeV/c2. The 
subprocess qg + 7*q shows both x b j ' s  to be sizable. However but for qq + y' one z b j ( ~ )  is 
small (lo-') so that a small analyzing power is expected for the two spin asymmetry from the 
annihilation channel. This also suggests that we can measure the gluon helicity distribution 
via ALL cleanly ( note that the requirement of high p~ for muon pairs is another tool to 
eliminate the annihilation channel). This would represent another independent experiment 
to augment the ALL measurements of AG measurements in the direct photon channel. The 
error in the asymmetry measurement is expected to be AALL - 2%. 

With transversely polarized beams the new field of transverse spin effects can be explored 
in the muon-pair channel by measuring the correlation of the plane of the muon-pair to 
the spin axis. This provides another approach to quark transversity, hl.  The PHENIX 
endcap muon detector is ideal for such measurements since it covers the full azimuth over 
the rapidity range 1.1 5 yp+p- 5 2.5. The estimated event rates[6] are given in the Table 
below for 4 x 106sec running time at &=200 and 500 GeV. 

0 

mptp- GeV Events at 200 GeV Events at 500 GeV 
2 to 5 96,000 240,000 
5 eo 9 23,000 79,000 
9 to 12 4,000 19,000 

Table B.3: Di-Muon rates for PHENIX Endcap and Barrel. 

The possibility of muon measurements in both the endcap and the barrel enhances the 
accessibility to large partonic X b j .  It will be relatively easy to trigger and identify muons in 
the PHENIX endcap. Monte Carlo studies suggest that triggering on the total number of 
hits and the deepest plane hit, will reject more than 95% of pions with about a loss of 10% 
of the muons in the energy range of 1-10 GeV. The ease in the central region is not as easy 
since there is no active muon identification. Here, Monte Carlo studies of pion spectra and 
their decays into pu show a very sharp drop in rate above p~ 2.5-3 GeV/c. Muons will be 
identified by tracking and requiring a minimum ionization signal in both the TRD and the 
EM calorimeter. 
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B.5.2 J/!P and x2 production 

Although so many years have passed after the first discovery of J/+ and many charmonium 
experiments have been performed, the mechanism of charmonium production in hadronic 
interaction remains somewhat unresolved. For example, it is surprising that there is no ex- 
perimental agreement on what fraction of J / +  is via x. The study of charmonium production 
with polarized beams could provide further information on this subject, and could serve as 
another channel to measure the gluon polarization [MI. 

The hadronic production of the charmonium states involves three kinds of parton dia- 
grams: gluon fusion, light quark annihilation, and color evaporation. At higher energies, 

PROCESS DIAGRAM PROCESS DIAGRAM 

GLUON 
FUSION 

q -p C1 G HT 
QUARK 

. FUSION - 
9 

processes like color evaporation will play an important role in charmonium production espe- 
cially in the high p~ region. The dominant mechanisms are gg + ( c z ) ~ ,  gq + (cz)p ( or q) 
and qq + (cE)g. Here (ce) is either any of the S states (+) or the P states (x). Theoretical 
predictions for the double spin asymmetry ALL as a function of p~ by R. Robinett[l8] are 
shown in Fig.B.13 Two polarized gluon distributions are compared; one using the standard 
set[23] and the other set with large AG by 2. Kunszt[24] which explains the EMC data. At 
f i  = 200GeV using B - da/dy = cm2, we expect 200K J/+ + efe- and over 1M 
J / +  + pfp- in the PHENIX barrel and endcap spectrometers which will allow a system- 
atic study of the p~ dependence of ALL(J/+) .  We expect AALL - 2% for the region of 
p~ > 3GeV/c, which is sensitive to the large gluon polarization. 

Most of the J/+,s in the barrel (efe-) are at low p T ,  where it is generally believed the 
x states are mainly produced by gluon-gluon fusion. In such a model, xo and x2 can be 
produced directly while x1 is not. Note that J /+  can not be produced directly by either 
gluon fusion or by light quark fusion due to C invariance. Since the branching ratio of 
xo + J / +  + 7 is small ( 6  x the J / +  + 7 channel in proton proton collisions should 
result from x2 decays only (no XI), which is supported experimentally[ZZ] although with 

. 

a 
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limited statistics. If all J /$  + e+e-’s are produced via x, 2,000 x’s will be detected with a 
gamma in the high resolution CsI EM calorimeter which is capable of separating the x 1  and 
the x 2  mass peaks. Absence of x 1  will prove the gluon fusion dominance. Using the medium 
resolution calorimeter also, 8,000 x’s will be obtained, with which we can study the source 
of J /$  production. 

In the gluon fusion process M 2  = z1 x z2 x s and z~(x2)  = a1 - 2 2 ,  where 2 1  and z2 are 
the longitudind-momentum fraction of gluons. Thus at f i  = 200GeV a small asymmetry 
is expected since 3 1  and 2 2  are small. This leads to a future possibility to run RHIC with 
smaller &, 50-100 GeV. Theoretical estimates are done by Doncheski and Robinett[lS] using 
AG/G by Z. Kunszt[24]. The predictions are shown in Fig.B.14 for x 2  and J/+. In both 
cases the predicted asymmetries are sizable ( more than 10% ) at f i  = 50GeV. 

5 2  

B.6 Schedule and Request 
The scope of this section [B] is based on the standard version of the PHENIX detector. We 
envisage no major additions or changes in either the detector setup or trigger system. We 
assume that the heavy ion run will preceed the first run with polarized protons, thus the 
detector will have been tried and tested. Running at f i  = 200GeV could be a part of the 
normal heavy ion running schedule with protons. The f i  = 500GeV will be separate. 

The only issue is the segmentation of the EM calorimeter. For the spin physics we would 
like to have 5 x 5cm2 from beginning. If we must start with the 10 x l o r n 2  option due to the 
budget limitation the physics capability for spin will be significantly reduced. We will still 
be able to start with 1/4 of calorimeter which consists of lead glass with a fine segmentation, 
with some lack of systematic check such as left-right consistency. 
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Figure Captions 

Figure B.l:  
The p~ distribution of direct 7 7 s  at 4 = 200GeV/c. The hatched area is the contribution 
from qq + 79. 

Figure B.2: 
The x b j  distributions of u-quarks and gluons for direct photons detected in PHENIX with 
p ~ ,  > 10GeV/c (upper) and p~~ > 20GeV/c (lower) at f i  = 200GeV. The hatched areas 
are those with away-side jet detection (see text). 

Figure B.3: 
Azimuthal distributions of charged particles with respect to direct photons detected in 
PHENIX. Curves are for all charged particles (solid), charged particles in the PHENIX 
acceptance (dashed), and detected charged particles with p~ > 1.OGeV (hatched). 

Figure B.4: 
Azimuthal distributions of charged particles with respect to the photons detected in 
PHENIX. Curves are for all charged particles (solid), charged particles in the PHENIX 
acceptance (dashed), and detected charged particles with p~ > 1.OGeV (hatched). 

Figure B.5: 
Multiplicity distributions of charged particles within a 0.15 radians cone around a ”real” 

0 
direct photon and similarly ”fake” direct photon. 

Figure B.6: 
Invariant mass distributions of two gammas from hard QCD scattering with pT(jet) = 
40 Ge V/ c. 

Figure B.7: 
Opening angle distributions of two gammas from no decays with p~ of 10,15,20,25 and 30 
GeV/c 

Figure B.8: 
Transverse momentum distributions of no’s in the PHENIX acceptance from QCD hard 
scattering with pT(jet) 2 4OGeV/c. The hatched area represents no’s with accidental overlap 
with a gamma from other decays, and the blackened area is for those merging with a partner 
gamma (A0 = 0.01). The dashed line represents both cases where gammas merge with 
AB = 0.02. 

Figure B.9: 
The probability of having a ”fake” gamma from no decays within the geometrical acceptance 
as a function of p ~ .  
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Figure B.lO: 
The p~ distributions of muon pairs in PHENIX with mass of 2 - 3GeV/c2 at J;; = 200GeV. 
Contributions from each subprocess are shown. "NB" stands for "NO bremsstrahlung" mean- 
ing a qtj annihilation to 7* without bremsstrahlung. 

Figure B.ll: 
The correlation of xbj's of partons for muon pairs detected in PHENIX with the mass range 
of 2-3 GeV/c2. For all, qtj, qtj without bremsstrahlung, and gq subprocesses. 

Figure B.12: 
The correlation of xbj's of partons for muon pairs detected in PHENIX with the mass range 
of 12-15GeV/c2. For all, qq, qij without bremsstrahlung, and gq subprocesses. 0 

Figure B.13: 
The double spin asymmetry ALL as a function of p~ for charm production in pp collisions 
at several different values of fi. The polarized gluon distribution is taken as the 97~tandard 
AG[23](a) and the large AG[24](b). 

Figure B.14: 
Predictions for --ALL in x2 production ( a ) and J / $  production ( b ) as a function of 
&Ix2/&, from Ref.[18]. 

B-16 



l o 2  

I l l l l l l l l l l  

10 

1 

Direct gamma Pt spectrum 

0 10 20 

I 
I 

30 40 50 
GeV/c 

Figure B-1 



80 

60 

Pt(r)> 10 GeV 

40 

20 

0 

Xbj distribution c 100 

80 

60 

40 

20 

0 
1 0 0.25 0.5 0.75 

Xbj of gluon 

60 
' O  1 
30 
40 1 
2o E- I 1; 

20 GeV 

Xbj of gluon 

Xbj of u-quark 

50 J 

20 ::I 
10 

0 
1 

Xbj of u-quark 
0 0.25 0.5 0.75 

Figure B-2 



Charged particle azimuthal distribution w.r.t. direct gamma 
I- 

500 1 
400 

300 

200 

100 

Real direct gamma events 

n 

r -_ /- 
I 
I - -  

0 

Radian 

Figure B-3 



'1 .' 

0 
..' , 

Charged particle azimuthal distribution w.r.t. direct gamma 

t 

Fake direct gamma events 

Radian 

Figure B-4 



5 0 0 .  

400 

300 

200 

100 

0 

Charged  particle multiplicity distribution 

0 1 . -  I I - L 3 J U 

M u I ti pl icity 

50 

40 

30 

20 

10 

0 

Fake direct g a m m a  event 

10 
Multiplicity 

Figure B-5 



Mass distribution of t w o  photons  
3200 

2400 

2000 

c 

-I 

400 

0 1 1 1 ,  1 , 1 1  
1 1 1 1  I l l ,  

1 
Mass (GeV) 

0 0.2 0.4 0.6 0.8 

Pt 5GeV 

Pt 1 0 G e V  

1 
0 

- 

0 0.2 0.4 
- u  

0.8 1 0.6 

Mass (GeV) 

Figure B-6 



Pt= 1 OGeV pi0 seperation 

2000 - - - - 
0 I l l 1  I l l 1  1 , , , 1 1 ,  I t  

0 0.0 1 0.02 0.03 0.04 0.05 

Pt=l5GeV pi0 seperation 

- 
2000 1 

- - 
0 

2000 

0 

Pt=20GeV pi0 seperation 
- - - - - - 

I I I I  I , !  1 I I l 1 I l l  I l l 1  

0 0.0 1 0.02 0.03 0.04 0.05 

Pt=25GeV pi0 seperation 

2000 - - - - - 
O - ' I ' I  1 : ' I  I I 1 1 1 ~ 1 ~ ~ ~ ~ 1 1 1  

0 0.0 1 0.02 0.03 0.04 0.05 

Pt=30GeV pi0 seperation 

Figure B-7 



10 

1 

0 
GeV/c 

Figure B-8 



' I  

.10 

.08 

.06 
Q) 
A 
(d 

E- 
.04 

PHENIX 4 

.02 

.oo 
1Q 12 14 16 18 20 

P (GeV/c)  T 

Figure B-9 



> w ';I 

Figure B-10 



x-0.5 
W 

. .  . . :e. . .  
* . -.. - :-. . -. . .- . . .. ..--.- ::. 

.. . '1:. <. .:: -..: - * . -  

E -2.5 
-3 

-3.5 % 
-4 E All 

0 
X-0.5 
- -1 u7 
- 0-1.5 

7 3  
W 
- 0  -- . -  .. . . . ..- .. .. . t -<,. :;.'is...-' . .:..; . . .. .. .. 

-2.5 -2 1 
' -3.s -3 1 
-4.5 1 

0 

X-0.5 

P 

.3 
W 

5! -1  

2-1.5 

. -2  
-2.5 

-4 

-4.5 
I- 

.. 
@ ->&; - 
.k$,.. 

1.. . 
e.. .. - . . .. . 
. -. 

.. . . .. . .  
.- - 

a. 

0 3 
x-0.5 

0 - 1  
L 

F- 1 ..5 

g-2.5 

W 2 -2 

- 
-3 

-3:s 

-4 

-4.5 

Figure B-11 



Figure B-12 



I 1 I I I I I 1 
4 6 8 10 

p, (GeV) 

F I I I I I 1 

Figure B-13 



Id' 

10-2 

-ALL 

lo-' 

Id' 

Figure B-14 

1 r .-.-.-. 
/ '. /. '. 

i '. 
i '. 

/* '. 
/' '. 
i 1. 
i '. 

i ! 
.i ! 

! 
I ! -  
I ! = I ! -  

I ! :  
! ! 
I ! -  

. !  ! 
I ! -  

- I ! -  
,i ! :  
! ! 
I ! -  
i 1 . -  

! 

- 

.! - i - 

I I ,  '*& 0. I 0.6 



Section C 

Erne riments with the STAR Detector 
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C.1. phvsics Goals and Canab i ' i  ht eq 

Although years of experimental effort at CERN and FNAL colliders have 
provided much information about the structure of QCD hard scatterings and the 
parton structure of the proton, there is no corresponding body of data on the spin- 
dependence of the elementary interactions and the spin structure of the proton. 
High-luminosity polarized proton beams in RHIC offer the opportunity to study the 
unique properties of the spin variable to  increase the understanding of these fun- 
damental quantities. 

with a combination of RHIC and STAR. One of them is the gluon spin structure 
function with longitudinal spin in the proton. Tbe gluon spin structure function, 
AG, can be determined crudely with inclusive jets, better with inclusive direct gam- 
mas, and best by using a direct gamma in coincidence with the production of an 
away-side jet and obtaining the x dependence of AG. The sea-quark polarization can 
be determined, as discussed in A.1.1.5, by measuring the longitudinal spin-spin 
asymmetries in the Drell-Yan process. The quark transversity distributions in a 
polarized proton have recently been discussed extensively by theorists and it is a 
fundamental measurement to determine the structure function hl(x) as discussed in 
A.1.2.1. This can be done by measuring the transverse spin-spin asymmetries in 
the Drell-Yan process. Single-spin transverse asymmetries in no production appear 
to remain constant at a given XT up to 200-GeV/c. At the higher energies available 
at RHIC, it is unarguable that perturbative QCD should be fully applicable. 
Finally, the measurement of single-helicity asymmetries (parity violation) in W-C 
and 2" production as discussed in A.1.3 will be carried out. 

We will be. able to  carry out measurements t o  accomplish various physics 
goals discussed in Sections A.l . l ,  A.1.2, and A.1.3. 

0 

There are several areas of proton-proton spin physics that can be best done 

e 

i) Several experimental methods to measure direct-gamma and jet production 
are used in STAR, including fine segmentation and a shower maximum detector in a 
sampling electromagnetic calorimeter. For these methods, rates and uncertainties 
on spin-spin observables, such as ALL, are estimated for the STAR detector. 

been used to extract information on the gluon structure function G(x) in the pro- 
ton.1-6 By assuming that the Compton subprocess is the only contribution to the 
cross section, this subprocess can be expressed in terms of the quark structure func- 

In the unpolarized case, inclusive direct-gamma production data have 
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tions in the proton (u(x), d(x), etc., for u, d, ... quarks) determined &om deep inelastic 
scattering,' the momentum fractions x i  and x2 (related to the rapidities, q y  and 
qjet), and the parton level cross section calculated from perturbative QCD when the 
process is a hard scatkring.1 The onset of hard scattering will be assumed to corre- 
spond to PT = 10 GeV/c at RHIC energies. 

The unpolarized gluon structure function has been determined as a firnction 
of the momentum fraction x from inclusive direct-gamma + jet experimental data 
from the ISR.8 The quark structure ftnction ~ ( x )  must be sizable in order to obtain 
suf€icient rate and sensitivity to the gluon structure hct ion.  The higher rates will 
correspond to the x of the quark in the range 0.02 - 0.5, and to  the x of the gluons 
e 0.4. 

The single inclusive direct-gamma production cross section is an integral 
over the (y + jet) cross section. In this case it is diffidt to extract information on 
the x-dependence of G(x). On the other hand, most of the experimental data 
reported in the literature are for the single inclusive cross section. For the case 
with spin, similar considerations apply. The analogy of the unpolarized structure 
hct ions are the spin-dependent structure hctions. 

The use of inclusive direct-y and (direct-y + jet) production measurements with 
longituhdy-polarized protons incident on longitudinally-polarized protons t o  obtain 
direct information about AG(x) is described in A.f.1.3 and A.1.1.4. A number of theo- 
retical predictions of spin effects for this process have been made in the past.9-13 
High-energy inclusive spin predictions are often given for the quantity ALL, since 
such asymmetries are usually measured in spin experiments. Many systematic 
effects, such as detector efficiencies, absolute luminosity, etc. cancel in ALL experi- 
ments. Some of these systematic effects were particularly troublesome for past 
experiments using solid-state polarized targets that contain substantial fractions of 
non-hydrogen background nuclei. These effects may be less of a problem with collid- 
ing proton beams, since they do not have the background nuclei present. In any case, 
the uncertainties,  ALL, for ALL are estimated. 

single inclusive direct-y cross sections in pp and pF interactions are used. 14-22 

Details of estimates of rates and errors for measurements of direct-y and (direct-y + 
jet) production are described in C.2.1.1, C.2.1.4, (2.3.1.1, and also in Ref. 23. 

To make first-order estimates of the rates, a number of measurements of the 

ii) 
was studied24 by Monte-Carlo simulations with the PYTHIA V5.3 program.25 The 

The Drell-Yan process pp + y + X + Q+Q- + X for & = 200 and 500 GeV 
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EHLQl26 set of proton stmcture functions was used. All parameters for PYTHIA 
were set to  their default values except for two. The same values of parameters were 
usedfor the study ofpp + 2" + X + Q+Q- + X andpp +W* + X +  Q+ II + X The 
results are presented in C.2.3 and C.3.4. 

0 

iii) 
nosity will be taken as 

For the following discussion of rates and sensitivities, the integrated lumi- 

L = 2 x 1032 cm-1 see2 for 4 x 106 seconds (100 days, 50% efficiency) or 

I Ldt = 8 x 1038 cm-2 at  500 GeV/c = 800 pb-l , 

L = 8 x 1031 cm-l sec for 4 x 106 seconds or Ldt = 3.2 x 1038 cm-2 at 200 GeV. 

The polarization of both beams is taken as P = 0.7 and the statistical errors 
on the asymmetry are given as 

0 
for the two-spin asymmetry, and 6A=--  1 1  

P2 4s 

for the one-spin asymmetry. 1 1  SA=-- 
P a  

C.2. Measurements with Barrel EMC and Shower Maximum 
Detector 

Both a barrel electromagnetic calorimeter and a shower maximum detector 
will be required to perform measurements of inclusive direct-y, jet, and no produc- 
tion. These data will provide information on the helicity and transversity distribu- 
tions of partons in a polarized proton. 

calorimeter. It is located outside the superconducting solenoid coil and inside the 
iron flux return. It covers I q I I 1.05 and 2n in azimuth. At  q - 0, the amount of 
material in front of the EMC is - 1.1 Xo. The inner radius is 2.53 meters and the 
length is 6.87 meters. It consists of 60 wedge segments of 6 degrees in 4 and is 

The barrel EM calorimeter (EMC, see Fig. C l )  is a lead-scintillator sampling 
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subdivided into 40 pseudo-projective towers over the q range. Each tower has 21 
layers of lead and scintillator. 

made for ZEUS, CDF, and SDC. It consists of scintillator strips approximately 1 cm 
in @ by 36 cm in q, located at a depth of - 5 &. Each strip is read out by a 
wavelength-shifting fiber. The longitudinal dimension of the strips corresponds to  
the physical size of two q towers that facilitates bringing the fibers to the outside of 
the barrel. 

The shower maximum detector is similar in design to prototypes that were 

Shower Max detector: Scintil1ator strips parallel to q 

C.2.1 Measure ments of Parton Helicitv Distributions in a Polarized Proton 

Readout: Waveshifting fiber - 

Determination of the gluon spin structure function and sea-quark spin 
structure kc t ion  is discussed in Section A.l. l .  

C.2.1.1 Direct Gamma Production 

nate inclusive direct-y production by pp interactions. In this case, ALL is directly 
proportional to AG(x) as shown in Eq. (A4). Direct photon events, without looking at 
the away-side jet, provide information about the integral of AG(x). 

As discussed in A.1.1.3, the Compton process (qg + yq) is expected to domi- 
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The definition of the spin-spin correlation parameter ALL for inclusive a direct-y production is 
(Cl) 

where P is the beam polarization and N: are the total number of direct-y events, 

normalized to the beam luminosity, for beam spins parallel (+) and antiparallel (-1. 
Since Nf is not measured directly, it must be estimated from the total counts n&, 
(total direct ys + total unresolved "fake" fs) and from the total number n',. of recon- 
structed xo's, qots, etc., using 

The symbol Rfake (determined by Monte Carlo) in Eq. C2 represents the ratio of the 
total number of f s  from unresolved no, qo, etc. decays to the number of 
reconstructed xo, qo, etc. events. Substitution of Eq. C2 into Eq. C1 yields the 
following relation: 

and its error, SALL: 

In the previous expression, A = ALL for inclusive direct-y production and B is the 
(background) asymmetry in inclusive no, q", etc. production. The quantities Nzo and 
N, are estimated from Eqs. 20 and 18 in Ref. 23, respectively (N,o my= O X O ~ Y ) .  

The minimum laboratory angle between photon pairs produced through the 
electromagnetic decay of mesons is given by 
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where m is the mass and E is the laboratory energy of the decaying meson. For 
meson momenta pm in the range 10 I Pm I 2 0  GeV/c, A0mh varies from about 14 mr 
to 27 mr for the no decay. Expressed in terms of transverse momentum, 10 I I 
20 GeV/c and I q I I 1 corresponds to 10 5 Pm I 31 GeV/c and to 9 I A0min 5 27 mr. 
Figure C2 shows the distribution of radial energy deposited by 10 GeV photon show- 
ers as calculated by the EGS computer program. With very fine segmentation and 
large distances, the two photons from no decay can be distinguished from a single, 
isolated direct-y event. HoweverP the detector cost increases with finer segmenta- 
tion or with increasing distance t o  the photon detector. Furthermore, highly asym- 
metric decays of mesons may cause the loss of one photon from the detector accep- 
tance or may lead to the inability to identify the low-energy photons because of 
detector noise. Thus, realistic detectors cannot always distinguish true direct-y 
events from electromagnetic decays of mesons (Rfde z 0). 

tional area 27 x 14 cma near 
angles. The calorimeter covers -1.05 I q I 1.05 and A0 = 2n. The inner radius is 
expected to be about 2.53 m, which gives a lower limit to the angular resolution of 
two showers of53 mr. This is not sufficient for resolving no decays with 10 S p~ S 

20 GeV/c using simple techniques. Since the tower size is so large and the 
corresponding angular resolution so poor compared to the required values of 9-27 
mr, the electromagnetic calorimeter alone will not be useful for direct-y 
measurements because Rfake would be too large t o  give meaninm results. 

proved dramatically using a detector made of strips placed at a depth corresponding 
to the shower maximum in the calorimeter. Simulations were performed using 0.5, 
1, or  1.5-cm-wide strips of length corresponding to twice the tower dimension in q 
(28 - 45 cm) at a radius of 260 cm. In the simulations, it was assumed that the pho- 
tons could be resolved if RA$21,2, 3 cm, where R is the radius out to the shower 
maximum and A$ is azimuthal angle subtended by the photon pair. With the 1-cm 
strips, the estimated  ALL at & = 500 GeV is 

The STAR electromagnetic calorimeter design has "towers" with cross sec- 
= go", and larger in one dimension at more forward 

The spatial resolution for showers in the STAR calorimeter could be im- 

-C8- 



0 
1  ALL - k - (0.0006 4 8  x 1038 cm-2/ C dt ). P2 

At & = 200 GeV, the uncertainty will be 

1 6 A u  - f - (0.011 43.2 x 1038 cm-2/ J C dt ). P2 

"he error is increased by a factor of 1.2 for 1.5-cm strips, and is reduced by a factor 
of 1.3 for 0.5-cm strips. At p~ - 20 GeV/c, we note RAemin = 3.5 cm, suggesting that 
the 1-cm width may be near optimum when cost vs. no resolution is considered. 

C2.1.2 Single High-pT Particle Production 

inclusive direct-y measurements, and in fact are the major background for the 
direct-y events. The cross section for inclusive no production is several times larger, 
and thus the uncertainties  ALL will be somewhat smaller, than for direct-yproduc- 
tion. The range of p~ coverage will also be 10 5 p~ 5 20 GeV/c. 

The decays no + yy, qo + yy, etc. will be obtained simultaneously with the 

C2.1.3 Single- Jet Production 
Jets can be detected in STAR with the EM calorimeter for the electromag- 

netic component, and with the TPC for charged particles. Monte Carlo studies of 
the rates, acceptance, and resolution were made using the ISAJET program with 
EHLQl structure functions26 and GEANT. For these calculations, it was assumed 

that particles within a cone of radius d m  = 0.7 were part of the jet. For 
the barrel EM calorimeter, the maximum jet rapidity would be I q I e 0.3, corre- 
sponding to 0.05 e x e 0.3 at PT = 10 GeV/c and 6 = 200 GeV, and to larger x at 
higher gyp. Sizable rates for jets occur for p~ up to 50 GeV/c. The trigger would be 
the same as for inclusive direct-y events, namely, a cut on the energy detected in a 
cluster of towers. Figures C3 and C4 show the efficiency of the trigger and the rate 
as b c t i o n s  of jet ET and detector threshold. Figure C5 shows a scatterplot of jet 
energy from the EM calorimeter plus the TPC versus the jet energy from the EM 
calorimeter and a hadron calorimeter. The distribution of observed jet energy for 
jets of ET = 38-40 GeV (Fig. C6)  and of p~ - 10 and 15 GeV are given in Fig C7. 

A simulation of the TPC operation for high-luminosity pp events has begun. 
Minimum bias events generated by the LUND program25 were used to evaluate the 
effects of pp interactions preceding and following the triggering event. As a result 

e 

0 
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of the long TPC readout time (50 psec), there are thousands of tracks present in a 
TPC trigger. The number of tracks as a function of radius (TPC readout pad row) 
are shown as a solid line in Fig. C8 for the generated events at 6 = 500 GeV and 
both the design ( C = 1.4 x 1031/cm2/sec) and the high luminosities ( C  = 2 x 1@2/ 

cm%ec). The number of indistinguishable overlapping tracks are indicated by the 
dotted line. For comparison, a similar calculation with Au and Au events is shown 
in Fig. C9. It can be seen that the high-luminosity pp events will not be si@- 
cantly "worse" than Au + Au events. The same conclusion applies to  the track 
momentum resolution shown in Fig. C10 for the two luminosities. 

luminosity is shown in Fig. C11. The distribution of the Z coordinate (along the 
beam) for the point of closest approach to the beam axis of each reconstructed track 
is shown. Most tracks correspond to events occurring before or after the triggered 
event, and thus have their Z-coordinate shifbd by the drift time in the STAR TPC. 
Shaded events in the upper part of Fig. Cfl correspond to tracks from the trigger 
event, which contained two minimum bias events in the same beam crossing. The 
shaded events in the lower part of the figure correspond to tracks that hit the barrel 
trigger scintillators outside the TPC. The difference between the shaded tracks in 
the two parts of Fig. Clf is due to those low-momentum tracks that did not reach 
the trigger scintillators. It can be seen that there are a considerable number of 
background tracks in the vicinity of the triggered event. However, the barrel 
trigger scintillators will provide a powerM constraint to locate the interaction 
vertex and to identify the proper high-momentum tracks corresponding to the 
triggering event. 

A different way of considering the effects of the background events at high 

C.2.1.4 Direct-Gamma + Jet 
The measurement of "gamma +jet" events allows the kinematics of the 

primary quark-gluon scattering to be determined. The kinematics of the primary 
partons (XI and x2) can be reconstructed by determining the kinematics of the 
gamma and jet. For the PT acceptance of 10 to 20 GeV/c, x i  and x2 vary from 0.1 to 
0.2 at & = 200 GeV. The cross section for inclusive direct gamma +jet production 
with -0.3 e qjet e 0.3 and -1.0 e qyc 1.0 in the p~ interval 15-20 GeVk is equal to  28 
pb.23 For 800 pb-1 integrated luminosity, the expected number of detected events is 
22,400, which corresponds to  ALL = f 0.013, ignoring backgrounds. With the 
barrel calorimeter, the range -1.0 I qy I 1.0 can be measured, increasing the number 
of events and decreasing I~ALL. 
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A more complete determination of the gluon spin structure function is 
0 described in Section (3.3.1.1. 

C.2.1.5 Di-Jet Production 
As discussed in A.1.1.2, measurements of ptpt -+ Jet1 + Jet2 + X also pro- 

vide hiormation on AG. For low jet-jet invariant masses (MJJ), gluon-gluon subpro- 
cesses dominate as shown in Fig. C12. As MJJ increases, gluon-quark and quark- 
quark scattering become more important. Data on spin-dependent quark and gluon 
structure functions from deep inelastic lepton scattering and inclusive direct-y pro- 
duction should allow calculation of ALL for inclusive di-jet production as functions of 
xi and x2 (defined analogously to the direct-yplus jet case in Section (23.1). Thus 
these measurements can be considered as consistency checks for the extracted spin- 
dependent structure hc t ions  or as tests of QCD. The number of di-jet events, 
Npair, is given in the table below for PT 2 10 and 20 GeV/c and I q I I 0.3. 

Jet + Jet Events 
PT h I N pair 
2 10 50.3 3 108 
2 20 10.3 7 106 

c.2.2 easurements of Quark Transversitv Distribution in a Polarized Proton 

C.2.2.1 AN Measurements in Direct-Gamma and KO Production 
One-spin transverse asymmetries were previously measured up t o  

200 GeV/c using the Fermilab polarized beam.27 The asymmetry AN in pTp 
with XF = 0 shows a transition in the production process from a "low-p~" regime 
with AN = 0 t o  a "high-pT" regime with AN > 0.3. This transition occurs at p~ = 

3.5 GeVIc. 

provide important information on the twist-3 parton distribution. 

way as C.2.1.1, and then 

n"X 

As discussed in A.1.2.2, measurements of prp + yX and pTp + n"X will 

The event rate for direct-gamma production can be estimated in a similar 

 AN 4 p 1 (0.014 4 8  x 1038 cm-Y L dt ). 
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. Asymmetrv in W and Z Prod- (3.2.3 &gle-Hehcltv . .  

W and 2 production with polarized protons is a totally unexplored area of 
experimental high-energy physics.28 The predictions for asymmetries, in particular 
for the parity nonconservation ones, are expected to be larger than twenty 
percent,2930 and these predictions are dependent on our understanding of the proton 
structure. Thus this measurement studies the QCD structure of the proton as well as 
confirming the Standard Model using polarized-hadron interactions. 

interactions at 6 = 500 GeV are as follows (see Section (2.3.2 and Ref. 24): 
The estimated PYTHIA V5.3 production cross sections for W and 2 in pp 

OB (pp +W+ + X  + e+ + v +X) = 120 pb 
oB(pp+W- +X+e-+ i i+X)  = 43pb 
oB(pp+Z0 +X+e+e-+ X) = 1Opb 

The STAR detector with electromagnetic calorimeters is especially suit- 
able for experiments with the W and ad due to its large acceptance for electrons pro- 
duced by high mass particle decays. The estimated STAR barrel calorimeter accep- 
tance is about 66% for W, and 47% for 2. With the additional endcap calorimeters 
these values increase to 92% and 88% respectively. 

grated luminosity 800 pb-1 are presented. 
In the table below, the event rate estimates at 6 = 500 GeV for the inte- 

Boson STAR (Barrel) 
W+ -I= w- 83,000 

61,000 

C.3. Measurements with Endcavs 

Ap1 important upgrade for the photon detection would be a pair of EM 
endcap calorimeters to be placed inside the iron pole piece as shown in Fig. C1. 
They would cover I q I < 2.0. 
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(23.1.1 

detected in coincidence so that the kinematics of the incoming partons can be 

Detecting the Direct- yand the 'Xway-Side" Jet 
In order to  measure G(x), both the direct-y and the "away-side" jet must be 

calculated. Rates are estimated by requiring acceptance about the jet direction 
corresponding to be 4- = 0.7. Thus, a central barrel calorimeter 
extending to I ql S 1.0 will detect jets only for I qjet I I 0.3, and a combined barrel 
and endcap calorimeter with I q I 5 2.0 would allow jet detection to I q Jet I I 1.3. 

The Compton and annihilation subprocesses both involve 2 4 2 scatterings. 
The incoming partons are assumed to have fractions xi and x2 of the beam momen- 
tum and collide colinearly. Then xi and x2 are given in terns of pseudorapidity as: 

Figure C13 shows the x coverage for XT = 2 PT/& = 0.1 as functions of the direct-y 
and jet pseudorapidities. 

Assuming the dominance of the Compton subprocess (qg + yq), one Xi must 
be larger than 0.2 to 0.3 so that the incoming quark has a sizable polarization. The 
other Xi would then correspond to the momentum fraction of the incoming gluon. 
For events with 10 ,< p~ 

very limited except at low &, where the cross section and luminosity are small. 
With an endcap, there is reasonable x2 range available below & - 300 GeV for p~ = 
10 GeV/c, and a very broad x2 range for p~ = 20 GeV/c. 

with EHLQl structure functions26 and GEANT. Estimates of  ALL for various x 
regions are made at & = 200 GeV as shown in the table below. The rows show var- 
ious min (xi, x2) bins (roughly corresponding to the gluon) and the columns show 
various max (xi, x2) bins (roughly corresponding to the quark). In the calculation, 
an ideal detector with endcaps and acceptances of 1v.E 5 2, I qjet I I 1.3, 

20 GeV/c and xi > 0.2 and no endcaps, the range of x2 is 

The expected event rate in STAR was calculated using the ISAJET program 

2 10 
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0 GeV/c were assumed. The errors listed have been scaled for 1-RHIC-month and 
normalized with a beam polarization of P = 0.7. The ISAJET total cross section was 
1894 pb. 

PT 
2 10 
- ’ 20 

Error Aspmetry, GALL, for Incoming Partons with xi and x2 at 16 = 200 GeV 

Irl I N pair 

2 108 
IP.3  4 109 
S 1.3 

0.012 0.009 0.007 

This subject has already been discussed in A.1.1.2 and C.2.1.5. Rates for 
inclusive di-jet production are hundreds of times larger than direct-y plus jet 
production. The endcap calorimeter is essential t o  obtain a sizable range of 
pseudorapidity for the jets. With I q 1 I , I qz I 5 1.3 and pTjet > 10 GeV/c, the cross 
section at & = 200 GeV was estimated from the ISAJET program to be G = 5200 nb. 

I Jet + Jet Events I 

(3.3.2 Measurements of the Parton Helicitv Distribution in the Drell-Yan Procesa 

The purpose of these measurements is to  study the sea-quark polarization as 
discussed in Section A.1.1.5. 
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'. 

Mee, GeV/c2 

Without Endcaps 

With Endcaps 

We find the qq dominant region of pp + (e+e-) x for high masses produced at 
p~ < 1 GeV/c with the formula for ALL given in Eq. (A5). Larger values of ALL are 
expected at higher XF. The XF acceptance is about 0.17 - 0.20, where xi and x2 have 
reasonable quark and sea-quark polarizations. Here, one expects an asymmetry of 
about A u  = + 15%, assuming a negative sea-quark polarization. 

main subprocesses are shown in Figs. C14 and C15. 

of qa pairs is constrained by the relation 

* 
The kinematics of the events detected along with the contributions of the 

From the EMC data, we learn that the net spin carried by gluons and the sea 

5-9 9-12 12-15 15-20 20-25 5-25 
33,000 21,000 8,500 5,500 1,900 70,000 

71,000 50,000 21,000 13,500 4,300 160,000 

AS - ( 4 4 ~ )  AG = -0.11 +, 0.03. 

This suggests that gluons and/or sea quarks may be strongly polarized in a polar- 
ized proton. To test various proposed schemes for As, the Drell-Yan experiments 
with polarized proton beams are suitable. 

This issue has been discussed in Ref. 31, and a sizable asymmetry was 
predicted for a kinematics region of & = Mee /& more than 0.3, which is not easily 
accessible. The mass region accessible with STAR detector is of z = 0.1, and the 
expected asymmetry, ALL = 5%. What is essential, however, is that the sign of this 
asymmetry is opposite in the cases of a polarized and unpolarized sea. Even a 
measurement of the sign of ALL will be very valuable, since it will indicate whether 
the sea quarks of the proton are unpolarized or polarized negatively. This question 
can be answered by the measurements of ALL with accuracy about 1-1.5%, which, as 
shown below, is reachable in STAR. 

The Drell-Yan pair production had been studied by Monte-Carlo simulations 
using PYTHIA V5.3 of the LUND set of routines.25 The EHLQl set of parton 
structure Eunctions26 have also been used. The event rate estimates for e+e- Drell- 
Yan pairs in STAR at 6 = 200 GeV with and without the endcap calorimeter are 
presented in the table below for the integrated luminosity of 800 pb-1 and the trig- 
gering cut of electron p~ > 4 GeVIc.24 
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As an example, in the mass region 15-25 GeV/c2,6 = 0.075 - 0.125, and the 
expected numbers of e+e- pairs are 7,400 and 17,800 for STAR without and with the 
endcap calorimeter respectively. This corresponds to the reachable levels for SALL 
of 2.3% and 1.5%. One can see that the STAR detector is quite suitable using the 
entire mass region for the polarization measurements of the DreIl-Yan process, and 
the endcap calorimeters considerably improve the accuracy of the measurements. 

The theoretical predictions for ALL mentioned above certainly are model de- 
pendent. The experience &om previous polarization experiments shows that these 
measurements can quite often produce very unexpected results. The accuracy of 1.5 
- 2.0% is certainly rather high for high-energy physics polarization experiments in 
general. 

Boson 
w+ + w- 
w+ 
w- 

C.3.3 Measu rements of hl(x) in the Drell-Yan Process 

Barrel and Endcaps 
110,000 
80,000 
38,008 

There are also interesting predictions for the Drell-Yan pairs produced by 
transversely-polarized protons. The importance of determining hl(x) was discussed 
in Section A.1.2.1. The transverse double-spin asymmetry is related to hl(x) as 
shown in Eq. (A7). At & = 200 GeV, we expect the number of useful events for 
A m  to  be 70,000 at mass region of 5 to  9 GeV. 

C.3.4 W a nd 2 Product ion 

The physics justification for the study of W+ and W- is described in Section 
A.1.3. 

The acceptance for W* production is close to 95%. In the table below, the 
event-rate estimates at & = 500 GeV are presented. 
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The following estimates are taken from the STAR Conceptual Design Report 
and the STAR WBS. Included are costs for the barrel EM calorimeter with shower 
maximum detector, front-end electronics, data acquisition and computing, and 
installation and testing. 

Materials (K$) 4720 
Manufacturing Labor (K$) 1160 
EDIA (Engineering, Design, etc.) (K$) 1183 
Contingency (28.6%) (K$) 2017 

Grand Total Cost in (K$) 9080 

Note: Some of the assembly, engineering, and design could be done by 
members of the STAR collaboration, which will reduce this cost. 

An additional important upgrade for spin physics would be a pair of endcap 
EM calorimeters, Detailed designs and costs are not available. A very crude esti- 
mate of the cost is - $2200K per end cap. 

c.5 Fchedules and Reauests 

It is desired to build the EM calorimeter on a time scale compatible with the 
rest of the STAR Phase 1 detector. This would require substantial funding for engi- 
neering and prototypes in FY1993 and for the lead, scintillator, fiber support struc- 
ture and fixtures, as well as labor, for FY1994 and FY1995. Much of the funding for 
electronics and data acquisition could be deferred until FY1995 - 1997, after the 
calorimeter modules were physically installed in STAR. 
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Figure 1 Barrel calorimeter and endcap calorimeters (ECEM UPGRADE) in the 
STAR detector. 

Figure 2 Energy deposited into polystyrene as a function of radial distance for 
10 GeV photon showers using EGS. 

Figure 3 "he trigger efficiency as a fmction of jet energy for events containing a 
jet with a given single tower discrimination threshold. Data shown are 
for pp collisions at 6 = 200 GeV/c. 

Figure 4 The rate per second per GeV of events containing jets of a given Et for 
various single tower discrimination thresholds. Data shown are for pp 
collisioms at & = 200 GeV. 

Figure 5 A scatterplot of the energy of clusters found using electromagnetic 
energy from the STAR, EMC plus tracking and momentum information 
from the TPC versus EM plus hadronic calorimetry. Data shown are 
for 40 GeV jet events from pp collisions at 6 = 200 GeV. The asym- 
metry in the distribution is due primarily to the transverse energy of 
neutrons and K o ~  mesons that are detected using EM plus hadronic 
calorimetry, but are detected in the EMC alone with low probability. 

Figure 6 A projection on the EM plus tracking axis of a slice of the EM plus 
hadronic calorimetry axis for jets with ET from 38 to  40 GeV. 

Figure 7 Distribution of observed jet energy for jet PT = 10 and 15 GeV/c. 

Figure 8 TPC hit density (p + p collisions) as a function of radius (pad row). 

4220- 



Figure 9 

e 
Figure 10 

Figure 11 

* Figure 12 

Figure 13 

Figure 14 

Figure 15 

Total hit multiplicity as a function of (pad row) for a central Au + Au 
event. 

Track momentum resolution (p + p collisions) for the design and high 
luminosities. 

Histogram of the 2 coordinate of reconstructed tracks in the TPC for 
L = 2 x 1032 cm-2 sec-1. The shaded area in the upper part of the figure 
are tracks from the triggered event, and in the lower part are tracks 
that reach the barrel trigger scintillators outside the TPC. 

Contribution of the different subprocesses versus the invariant di-jet 
mass at & = 200 GeV. 

Plots of x i  and x2 as hct ions of the direct-y and jet pseudorapidities. 
The solid lines represent contours for x i  and the dashed lines are 
contours for x2. 

The PT (e+e-) distribution of the Drell-Yan pairs detected in STAR with 
the endcap calorimeter. The contributions of the main subprocesses 
are shown. The qij (NB) notion marks the contribution of the non- 
bremsstrahlunged qij annihilation of primary partons. 

The a j  distributions of the primary partons producing Drell-Yan e+e- 
pairs detected in STAR with endcap calorimeter. 
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