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Abstract

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

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

This update to the August 1992 proposal covers work done over the past year.
Part A is submitted by the RHIC Spin Collaboration, Part B by the PHENIX/Spin
Collaboration and Part C by the STAR/Spin Collaboration.



Introduction to the Update of the RHIC Spin Proposal

The RHIC Spin, PHENIX/Spin, and STAR/Spin Collaborations propose to collide
polarized protons at RHIC. Two RHIC experiments, STAR and PHENIX, will measure
produced W:, Z°, Drell-Yan pairs, and direct photons, jets, and J/¥ with very
high transverse momentum (>50 GeV/c for jets), well into the domain where
perturbative QCD should apply. Physics goals include the measurement of gluon
and sea quark polarization in longitudinally polarized protons, parity violation
of W and Z production, and a search for parity violation in other processes.
With transversely polarized protons, quark polarization will be measured that is
sensitive to the difference between relativistic and nonrelativistic quark models
of protons.

The key breakthrough that made it possible to accelerate polarized protons to
high energy, maintaining polarization, was the invention of the Siberian Snake
by Novosibirsk. Snakes are strings of dipole magnets that rotate the proton's
spin 180 degrees, which have the effect of removing spin resonances from the
acceleration process. Four snakes are required for polarized beams at RHIC. In
addition, eight spin rotators are required for the physics program with the two
detectors. The AGS also requires a Partial Snake solenoid.

The STAR/Spin experiment proposes to measure W, Z, jets, direct photons, and
Drell-Yan pairs (electrons). STAR requires the addition of an electromagnetic
calorimeter to the approved RHIC apparatus. STAR features a large acceptance and
jet reconstruction. The PHENIX/Spin experiment emphasizes direct photons, W, and
J/% with excellent photon and electron detectiorn, jets with leading pi®s, and
Drell-Yan pairs (di-muons). PHENIX does not require additions for the spin
program. ’

RHIC spin submitted its proposal in August 1992, in three parts. Part A is
authored by the RHIC Spin Collaboration, including accelerator experts, particle
theorists, and experimenters, and covers the overall proposed physics program and
the machine requirements for accelerating and colliding polarized protons. RSC
has developed the physics program for the proposal, and will be responsible for
the required accelerator changes and commissioning for polarized protons. Part
B is submitted by the PHENIX/Spin Collaboration and Part C is submitted by the
STAR/Spin Collaboration. Parts B and C propose specific complementary spin
experiments for the two detectors and together emphasize the unique program that
will become available at RHIC from colliding beams of polarized protons.

This UPDATE contains additional material for all three parts of the initial
proposal. It represents work done over the past year.

In Part A we include the Conceptual Design Report for accelerating polarized
protons at RHIC, and the report of a committee of accelerator experts which was
convened in June 1993 by the RHIC management to review our plans. The review
comnittee was chaired by Lee Teng (ANL), with members Alex Chao (SSCL), Steve
Peggs (BNL), Bob Pollock (IUCF), and Bill Weng (BNL). The review report
concludes in its executive summary,

"The proposal has the flavor of the application of an
ingenious technological invention (Siberian snakes) to
make possible exciting physics research (polarization
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physics), reminiscent of the application of stochastic
cooling to obtain p-p beams for W and Z in the CERN SPS.
We are indeed enthusiastic about this total program.”

" ..we believe that the feasibility of producing,
storing and colliding 250 GeV polarized proton beams in
RHIC is established with reasonable confidence."

They recommend that the collaboration submit a full Design Report for detailed
review in a year.

The updates for Parts B and € include further simulation studies including
backgrounds. Part C (STAR/Spin) also includes work on the proposed electromag-
netic calorimeter.

The estimated costs are

Part A. Hardware for accelerating polarized protons.
This includes snakes, polarimeters, and spin
rotators (to give longitudinal polarization for
PHENIX and STAR). The estimate is based on a
RHIC magnet design and was done by the RHIC

magnet group. It includes contingency. $10M
Part B. PHENIX/Spin. No additions are required for the
proposed spin program. _ 0
Part C. STAR/Spin. An electromagnetic calorimeter barrel
with shower maximum detector. The estimate was
done by LBL and ANL. Contingency is included. $11M
TOTAL $21M

We request approval at this time for this unique program.
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1. INTRODUCTION

The Relativistic Heavy lon Collider (RHIC) at Brookhaven allows for the unique
possibility of colliding 250 GeV polarized proton beams at luminosities of up to
2x10%% cm~25~1. This report describes the technical considerations of accelerating
polarized proton beams in RHIC to a top energy of 250 GeV and of performing col-
lisions of longitudinally and transversely polarized protons in the two interaction
regions occupied by the PHENIX and STAR detectors.

Fig. 1 shows all the major components that are required for the acceleration
of polarized beams to RHIC top energy. The feasibility of accelerating polarized
protons in RHIC was the basis of the proposal the RHIC Spin Collaboration (RSC)
submitted to the Brookhaven PAC in October 1992[1].



2. POLARIZED ION SOURCE, AGS AND
TRANSFER OF THE POLARIZED BEAM TO
RHIC

To achieve high luminosity, high energy polarized proton collisions in RHIC the
intensity of the present AGS polarized proton source[2] is sufficient. The source
produces about 35 pA of H~ with 75 — 80% polarization in 350 us pulses at a
repetition rate of 5 Hz. The polarized H~ ions are accelerated to 200 MeV with
an RFQ and the 200 M H: LINAC with an efficiency of about 50%. Twenty pulses
of H~ ions are strip-injected, accumulated, and captured into a single bunch in
the AGS Booster with an estimated efficiency of about 50%. The bunch in the
Booster will then contain N = 4 x 10! polarized protons with a normalized
emittance of about ¢y = 10 mm mrad. 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 .

During acceleration, the polarization may be lost when the spin precession
frequency passes through a depolarizing resonance. These resonances occur when
the number of spin precession rotations per revolution Gy (G = 1.793 is the
anomalous magnetic moment of the proton, v = 7}52) is equal to an integer (im-
perfection resonances) or equal to kP =+ v, (intrinsic resonances). Here P =12 is
the superperiodicity of the AGS, v, = 8.8 is the vertical betatron tune and £ is
an integer. The depolarization is caused by the small horizontal magnetic fields
present in all ring accelerators which, at the resonance condition, act coherently
to move the spin away from the stable vertical direction. Imperfection resonances
are due to the horizontal fields caused by the vertical closed orbit errors and in-
trinsic resonances are caused by the horizontal focusing fields which are sampled
due to the vertical betatron motion. The two resonances in the Booster (Gvy = 3
and Gy = 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|3].

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% partial Siberian Snake[4]
will be tested. Previous experience with polarized proton acceleration in the AGS
indicates that a 5% Snake is sufficient to avoid depolarization due to the imperfec-
tion 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
transfer line between the AGS and RHIC is spin transparent[5]. ’

We estimate that the overall efficiency of the acceleration and beam transfer
is better than 50%, giving 2 x 10! protons per bunch. With proper care in the
tune jump procedure the normalized emittance of the bunch is expected to be
less than 207 mm mrad. 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 only take
about 10 minutes which is short compared to the expected lifetime of the stored
polarized proton beams in RHIC of many hours.



3. SIBERIAN SNAKES AND SPIN ROTATORS
IN RHIC

3.1. General Lay-out

By inserting two full Siberian Snakes on opposite sides of each of the two RHIC
rings, depolarization from imperfection and intrinsic depolarizing resonances can
be avoided up to the top energy of 250 GeV. In addition to the Siberian Snakes,
spin rotators are required at the intersection points used by PHENIX and STAR to
allow for measurements of spin effects with longitudinally polarized protons. 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. :

The Siberian Snakes introduce a 180° spin rotation without generating a net
orbit distortion. The spin rotators placed around the experiments rotate the spin
by 90° to provide longitudinal polarization at the interaction region again without
generating net orbit distortions. In both cases the spin rotation is accomplished
with a sequence of large bore, constant field, superconducting dipole magnets.
The large bore is necessary to accommodate the orbit excursions inside the Snake
and the spin rotators.

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. We are
planning to use pairs of Siberian Snakes with one Snake rotating the spin around
an axis that points 45° to the outside and the other Snake rotating around an axis
that points 45° to the inside of the ring. In this case all Snakes can be constructed
in same way. Also, the two Snakes of each ring have to be installed on opposite
sides of the ring. 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 following is a summary of the proposal for the locations and construction
of the Siberian Snakes and the spin rotators (see Fig. 1):

(@)}




o Two pairs of full Siberian Snakes, one pair in each ring, are installed at the
4 o'clock and 10 o’clock regions as shown in Fig. 2. These Snakes rotate
the spin around axes that point 45° to the inside or outside of the ring. We
are planning to install the Siberian Snakes in the 13m long, cold straight
sections between Q7 and Q8.

o The two pairs of spin rotators, for PHENIX at the 8 o’clock region and
STAR at the 6 o’clock region, are installed in the 40m long straight sec-
tions between Q3 and Q4 on either side of the interaction region. The beam
direction in the straight sections is different from the direction in the colli-
sion area by 3.67 mrad which introduces a spin rotation that is larger by a
factor of Gy. This means that the spin rotators have to prepare a horizontal
polarization direction such that after this spin rotation the desired longi-
tudinal polarization direction is obtained at the interaction point. Fig. 3
shows the size of the maximum orbit excursion inside the spin rotators as a
function of beam energy. To limit the orbit excursions in the spin rotators to
the same value as in the Snakes, which is about 7T0mm , we are planning to
inject with the spin rotators turned off and only turn them on at an energy
of T5GeV or higher if needed by the experiments. The turn-on can be done
adiabatically without loss of polarization.

3.2. Siberian Snake and Spin Rotator Design

For both the Siberian Snake and the spin rotators we used the 200 mm bore,
superconducting RHIC DX dipole magnets as a basis for the design. The Snake
consists of seven magnets with dimensions listed in Table 3.1. The parameters
are a result of an optimization using a three dimensional orbit and spin tracking
program that includes the effects of fringe fields. The maximum beam excursion
at the injection energy is 60mm. The result of the orbit and spin tracking is
shown in Fig. 4. As can be seen from Fig. 4 the orbit excursion is mainly in the
vertical plane. By installing the Snake magnets with a centerline that is offset
by 30mm from the undisturbed orbit, T0mm of the aperture on either side is
available for the beam size. This is more than ten times the expected 95 % beam
width at injection for the 95 % beam emittance of 20 ¥ mm mrad. The horizontal
and vertical dipole magnets are powered by separate power supplies. This allows
for an adjustment of the spin tune to 1/2 and also for small changes of the direction
of the rotation axis to compensate for the effect of the detector solenoids as will

-~1



Number of Dipoles T
Number of independent power supplies | 2 (A,B)
Total length [m] 7
Magnet bore [mm] 200

Dipoles Field [Tesla]

center[m]| | length{m| | orientation

1| 0.956 0.184 H (A) 3.144
21 1.596 0.528 V (B) —4.084
3 2.404 0.528 H (A) —3.842
4| 3.500 1.266 V (B) 4.055
5| 4.596 0.528 H (A) 3.842
6| 5404 | 0528 V (B) —4.084
7| 6.044 0.184 H (A) ~3.144
Max. orbit excursion @ v = 250 [mm] 1.9 (hor), 5.8 (ver)
Max. orbit excursion @ injection [mm] | 19.0 (hor), 58.4 (ver)
Total field integral [Tm] 11.9 (hor), 8.0 (ver)
Orbit lengthening [mm] 0.038

Table 3.1: Parameters of the Siberian Snake magnets

be discussed below. This is shown in Fig. 5

For the spin rotators we have two solutions: (1) with 3 vertical and 3 horizon-
tal dipole magnets with a 200 mm bore, and (2) with 6 horizontal and 6 vertical
dipole magnets with a 100 mm bore. In both solutions it is possible to rotate the
polarization into any direction of the horizontal plane according to the require-
ments outlined in the previous section. For the first solution an analytic condition
to meet these requirements was worked out[8]. To ensure that the spin lies in the
horizontal plane the spin rotation angles ¥y and v in the horizontal and vertical
dipoles, respectively, have to obey the equation

sin Yy sinyy = :I:é.

The relative sign of g and ¥y for different directions in the horizontal plane
are shown in Fig. 6. Two independent power supplies are therefore adequate to
configure the spin rotator to produce any horizontal polarization direction. Table
3.2 shows the parameters for this rotator solution and Fig. T shows the result of
tracking calculations for the spin rotator that produces longitudinal polarization
(top) and radial polarization (bottom). The maximum orbit excursion at injection

8




Number of Dipoles 6
Number of independent power supplies | 2 (A,B)
Total length [m] 11
Magnet bore [mm)] 200
Dipoles Field [Tesla]

center[m]| | length[m] | orientation radial pol. longitudinal pol.
1 1.000 0.260 V (A) 1.843 1.843
2 3.000 0.660 H (B) —-1.176 —3.605
3 4.400 0.900 V(A —2.000 —2.000
4 6.200 1.700 H (B) 1.240 3.300
5 7.800 0.260 V (A) 1.843 1.843
6| 9.400 0.660 H (B) ~1.176 —3.605
Max. orbit excursion @ vy = 250 [mm|] 4.8 (hor), 5.6 (ver) 14.4 (hor), 5.6 (ver)
Max. orbit excursion @ injection [mm]| | 48.0 (hor), 56.0 (ver) | 144.0 (hor), 56.0 (ver)
Total field integral [Tm)] 5.6 (hor), 5.5 (ver) 5.6 (hor), 16.7 (ver)
Orbit lengthening [mm] 0.024 0.112

Table 3.2: Parameters of the Spin Rotator magnets for solution (1)

energy is 144mm, thus requiring the rotators to be turned on only at higher
energies. ‘

For the second solution it was shown by spin tracking that with 3 independent
power supplies any horizontal polarization direction can be produced. Table 3.3
and Fig. 8 show the magnet parameters and tracking results for the spin rotator
solution 2. The maximum orbit excursion is much smaller in this case, only 31 mm
at injection energy. The design of the second solution was motivated by the idea
of using a helical wiggler as spin rotator [9]. The much smaller orbit excursions
and consequently reduced requirements for the magnet bore makes the second
solution much preferable and we are investigating the possibility to use the same
concept not just for the rotators but also for the Siberian Snakes.

3.3. Effect on Lattice

Calculations of the changes to the RHIC lattice parameters were performed using
MAD. It is worth noting that the survey algorithm in MAD does not work properly
since the Snakes introduce torsion into coordinate system. The following changes
in the lattice parameters are caused by the introduction of two Snakes, each




Number of Dipoles 12
Number of independent power supplies | 4 (A,B,C,D)
Total length [m] 9
Magnet bore [mm)] 100
Dipoles Field [Tesla]

center[m| | length[m] | orientation radial pol. longitudinal pol.
1 0.715 0.358 H (D) —2.767 —3.864
2 1.430 0.250 VvV (C) —1.868 —2.620
3 2.145 0.447 H (A) 4.074 4.074
4 2.860 0.447 V (C) 2.992 4.196
5 3.575 0.447 H (B) —0.944 3.944
6 4.290 -0.447 V (C) —2.922 —4.196
7 5.005 0.447 H (B) 0.944 —3.944
8 5.720 0.447 V (C) 2.922 4.196
9 6.435 0.447 H (A) —4.074 —4.074
10 7.150 0.447 V (C) —2.922 —4.196
11 7.865 0.358 H (D) 2.767 3.864
12 3.580 0.250 V (C) 1.868 2.620
Max. orbit excursion @ y = 250 [mm] 2.0 (hor), 0.7 (ver) 3.1 (hor), 1.5 (ver)
Max. orbit excursion @ injection [mm] | 20.0 (hor), 7.2 (ver) | 31.2 (hor), 15.2 (ver)
Total field integral [Tm] 7.9 (hor), 8.0 (ver) | 11.0 (hor), 12.3 (ver)
Orbit lengthening [mm] 0.012 0.031

Table 3.3: Parameters of the Spin Rotator magnets for solution (2)
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located between Q7 and Q8 as described above:

Comment Vg Uy Dyax Dpex Bz By
No Snakes 28.827 28.823 1.674m 0 20m 2.0m
With Snakes, Injection energy 28.837 28.836 1.738m 0.110m 2.0m 2.1m
With Snakes, Top energy 28.827 28.823 1.678m 0.009m 2.0m 2.0m

Clearly the changes of the lattice parameters are very small and can easily be
corrected for. ‘

3.4. Compensation for Detector Solenoids

The STAR and PHENIX detectors use solenoid magnets as spectrometers. With
transverse polarization at the collision point the solenoid contributes to the im-
perfection resonance strength,

L _14G[Bydt
imp,sol — 27!' BP

For a 5 Tesla-meters integrated solenoid field strength, the resulting spin resonance
strength is about 0.02 at the injection energy and 0.003 at 250 GeV/c.

With longitudinal polarization at the collision point the longitudinal field ro-
tates the polarization around its axis and thus changes the spin tune. The spin
tune is changed by 0.03 to 0.003 at 25 GeV and 250 GeV, respectively, by a 5 Tm
solenoid. This can be compensated by adjusting the direction of the axes around
which the Snakes rotate the spin. By adjusting up to +2.5° the spin tune can be
adjusted for energies down to 50 GeV.

3.5. Cost Estimate and Schedule

Erich Willen from the RHIC magnet group compiled a cost estimate for the four
Siberian Snakes and the eight solution (1) spin rotators. His estimate is based on
using the 20 mm bore RHIC DX dipole magnets and scaling them to the required
length shown in Tables 3.1 and 3.2. The cost estimate is shown in Table 3.4 and a
construction schedule is shown in Table 3.5. The total cost including contingency
is 10 M3. The much smaller bore for the solution (2) spin rotators would reduce

the cost significantly.
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Number | Each K$ | Total K$
Tooling additions and modifications 500
Siberian Snakes 4 388 1551
Spin Rotators 8 353 2821
EDIA: 10 MY @ 100 K$ 1000
Testing 12 50 600
Power Supplies and Controls 24 50 1200
Cryogenic leads 43 5 240
Subtotal 7911
Contingency @ 25% 1978

| Total 1 | | 9889 |

© Table 3.4: Summary of the cost estimate for Siberian Snakes and spin rotators

Start [month] | End [month]
Engineering planning and design |. 1 3
Detailed engineering and design 3 6
Tooling production and assembly 5 12
Parts fabrication and acquisition 7 12
Construction and assembly 13 18
Testing 14 20

Table 3.5: Schedule for construction of Siberian Snakes and spin rotators




4. ACCELERATION OF POLARIZED PROTONS
IN RHIC

4.1. Depolarizing Resonance Strengths

Without Siberian Snakes there are numerous depolarizing resonances in RHIC,
both intrinsic and imperfection resonances. The strengths of the intrinsic reso-
nances can be calculated quite accurately from the appropriate integral over the
horizontal focusing fields. Fig. 9 shows the result for the RHIC92 lattice with
B* = 10m at all intersections. A calculation with * = 1 m gave only a slightly
different result. The calculation was performed for a particle with a normalized
Courant-Snyder invariant of ¢ = 107 mm mrad. For a different value of the
invariant the strength scales according to

m,
I
)
[}

where ¢, is the resonance strength for the invariant <.
Important intrinsic spin resonances are located at

Gy=kPtvy= mPM+v,, (+.1)

where k£ and m are integers, P is the superperiodicity of the accelerator, M is the
number of FODO cells per superperiod, and 27y, = 27 (v, —6) is the accumulated
phase advance of all FODO cells, which contain bending dipoles. The locations
of the 3 strongest intrinsic resonances are

Gy=3%x814(ry—6), 5x8l—(y,—6), 5x%x31l+ (v, —6)
E = 139 GeV, 200GeV, 224 GeV

where 381 is the product of superperiodicity, 3, and the “effective” FODO cells
per superperiod, 27, which includes dispersion suppressors. The strengths of all 3
strong resonances are less than 0.5.
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Important imperfection resonances are located at an integer closest to strong
intrinsic resonances. This is clearly shown in the top part of Fig. 10 which shows
the calculated imperfection resonance strengths for an uncorrected closed orbit
obtained from a random sample of magnet misalignments with a rms spread of
+0.5mm, dipole roll angles with a spread of +1mrad, dipole field errors of +5 x
10~*, and position monitor errors of =0.5mm. After the closed orbit correction
scheme MICADO was applied the strengths are greatly reduced as shown in the
lower part for Fig. 10. The strengths of the imperfection resonances generally
increase linearly with the beam energy and are bounded by

7
imp = 0.25 —
ime 250 °°
where o, is the rms value of the residual closed orbit excursions. The strength is
smaller than 0.04 for all energies.

4.2. Effect of Siberian Snakes

With the installation of Siberian Snakes, which are local 180° spin rotators, the
spin tune becomes 1/2, independent of the beam energy. Clearly the depolarizing
resonance conditions cannot be met anymore as long as the fractional betatron
. tune Ay, # 1/2 and therefore, in principle, no depolarization would occur. This
is in fact true as long as the depolarizing resonances are not too strong. However,
in the presence of strong resonances depolarization can occur from resonance
conditions extended over more than just one turn. This leads to additional possible
depolarizing resonance conditions:

Vsp T k
n

Avy =

They are called Snake resonances[6] and n , the number of turns, is called the Snake
resonance order. For two Snakes, as proposed here for RHIC, significant depo-
larization from Snake resonances only occurs for an intrinsic resonance strength
of about 0.5 and even order Snake resonances require in addition an imperfection
resonance strength of about 0.05. Fig. 11 shows the result of tracking through a
region with an intrinsic resonance of strength 0.5 and an imperfection resonance
of strength 0.05. There are clearly regions of the betatron tune that do not ex-
perience any depolarization. Since the betatron tunes of RHIC were chosen to be
located between 4/5 and 5/6, the betatron tune could be fit between the Snake
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resonances 13/16 = 0.8125 and 5/6 = 0.8333. With the betatron tune including
its spread located between 0.815 and 0.830, a 0.015 range, no depolarization will
occur over the whole RHIC energy range up to the top energy.

If the betatron tune spread is too large to fit into this range, some depolariza-
tion will be caused by the Snake resonance Ay, = 13/16 . Tracking calculations
performed with an acceleration rate of 4 = 3.9 /sec showed that a gaussian beam
with €y,95% = 20 mm mrad and with 10 % of the beam overlapping the 13/16
Snake resonance less than 5 % of the polarization is lost for each passage through
one of the strong intrinsic resonances. The final polarization after passing all 3
strong resonances would then be at least 86 % of the injected polarization. It is
important to note that, unlike for electron beams, the betatron tune distribution
within the proton beam is basically static and does not get mixed. This means
that depolarization experienced by a part of the beam is confined to this part
only and will not affect the whole beam. In other words, there is no diffusion of
polarization.

4.3. Sextupole Depolarizing Resonances

Spin resonances arising from sextupoles are located at
Vep = kP v, £ vy =mPM £ (v; — 6) £ (v, — 6)

with resonance strength given by,

o L [ 3B (15, + 15, ),

where S, S, are respectively strengths of sextupoles located at the focusing and
defocusing quadrupole locations. Because the emittance decreases with energy,
the sextupole spin resonance strength is energy independent in hadron storage
rings. For RHIC, the resonance strength is about 0.0003 at a normalized emit-
tance of 20 # mm mrad. Such a sextupole driven resonance has been observed in
the IUCF Cooler Ring. However , because of their small spin resonance strength,
depolarizing resonances due to sextupoles are not important as long as the beta-

tron tunes are chosen to avoid the resonance condition, which for a spin tune of
1/2 is

lulr—l

—=kPtuv, Ly,

The current working point for RHIC certainly avoids this condition.
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4.4. Spin Tune Spread and Modulation

With snakes, the spin tune is independent of energy. Therefore the synchrotron
motion does not give rise to spin tune spread. This has been verified indirectly
in the snake experiment at the IUCF Cooler Ring, where one finds that there is
no depolarization at the synchrotron side band for a 100% snake. However the
spin tune modulation may still arise from imperfect spin rotation in the snake,
and imperfect orbital angle between snakes. The errors in orbital angle may arise
from survey error, closed orbit error, and/or betatron motion.

For an imperfection resonance strength ¢ = 0.05 with two snakes, the per-
turbed spin tune shift is given by, Av;, = "1;12 = 0.002. The error in the spin rota-
tion angle of two snakes contributes also to the imperfection resonance strength.
Assuming that the relative error of the integrated field strength of each snake
dipole is 1073, the error in the spin rotation angle of a snake should be about
V8 x 180 x 103 = 0.5°, where we have assumed that a snake is constructed from
8 dipoles. The effect of 2 snakes in the accelerator will give a resonance strength
of the order ¢}, = 0.004, which is smaller than the imperfection resonances due
to closed orbit errors.

The error A in the orbital angle between the two snakes can give rise to a spin
tune shift of Av,, = 2GyAf. Since the error in the orbital angle gives rise to spin
tune shift and not a spin tune spread, one can compensate the effect by adjusting
the spin rotation axes of the snakes. A survey error of about A8 =~ 0.1 mrad
leads to a spin tune shift of 0.01 at the highest energy. For such a survey error,
active compensation by adjusting the snake spin rotation axes is needed but is
well within the tuning range of the Snake design.

The closed orbit can also cause orbital angle error between snakes. Let us
assume that the maximum closed orbit is about @ & 60 = 1.0 mm. The angular
deviation is of the order of Az/, = ﬁ, where @ is the maximum orbit error

and /88 ~ % is the average betatron amplitude function. The expected error is
about Az’ =2 x 10~° for RHIC, which gives rise to a spin tune shift of 0.002.

Similarly the betatron oscillation can cause orbital angle modulations. The
spin tune modulation is given by

1 [€ 1 . [ve
As ~ —{r - = —{ o
Vs n_C’)’ /3 7TC ,3

The resulting spin tune spread is about 0.007 for a beam with 207 mm-mrad
normalized emittance at 250 GeV.
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Combining all the possible sources, we expect that the total spin tune spread
to be about 0.009 (imperfection resonance and betatron motion) and a correctable
spin tune shift of 0.012 (Snake survey error and closed orbit error).

4.5. Betatron Tune Spreads and Modulations

In avoiding snake resonances up to the 13th order, the available tune space is
about 0.015. With a spin tune spread of 0.009, the betatron tune needs to be
controlled to better the 0.006. The tight requirements for the spin and betatron
tune spread are only relevant while accelerating through the 3 strong intrinsic
resonances when the beam-beam tune shift is negligible.

At the injection energy, the space charge tune spread can be as large as 0.02
for RHIC. However, the corresponding spin resonance strength at low energy is
also about a factor of 3 smaller and therefore the available tune space is much
larger.

17




5. STORAGE OF POLARIZED PROTONS IN
RHIC

In storage mode even a very small depolarizing resonance strength can in principle
lead to significant depolarization. This was observed at the ZGS where the effect
of high order depolarizing resonances were studied on a 1 second flat top as shown
in Fig. 12[11]. In an accelerator without Snakes like the ZGS the spin tune is
energy dependent ( v,, = G7) and therefore if the resonance condition is within
the energy spread of the beam each proton will cross the resonance condition
repeatedly and eventually the whole beam can be depolarized. With Snakes,
however, the spin tune is energy independent and therefore all Snake resonance
conditions are energy independent. As pointed out earlier and shown in Fig. 11
the beam can overlap higher order Snake resonances due to the betatron tune
spread. Results of spin tracking calculations for a proton with Ay, = 12 and a
Snake resonance strength of 0.15 showed that the spin vector is precessing about
the vertical axis. At a resonance strength of 0.15, the vertical projection is about
90%. This precession is in fact a spin closed orbit in a broader sense of 16 turns.
Spin tracking calculations were calculated over 8 x 10° turns without significant
deviations from this spin closed orbit. Only a small fraction of particles are
located within the width of the resonance and therefore effective depolarization
in the storage mode is small.

When the spin vector is acted on with an adiabatic modulation within the
tolerable limit, the spin vector will follow the spin closed orbit adiabatically.
Non-adiabatic processes, arising from rf noise at the spin precession frequency,
can indeed cause beam depolarization. Let us consider that a single dipole with
strength 0 is modulated at v, fo, which is about 39 kHz for RHIC. The corre-
sponding induced spin precessing kick is Gv6;. The number of turns that occur
before the spin is perturbed to 80% of the original polarization is given by,

arccos[0.3]

N, =
P GO,
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Let us now consider the same angular kick to the orbital motion. If there is an
tf source at v;, fo, one expects a similar angular kick at the frequency ¢ fo, where
q is the fractional part of the betatron tune. The orbital survival turn number is
given by
N, = A
(8)0:
where () is the average betatron amplitude, and A is the dynamic aperture.
Using A = 0.01 m, (8) = 20 m for RHIC, we find that the orbital lifetime is only
half as long as the polarization lifetime. . )
Indeed, any rf source at high frequencies around the synchrotron and betatron
tunes, are dangerous to the orbital stability of particles in accelerators. Simi-
larly, any rf source at the spin tune can cause beam depolarization. These high
frequency rf sources should be addressed carefully in hardware design.

19



6. MEASURING THE BEAM POLARIZATION
IN RHIC

6.1. Polarimeter Lay-out

We propose to construct two polarimeters that are capable of measuring the po-
larization of the circulating beam in each ring independently at various stages in
the acceleration cycles.

These polarimeters utilize the asymmetries (A, ) in inclusive pion production
at high X that were measured at the Argonne ZGS [12] and at Fermilab[13].
The asymmetries increase linearly with X and appear to be independent of the
incident polarized beam momentum. Moreover, the ZGS ‘data which were taken
with both liquid hydrogen and deuterium targets show no dependence on target
nuclei.

Since these polarimeters will use a fixed target, the ZGS and Fermilab measure-
ments cover the full energy range of the RHIC beams. We would like to measure
the pion asymmetry at the desired kinematic region at the AGS to obtain directly
the analyzing power at the RHIC injection energy, and to verify the apparent
energy independence of the analyzing power. The polarimeters are designed to
probe the kinematic region of 0.5 in X and 0.8 GeV/c in transverse momentum
of the scattered pions. This was optimized from the Fermilab data based on the
fact that the asymmetry rises linearly with X while the cross section is falling as
(1 — X)?2, and that the error in the asymmetry measurement is the inverse of the
square root of the total number of events.

We propose to use 7~ asymmetry, since 7~ are a relatively large fraction of
negatives, and particle identification is therefore not necessary. At the chosen

parameters, the measured 7~ asymmetry is 18 % and the invariant cross section

is about 100 £ [14].
The polarimeters are designed to fit in the 40 meter long straight sections
between Q3 and Q4. The apparatus consists of a 5 um carbon fiber target, fol-

lowed by a 2 meter long dipole magnet with a 1 GeV/c transverse momentum kick,
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and then a hadron calorimeter. The scattering angle and selected spectrometer
momentum depend on the beam energy: at RHIC injection of 25 GeV/¢, the scat-
tering angle would be 64 mrad and the 7~ momentum 12.5 GeV/¢; at 250 GeV/c
RHIC beam momentum, the scattering angle is 6.4 mrad and the 7~ momentum
is 125GeV/c. For the smallest angle, 6.4 mrad, the spectrometer magnet will be
30 meters from the target, giving a 20 cm. displacement from the beam center.
The magnet aperture will be 3 cm.(H) x 6 cm.(V), and the small angle position
constrains the magnet septum width. The detector system will extend 10 meters
downstream from the magnet. The magnet kick and the positioning of the down-
stream detection elements will minimize the contamination from straight through
neutrals. Upstream of this magnet we envisage using collimation to cut down
on background. The detection apparatus will consist of several trigger counters
followed by a hadron calorimeter with energy resolution 42 = 40 %/VE, with E
in GeV. This provides an 11 % measurement at 12.5 GeV/c. The whole assembly
will rotate in order to accommodate the changes in the scattered angle as the
circulating beam energy increases. In addition, we require that the magnet and
detector move upstream for the lower energy, wide-angle measurements. An in-
creased acceptance is necessary af lower energy due to lower rates: the emittance
blow-up from multiple-scattering in the fiber target over the measuring time must
be kept to within acceptable limits. The table below uses a 9.5 meter position for
the magnet for the 25 GeV measurements. We also envision that the assembly
will translate together with the fiber target when the target is moved into the
beam, maintaining a fixed geometry independent.of the transverse position of the
target.

We use a 5 um carbon fiber target, a #~ momentum bite of 0.1. X = .5, and
pr = 0.8GeV/c in the following table.10* r~ are collected to obtain a 5% error
in polarization. The emittance increase from multiple scattering is proportional
to the lattice 3 function at the fiber target, so we must place the target near Q4
in the RHIC lattice and scatter toward the intersection region, giving 3 = 25m
at the fiber target. (The polarimeter measurements are for short periods, and the
experiment at that intersection region would be gated off for these periods.) We
obtain the following table:



25 GeV 250 GeV

A 20 usr 2 psr
Aen 4 rmmmrad 0.04 ®r mmmrad
interacting beam fraction: 2 x 1073 2 x 10~
measuring time: 3s 0.ls

These calculations are for 57 bunches and 10*! protons/bunch. The emittance
growth at 25 GeV is about 20% for the measurement. Thus, the measurements
at 25GeV would be considered destructive. Measurements at 250GeV can be
parasitic. Beam loss from nuclear interactions is quite small — about 0.2% for
the 25 GeV measurements. As can be seen from the table, measurement time is
quite short. The target thickness, acceptance, and number of bunches used (for
example, for commissioning) will be optimized, since these choices depend on the
number of stored protons, rates in the detector, and the desired polarization error.

6.2. Heating of the Carbon Fiber

To minimize the contribution of multiple scattering to the emittance growth, the
polarimeter fiber is located close to Q4. The betatron functions in x and y are
small and similar at this location [RHIC Conceptual Design Rep., p.74]

Ly 2 25m

- We then obtain the rms beam size for the worst case, 250 GeV',

den

o= — =243 mm
Ty .

Since o > djiper the irradiation of the fiber is essentially uniform (i.e. there
isn’t any "hot spot” at the beam core).

Since we will fill only 52 bunches, the bunch interaction frequency is fz =
52 x 78.2kHz = 4.07T M H:=. Incident power

2
P =N (J%d) dE

— | fopd = 150mW

and radiated power
P. = ogeRdT* = 2.16 x 107 T*

[
(S




The equilibrium temperature is then

r)Nf aE d 417
= (2B P _oggo K
Teq ( p—y ) 2880 K

This is about 700 degrees below the sublimation temperature of Carbon.



7. LUMINOSITY OF POLARIZED PROTON
COLLISIONS

The Iumiﬁosity at the RHIC beam energy E[GeV] is given by[15]

£ =5.7x10% (%%)2 G%) (-2%) em ™25

2 S
N
(20-7:')

where B is the number of bunches in each ring, Np is the number of particles per
bunch, and €y is the normalized emittance. Thus the polarized proton luminosity
will be 2 x 10%2 ¢m~25~! | 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 function B* 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 E3.

We show in Fig. 13 the luminosity vs. energy as described above ("enhanced
luminosity”), emphasizing the linear dependency of the luminosity with energy.
The RHIC design luminosity for proton-proton is also shown which, for the emit-
tance used above, would represent 5 x 10'° protons per bunch.




8. SPIN REVERSAL OF THE STORED BEAMS

Since the proposed asymmetry measurements are high precision measurements,
frequent polarization sign reversal is imperative to avoid systematic errors. Pos-
sible sources for systematic errors are luminosity variations, crossing angle vari-
ations, and detector efficiency variations. As mentioned earlier different bunches
will have different polarization sign and therefore different bunch crossings will
measure interactions with different combinations of incoming beam polarization
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[8]. Exciting the vertical
magnets with about 40 kH=z AC current would drive an artificial spin resonance
which can be used to adiabatically reverse the polarization direction. Fig. 14
shows the result of a test of this concept performed at the Indiana University Cy-
clotron Facility (IUCF)[10].We estimate that complete spin reversal would take
less than 1 second.

The same device will be used to accurately measure the spin tune by measur-
ing the spin reversal efficiency as a function of the frequency of the spin flipper
excitation. This is instrumental to adjust the spin tune to 0.500.

Since the orbit might not be completely corrected by the spin flipper magnets,
emittance blow-up could result the residual beam deflection. The total deflection
in the vertical magnets is about 100 urad at 25 GeV and correspondingly less at
higher energies. The residual deflection can then be less than Ay’ = 1 urad . The
betatron amplitude after » turns is then

y = BAY' Yn_ cos (2rv,m)sin (2, (n — m))

__ 1 ' 9 i (O cos{2myspn)=—cos(2rvyn)
= ;BAy [cos(-ﬂ'uyn) sin (27vy) o T cas (3]
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with a maximum value of 0.024mm for v, = 0.5 and v, = 0.8. This results in
a contribution of 7 x 10™* 7 mm mrad to the normalized emittance of the beam.
The above formula is only valid if the coherence of the kicked beam is maintained.
In reality the motion will decohere but not faster than within about 100 turns,
corresponding to a tune spread of less than 0.01. As a result the emittance will
increase linearly during the time the spin flipper is on. However, the emittance
increase is less than

ls x f'rev
100
which is negligible compared to the 20 7 mm mrad beam emittance.

x T x 107* rmmmrad = 0.6 r mm mrad




9. OPERATIONAL MoDES OF RHIC rFor
PoLARIZED PROTON RUNNING

For normal operation no special operational modes of RHIC are required for
the acceleration and storage of polarized protons. Since depolarizing resonances
are driven predominantly by vertical orbit excursions, particular care has to be
given to the corrected vertical closed orbit and the vertical beam emittance.
This means that beam blow-up from beam-beam interactions and stop-bands
should be minimized. To avoid depolarization from snake resonances the frac-
tional vertical betatron tune including tune spread has to be kept well within
%% = 0.8125 and 3 = 0.8333, especially at the energies of the 3 strongest intrin-
sic resonances: Gy = 3 x 81 + (v, — 6)[E = 139GeV], 5 x 81 — (v, — 6)[E =
200GeV], 5 x 81 4 (v, — 6)[E = 224GeV]. Also the acceleration rate would have
to be at least 4 = 4.2s7?, which corresponds to 28 = 0.057//s.

During commissioning, acceleration cycles that allow for polarization mea-
surements at various energies are required, in particular at the injection energy,
at energies below and above the 3 strongest intrinsic resonances, and at some

intermediate energies: 25 GeV, 50GeV, 100 GeV.

Q]
-1



10. CONCLUSIONS

Polarized Proton acceleration and storage in RHIC have been carefully examined.
We found that

1. The current polarized ion source at the AGS is capable of providing a suffi-
cient number of polarized protons for RHIC

2. The partial Snake experiment at the AGS, E880, will provide the bunch
beam intensity of NV > 2 x 10'! and ¢ < 20mmm mrad at 25GeV.

3. Two Snakes per ring in RHIC will allow for the acceleration of polarized
beams.

Relevant issues such as spin tune and betatron tune spread, the Snake and spin
rotator design and their effect on the lattice functions, polarimeters in RHIC, and
the polarization lifetime have been carefully addressed. It is indeed technically
feasible to achieve polarized proton beam collisions in RHIC at a luminosity of
2x10%% em~%571,




11. F1IGURE CAPTIONS

o

-1

. Layout of the AGS-RHIC accelerator complex showing all the major com-

ponent that are necessary for the acceleration of polarized proton beams to
the RHIC top energy.

View of RHIC overemphasizing the interaction regions to show the location
of the Siberian Snakes and the spin rotators placed around the collider ex-
periments STAR and PHENIX. Also shown are the polarization directions
around the rings and around the detectors for collisions with longitudinal
polarization.

Maximum beam orbit excursions inside the spin rotators for longitudinal
polarization at the collision point shown as a function of beam energy.

Orbit and spin tracking through the seven magnet Siberian Snake at v =
200. The spin tracking shows the reversal of the vertical polarization.

Change of the direction of the Snake rotation axes as function of the exci-
tation of the horizontal and vertical dipole strings.

. Top view of the horizontal polarization immediately after the spin rotator

which rotates the vertical polarization into the horizontal plane. The sign
of the horizontal (¥y) and vertical (1v) bending magnets is shown in order
to obtain polarization in the indicated quarter of the plane.

. Orbit tracking through the spin rotator solution 1. The top figure shows

the tracking for the excitation that produces longitudinal polarization, the

bottom figure is for radial polarization. The orbit excursions are calculated
for v = 200.

Orbit tracking through the sﬁin rotator solution 1. The top figure shows
the tracking for the excitation that produces longitudinal polarization, the
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11.

13.

14.

bottom figure is for radial polarization. The orbit excursions are calculated
for v = 200.

Strengths of the intrinsic depolarizing resonances in RHIC calculated for the
RHIC92 lattice and for both 8* = 10m and 8* = 1 m at all six intersection
points. There is no noticeable difference of the calculated strengths for the
two values of 3*.

Strengths of the imperfection depolarizing resonances in RHIC calculated
after simulating the MICADO .orbit correction scheme.

Vertical component of the polarization after acceleration through a strong
intrinsic resonance and a moderate imperfection resonance shown as a func-
tion of the fractual vertical betatron tune.

. Depolarization on the 1 second flat top at the ZGS.

Expected luminosity (enhanced luminosity) as a function of energy for a
normalized 95 % emittance of 20 # mm rad and 8* = 2m. The RHIC design
luminosity for proton collision is also shown.

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.
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REPORT OF THE RHIC POLARIZED PROTON REVIEW

The Committee to review the accelerator aspects of the "Proposal on Spin Physics
Using the RHIC" submitted by the RHIC Spin Collaboration was assembled by Mike
Harrison and consists of the following five members:

Alex Chao SSCL

Steve Peggs BNL

Bob Pollock IUCF

Lee Teng ANL (Chair)
Bill Weng BNL

The Committee met for 1-1/2 days on June 21 and 22, 1993 in the RHIC Central Office Bldg.
BNL. Mike Harrison first gave a brief introductory talk about the RHIC project. The
polarized proton beam proposal was then described by members of the Collaboration in a
number of presentations. Vigorous and detailed questionings and discussions were carried on
between members of the committee and members of the Collaboration. This is a report of the
committee’s findings and recommendations. The report contains first a brief executive
summary, then more detailed discussions of modifications of individual subsystems and
features of the proposal.




Executive Summary

Although it is not our primary function to evaluate spin physics, we did hear a
presentation of the physics opportunities of polarized proton colliding-beams in RHIC.
The polarization physics obtainable appears to be both important and exciting. It may
very well become a unique segment of the RHIC experimental program.

The "proposal” submitted does not contain enough detail to be considered a fully
developed Proposal. It should be more appropriately considered as a feasibility study
report. As such, we believe that the feasibility of producing, storing and colliding
250 GeV polarized proton beams in RHIC is established with reasonable confidence.

The stated performance of ~2x10* cm™? sec luminosity with ~70% polarization is
optimistic but should be attainable with substantial commissioning and tuning efforts.
No known accelerator physics limit is violated. It is however advisable to have some
less demanding experimental program to fall back on during the initial operations.

The next step is to produce the full Proposal which should contain optimum design
choices, preliminary engineering designs, detailed study of error effects and tolerances,
detailed simulation to give the design performance, and convincing cost estimate and
schedule. For this phase of work continued close interaction of the Collaboration with
the RHIC Accelerator Physics group is necessary.

The proposal has the flavor of the application of an ingenious technological invention
(Siberian snakes) to make possible exciting physics research (polarization physics),
reminiscent of the application of stochastic cooling to obtain pp beams for W and Z in
the CERN SPS. We are indeed very enthusiastic about this total program.

We recommend that after the Collaboration has produced a full Proposal, say, in about
a year, another detailed review should be made at that time. It is then possible to
evaluate the likelihood of attaining the desired performance (luminosity, polarization,
etc.) with the specified design at the proposed cost and schedule.
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Detailed Report”

Injector System

This includes the peolarized H™ source, the Linacs, the Booster, and the AGS.
The polarized H™ beam from the source accelerated in the linacs to 200 MeV is strip-
injected, accumulated, and accelerated in the Booster. The 1.5 GeV high intensity
polarized proton beam from the Booster is then transferred to the AGS and accelerated
to 25 GeV for injection into the RHIC. Throughout the acceleration, the polarization
of the beam is to be preserved. The proposed scheme is qualitatively effective. To
reliably assess the quantitative performance we need details which are not fully
available at the present. We will only list here items for which we have concems.

1. The ability of running the polarized H source at 5 Hz for 20 pulses is
questionable. This is an extrapolation of existing experience.

-2, Accumulation for 4 sec (20 pulses) in the booster to get 2x10'! protons with

emittance 10w mm-mrad when the beam lifetime in the booster is no more than
10 sec should be nvestigated.

3. The main problem is the preservation of polarization through acceleration in

the AGS. The proposed scheme of using a solenoid partial snake to eliminate
imperfection resonances and using pulsed quadrupoles to jump the betatron
tune across intrinsic resonances should be effective as expected. Experiments
at IUCF have clearly demonstrated the effectiveness of the solenoid partial
snake. The pulsed quadrupoles will, however, cause emittance blowup,
especially in the presence of horizontal/vertical coupling generated by the
solenoid snake. The allowed factor-2 blowup may not be sufficient. This
needs further investigation. The efficiency of polarization preservation also
needs detailed study. The assumed 90% preservation (from 80% polarization
to 70%) seems high. The approved AGS experiment E-880 will go a long way
in assuring the performance and efficiencies of the scheme. If E-880 is to have
an impact on this proposal, its schedule should be advanced.

RHIC Ring

Similarly here the effectiveness of the use of Siberian snakes and rotators to
preserve and precess the beam polarization has been proven by the IUCF experiments
and the successful operation of the Fermilab polarized proton beam line. The only
question is whether the design is optimal and how much effort and time is required to
attain the stated performance. Here also we list those features of the design for which
we have concems.

1. The 10 cm ID of the DX magnet seems inadequate to contain the ~ 7 cm orbit
excursion in a snake. It is likely that larger aperture dipoles need to be
designed and built for the snakes.




2. The theory of snake resonances has been published and is known. What is
needed is a definitive design of the snake configuration and magnets, and a
detailed application of the "snake theory” to calculating the percentage survival
of polarization from injection to storage and colliding beams. This simulation
should take into account all known errors--including multipole fringe fields,
dispersive effects, and effects of the detector solenoids, the rotators and the
flippers, and the beam-beam effects.

3. The use of only one pair of snakes per ring leaves rather narrow tune spacings
between spikes at snake resonances for the betatron tune to navigate through.
The possibility of using more than one pair of snakes per ring should perhaps
be re-examined. Also since it appears that snake resonances impose a
maximum emittance beyond which particles are fully depolarized, the question
of emittance growth should be further critically examined.

Luminosity and Polarization

The proposed luminosity of 2x10°> cm™ sec™ seems optimistic, at least for the
Initial operation. This luminosity is based on the following assumed beam parameters:

Intensity = 2x10"! p/bunch and 57 bunch/ring
Normalized emittance = 20t mm-mrad
B*=1m

The intensity and emittance are both consistent with the goals of AGS and its Booster
and with the nominal RHIC operation for unpolarized proton beam. It is likely that
this beam can be injected and accelerated in RHIC without unsurmountable collective
instabilities, but more detailed studies are needed to establish this. The 20w mm-mrad
emittance should be achievable, but all possible sources of blowup as mentioned above
must be carefully controlled. RHIC is officially committed to a $* of 20 m, and 1 m
does look reasonable. The beam-beam tune shift is 0.007 per crossing which is a
reasonable value. There does not seem to be any violation of known accelerator
physics limits. However, significant commissioning efforts will be needed to
materialize these parameter goals. This suggests that it is advisable for the
Collaboration to develop a fallback plan when the luminosity falls short of the
proposed goal.

The same can be remarked for the polarization. First the estimate of the
depolarization should be firmed up by a detailed simulation as described above. Then,
fallback plans should be made when the polarization falls short of this maximum value
as simulated.

Beam Polarization Measurement in RHIC
The scheme proposed is a measurement of the inclusive pion production. The
asymmetry at moderate P, is fairly large (A = 0.2) when measured at constant X = 0.5 ‘4

and is only slightly dependent on beam energy. This asymmetry affords a good means
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to measure polarization over a wide energy range. With a 5 ym diameter carbon fiber
as target the production cross-section yields acceptably rapid measurements of good
precision over the full RHIC energy range. The heating of the fiber and the beam
emittance blowup from scattering appear to be tolerable, but more detailed studies are
needed. This very promising concept should be developed into a full optimized
design.

It would be a great advantage if the concept of this polarimeter could be
verified at 25 GeV in an appendage to E-880.

Cost and Schedule

The present proposal is not sufficiently complete or detailed to allow a reliable
cost estimate. The preliminary gross cost presented is around M$25 which is
composed of ~M$10 for additions and modifications to the injector system and the
RHIC, and ~M$14 for addition of the barrel EM calorimeter to the STAR detector.
However crude this estimate may be, it does point out that at the cost of some 5% of
the RHIC project, the unique capability of doing polarization physics could be added
with the prospect for a very interesting enrichment of the RHIC scientific program.

The schedule recognizes a number of severe constraints. The lattice design of
the RHIC rings is already frozen, and the design of the major detectors for RHIC must
soon be fixed. There is, therefore, a strong argument for making a- decision on this
proposal within the next few months, as soon as a consistent design for the major ‘
subsystems is available. Slippage of the AGS schedule for budgetary reasons will
mean that results from E-880 will not likely be available for this decision making
process, however desirable it may be.

While there is a risk associated with extrapolation of spin-resonance-crossing
technology into the higher energy regime of RHIC operation, it is unlikely that this
situation will be materially altered by another year or two of theoretical study or AGS
tests. If the physics goals are compelling, the risk is acceptable.

Submitted by

N

Lee Teng, for fhe Committee
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1 Status of the PHENIX Detector

. A Conceptual Design Report for the PHENIX experiment at RHIC[1] has been presented,
and successfully reviewed by the PAC/TAC. PHENIX is a very high granularity, high reso-
lution, electron, photon and charged hadron spectrometer, in the central region || < 0.35,
with full azimuth di-muon measurement in one endcap, 1.1 < y < 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 #° trigger
because of its 5 by 5 cm?® segmentation at 5.1 m. The central spectrometer consists of two
arms, each subtending 90° in azimuth (&) and +0.35 units in pseudorapidity (). 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, og/E = T%/(/E(GeV), has a small, high resolution, or/E = 2%/,/E(GeV),
subsection in one 90° arm, which covers || < 0.05. The charged particle momentum resolu-
tion is 2% at 5 GeV/c, and charged hadron identification is provided by TOF(o=100ps) for
1/3 of the azimuth of one arm. In addition, a silicon detector array is installed over a wide
rapidity region.

Of particular importance to polarized proton physics is the 5 by 5 cm? segmentation of
the EM calorimeter in the Baseline detector configuration of PHENIX—this is the “0.01”
radian configuration of R5[2] capable of reconstructing #° out to pr = 25 GeV /c. The muon
arm is not in the Baseline Detector—however efforts are underway to secure additional
funds to complete the muon arm fabrication and installation with the rest of the baseline

. detector. The TRD and also the small, High Resolution Photon Detector are among the
several possible upgrades to the Baseline Detector and efforts are being made to secure the
additional funding for these detectors.

2 Polarized Protons at RHIC

The operation of RHIC with high luminosity polarized protons will provide a unique op-
portunity for study of the spin structure of QCD and the first possibility of systematic
exploration of parity violation at high energy. The PHENIX Baseline detector[l], without
addition, can provide excellent measurements of both these phenomena, and more. If the
additional funding efforts for the muon arm are successful, a program of Drell-Yan di-muon
longitudinal and transverse spin physics would also be done.

For the detailed discussion of rates and sensitivities which follows, the “enhanced” lumi-
nosity will be taken as £ = 2x1032cm™2sec™ at /s = 500 GeV and £ = 8x 103 cm~2sec™? at
/8 = 200 GeV. We use 100 days of polarized proton runs with a duty factor of ~ 50% (4 x 108
sec), which leads to the integrated luminosity of [ £dt = 8% 103 cm~2 and [ £dt = 3.2 x 1038
cm™? at 500 GeV and 200 GeV respectively. The polarization of both beams is taken as
70%.

The statistical error on the two spin asymmetry is estimated as

1 1
bA = —_— 1
. PP /N ( )




where P, and P, are the beam polarizations and N is the number of events. Thus, 1600
events are required for §4 = £0.05 . On the other hand the one spin asymmetry has an
error of '

1 1

VN ' (2)

Besides the beam energy, the spin configuration (L-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. Detailed rate calculations are given in R5[2] which will be quoted
in the following sections.
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3 PHENIX/SPIN Physics Goals and Capabilities

The strengths of the PHENIX detector, notably the ability to run at the highest luminosities
with very selective triggers, will allow measurements of a wide variety of spin phenomena.
The philosophy is to use the existing PHENIX detector, which is designed for Relativistic
Heavy Ion Physics, to make a survey of spin effects in many specific channels over a large
range of kinematic variables (m, pr). Conventional longitudinal spin effects, single and
double transverse spin asymmetries and a general parity violation search will be made in all
channels. Although spin physics is notable for its surprises, there are several channels for
which precise and clear-cut predictions exist so that rates and sensitivities can be given:

o W* — e* + 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 the parity violating longitudinal spin asymmetry:

1 N(+4) - N(—-)

AL = B WD TN @)

There will be 12,000 (4000) W+ (W ™) detected, for an uncertainty § AL} of 0.02 (0.03)
compared to the predicted magnitude of AF}Y ~ 0.30 for the W+. The predictions
for the W~ depend dramatically on the sea-quark spin structure functions (see follow-
ing section) and could represent the birth of Structure Function Physics using Parity
Violation as a tool.

o Direct Photon production with pr < 25 GeV/c. This is a measurement of the spin
dependent gluon structure function AG/G with longitudinally polarized protons, via
the conventional longitudinal spin asymmetry:

A, =L N+ N(=—) = N(+=) = N(=+) (4)
T Pl N+H)+ N(——) + N(+=-) + N(—+)

The sensitivity is §A;, = 0.008 for pr ~ 25 GeV/c (Bjorken z;; ~ 0.1), where the
prediction of Ay, is 0.01 (0.10) for the standard (large) AG/G.




e Jets via leading 7°, with identified 7° up to 25 GeV/c and unresolved clusters above 25
GeV/c. Here both longitudinal and single and double transverse spin asymmetries will
be examined. The large cross section of ¥ production implies a statistical error §Arr
approaching 0.001, which allows exploration of small and perhaps unexpected effects,
and possibly a check of the parity violation in hadron interactions due to strong-weak
interference.

o Drell-Yan in the muon-pair channel, with 5 < m < 12 GeV/c?. 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. The statistical error
8Arr is between 1% and 2% over this mass range. Measurments can be made at masses
down to 2 GeV/c?, but there may be significant background from charm production
at low masses.

e J/¥ and x, production. Here the open geometry of PHENIX is exploited: gamma
rays of a few hundred MeV are detected in the High Resolution Photon Detector in
coincidence with J/¥ — [*[~. The spin dependent gluon structure function can be
measured, and the production mechanism of charmed particles will be studied with

additional spin information. The event rates are large, 200K J/v — ete™ and over
IM J/p — ptp.

4 W= ei.-{—X

The production of the intermediate vector boson W* of the weak interactions, and its lep-
tonic decay, W* — e + v, are the classical examples of processes with huge parity violation
in hadronic collisions. Yet there is a complete absence of searches for, or measurements of,
parity violation at high energy hadron colliders[3]. To quote Maurice Goldhaber (who was
quoting astronomers), “The absence of evidence is not the evidence of absence.” It is impor-
tant to measure this production asymmetry. Any discrepancy from the predictions will lead
to new physics. In addition, a systematic search for parity violation in all channels is pro-
posed. 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, the leading parity violating process in hadron
collisions is W#* production. In PHENIX, detection of the W= is in the leptonic decay
channel, W* — e* + X, where the X means that the measurement is via the inclusive e*
channel with no “missing energy” detection. This channel is both clean and spectacular.
It is a textbook example[4] of a process with virtually no background. A prediction of the
cleanliness of this channel dating from Snowmass[5, 6lis shown in Fig. la, with a recent
simulation{7] of the Jacobean peak in the PHENIX detector shown in Fig. 1b. In order to
obtain a clean sample of e* from W¥ decays, one needs the following[4]:

o 1073 charged hadron rejection for pr > 10 GeV/c,
e Precision EM Calorimetry out to 50 GeV,

¢ Momentum Resolution sufficient to resolve the charge of e* out to 50 GeV/c,
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o A good trigger, as W¥ is only ~ 1078 of the total cross section.

This will be no problem for PHENIX. The EM calorimeter will provide a factor of more
than 300 rejection for charged pions above 10 GeV and an isolation cut (e.g. see section
B.3.3 in Ref. [2]) should provide an additional factor of > 7 rejection against hadrons (and
‘Dalitz pairs) from jets. Furthermore, even though PHENIX has a relatively small aperture,
In| < 0.35, Ag = =, the acceptance for the W* — e* + X channel is 13%, so that ~ 120
W+ - et + X and 40 W~ — e~ + X per day will be collected. The momentum resolution
of 20% at 50 GeV/c gives excellent charge separation.

4.1 ‘“Yesterday’s sensation is today’s calibration...”

A recent article by Bourrely and Soffer[8] has presented the formalism for proton structure
function measurements using the parity violating asymmetry of W* and Z° production.
This really brings to mind Val Telegdi’s statement, partially quoted above. In the standard
model, the differential cross section for the reaction

pp — W* 4+ anything (5)
is given in leading order[8] by the quark-antiquark fusion reactions ud — W+ and 4d — W,

do™™*

dy

= Grnv/3r 5 [u(on, Miy)d(zs, M) + (u — ) (6)
where G is the Fermi constant and u(z) and d(z) are the structure functions of u and
d quarks in the proton at momentum fraction z. The kinematics are given simply by the
production of a constituent state with 3 = M}, = 22,5 at rapidity y = 1In ZL, where
T = M /s and z; = /Te¥, z, = y/TEV.

The computed W+ production cross section[8] is given in Fig. 2a and shows a surprisingly
large factor of 2 variation due to the still large uncertainty of the anti-quark structure
functions. For W~ production the uncertainty in cross section is nearly a factor of 4. The
PHENIX detector measures near yw = 0, so that z; = 2z, = Mw/+/s = zo = 0.16 at
500 GeV. The individual W* and W~ cross sections and their ratio will be measured to
high presicision allowing a much improved determination of d(z,) and @(z,). Feynman and
Field[9] originally assumed that % < d in the proton due to suppression by Fermi statistics,
and the subject has again become interesting due to recent precision measurements[10, 11,
12, 13].

The parity violating asymmetry for W production is given by[8]

_ Au(zy, Miy)d(z2, M},) — (v — d)
Ar(y) = u(zq, Mﬁv)d—(mz,Mvzrg +(u—d (7)

and with the reasonable assumption that AuAd < ud, the two-spin and single-spin PV A’s
are simply related by/8]

ATL(y) = Ar(y) + Au(-y) . (8)
The single-spin asymmetry AY is shown in Fig. 2b[8], and is huge as previously advertised.
This figure illustrates the amusing feature of the single-spin asymmetry—the variables z;
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and z; can be distinguished in the otherwise symmetric p-p collision, since the spin breaks
the symmetry. Also, single-spin asymmetries could be used in p+A collisions to measure the
evolution of the spin-dependent sea quark structure functions in nuclei—a combination of
the two most famous “EMC effects.”

The sensitivity to the spin structure function is much larger for the W~ than the W+,
which is easy to understand by a simple argument[8]: near y=0, the PV A’s are given to a
good approximation by

we _1(Au Ad --lfad 4w
A =g\ 5 -) md AT =5 (5 - (9)

and Au/u is large. PHENIX will measure A7} (y = 0) = 24;(y = 0), with expected
sensitivity of §AL] ~ 0.02 (0.03) for W+ (W~). The W+ channel will be used to verify the
predicted Parity Violation of the Standard Model, since the structure function uncertainty is
small, while the measurement in the W~ channel is in effect a measurement of A%/@. This
could be the birth of Structure Function Physics using parity violation as a tool.

5 Direct Photon Production

This should be a clean measurement of the spin dependent gluon structure function since
the dominant subprocess in pp collisions is

g+g—=v+q (10)

with gg contributing on .the order of 10%. The major sources of background for direct
photon detection are bremsstrahlung from a jet, and #° and % decays which produce a fake
direct v signal. These backgrounds are effectively eliminated, as discussed in R5[2] by #°
reconstruction and gamma isolation cuts. By applying both of these rejection methods, the
purity of direct photon candidates will be excellent. The high segmentation of the PHENIX
EM calorimeter, which is driven by the issues of occupancy and energy resolution in the
high multiplicity, low pr environment of Heavy Ion Collisions, allows the two gammas from
79 decay to be resolved for pr(7°) < 25GeV/c[1]. For the worst case, where Yyeq/™ ~ 0.1,
Yfake/Yreat Will be ~ 1 after the elimination of photons from reconstructed 7%’s. The isolation
cut will then bring Ytake/Yrewrt down to ~ 0.15. For the bremsstrahlung gammas (20% to
30% of the signal), Ysrems/Yreat Will be ~ 0.05 after the isolation cut.

5.1 Yield estimate of direct photons in PHENIX

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 /3 = 200 GeV
consistent with the proton-proton runs for the heavy ion physics program, and at /3 = 500
GeV to explore a higher Q2 region at the highest luminosity. A full discussion was given in
R5[2]. The PYTHIA predictions for the direct photon yield for the integrated luminosities
listed above are repeated here in Table 1. The quoted errors are statistical only. Asymmetry
errors of less than 4% and 1% are achieved at the highest pr bins for 200 and 500 GeV
respectively.




/3 =200 GeV | +/s = 500 GeV
Yield | AAL, | Yield | AALL

Total 136000 | 0.0054 | 1260000 | 0.0018

10 < ps, < 15GeV/c | 118000 | 0.0058 | 860000 | 0.002
15 < py, < 20GeV/c | 13800 | 0.017 | 270000 | 0.004
20 < pp, < 25GeV/c | 2900 | 0.037 | 63000 | 0.008

Table 1: Expected number of direct photon events above 10 GeV/c and statistical errors in
the asymmetry measurement. The rates increase exponentially below 10 GeV/c.

PYTHIA also provides the relative contributions to direct photon production from the
various partonic processes; 88% from the gg — g7 process and 12% from the g — g process.
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
Arp. !t

6 7° production—Jets via leading particles

The inclusive 7° polarization asymmetry can be measured with reconstructed 7° — v + v
in the range 10 < pr < 25 GeV/c. In this pr range most n°s are produced from QCD
jets. Compared to other jet fragments, 7° triggering should be quite simple in the PHENIX
apparatus.

At the parton level, high pr 7% originate from several subprocesses. Major channels are:

* g9 — qq (~ 20%),
¢ g9 — qg (~ 50%) and
* gg — gg (~ 30%).

Due to this mixture, the theoretical prediction for the production asymmetry becomes
difficult. However, the higher yield of 7% (v/7° ~ 1/4 — 1/10 at the upper pr range) results
in an asymmetry error, §A < £1%, thus 7% measurements could be used to explore other
spin phenomena:

e Parton helicity distributions: Theoretical predictions for Az (7°) show notable differ-
ences when gluons are polarized [14].

e Spin transversity measurements using spin transfer: Correlations between the trans-
versely polarized beam axis to the plane of two produced =%, may yield some infor-
mation on quark transversity structure functions [15].

17t should be noted that in the case of transverse spin asymmetry, Ayy, 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, h,(z) structure function. An Ayy signal from
qd annihilation is diluted by a factor of 10 by the Compton process.
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o Higher order QCD tests: the single transverse spin asymmetry, Ay, could well be
related to twist-3 effects. Recent data from FNAL-E704 showed a large Ay, of more
than 10%, at large pr (~ 3GeV)in p T p — 7° + X reactions at /s = 20 GeV [16]. It
would be quite interesting to repeat this type of measurement at RHIC at high Q2.

e Parity violation in hadron interactions at high energy: The interference between strong
and weak interactions may be large enough to see (107*—~1072) at RHIC energies. How-
ever, a high degree of control over the systematics is required for such a measurement.

Full details on detection of reconstructed 7° in PHENIX in the range of pr < 25 GeV/c
are given in R5[2].

7 Drell Yan Dilepton Production

Drell-Yan pair production is a probe of the sea quark structure function. Some information
on the gluon structure function may also be obtained using high pr di-leptons. The dominant
sub-process for the total cross-section (integrated over pr)is q§ — v* — [T™. At large values
of pr, the contribution of the subprocess gg — v*q¢ (¥~ — {*I™) becomes dominant.

The sensitivity of the Drell Yan process to the parton spin structure functions is enhanced
if the participant partons were at relatively large @5; ( @p; > 0.1 ) since it is generally believed
that at zp; = 0, Aq/q and A§/q are zero. The zp; correlations for the PHENIX di-muon
detector, which is centered at y,+,- ~ 1.8 are given by simple kinematics:

Ty =41’ T, =+Te”? op==z —z,=2y/Tsinhy (11)

where /7 = my+,-/+/s. The PHENIX endcap di-muon detector covers the full azimuth
over the rapidity range 1.1 < y,+,- < 2.5. The estimated event rates[7, 17] are given in the
Table below for 4 x 10° sec running time at 1/3=200 and 500 GeV. The approximate values
of z; and z, are given for 500 GeV. The Drell-Yan measurement has sensitivity at small
zp; < 0.005, while the parity violating W* asymmetry has excellent sensitivity at z;;=0.16.

m,+,- GeV  Events at 200 GeV  Events at 500 GeV z; To
5t09 23,000 79,000 0.06  0.0017
9to12 4,000 19,000 0.11 0.0030

12 to 15 1,300 8,500 0.15 0.004

Table 2: Di-Muon rates for PHENIX Endcap and Barrel.

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, h,. Precision comparisons of
A and Ay might reveal differences between the transverse and longitudinal spin structure
functions. The single transverse spin asymmetry, Ay, should also be measured for di-muons
as a complement to the more traditional channels. A recent calculation[18] predicts Ay ~ 0.2
for di-muons with zr < 0.1.



Measurement of the gluon structure function using high pr di-muons, even with the large
acceptance, is not competitive to direct photons, since at a given pr, the di-muon rate is down
by a factor[19] of 2¢/(37) X In(Mmaz/Mmin), roughly 1000, while the acceptance is higher
by only a factor of 4. However, it may be possible to use low-mass dimuons to measure the
gluon structure function at low pr < 5 GeV/c, where background rather than rate is the
problem, as a complement to direct photon measurements.

Full details on detection of di-muons in PHENIX/SPIN are given in R5[2], and other
more recent information in PN84, The PHENIX Muon Detector Review, June 1993.

8 J/¥ and x, 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
experimental agreement on what fraction of J/v is via x. The study of charmonium pro-
duction with polarized beams could provide further information on this subject, and could
serve as another channel to measure the gluon polarization [20]. New results have been ob-
tained this past year by a Fermilab fixed target experiment|21] with a sample of 250 detected
x — J/¢ +« events, which indicate that the fraction of J/1¢ production from radiative x
decays is 0.30 £ 0.04 in pp collisions.

A detailed discussion of J/v and x detection in PHENIX has been given in R5[2]. Also,
a new calculation of x production in PHENIX was performed this year, in conjuction with a
funding proposal for the High Resolution Photon Detector|[22], which gives ~ 1200 detected
X — J/¥++ events in PHENIX, if 30% of J/% production is from x radiative decay. The pr
distribution of y production is taken into account in this new calculation, leading to roughly
twice as many detected events as estimated in R5[2]. The invariant mass resolution for
ete™ +vis Am ~ 20 MeV, compared to the 46 MeV separation of the x; and x. states[22].

9 Triggering

The main trigger for PHENIX/SPIN will be the EM cluster or “Local Sum” measured in the
EM Calorimeter as described in the CDR[1]. A threshold of 10 GeV for this sum provides
perfect triggers for W¥, direct v, and #° at high pp. The trigger should count at the =° rate
of ~ 15 nb in the PHENIX acceptance[2] or 3Hz. The RICH counter eliminates all charged
hadrons below 4 GeV/c, which provides an excellent single e* or e* + e~ trigger, possibly
even at LVL-1. The di-muon trigger rate is ~ 1075 of the interaction rate or 120 Hz. The
di-muon rate could be improved another factor of 10 by a 2 GeV mass requirement at LVL-2.
These rates are low and present no problem for the PHENIX On-line system.

10 Schedule and Request

The scope of this proposal is based on the the PHENIX Baseline detector. We envisage no
major additions or changes in either the detector setup or trigger system. The muon arm is

10




not in the Baseline detector but efforts are underway to secure additional funding so as to
complete the muon arm at the same time as the Baseline detector for the turn-on of RHIC.

We assume that the heavy ion run will precede the first run with polarized protons, thus the

detector will have been tried and tested. Running at 4/s = 200 GeV could be a part of the
normal heavy ion running schedule with protons. The /s = 500 GeV run will be separate.
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PART C

®  STAR-RSC RHIC Spin Collaboration) UPDATE

02 September 1993

Abstract

The importance of the STAR detector with a large accept
tance for spin measurements is emphasized. This will allow
a determination of the nucleon spin-dependent structure
functions over a large range in x and a collection of sufficient
W and Z events to investigate extremely interesting spin-
related phenomena. The results of detailed Monte Carlo eal-]
culations on these measuremerits are presented. Supple-
ments to the STAR detector that are required and a cost
estimate are described.
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Introduction

This document is to update the original proposal R5 (Section C), and includes
the results of simulation calculations on direct-gamma, W, and Z measurements
showing expected signal to noise ratios.

For completeness, some parts of the original proposal are reintroduced.

Recent Theoretical Background
In the original proposal, a number of different reactions sensitive to gluon or

sea-quark polarization in a longitudinally-polarized proton were described. These
parton spin distributions are fundamental. The following additions including W
and Z physics to the original proposal, R5, are introduced here.

A recent paper calculating K factors for direct-gamma production by A. P.
Contogouris et al.l gives higher order QCD corrections to large-py direct-photon

production and adds significant support to the suggestion that pp — y +x is a good

probe of the polarized gluon distribution. In another recent paper,2 higher QCD
corrections to large pr direct-photon production have again been obtained and the

results been applied for longitudinal polarization for the incoming hadrons.

Hadronic colliders have been discussed as tools to study proton-spin structure, with

specific calculations at energies used at RHIC.3

Over the last several months, several theoretical papers have been written
emphasizing important issues related to the potential spin program at RHIC. The
question of the flavor asymmetry of the sea quarks (i.e. T (x) # d (x)) has emerged
from the experimental evidence of violating the Gottfried sum rule.45 This can be
studied further in the production of W* and Z bosons in a proton-proton collider,
because it is dominated by quark-antiquark annihilation, and therefore sensitive to
the sea distributions. It was shown®7 that in the central region the predicted
unpolarized cross sections can vary by a large factor depending on whether or not
one assumes a flavor symmetric sea. It has also been suggested to measure charge
asymmetries in the W+ and W- production cross sections.? Several observables
should be considered concerning the helicity asymmetries. Predictions of the
double-helicity parity-conserving asymmetry Ay, which is directly proportional to
the polarization of the antiquarks (see Section 2.2.) have been made. Parity
violating asymmetries with either one beam polarized Ay, or with two beams
polarized AF) (see section 1.6.2.) were predicted.8 Values for Ap, andA]; turn out

to be very different. The W* asymmetries are sensitive to the polarization of the u




quarks (or antiquarks) or to the d quarks (or antiquarks), so they will allow a
systematic check of many polarized parton distributions.

Single-and double-helicity asymmetries®9 in the dilepton Drell-Yan processes
have also been investigated, and sizable effects are expected for large values of pr
and dilepton mass.

Single particle production such as n production has been studied. The
transverse spin asymmetry (or analyzing power) AN can be described in terms of
orbiting valence quark effects in quark-antiquark annihilation processes.10 This
process is adequate only for the large xp region where valence quarks (not sea
quarks) dominate and this model description allows a satisfactory explanation of the
FNAL datall,12 with polarized protons and polarized antiprotons (see Section
1.5.2.).

Reminding Note
The double helicity asymmetry, AL, is given by

N* + N~ -N*" -N-*
N*+N~+N*" =N~

A, =(1/P?)

where +(-) refers to the spin state parallel (antiparallel) to the L direction (beam
direction), and P is beam polarization.

The single transverse spin asymmetry, Ay is given by
AN = (1/P) (NT - Ny (NT + NY). The double transverse spin asymmetry, ANN is
given by '

Any = (VP2) (NTT- NNt 4 NTY
where NTT and N™ have parallel and antiparallel spin directions, respectively.

For the following discussion of rates and sensitivities, the integrated luminos-
ity will be taken as:
At 500 GeV, L =2 x 1032 cm2 sec-! for 4 x 106 seconds (100 days, 50% effi-
ciency) or
j Ldt =8 x 1038 cm2 = 800 pb-L,




At 200 GeV, L = 8 x 1031 em2 secl for 4 x 106 seconds or § £dt = 3.2 % 1038 em2=
20 ph-1. Most of the proposed measurements are at 200 GeV, with the exception of
W and Z production. The polarization of both beams is taken as P = 0.7.
The statistical errors on the asymmetry are given as

SALL or DANN = -1;15- :7;7 , for the two-spin asymmetry, and

1 1
=2 , for the i .
A 5 :{ﬁ for the one-spin asymmetry.

’I‘he propoeed barrel EM ealonmeter (see Flg. 1) isa lead-scmtﬂlator
sampling calorimeter. Itis located inside the aluminum coil of the STAR solencid
and covers | n| < 1.0 and 2= in azimuth, thus matching the acceptance for full TPC
tracking. Atn ~ 0, the amount of material in front of the EMC is ~ 0.5 radiation
lengths (Xg). The inner radius is 2.20 meters, and the overall length is 6.20 meters.

A detector with fine spatial resolution will be placed at a depth of
approximately 5 X, near the location of the maximum number of shower electrons
for photons of 3-5 GeV, to allow for the detection of direct photons. It will reject

@ backeround photons emanating from decaying n° mesons having pr < 20 GeVie by
examining the transverse shower profile at this depth. The radial space allotted for
this device is 25 mm. '

(Reference - EMC CDR)

Barrel Calorimeter type 18 X lead-scintillator EM' section
: 60 azimuthal sectors, A¢ = 0.105 (6°)
Mechanical segmentation: 40 projective towers in Il < 1.0
An = 0.05
Inner radius; 2.20 m
Length: 6.20 m
Weight: ' 172.7 tons
Readout: Waveshifting fiber (2/tile) to PMT
Towers: 1,200 e
Scintillator strips parallel or wires/pa
Shower Max detector parallel and perpendicular to iy




1.1 Single-Jet Production

‘We can study gluon-gluon scattering up to pp = 20 GeV/c and then gluon-
quark scattering above ~ 20 GeV/c. By measuring the asymmetry in Ary, in single-
jet production in the region 10 < pr < 20 GeV/c, we can determine the gluon polar-

ization AG/G, where AQ (x) = GH(x) - G(x) is the helicity distribution of the gluon, as
ArL = (AG(x,)/ G (x,))*(AG (x.)/ G(x,))* 4. (e — g2) »

where &, =08aty=0.

In STAR, the electromagnetic component of jets can be detected with the
EM calorimeter, and the charged particles using the TPC. Monte Carlo studies of
the rates, acceptance, and resolution were made using the ISAJET program with
EHLQ1 structure functions13 and GEANT.,

The TPC operation for high-luminesity pp events is discussed in the original
proposal (R5). Minimum bias events generated by the LUND program!4 were used
to evaluate the effects of pp interactions preceding and following the triggering
event. As a result of the long TPC readout time (50 sec), there are thousands of
tracks present in a-‘TPC trigger. The track finding is efficient partzcularly for the
outer pad rows. (Reference - EMC CDR)

Inclusive jet production cross sections are an order of magnitude larger at the
same pp than other channels described later. For the barrel EM calorimetaer, the

maximum jet rapidity would be {11l < 0.3, corresponding t0 0.05 <x < 0.3 at pp =10
GeV/c and +/s = 200 GeV, and to large x at higher pr. Sizable rates for jets occur for
pr up te 50 GeV/e.

12. Di-Jet Production
The advantage of di-jet production over the single-jet production is the kine-
matic constraint on the momentum fractions, xj, of the two partons although the di-

jet production cross section for both jets within the n acceptance is much smaller.
The number of di-jet events, Npair is given in the table below for pp 2 10 and 20

GeV/eand In! £0.3.

hY
4




. det + Jet Events

2 10 <0.3 1108
220 s0.3 3« 106

1.3. Direct-Gamma Production

Direct ¥'s are produced through the g7  hilation subprocess and the q-g
Compton subprocess, qg — 3. The Compton subprocess is the dominant one in pp
interactions, since there are no valence antiquarks in the proton. The asymmetry
Ayy, in direct-y production becomes directly proportional to AG(x) as:

Ay (x)= (Au(x) /ufx))e (AG(X) / G(x)) *d,.(ag - q),

where Au(xYu(x) = (W) - wx)¥(u*(x) + w(x)) with Au (z) being the helicity
distribution of the quark. The values of Au(x)/u(z) are obtained from results of the
EMC-SMC and SLAC experiments and &,; = 0.6 aty =0. Direct-y events, without
looking at the away-side jet, provide information about the integrals of AG(x) in
.certainranges of x (range of x from 0.05 t0 0.2 at /s = 200 GeV).
Assuming a shower maximum detector with 1-cm strips, the estimated ALy,
at V& =500GeVis

SArr, -+ 0.0012 V8 x 1038 cm2/f L dt .

At +/s = 200 GeV, the uncertainty will be

SALL ~+ 0.006 V3.2x 1038 cm2/f L dt .

The error increases 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. For direct-y, at pp ~ 20 GeV/c, we note RAOmin = 3.5 cm,

gsuggesting that the 1-cm width may be near optimum when cost vs. =° resolution is
considered.
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Monte Carlo simulations for this reaction are described in Ref. 15, and
detection of direct photon production at RHIC was discussed by M. Werlen.16

We describe here the results of investigation?? using PYTHIA 6.6 and
JETSET 7.3. The hard processesq+q—2q+q,g+q—=g+qandg+g - g+ gare
considered as a background {o the direct gamma production.

At +fs =200 GeV, production cross section of direct gamma with pt > 10
GeV/c into the acceptance of the STAR is (2.40 £ 0.05) nb, and thereisa
background of 24,000 events. And then there are 53 events with transverse
mrmentum deposition > 10 GeV/cin one tower. The following three cuts were
applied:

1. Isolation cut Killed 24 events (out of 258)
(In tower matrix 3 x 3 towers with a center in which direct gamma appears
should not be energy deposited more than 0.5 GeV from gamma-quanta and

electrons)
2. No charged track in the tower 5 events (out of the rest) -
3. E (hadrons¥E (max. tower) 7 events (out of the rest)

Seventeen out of 53 events have survived, that corresponding to (3.15 + 0.78) nb.
Special calculations were made for scintillator/fiber shower max detector with 12
mm scintillator strip. By using electromagnetic shower shape (radius of a shower),
it was found that at 90% efficiency of direct gamma detection, a background is
suppresged in 10 times at py = 30 GeV/c. Taking into account factor 10 from shower
max detector, we can come up with a signal-to-noise ratio = 7.6 + 2.5. -

At s =500 GeV, the production cross section is (2.40 £ 0.05) mb, and there
are 40,000 background events. There are 268 events with pp > 10 GeV/cin one
tower. After the three cuts, and the use of the shower max detector, we obtain a
signal-to-noise ratio = 3.9 £ 0.7.

1.4.  Direct-Gamma + Jet

The measurement of "y + jet" events allows the kinematics of the primary
quark-gluon scattering to be determined. The kinematics of the primary partons (x1
and x9) can be reconstructed by determining the kinematics of the gamma and jet. .
For the pt acceptance of 10 to 20 GeV/c, x3 and xg vary from 0.1 to 0.2 at N =200
GeV. The cross section for inclusive direct-y + jet production with -0.3 < fjjet < 0.3




and -1.0 < Ny < 1.0 in the pyinterval 15-20 GeV/c is equal to 28 pb. For 320 pb-1, the
expected number of events is 9,000, which corresponds to

§ Ay, ~%0.034/3.2x 10%em™/ [ dt .

1.5. AnMeasurements

1.5.1. Ay Measurements in Direct-Gamma and n° Production ai Large pr

Single transverse spin asymmetries, Ay, in hard processes are expected to
vanish in perturbative QCD. The asymmetries vanish at the leading-twist (twist-2)
level, however this is no longer true if one considers higher-twist contributions.
These higher-twist techniques were applied to the simple case of pp — ¥X, in which
the twist-3 contribution, leading to a potentially larger asymmetry, increases with
xp.17:18 The twist-3 parton distribution involves the correlation between quark
fields and the gluon field strength. Clearly the normalization, sign, and x-depen-
dence 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-
twist distributions represent correlations between quarks and gluons inside a
hadron. These correlations have specific structures in QCD. If extracted from
experimental data, they provide useful constraints on nucleon models, in particular,
the non-valence degrees of freedom that include sea quarks and gluons.

The statistical error, AN, will be similar to the one described in Section 1.3.

1.5.2. AN Measurements in n° nt, ©” Production at Large xp

Single-spin asymmetries were measured in n* production at 200 GeV/c.19
The asymmetry values (An) in the pr reaction are shown in Fig. 2 as a function of
xr for n+ and n- data over a py range of 0.2 - 2.0 GeV/c. Further study of these data
shows a threshold effect in which Ay increases dramatically above py = 0.7 GeV/e.
The AN values in the B' p reactionl2 are shown in Fig. 3 for the n*+ and n- data. We
observe a similar behavior on ANy magnitude with respect to xp but the sign of AN is
positive for the n- data and negative for the n+ data. '

These results were explained using two methods that have been published to
date. The first one20 is a pion-exchange model that relates pp — n* X scattering to
the np backward scattering. The antiprocesses of n*p — pn* and x- p — pn- are T p
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— Px and x+ P —+Pr+ respectively. Thus we have opposite signs of Ay for p! and
7 beams. The second onel® claims that these experimental results provide crucial
tests for the existence of orbiting valence quarks. Large asymmetries are expected
to exist when annihilation of orbiting valence quarks takes place. The effective
orbital motion is counterclockwise to the polarization axis. For x+, an orbiting u

quark picksupa d quark and for &, an orbiting d quark picks up a ¥ quark. In
this model, the valence quark contributes to the proton spin and therefore there is
no "proton spin crisis”. '

From thi mirror-symmetryeffeciinatand?  may speculate that Ay =0
for r° production. By applying isospin relations for single-particle distributions,21
o+A}; + oAy = 206° Ay, where ot and A} are for the cross section and analyzing
power in pr — x+ X respectively, o and Ay in pr —nX,and ¢ and A in
pr — n° X, we can conclude the following: experimental data show ¢+ > c-and
A}, ~-Aj therefore we expect Ay >0. Asymmetry measurements, Ay, in
plp — =° X andF'p — 7° X,22 on the xy dependence at 200 GeV/c covering pL up to
2 GeV/c were carried out. Ay values are consistent with zero up to xp=0.3 and G4,
and then linearly increase to + 20% near xp = 1.0. Since #° has ud and-dd terms,
we indeed observed similar hehavior in p'p »=° X and 'p —» ° X.

We propose to investigate these effects at RHIC energies and at high py. We
expect sizable rates for these reactions.

1.5.8. An Measurements in High-Mass e‘e Pair Production at zg = 0
While pion production at large xp is regarded as direct quark-antiquark -
fusion producing a large asymmetry, high-mess lepton-pairs produced at xp = 0 are

solely due to quark-antiquark annihilation. The prediction by the orbiting quark
modell0is Ax = + 35% in the lepton-pair mass region of 4 to 7 GeV.

1.6 W'sand Z Production at 500 GeV

1.6.1. Parity-Vialating Asymmetry
The observable Ay, is defined as,

Ap = (N--N*)/A(N-+N¥),

where (+) are minus (plus) helicity, respectively. A’ is expected to vanish unless
some partonic subprocess involves thg parity-violating interaction.
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When the helicities of both beams are the same, we define another parity-
violating asymmetry, namely,

Al =(N7=N*")/(N—+N*").

W bosons are predicted to be produced by a parity-violating mechanism,
using Standard Model couplings. The PVA can be measured in the hadroproduction
of W—e+v,u+0.

In the Standard Model the W is a purely left handed current and the
asymmetries in W+ production are:6

AL (Y) =
u

By [Au(xl) a(xz)—Aa_(Xz) u(Xl)]— (u s 5)
ALy [u (Xl) a(xz) - Au(x‘) Aa(x2)]+(u PN a)

If one makes the reasonable assumption that Au Ad << ud for all x,
Al =AM+ALY).

The results of predictions® for W+ production are shown in Fig. 4 with polarized sea
quarks23 and AT = Ad = 0. In the case of W- production, one observes a drastic dif-
ference between the cases AT # 0 and AT =0.

Production cross sections are estimated using PYTHIA V5.3/V5.6 for W and Z
in pp interactions at Vs = 500 GeV as

oBppoW+r+X et + v +X) = 120 pb
cB(ppo>W- +X—et+ 7 +X) = 43pb
oBpp > Z° + X —sete +X) = 10pb

The STAR detector with electromagnetic calorimeters is especially suitable
for experiments measuring W and Z bosons due to its large acceptance for electrons
produced by high-mass particle decays.
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The estimates for the event rate at vs =500 GeV for an integrated luminosity
of 800 pb-1 and with a triggering cut applied to transverse momenta of detected
electrons p} > pT= =20 GeV/c are: (In the right, column the geometrical acceptance
In! < 1.05 is decreased to the fiducial one In! < 0.95 excluding the edge counters.)

Boson inl <1.05 nl <0.95
W+ 68,000 62,400
" 15,000 13,700
z° 3,840 3,100

We start with studying the background for hard electron/positron from W
decays, with contributions from Z decay, =° Dalitz decay, and misidentified high-py
charged hadrons as electrons. All results were cbtained30 by Monte Carlo
simulations with the Lund set of routines PYTHIA V5.6/JETSET V7.3.

The background from Z — ete- decay with a missing one electron is
unrejectable in principle. For the integrated luminosity of 800 pb-1, the expected
number of events with missing e-, but detected et in a fiducial acceptance is
expected to be about 1,700, and the same number of events with missing et, but
detected e~. Thus, the background from Z decays to W+ will be about 2.7%, but for
W- about 12.4%.

In the following table, the upper limit for the background from =° Dalitz
decay (0 = 7+ e+/e-) is presented. We assume the event contributes ta the back-
ground if at least one Dalitz decay electron has py > p5*. No other cuts were
applied. All event rates are normalized to the event rate for W+ with
P =10 GeV/c in the fiducial EMC acceptance level (7| <0.95.

py, GeVic W+ et from Dalitz Ww- e from Dalitz
10 1.00 ~ 0.58 0.22 0.59
15 0.98 0.11 0.22 0.11
20 0.93 0.02 0.20 0.02
26 0.82 0.005 0.18 0.005

We observe that at pF™ = 20-25 GeV/c, the background from Dalitz decays is at the
same level or even lower than the Z boson while the efficiency for W detecting drops
ounly by 7-18% comparing to p5™ = 10 GeV/ec. Taking into account, that applying
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. other criteria to the W+ events selection (isclation cut, rejecting pairs of close unlike
sign electrons distinguishable in the tracking system and with the Maximum
Shower Detector (SMD, ete.), the background from = Dalitz decays can be
considered as negligible.

The contamination of the W sample by high-pt charged hadrons misidentified
as electrons is expected to be the most serious source of background. One can see
from the table below (see Fig. 5 also) that the number of the positively charged
hadrons with pt higher than 20-25 GeV is 25-80 times more than of e+ from W+
decay (for W- the situation is even worse: 100-380 times). - ability to extract
W* gignals depends on the detector capability to reject hadrons from electrons. The
results of the first-stage simulations for STAR shown in the table below represent
the estimate for the rejection power for two criteria.

. Matching the momentum measured in the STAR tracking system to
the energy deposited in the EMC. We assumed the EMC energy resolution

for e* is equal to
Gz /E=20%/E , where Eis i GeV ,

and the STAR tracking system (TPC and SVT) momentum resolution is
. expected to be the following (extrapolation to higher momenta of the Fig. 4C-
12, Page 4C-31 in the CDR for STAR, PUB-6347, June 15, 1992):

0,/p=0.3%p, where pisin GeV/c .

The probability for the hadron to deposit a certain part of its energy in the
EMC had been estimated with the use of the beam test results with the EMC
prototype performed at the 70 GeV proton accelerator in IHEP, Protvino (to

be published). We assumed that a charged hadron is rejected if it generates a
signal in EMC below 20§ of its energy measured with the tracking system.

] Isolation cut. Effectiveness of the isolation cut is illustrated in Fig. 6.
The electron candidate was considered as being produced from W decay if the
sum of energies EgMC + Echarged detected in the cone R = -"(A‘n)2 +(A¢ <
0.4 centered around the candidate e* is less than 0.1 E,. Here Egyc is the
energy deposited by all particles except the candidate electron in the EMC,
Echarged - the sum of energies of all charged particles (excluding e* candidate)
measured in tracking system; E, - the energy of the candidate ¢*. Otherwise
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an event was considered as background and rejected. In the table belaw, as
before, all event rates are normalized to the event rate of W+ within the
fiducial acceptance before applying any cuts.

No Cuats With Cuts

Pi=,GeV Wt  Ww- All Charged W+ W All Charged
Background Background

10 1.00 | 0.22 3,600 0.96 | 0.21 5.92

15 098 § 0.22 §00 . 1085 | 0.21 " 116

20 0.93 j v.20 75 0.89 | 0.20 0.32

25 0.82 | 0.18 20 0.80 | 0.18 0.16

30 0.66 | 0.15 6 0.64 | 0.14 0.09

35 0.45 ] 0.10 2.2 0.43 | 0.09 0.05

We did not take into account an additional rejection power of the shower max
detector. The rejection power could be as high as 20 - 25 times.32 However, due to
carrelations of the SMD responses to the fraction of energy deposited by hadron in
the whole calorimster already used in the estimates presented here, the resulting
rejection power will be less than simple multiplication of two factors. A more
certain conclusion needs additional study, and has not been completed yet.

We are investigating a number of other background sources, for example,
from overlapping in EMC/SMD high py gamma quanta with charged hadrons,

electrons from charm and beauty, ete.

1.6.2. Parity-Conserving Asymmelry
In Wt and Z production with two beams longitudinally polanzed we can
consider the parity conserving asymmetry Ary, defined on Page 5. For W+

_ Au(xl)Aa(X_z)
L u(x,)d(x,)

and similarly for W- with u « d. This observable is sensitive to the polarization of

the antiquarks and, for example, if AT =0, we get Ary, = 0. Predictions24 for Ayy, at
s =500 GeV are shown in Fig. 7.
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1.6.3. Measurements of hi(x) in Z Production

The state of quarks in the nucleus is usually specified by two leading-twist
structure functions: fi(x) (or q(x)), the spin averaged over quark distribution
‘measured in unpolarized deep inelastic scattering, and g1(x) (or Aq(x)), the helicity
distribution obtained in deep inelastic scattering with a longitudinally polarized
lepton beam on a longitudinally polarized nucleon. However, there is a third
fundamental function25 hj(x) which is also leading-twist and which measures the
transversity distribution of quarks in a transversely polarized nucleon. Nothing is
known about this function, and since it measures the correlation between left-
handed and right-handed quarks, it decouples from deep inelastic scattering. Itis
only accessible in certain hadronic processes with two initial beams transversely
polarized and requires quark-antiquark annihilation. For lepton pair production
(e*er, utys, ...), the corresponding asymmetry At is given terms of hi(x) as,26

2, eshi(x)hi(x.)

AT = a,, -2 n - ,
T Z eﬁfl (X1)f1 (Xz)

where arr is the asymmetry at the partonic level, which has a simple expression in
terms of the polar and azimuthal angles of one of the outgoing leptons. For W
production, this asymmetry is zero because the W is a pure left-handed object and it
is not possible to produce a left-right interference.24 However, this is not the case
for Z production and if one assumes, at a first approximation h; = g (which could
turn out to be false) one obtains

Arr/ar ~-ALL,

where Ay, is the parity-conserving double helicity asymmetry previously considered
and shown in Fig. 7. Given the fact that Z production will be rather copious and its
decayin et*e-is a very clean signal, it will be possible to make this measurement to
a respectable level of accuracy.
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2. Measurements with Barrel, One Endcap, and Shower Maximum
Detector
An endcap calorimeter is to be placed ingide the iron pole pieces as shown in
Fig. 1. The endcap increases solid angle and acceptance and allows better
measurements of the following reactions.

In orda' to measure AG(x), the giuon spin etructu:ve function, both the direct-y
and the “away-side" jet must be detected in coincidence go that the kinematics of the
incoming partons can be caleulated.

The Compton and annihilation subprocesses both involve 2 — 2 scatterings.
The incoming partons are assumed to have fractions x1 and x2 of the beam momen-
tum and collide colinearly. Then x; and x3 are given in terms of pseudorapidity as: -

X (2p.,. / ~/§Xe”‘ +e"‘)/ 2,x, = (Zp.,/ 1/5) (e‘“" +e"”) /2.
Figure 8 shows the x coverage for xy = 0.1 as functions of the direct-y and jet
pseudorapidities.
Error on Asymmetry, 8A11, for Incoming Partons with x; and xg

at Vs =200 GeV
2 (x1, x9) __
min (x1, X2) <0.2 0.2 0 3 0. 3 0.4 >04
0.00 - 0.05 0.014 0011 0.008
0.05-0.10 0.007 0.007 0.012 0.014
0.10-0.15 0.008 0.012 0.024 0.036
0.15-0.20 0.025 0.022 0.045 0.072
> 0.20 0.042 0.059 0.088
2.2, -Quark Helici istribution in ] -

Process
A measurement of the Drell-Yan process is one way to determine the
. polarization of sea quarks. The q@ annihilation into a vector boson gives a large

asymmetry at the partonic level, and selects sea antiquarks with valence quarks.
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The asymmetry Ary, for Drell-Yan in pp collisions is related to the sea-quark
@ ety Gistribution:

Ay =4 E 1& [Aq, (x1) AT (x,) + Ag, (x,) AT, (xx)]
T Y e laE)a e @)aE)]

where 21 - X2 = Xf, X1 * X2 = M?/5,and &, =-1

Larger values of Ary, are expected at higher xp as shown in Fig, 9.

The Drell-Yan pair pmdnction was studied by Monte-Carlo simulations using
PYTHIA V 5.3 of the LUND set of routines.}4 The EHLQ1 set of parton structure
functions2? was used. Estimates of the event rate for e¥e” Drell-Yan pairs in STAR
at +/s = 200 GeV are shown below using a triggering cut of electron py > 4 GeV/e.28

Mee GeV/c? 5-8 9-12 12-15 15-20
21,000 14,000 6,000 4,000 .

Competing backgrounds toqq — Y* —efe~areqq g+ yY-—>ete, gq—>q+ Y
—ete, and gq - q + 7> efe". Theseare t-channel contributions to the cross sec-
tions of Drell-Yan, with a k-factor = 2.5 (the increase in the measured cross section
. of Drell-Yan as compared to the calculated one if one takes into account only process
qq o ete).

Results of the background study are shown as:31
a. i =t-ch 1 DY/Standar

Here standard DY stands for the conventional s-channel production
mechanism q + § — e* + @, t~channel DY - higher order QCD corrections, 2 — 3
processes as qq — g+ Y —>ete, gq—>q+7 —rete, and g > q + Y ete,

Table 1
10 < mass (ete) < 14 GeV/c2
pr GeVie 2.5 5.0 7.5 10.0
.| Standard DY 4109 5 e 10-10 10-10 - 2« 10-11

mb/GeV/e
t-channel DY 4.5 109 1.2 e 10-9 3+ 10-10 10-10
mhb/GeV/c
R 1.1 2.4 3 5
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b.  Signal to Noise Ratio

Table 2
Drell-Yan Pair Production at y(e*e?) = 0
2 <pr<10GeV/e
Mass (ete), GeV/c2 10 12 14
DY = sum of standard DY + "] 240108 | 1.4+109 | 650 10-10

t-channel DY, mb/GeVic |
Noise (background) from »°-Dalitz . 10-10 il —
and charm from twojet events 2+ 10 810 4510

R = DYAwojet background or signal 12 175 14.5
to noise ratio
R/k, where k is explained below 8 g 7

Here k = k1 ¢ kg ¢ k3, where k1 = 1.25 takes into account the 11 (549) contribution to
Dalitz pairs, ko = 1.5 takes into account the missed contribution from multi-jet

" events. According to ISAJET we have o(inelasticYo (twojet) = 62 mh/27 mb = 2.3,
hence from 1 < kg < 2 we take kg = 1.5 as a reasonable value. kg takes into account
the unresclved #°'s which being combined with a charged frack simulate electrons
(positrons). These °'s are assumed to be unresolved if the distance between two s
from 7° is less than 3 cm as is required by the "shower max” properties. This kg
coefficient has not yet been estimated. So in the last line of Table 2 we use kg=1
instead of kg > 1.

Table 3
Drell-Yan Pair Produced at All y(e*e?)
2<pr<10GeV/c

Mass (ete”), GeV/c2 10 12 14
DY = sum of standard DY + 4.2 ¢ 109 . 10-9 . 16-9
t-channel DY, mh/GeV/c 210 22+ 10 13-10
Noise (background) from n°-Dalitz . 10-9 « 10-10 « 16-10
and charm from twojet events 1-10 5+10 2.5« 10
R = DY/twojet background or signal 4.9 44 5.2
to noise ratio
Rk 2.2 2.3 2.7
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Drell-Yan measurements geem to be preferable at y (ete) = 0, where one can

hope to reach a gignal to noise ratio slightly less than 6-7. This is for 10 < mass
(ete”) < 14 GeV/c2 and 2 pyp < 10 GeV/e.

2.3. Measurements of hi(x) in the Drell-Yan Process and "Z Production”

In the Drell-Yan process, we will accumulate 21,000 events in a mass region
of 6 to 9 GeV, which allows the measurement of the new structure function h;(x) to
a reasonable accuracy.

This new structure function is also accessible in Z, production by measuring
ArT, as we discussed in Section ..3.u, aud here the statistical accuracy is greatly
improved. (See Section 2.4.)

24. W'sandZ Production at 500 GeV

W+ 74,000 events
W- 22,000 events
For W's the detected electron (or positron) has pp > 20 GeV/e

Z 5,300 events
For Z at least one of the detected electrons has pyp > 20 GeV/e

3. Cost Estimate and Schedule

The modular nature of the calorimeter design makes it possible to stage the
construction of this detector in a number of ways. Depending upon which staging
plan is adopted, the physics capabilities of the EMC also vary. The present report
addresses two possible options, both of which extend the reach of the STAR physics
program significantly.

The first option is to construct the 120 modules necessary to complete the full
EMC barrel. Each module constructed would contain the hardware for the shower
maximum detector, to avoid the difficult problem of retrofitting this detector at a
later date. However, the shower maximum detector would not be instrumented
with electronics until further funding became available. Construction of the endcap
calorimeter would also be deferred. In addition, to reduce the initial cost, fiber bun-
dles from towers adjacent within An ~ 0.2 would be coupled to the same photomulti-
plier. As a consequence, the total number of photomultipliers and electronics chan-
nels would be ~ 600. The cost of this option is $7.5 M in FY93 dollars when cost
savings from universities, foreign collaborators, etc. are taken into account.
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nels would be ~ 600. The cost of this option is $7.5 M in FY93 dollars when cost
savings from universities, foreign collaborators, etc. are taken into account.

Several areas have been identified in which contributions from participating
institutions could result in significant savings. These include machining of
‘mechanical components, labor for module assembly, and fabrication of the shower
maximum detector. The estimated total cost of components and labor that could be
contributed is ~ $1.5 M in FY93 dollars.

The amount of physics that can be accomplished by this implementation of
the calorimeter is significant. The improved resolution provided by the EMC will
afford a more detailed understanding of the transfer of energy from projectile
rapidity to mid-rapidity. As the EMC barrel is large compared to a jet radius
1/(A77)2 + (Aq))2 < 0.7, it will also be possible to measure inclusive jets and high-pp
n°'s from parton scatters within In! < 0.3 to 0.5. This will allow STAR to study the
energy loss of hard-scattered partons using inclusive jets as well as y-jets and jet-jet
coincidences as penetrating probes of the early stages of the collision.

The assembly scenario for this implementation of the EMC leads naturally to
a descoped configuration in the event of reduced funding. As the mechanical sup-
ports for the TPC capture the modules within A¢ ~ 12° at two locations which are
back-to-back, the modules located in these regions of the barrel would be built up
from two sections that are 180° apart. It would be possible to complete two back-to-
back sections comprising half of the EMC barrel for ~ $4.5M before contributions.
This would allow STAR some capability for all of the physics discussed above, with
some reduction in resolution, sensitivity, and acceptance.

The second option considered is to construct the full EMC barrel and one of
the endcap calorimeters. The EMC barrel would be instrumented with 1,200 chan-
nels of tower electronics. The number of electronics channels for the endcap would
be 600. The shower maximum hardware would be completed for installation in both
the barrel and endcap calorimeters, but would only be instrumented with electronics
in the endcap. The estimated cost for this option before contributions is $13M in
FY93 dollars.

Much of the engineering required to interface the barrel and endcap
calorimeters to the STAR detector has already been carried out. In addition, con-
siderable engineering directed at the choice of technology has been accomplished.
As a consequence, it is possible, given an appropriate funding profile for all of the
EMC construction, to be completed for the start of RHIC operations. Specifically, it
is envisioned that given the choice of technology in summer of 1993, a full-scale pro-
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totype would be constructed and tested within a year. Upon completion of this
phase, construction of modules would commence. Schedule estimates based upon
the construction of similar modules for ZEUS suggest that modules could be com-
pleted at the rate of ~ 30 per year. Consequently, based upon feasibility alone, the
full barrel calorimeter would be available for assembly at RHIC in mid-1998.

Assuming a level funding profile of ~ $1M per year, the construction of all the
modules for the full EMC barrel, including front-end electronics, trigger electronics,
and data acquisition, would require approximately six years. In this instance, most
of the EMC barrel modules would be installed before the start of RHIC in mid-1999,
with the remaining modules being installed during the first scheduled RHIC
shutdown.

The cost summary is:
Full barrel and shower max detector $10.5M
End cap $4.4M
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Figure 1

ﬁgurez
Figure 3

Figure 4

Figure 5

Figure 6a

Figure 6b
Figure 7

Figure 8

Figue 9

Figure Captions

A cross-sectional view of one-half of the STAR detector. The barrel EMC
covers (1! £ 1.0. The endeap calorimeter subtends 1.05 < Inl <2.0.
The barrel EMC is supported by aluminum rings located between the
coils of the conventional magnet. Fibers from the towers of the barrel
pass through spaces between the &.._.aum rings and the coils and are
subsequently routed between the iron flux return bars to the exterior of
the magnet. .

Ay for p* and n- production versus xp integrated over pp.

Ay for o+ (squares) and = (circles) in .theiTp reaction.

The parity violating asymmetry A} vs. y for W+ and W- production at
s = 500 GeV. Solid lines correspond to non-zero sea quark polariza-
tions where as dashed lines correspond to AT = Ad =0.

Positive hadrons background vs. pr before and after applying rejection
criteria (isolation and EMC-tracking matching) along with e+ from W+

decay.

Tracks in an average event with high-pq particle production at Vs =500
GeV.

Tracks in W production at s = 500 GeV.

Ay for parity-conserving W production.

Plots of x3 and xg as a function of the direct-y and jet pseudorapidities.
The solid lines represent contours for x; and the dashed lines are con-

tours for xz.

Ay, vs. xF in the Drell-Yan process.
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