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Preface to the Series

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

During the first year, the Center had only a Theory Group. In the second
year, an Experimental Group was also established at the Center. At present, there
are seven Fellows and eight Research Associates in these two groups. During the
third year, we started a new Tenure Track Strong Interaction Theory RHIC Physics
Fellow Program, with six positions in the first academic year, 1999-2000. This
program has increased to include ten theorists and one experimentalist in the
current academic year, 2001-2002. Beginning this year there is a new RIKEN Spin
Program at RBRC with four Researchers and three Research Associates.

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

The construction of a 0.6 teraflops parallel processor, dedicated to lattice

QCD, begun at the Center on February 19, 1998, was completed on August 28,
1998.

T.D. Lee
August 2, 2001

*Work performed under the auspices of U.S.D.O.E. Contract No. DE-AC02-98CH10886.
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Since its inception, the RHIC Spin Collaboration (RSC) has held several,
semi-regular meetings each year to discuss the physics possibilities

and the operational details of the program. At the beginning of this year,
we completed our first data-taking period with polarized protons in both
rings. In many ways, this run was highly successful; notably,

(1) the machine reached a luminosity that was within a factor of four of the
goal for this run,

(2) the RHIC CNI polarimeters installed in both rings operated as expected
for the course of the eight week run,

(3) both major experiments were able to collect data for transverse single
spin asymmetries, and

(4) the PP2PP experiment demonstrated that it is technically feasibility.

Given the effort required to realize these achievement, it is surprising that
there was just one disappointment, namely, the polarization of the protons
coming out of the AGS was limited to 30% during this run. To a large extent,
this shortcoming was not unexpected because the AGS had to be operated with
the backup power supply which, because of its slower ramp rate, resulted in
larger polarization losses at spin resonances than had been forecasted in
the original plans for the run.

For this milestone in the program, it is appropriate to reflect upon the
progress made this year and focus on what is necessary for the next
proton-proton run. For this purpose, we are planning a series of RSC
meetings from which we aim to form an accurate assessment of this run and
a realistic goals for the next run.

In the first meeting of this series (which took place at BNL on February 22,
2002), we focused on the upgrades which are expected to be completed prior

to the end of this year and thus available for the next run. The two main
items are the Spin Rotators in RHIC and the CNI polarimeter for the AGS. 1In
addition, because of the progress on technical issuesg related to the design
of partial snake in the AGS, we also had a presentation on this topic. And,
finally, in keeping with a tradition of having some theoretical presentations
to accompany the experimental and machine presentations, we had presentations
on single spin transverse asymmetries in proton-proton reactions and
Coulomb-Nuclear Interference analyzing powers in proton-carbon elastic
scattering.

B. Fox
18 March 2002






SUMMARY OF ACHIEVEMENTS FOR THE PROTON-PROTON RUN IN LATE 2001 (RUNO02)

The run included the new high intensity polarized source, additional forward
arms for the AGS polarimeter for low energy measurements, AGS tools for
polarization (partial Siberian Snake, rf dipole, AGS pp polarimeter),

4 Siberian Snakes in RHIC, first pp collisions in RHIC, 2 p-carbon CNI
polarimeters in RHIC (each ring), spin-flipper (rf dipole in RHIC), work on
greatly reduced orbit variations in RHIC and device to control betatron tune
on ramp.

For the experiments, the run included -

STAR: commissioning new forward pi~0 calorimeter, beam-collision counters,
and emcalorimeter modules and high tower energy trigger;

PHENIX: commissioning additional beam counters and new triggers, including
high-p T pi~0, charged particle, and muon triggers, DAQ with 1 kHz
rate for these triggers; luminosgity scalers sorted by crossing and
by spin type;

ppr2pp Experiment: 2 Roman Pot stations (4 pots) with silicon tracking for
pp elastics, and beam-beam inelastic counters;

Photon Polarimeter (IP12): test setup near 0 degrees to measure transverse
asymmetries of photons and neutrons produced at
very forward angles.

Polarized source: regularly had above 70% polarization, and intensity
of several x 10711 polarized protons per pulse.

AGS Polarization: after tuning Booster, got full polarization into
AGS at injection; ramp used backup motor generator, with half the
normal ramp rate, increasing spin resonance strengths in AGS by
factor 2; achieved typical polarization of 25% to 30% at extraction
to RHIC in last 2 weeks.

RHIC Polarization: measured full polarization in RHIC at injection;

measure polarimeter asymmetries between 80% to 100% of injection asymmetry
at 100 GeV; in most cases, asymmetry after ramp to 100 GeV is maintained
over multi-hour stores (8 hours freguently). A 14 hour store for the pp2pp
Experiment which ended this morning had the same measured polarization at
the end asg at the beginning (25%).

RHIC Luminosity: typically at goal with beta*=3m focus, 1.5 x 10730 cm™-2
s*=1, in last 2 weeks of run. Decided not to sqgueeze to beta*=1im due to
lack of time left in run. This luminosity uses 4 x 10712 polarized protons
in 55 bunches in each ring, with alternating polarization in each bunch.

RHIC Polarimetry: p-carbon Coulomb Nuclear Interference polarimeter
typically measured 2-3 x 107-3 asymmetries with statistical error of 10%
of itself, in 1 minute. A_{raw}=.003 corresponds to about 25% polarization.

Absolute polarization: known only at 24 GeV. Plan to accelerate to 100 Gev,
and then to decelerate back to 24 GeV to carry known analyzing power from

24 GeV to 100 GeV was not completed. Beam lost at about 50 GeV on downramp —-
this effort requires measurements of transfer functions of magnets for this
cycle.

Spin flipping in RHIC: successful, flipped spin twice in test.

Betatron tune control: succeeded with several ramps locking the tune.
(Important, since the tunes must be controlled closely to maintain
polarization. This was done successfully by hand for most of this run.
Measured loss of polarization typically traced to changes in tunes.)

Vertical polarization: used for entire run. No longitudinal spin was tried
due to lower polarization (2-gspin asymmetries such as A_LL have figure of
merit P x L.).

Experiments: data were taken for A_N for the following (this list is
partial; successful measurements require successful control of systematic
errors, yet to be studied by the experiments):



For root(s)=200 GeV pp:

-very forward (p_T up to 0.5 GeV/c, x_F above 0.2) photon, neutron, pi~0 AN
—forward (p_T 1 to 2 GeV/c or go, x_F above 0.2) photon, pi”~0 A_N

—-forward muons A_N

-mid-rapidity pi~0, jets, photons, electrons, charged hadrons, p_T to 8 GeV/c
or so A_N

-proton-proton CNI A N and slope
For fixed target using polarimeter with carbon fiber target:
—-proton-carbon CNI A N and slope vs. t for -t=.005-.04

First looks at these reactions show good signals for the processes, and
‘possible physics asymmetries.

To summarize, we believe (or hope!) there will be a number of excellent A_N
measurements at root(s)=200 GeV, using the first ever colligions of polarized
protons. The AGS polarization was low, at least partly due to using a back
up motor generator with a slow ramp. We did not do longitudinal polarization,
due to the lower polarizations. The commissioning was very successful,
including sustained use of the high intensity polarized H*- source, use of
alternating polarization sign buncheg in RHIC for polarimetry and physics,
many studies of AGS polarization issues, high transfer of polarization to
RHIC and up to 100 GeV (although uncalibrated polarization at 100 GeV), tune
control on ramp, maintaining polarization over long stores in RHIC (often

8 hours or more), spin-flipping in RHIC, luminosity at goal (for beta*=3m).

Gerry Bunce and Thomas Roser
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H aixin Huang

*Why strong snake?
*How strong it needs to be?
*Design Status



« AC dipole operation need precise control of betatron tunes to the level of 0.0005
and need to be constantly monitored for polarized proton operation.

* Due to the linear coupling from the solenoidal field of 5% partial snake, there
are polarization loss at the so-called coupling resonances, which is due to the
the vertical betatron motion with horizontal betatron tune. So we would like to
have a new snake with less coupling.

* The polarization loss at those weak intrinsic resonances can not be overcome by
AC dipole.

A strong snake can eliminate the use of AC dipole can correct
all intrinsic resonances when betatron tunes are set propetly.

2/22/02 2



The stronger the snake, the larger the
spin tune gap when Gy=N. When the
snake is strong enough so we can put
betatron tune in the gap, then the
resonance condition will never be
met.

In a different view, The snake acts as
a resonance at Gy=N. If the intrinsic
resonance is overpowered by the
snake, then full spin flip can be
achieved.

Note: With a strong snake, the stable
spin detection will be deviate from

vertical significantly(18 degree for
20% snake).

2/22/02
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*A simple model
simulation shows that
20% snake is needed
to overcome the
strongest resonance
36+v. More
simulation is going on
especially for 9-v,
between 0.05 and 0.1.
*Snake resonances
occur when factional
betatron tune equals
172, 1/3 of spin tune.

2/22/02
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« Experiment done in
January. It follows the

10% snake tune scan

20

simulation trend nicely.

e The blue line is the 10.p
injected beam
polarization. The
difference between the red
dots and blue line is due to ' s
the coupling resonance B 3
and tilted stable spin "

|
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» Stable Spin Direction (SSD)in AGS is tilted away from vertical due to
a strong snake. We have to match the injected and extracted beam
stable spin direction to avoid polarization loss.

Injection:

1. one possibility is to raise the injection energy to get Gy from 4.7 to 5
(2.27GeV/c to 2.44GeV/c) and run the Booster vertical tune at 5.1 (in the past
it was set at 4.9). Then the SSD is in horizontal plane in both Booster and
AGS. A proper choice of 5th harmonic corrector setting of the Booster can
match the SSD in the Booster to the SSD in AGS.

2. Use the current solenoid snake in the BtA lline as a spin rotator. But it needs
a lot space.

Extraction:

There are many ways to manipulate SSD in RHIC (snakes, spin rotators). It is
less a problem.

2/22/02 6
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20% partial snake at top energy (24.3GeV/c), which means ~30% at injection
(2.27GeV/c). More simulation is still going on (M. Bai).

Radiation environment needs to be evaluated:

From high intensity protons: power off but cold;
From polarized protons: power on and maybe the limiting
aperture.

2”%2” collimator in the upstream will be needed for
polarized proton operation as a protection device.

Suppose 157 beam at injection(Pol. Proton), 6=3.6mm. Orbit excursion +4cm
in horizontal, 4cm in vertical. So the available room is >9 G.

High intensity proton beam: 100 = at injection, 6=1.1cm. There is no aperture
problem for high intensity operation.

Betatron tune settings: v,~8.95, v ~8.55.
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The snake is going to be a super-conducting full helical dipole magnet.

The available space in the AGS is 2.6 meter long. Two bending dipole
magnets on both sides of the helical snake.

2-layer design with 400A to reach 4T.
Beam pipe 1s 6 by 6” (15cm by 15cm).
1.36 meter long and operation field is 3.28T(30% at injection).

Cryogenic design: try to reach 1w heat load. But as long as the heat
load is below 5w, then the cryo dewar can be filled once/day (without
ring access).

Coupling at injection is still significant due to sextupole field feed
down. The design goal is to have no sextupole field along the beam
trajectory by adding compensation coils.

2/22/02



Polarized Protons in RHIC

withh SPIN Rotatiors

Waldo MacKay

w1 Goal for last Run

w1 More details

Sl

w1 Layout of Complex

w1 Things for next time in AGS
w1 Things for next time in RHIC
- w1 Deceleration Ramp

1 Operation of Rotators
w1 Status of Rotators

1 Calibrations

w1 Comments on Luminosity

S R 2

Waldo MacKay
RHIC Spin Collaboration
22 February, 2002



1 2 pC-CNI polarimeters (1 per ring)v’

1 4 snakes (2 per ring) installed.v’

w1 8 power supplies (2 per snake).v’

1 Source: > 70% polarization, several x 10! /pulse.v’

1 Provide 100 GeV x 100 GeV collisions with long. pol. at all IR’s. v’ X
| e Instantaneous Luminosity >1 x 103%cm=2s~1v

e Hope to achieve at least 50% polarization per beam.X(AGS)
| e 2 =1 snake ramps for longitudinal polarization.X

91

1 Decelerate beam to calibrate CNI polarimeters.X
w1 Commission PLL: partially successful.

w1 Accelerate polarized protons to 250 GeV.X

w1 Commission Spin Flipper.v’

Waldo MacKay
RHIC Spin Collaboration
X 1 oA 22 February, 2002




1 Flattened orbit vertically to surveyed coordinates.v’
w1 Rebucketing.X
w1 PLL not routine for up ramps.X
1 B* =10 m at [P2.v
1 AGS problems:
- 1 AGS polarization too low (P<30%).X
1 AGS emittances large (trans, long).
| 1 No Siemens: slower ramp rate.
w1 J10 bump power supply problem.
w1 Polarization dependence vs intensity?
—' .1 RHIC polarization transmission varied:
w1 Vertical tune control.
e Snake resonances.
w1 Vertical orbit control: sometimes walked away.

Waldo MacKay
RHIC Spin Collaboration
B 2 =A 22 February, 2002




RHIC pC Polarimeters |
pb—_ 8 - BRAHMS & PPIPP &)

g Absolute Polarimeter (H jet)

P B >

L. =2x10"s"cm™
70% Polarization
Js =50...500 GeV

//.-

A — =" Siberian Snakes

. 2x 10! Pol. Protons / Bunch
- £¢=20 1 mm mrad

81

1 Pol. Proton Source
—— 500 pA, 300 us

e - AGS Internal Polarimeter
\RfD1poles

Waldo MacKay
RHIC Spin Collaboration
22 February, 2002




61

1 Siemens.
w1 J10 bump supplies not oscillating.
1 Updated apps:

e Snake control.

e AC dipole control.

e Coherence monitor.

e Betatron tunes.

| w1 Upgraded hardware:

e AC dipole control.
e Coherence monitor.
e Betatron tunes.

1 New p+C CNI polarimeter for AGS. (Measure during ramp.)

w1 Improved logging of AGS data and readbacks.
e including polarizations of bunches injected into RHIC.
w1 Multiple bunches in AGS?

e with different polarizations? What is required?

Waldo MacKay
RHIC Spin Collaboration
X 4 A 22 February, 2002



1 Energy ramp: (symmetric lattice?) fixed 8* = 57,107 m.
e to what energy: 100, 250 GeV? (other?)
e Make PLL operational for up ramp.
1 Develop ramps at flattop:
e Ramps for STAR, PHENIX, and PHOBOS magnets.
e (-squeeze to 2-3 m at IP2&10, to 1 m at IP6&8
E e to turn on rotators.
1 Calibrate snakes with spin flipper.
8 _wi Scan tunes for new working point.
w1 Commission rotators.
w1 Improve emittances: long. and trans.
w1 More intensity/bunch: at least 1 x 10!,
e 110 bunches?
w1 Deceleration ramp again. (from what energy?)
w1 Rebucketing? or other reduction of long. emitt.?
e Lock rf in both rings up ramp?
. Improve efficiency (of the whole enchilada).

Waldo MacKay
RHIC Spin Collaboration
= 5 =A 22 February, 2002
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Tune up down ramp te get beam to bottom without PLL.
Then use PLL to hold tunes constant

injection energy, if necessary
J Ov 7 J
Dedicated time (several days) should be set aside for the down ramp

Waldo MaCKay

TDTTT Y

nriiv Spln Collaboration

x ~n 1 22 Februarv 2002
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STAR at injection
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1 Rotators 1-4 waiting for installation.

1 Rotator 5 completed but waiting for final survey.
-1 Rotator 6 in final wiring of turrets, awaiting survey.
w1 Rotator 7 cold mass almost completed.

W1 Rotator 8 helices completed, awaiting fixture.

- w1 Warm-to-cold transitions are being opened.

"1 Racks in alcoves being prepared for power supplies.

¥ 1 10 of 16 Quench Protection Assemblies (QPA) have been modified.

Waldo MacKay
RHIC Spin Collaboration
e 9 A 22 February, 2002
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Two snakes:
Set two snakes in one ring for best guess at (11,2 = 180° and ¢ o = +45°,
~ Detune currents by predicted amounts for v, = 0.5 — €.
Verify shift of spin tune with ac dipole.
Remeasure with a few different settings to calculate sensitivity matrix.
Calculate and apply correct currents.

Energy calibration with 2 =1 snake ramp (injection and/or store):
3 e Ramp down one snake and measure horizontal polarization.
¢ Do energy scan through at least one full unit of A(GY).
This should give a calibration of energy vs current.

Rotator calibration:
e This needs work to develop a workable scheme.
Perhaps measure shift of spin tune with a single rotator on. We could
also measure radial and vertical components for different settings.

Waldo MacKay
RHIC Spin Collaboration
=l 10 =F 22 February, 2002




N1 N3N, N1NoN
Last time: Lopeak = frov 41 24Vb _ . 2Ny
TO 50 .
N
(7 x 1010)? x 55
~ 78 kHz x

5
2 X 2X1907 m ~3m

| ~ 1.8 % 10%° cm—2s7!

e For the energy ramps we, want equal and constant 5* at all IR’s.
| ¢ Ramp with 8* =5 —10 m?

- e Squeeze at storage: Oripes =1 m? Srpa ~ 2 m? Prpio ~ 3 m?
e Can we accelerate 55 x 10! protons per ring?

e 110 bunches.
e Energy: 100 or 250 GeV?

Waldo MacKay
RHIC Spin Collaboration
=l 11 =F 22 February, 2002




Predicted peak luminosity at PHENIX for next run with 250 GeV protons:

(1 x 10'1)* x 55

2x10—-° m
2 X 266

~ 2.7 x 103 em 2571,

Lpeak ~ 78 kHz X
X 1m

w1 Perhaps higher if we can get more current in the rings.
e We should try some 110 bunch running at least to shake the bugs out
of the systems.

LT

Waldo MacKay
RHIC Spin Collaboration
=l 12 =5 22 February, 2002
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! .AGS CNI Polarimeter

Goal: use proton-carbon CNI elastic scattering, as for the RHIC
polarimeters, measure asymmetry from AGS injection energy to RHIC -
injection energy. If possible, measure on AGS ramp.

---CNI pdlérimetry, when the recoil carbon is measured using time of
flight and energy, clearly identifies the elastic reaction

---the microribbon target survives the high beam intensity we use

—-with a wide target width, the measurement can be made in a short
time (seconds to minutes)

---it might be possible to measure the asymmetry on the ramp, so
that it won’t be necessary to set up a flattop at the desired energy

The present polarimeter: uses proton-proton elastic scattering at medium t
(t=0.15 GeV?/c?)

---with the high polarized source intensity, a hydrocarbon target
cannot survive. Therefore a carbon target is used, and quasi-elastic
scattering is measured instead of pp elastic. The analyzing power is about
half, and the recoil proton is not clearly identified.

---at 24 GeV, the measurement takes about 20 minutes, with a flattop

and debunching required

The idea is to provide a better tool to inveStigate depolarization and
corrections in the AGS.



Experience: E_950_ where we ﬁrst tested and caiibrated :he RHI

polarimetry.

Lt [P 4

Issues:

1.

beam size at injection into AGS ==> longer target than RHIC (Bill
Lozowski of Indiana is working on this, along with a ,wider target.)

long bunches in AGS tlme of fllght resolution ==> place detectors at 25
cm radius vs. 15 cm for RHIC (time is then roughly 120 ns for 200 keV
carbon) :

noise environment in AGS ==> E950 worked, but this is a major issue
requiring work - .

analyzing power vs. energy ==> cross calibrate with AGS pp
polarimeter, can also consider calibrating at injection energy at COSY.
Calibrated at 22 GeV by E950. Absolute calibration not as important—
issue is to spot depolarizing resonances in ramp

sufficient rate ==> factor 100 wider target than for RHIC, use 6 bunches
with 2 x 10"/bunch, 2 RHIC type silicon detectors, get 1M events in 300
ms at injection energy**

ramp measurement requires 50 measurements over 600 ms ramp ==> 10
ms time window, or 30 ramps to collect 1M events at lowest energy

. coding wave fori’n digitizer for 50 measurements ==> new WFD has

capability (decision to use new version WFDs, which were used for half
the channels for the RHIC polarimeter this year, for AGS. RH!C will also
use all new version WFDs next year)

. too much rate ==> present calculation gives about 20% double hits in

strip. We need to decide what is acceptable, and select the target width



Plans and schedule we are designmg the chamber, ordenng valves and
parts for the target mechanism, etc. Plan is to have the AGS CNI
polarimeter in place for the 2003 run.

Do we need help? You bet We have a small group from CAD, UCLA and
RBRC working on this now, and certainly can use help! :

o






20 February 2002
G. Bunce

Accelerator Spin Issues and Questions

The RHIC spin run this year was extremely successful, with

the new high intensity polarized source, new RHIC polarimetry and
readout, new Siberian Snakes (first use at high energy), tune

lock on ramp, maintaining polarization at injection, ramp to

100 GeV, storage for up to 14 hours without apparent polarization
loss, studies showing the new spin flipper works, and reaching
luminosity goals. The AGS polarization was low, and the accelerator
and experiments required most of the alloted time for commissioning,
but physics data was taken for the first time ever for a polarized
proton collider at root(s)=200 GeV. Experiments saw some striking
online physics asymmetries.

In preparation for the March RHIC retreat, and also to prepare
a spin plan for the future, this list is intended to collect
questions which should be addressed on the acceleration and
storage of polarized protons.

Source

Is there an understanding of the source polarization being about
70%, and is there a plan or studies planned to improve to over
80%? What is the time scale for this?

Do we understand the absolute polarization of the source (or at
the end of the linac)?

What intensity did we reach, what is available, and what maintenance
schedule should be used during a run? Polarization vs. intensity for
source?

Booster

A significant intensity loss seemed to occur in transfers to

and from the Booster. What is the expectation for transfer
efficiency, what did we have, do we understand the differences,
and what improvement is expected? When?



with the 2001/2 run? How quantitative is this understanding--
can we use spin tracking confidently to predict AGS polarization?

What polarization should be achieved in the AGS using present techniques,
and the Siemens ramp rate?

Issues of polarization vs. luminosity tradeoffs (intensity and emittance)?

What are the systematic errors for the AGS polarimeter? What is the
absolute calibration that we should use? Is there any intensity
dependence?

Will a new AGS CNI polarimeter be ready for the next run? What are
the issues to do this? Team? Schedule? What are its goals?

Will the strong AGS partial shake overcome all polarization issues? What
are the predictions of spin tracking? What should we expect for
final AGS polarization?

What are the issues with designing and building the strong AGS

partial snake? What is a reasonable

(if aggressive) time scale for building it? How long to install?

What would be the commissioning sequence with it,

and rough commissioning time scale? (Without polarized beam as much
as possible.)

What is our experience in repeatability of extraction from the AGS? Are there
plans o improve reliability? When?

Issues of RHIC polarimetry: systematic errors from identified or
unidentified sources? Estimates of false asymmetries? Intensity
dependence? Other dependence (bunch length, poor transfer from
AGS)? Schedule for completing studies on data? Radiation
damage--what needs to be replaced, funds required, schedule. Changes
for next run in FPGA code, efc.

What do we know about polarization loss in transfer from the AGS
to RHIC? Did we see any variation? If so, do we understand why?

What quantitatative information and understanding do we have of
polarization loss on the ramp from the 2001/2 run? When will
this evaluation be complete?

What are the issues with having reliable tune locking on the ramp?



What work is needed, schedule, plan?

Is the present machine flat enough? What was achieved vs. what is
required for polarization?

Quantitative information and understanding of polarization loss
at flattop? Plan for using tune lock on flattop?

Intensity vs. lifetime? What are limits? Luminosity vs. lifetime?
What should we expect for lifetime with beta*=1m?

Downramp--understanding of difficulties and plan.
Spin flipper--plan to have it operational for next run.

Spin studies in RHIC--what is essential to study, what was missed
in this run? Realistic estimate of study time required.

Local polarimeter plan for PHENIX and STAR to calibrate spin
rotators--results of tests, plan?

Spin rotators--installation plan, commissioning plan, time estimate
for commissioning (separate estimates for using gold, polarized beam).

Evaluation of 2001/2 run in terms of commissioning efforts, time
required for steps. What should we expect for next spin run? Issue
of time required to reach luminosity goal and polarization studies.

250 GeV/c issues? Additional requirements on flatness, tune control,
snake alignment?

For the Executive summary

What should be expected for a 2003 spin run at root(s)=200 GeV?
Luminosity, lifetime, integrated luminosity, polarization, commissioning
time, studies time? (Without/with AGS strong partial snake.)

What length AGS study should be expected to achieve and demonstrate
polarization goal for a 2003 run?

RHIC commissioning time to have physics at root(s)=500 GeV in 2003?
Luminosity? ’

Is the RHIC spin goal of reaching luminosity 2 x 10432 at root(s)=500 GeV
(and 8 x 10"31 at 200 GeV) and 70% polarization achievable in 2004,



or what should be assumed based on present understanding?

What issues/studies are seen as crucial/important to know in 2003,

to achieve full luminosity and polarization in 2004? Pros and cons from
the accelerator perspective of a short run in 2003, longer run in 2004,
vs. long run in 2004.
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1. INTRODUCTION

e Single Spin Process at RHIC:
A(p,8) + B(p') = C(H) + X

— only one initial-state hadron is polarized

— observed particle C'(£) is unpolarized, and
- can be any high transverse momentum particle
™, P, 7Y, or lepton

— cross section: o (£, 5)
e Single Spin Asymmetry — definition:
~ Spin-avg X-section: o (£) = $[0(£,5) + o (£, —3)]

—~ Spin-dep X-section:
Ac(l,3) = L[o(4,8) — o0, —5)]

— Single-spin asymmetry:

Ao(,5) _ o(t,5) ~ o(t,~5)
o(£) o(£,3) +o(L,—3)

— Single longitudinal-spin asymmetry: A7,

AL, 8) =

particle spin S'is parallel to its momentum p’

— Single transverse-spin asymmetry: An

particle spin S is perpendicular to its momentum p’



Even though X-section 0(6, é’) is finite, single spin asymmetry
can vanish due to fundamental symmetries of interactions

e Parity and time-reversal invariance
= Any = 0 forinclusive DIS

— Inclusive DIS X-section:
0'(§T) XX L'LW Wuu(gT)
— Hadronic tensor:
Wuu(gT)»Oc <Pa ng ]ZI,(O) ]V(y) IPa §T>
— Parity and time-reversal invariance:
(P,5r|5%(0) 5. (y) |P, &T)
= (P, =37 53(0) ju(y) |P, —37)
= Wuv(gT) — Wvu(_gT)
- Spin-dependent X-section:
Ao (87) o< L' Wy, (81) — W (—87)]
= L* [WMV(gT) — Wvu(gT)] =0
because L“” is symmetric for a unpolarized lepton
— Above result is valid for any two-current correlators

e Parity conserved interactions = A; = ()

| 43 1



e Single spin asymmetries correspond to 7'-odd triple
product: Axn X %3 - (P X Z}

— p is beam particle’s three momentum
~ £ is momentum of observed particle
— the phase “¢” is required by time-reversal invariance

— covariant form: Ay ox 1€#**F p,, s, oD

e Nonvanishing A 5 requires a phase, a spin flip, and

—

enough vectors to fix a scattering plan
-~ Inclusive DIS does not have enough vectors
Note: g and p can only fix a line
e Following examples can generate nonvanishing Ay :
~ Single hadron (or photon) at high £
— Drell-Yan lepton angular distribution

Q/
— Semi-inclusive DIS
e




2. AN FOR SINGLE HADRON PRODUCTION

e pQCD was first used to study single transverse-spin
asymmetry by Kane, Pumplin, and Repko in 1978
7
/ — imaginary part of the loop pro-

000000

g +CC& vides the phase
J A\

\ VUUUO /

— quark mass provides the
needed spin flip

roo — AN T2 (p, 5r|YTY|p, 5T)
where I' = vt y597, ...

~ e The factthat A o my indicates that A is a twist-3
effect in QCD perturbation theory

e QCD dynamics is much richer than the parton model

— twist-3 arises from “intrinsic” k7
= AN o Tky ~ (p, 57|9T0r9|p, 51)

— twist-3 from interference between a quark state and a
quark-gluon state

= AN X TAT ~ <p7 gTIQZFAT"»prv §T>

+ C.C.




AN FROM POLARIZED TWIST-3 CORRELATIONS ()

T, %)
¢ e N
T e

e Unpinched pole = i§(x7 — x3)

e Color gauge invariance combines T}, and T4, to

Tpr(z1,22) o (p,3r[yTDryplp, 1)
Tr(z1,22) o (p,57[YTF1|p, 5r)
o Ay 75'0 requires
- T(z1,%2,57) #0 whenz; = x4
- T(z1,z2,87) # T(x1, T2, —57)

— Combination of T(xl, Io, §’T) and partonic part is

real
= An X Tr(x1.29) withzy = 25, and

QYT AYS ime Py tion— e )P
Tzs'(acl,ﬂvz):‘/————-y1471_y2 ¢! F1P Ty Filma—21)PTy,

X (P, 8rl$a (07" [T F,¥ (y3)] $a(u7)| P, 37)

e Three field operator does not have the probability

interpretation of normal parton distributions

46 |
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AN FROM TWIST-2 TRANSVERSITY DISTRIBUTION

e Twist-3 initial-state unpolarized correlation®
__< " ) ) e gq ) ~a
' pole

)
|
'i xe'

- \ 3, ,
— even -y’s in operator definition of dq(x) F %)

= much smaller number of diagrams

— double suppression from dq(x) and chiral-odd twist-3
correlation function

— contribution to A 5 is a factor of 5-10 smaller than that
from polarized initial-state T'x

e Twist-3 unpolarized fragmentation function

{ ,V FAY .
— :' ) XP A/% m,‘\”

* * 7“‘"
o
— T
xp'/ R4

+7 )

— Expect to be of similar size, and much smaller than

that from polarized initial-state T'r

Y. Kanazawa and Y. Koike, Phys. Lett. B490 (2000) 99

| 47
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FACTORIZABLE SINGLE TRANSVERSE-SPIN ASYMMETRIES

e Generalized factorization formula for hadronic single
transverse-spin asymmetries

AcaBr(8T) = ZT‘E%(M’M’ 57) ® foB(2)

abe

® 6’ab—+c(gT) ® Dc-—)—h(z)

DI IYRCES

abc
® {fo/5(z") ® 54, (F7) ® D, (21, 22)

+ 15 (@4, 25) ® 8Ly, o (57) ® Doy (2) }

A

e 4,6, and 6" are perturbatively calculable
e T’ P—invariance — at least one function has TWO z's

e Chiral-odd dq(x) requires chiral-odd f(?j)g and D

b c—h
= first term is larger than the other two

e Can generalize ® to convolution in k7 for both

initial-state and final-state interactions

— Initial-state k7 = Sivers effect
D. Sivers, Phys. Rev. D43 (91) 261;
M. Anselmino et al., Phys. Lett. B362 (95) 164; ...

— Final-state kT = Collins effect
J. Collins, Nucl. Phys. B396 (93) 161;
R.L. Jaffe, et al., Phys. Rev. Lett. 80 (1998) 1166; ...

48



LEADING CONTRIBUTION TO THE ASYMMETRY OF PION
PRODUCTION

¢ Minimal approach (collinear factorization):

Acpapn(3T) & ZTOE%(“’l"”2’ §r) ® fo,m(z’)

abe

b3y a'ab—%c(gT) X Dc—>h(z)

+<.C.

® Keep only quark fragmentation
— observed momentum: £2, < zz'22S
— parton distributions are steeply falling as z — 1
e.g., fq(z) x (1 —z)*withae >3 — 4
— quark fragmentation function falls slower as z — 1
6.9, Dyyn(2) o< (1 — 2)™ with n, ~ 2
=

X-section is dominated by small r ~ 1’ and large =

® Need gluon fragmentation contribution at low £ and

large S

— 45



WHAT Tr(x, ) TELLS US?

Tr(w, @) o (P, 37 /da (0)7 [/-dy;es'-”mﬁ F (y7) | %a(7)|P, 5r)

® a classical (Abelian) analog:
rest frame of (p, §7)
!

(/\L

> lT //ST Clﬂarjeol particle
e
/ _F ~ ( )
P=(m,o)

— change of transverse momentum

d ! —/ = —
P2 = e(? X B)2 = —ev3zB; = ev3Fa3

— in the c.m. frame
(m,0) = 7 = (1,0,07), (1,—2%2) = n=(0,1,07)
— EdprQ _ egsfranﬁ Fa+
~ total change: Apf =e [dy e To™ F *(y™)
e Color field strength F'77 alone is not gauge invariant

e [’ represents a fundamental quantum correlation

between quark and gluon inside a hadron

50



TECHNICAL STEPS TO CALCULATE THE ASYMMETRIES

— in a color covariant gauge

=)=< o ) ’ | ¢
Pse Yk, % '?27 Pse &— n/P'“

kR, 3 "'2.
2 H ; — p¥

e gluonfield: A - n-A= A"

e expand H (ky, k) to linear in kp

OH
H(ky, k2) — H(z1p, z2p) +
k2,

e convert (kg, — k1, )7 AT — 974+ — Fot

e factorized formula:

(sz — le)o- + ...

= OH ‘
Ao (sr) = /dmldwg Tr(z1,z2) l:z'easTnn BE :|
24 k2T=0

e either x; or x5 is fixed by the pole in partonic part.

pole |

’

Tnitial-state Frnal-State



CONTRIBUTION FROM INITIAL-STATE INTERACTION

X=Xk, P

y

(L) (R) -

e Soft-gluon pole gives the needed phase:
1

To — 1 + 1€

8H

e Two type contributions to partonic Py L2 =%:P+xP-P, +k,
2 : L, =xPexp'—P,
| =P EXp-Te
* [S(L)-600)]
k'rlo Q(QJ
Xz?*’k X2P+ Ry
W S
x'p"+ Ry X P xpli

— phase space 0-functions = derivative term
§(L2) — 6(L3) =~ 8" (L3)(—2pc - kr) = 2 £ Tr(z, x)

- non-derivative term

(L) — (R) o 22&2T = Tp(a, @)

e in forward region, ;I;ﬁ-TF( x) > Tp(e,x)
because Tr(z.z) x (1 — x)* asx — 1.



CONTRIBUTION FROM FINAL-STATE INTERACTION

e Soft-gluon pole gives the needed phase:

-1 ) Pc - kr
— —imd — +
r2 —x1 + .Pc-k;z: — € imoles — 1 Pc P )
e Two type contributions to partonic g,f{
£ P
7)) * (5t -50)]
Rr=0 T
O (Re)
; { 2 ; M *$S(L)
O(kr)

— phase space d-functions = derivative term |
§(L3) — 6(L2) ~ §'(L3)(—2pc - kT) = L Tr(z,z) .
— non-derivative term

(L) = (R) o |22 4 2Pe 2T ] o T (2, 7)

e most contributionto Ax o f1/u

e part of final-state effect oc €1/t ~ 1/l

= A\ does not fall as fast as 1 /{1 as {1 increases.
e



Leading (0/0x)Tr(z, x) contribution to the asymmetries
—miTF (z, a:)]

dAc . GETsTnﬁ Dc_).ﬂ-(Z) Q [
: Ox

E
d3¢
1
® — G(CC,) Q@ Abgg—sc + E q’(ml) 02 Aa'qq’—m

ql

® Abgg_sc and Adqq . are perturbatively calculable

e Example, qg — gg scattering

3 18
}% :‘.; ) < -+ .- 3+ -
2 '%”r‘m y
- J X
IS
— initial-state:
1 A ~ ~ 2
B PR L s
2(NZ —1) a4 8 $2
- final state:
s[4 4) feae]
—=—=| |1+ 2Ng—=
2NZ (N2 —1) [ 4 8
~ unpolarized:
NZ—-1[ 38 4 _ 2N sd
i@ 8 N2 —1 ¢2 |

2NZ
e extra gluon interaction leads to a different color factor
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MODEL FOR QUARK-GLUON CORRELATION Tr(z, z)

e Twist-3 correlation T (z, z):

dy, i + _"
Tp(w,m)z/%e =Py,

(P, r|$a )7+ U dyz €T EX () | (6D)IP, 5r)
e Twist-2 quark distribution:

dy;

: P+ . — A - 2y
- e“" Y1 (P, 57 |%a (0)y T 9a (v )| P, E1)

q(z) =

e Model for T'r(z, x) of quark flavor a:
Tr,(x,2) = kq Aqa(x)
with K, = +1 and kd = —1 for proton
e Fitting parameter A ~ O(Aqcp)

e Predictive power of the factorization approach:
— extract Tr(x, z) from one observable, say 71 or 7~
— use it to predict other observable, say 70

- (0/0x)Tr(z, ) leads to enhancement of the
asymmetries in forward region

— same partonic parts can be used for calculating the
asymmetries in production of other types of single
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COMPARE AN APPLE WITH AN ORANGE (II)
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Fermilab data with £7 up to 1.5 GeV

Theory curves fit data better if evaluated at a lower {7
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Apn AT RHIC ENERGY (1)

0.2 1 v 1 1 ! L) i |} ) J L] ! ) 1

i ]
0.1 I
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T j
./

-, |
Bl Vs = 200 GeV, pp |
B XF = 0.4 7]
: A = 80 MeV
_0.2 ] 1 1 ] | 1 1 1 1 I 1 1 1 [l J [ |

0 2 4

lT

Derivative term only for partonic hard part

Non-drivative term are getting calculated by Kouvaris, Qiu,

and Vogelsang



AN AT RHIC ENERGY (1)

0,2 T 1 T T 1 l 1 1 1 T 1 1 l T T 1
Z m* j
0.1
<E’?c 0.0 -—
= '\ _
- .\ _
0.1 \
| Vs = 200 GeV, pp N
B IT - 4— GeV .
| A = 80 MeV :
*0.2 P | l [T N B | l T T B | l | U T SO | l | T I

0 0.2 0.4 0.6 0.8.
Xp

Derivative term only for partonic hard part
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4. Apn FOR DRELL-YAN MASSIVE DILEPTON®

® Process:

A(p,5) + BG) = 1" (@)= ] + X

e Frame:

X(31)
do

e Single transverse-spin asymmetry in 070

Y S sin 20 sin ¢ _1_
AN = dmas [l—l—cos"’G]Q
Zq e [ do Ty(x, z) 3(Q%/=S)
X
Zq e2 [ dz q(z) 3(Q?/=S)

e No derivative term at the tree level!
e [n principle, there is no free parameter!

e A is very small and is estimated to be 2-4%

2D. Boer and J.Q., Phys. Rev. D65 (2002) 034008, and references therein.



5. SUMMARY AND OUTLOOK

Single transverse-spin asymmetry is a unique tool to
explore nonperturbative pﬁysics beyond parton
distributions

QCD factorization approach allows to quantify the size of
high order corrections, because of infrared safe partonic
hard parts

QCD factorization approach provides a systematic way to
calculate the asymmetries in different processes

Single transverse spin asymmetry in single hadron
production is an excellent observable to test the QCD
factorization

Data on the asymmetries provide nbnperturbative :

information on quark-gluon correlation

Theoretical calculation with derivative term only are
consistent with Fermilab data

A full leading order calculation will soon be available.

Drell-Yan single transverse-spin asymmetry is a clean

probe. But, the asymmetry is small



Energy Dependence of the Analyzing Power for Proton-Carbon Scattering

A procedure based on Regge pole phenomenology is developed to determine the energy
dependence of the analyzing power in pC elastic scattering in the CNI region. The model
contains the Pomeron and two lower lying, I=0, Regge poles corresponding to the f, and the . It
is shown that the measurement of the polarization P at one energy plus the measurement of the
shape of the CNI peak at two energies is sufficient to predict the analyzing power at all energies.
It is further shown that if the spin-flip factors for the f, and the ® are equal , the energy
dependence can be predicted based on measurements of P and the shape at only one energy.
Such information is available from E950. Using the Spin 2000 data from E950 we determine the
real and imaginary parts of the spin-flip factor for pL=21.7 GeV/c. From those and making the
assumption just mentioned, we calculate the spin-flip factor for the Pomeron and for the lower

* lying Regge poles. With these the analyzing power at pL=100 and 250 GeV/c is predicted. This
simple assumption can be tested using the data recently obtained at pL=100 GeV/c; if it fails that
data can be used, without knowledge of P at pL=100 GeV/c, to determine the three Regge spin-
flip factors and thereby obtain the prediction of the model for the energy dependence, free from
this assumption. The robustness of the assumption is tested by using two different Regge fits to
the non-flip data. Comparison with the pp data from FermilL.ab E704 shows that the I=1 spin-flip
factors must be much larger than the I=0 spin-flip factors. Considerable attention is given to the
correlated errors at each stage.

Larry Trueman
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Pure CNI (no hadronic spin-flip, T-= Q) compared with
Spin 2000 data.
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68.3% confidence level ellipse for fit to Spin 2000 data
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Best fit to Spin 2000 data for Ay
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Solutions to equations generated by
measurement of T(s) at s=42 with
known beam polarization
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Analyzing power for pL=100, 250 GeV/c based on Regge model and
fitat 21.7 GeV/c/
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Comparison of projections for AN to higher energy
using non-flip inputs of Cudell et al and of Block et al
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AN for pp at pL = 200 GeV/c with E704 low-t data. Solid curve is best
fit with t=0.188 + .024 i; dashed curves uses the values obtained from
fit to Spin 2000 pC data extrapolated to s=400, t=0.041 -0.02 1.
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Comparison of the error ellipse (68.3% confidence level) obtained
from fit to E704 data below Itl=0.05 with that obtained by using
Regge model applied to Spin 2000 data. Strong indication of large
I=1 contribution to proton-proton scattering. .
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